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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 «nd
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 detailed 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 g
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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
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Justified.




A future system for analyzing fillet weld sw 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 is estimated.
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I INTRODUCTION

Presently there is great interest in the strength of fillet
welds. Most 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 manhours, and these two functions
combined amount to about 60% of the total manhours for the comple-
tion of the hull structure.® This indicates 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
find that approximately 75% of these welds are fillet welds.z

Since one way to reduce welding cost is to reduce the r.equired
weld size, the big question becomes "Are current welding specifi-
cations too congservative?" 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 will move from the theoretical environment to the real
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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 locatiqn 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 beneﬁéia.l to look at Figure 1.1,
which shows. 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 typica.l 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




Mk AGne i ge gl

15

STATIC FATIGUE SHEAR SHIP
GTH STRENGTH . GTH smicnou
REVIEW OF TYPICAL JOINT
PREVIQUS WORK SELECTION
DEVELOPMENT STRUCTURAL ANALYSIS TO
OF MODEL DETERMINE Iiocn. LOADING
FEM LOADS AND
MODEL BOUNDY CONDITIONS
DESIGN REQUIRED WELD SIZE
CONSIDERATIONS FOR STATIC STRENGTH
AND SHEAR
| PABRICATION il
CONSIDERATIONS | l
CORROSION __|
| — SYSTEM WELD SIZE CURRENT WELDING
: CONSIDERATIONS REQUIREMENTS SPECIFICATIONS
cmmtxson
‘ ! ECONOMIC
| mm{sxs
RECOMMENDATIONS
FIGURE 1.1.
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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 i1s required for

static strength considerations. Another aspect that we will

examine is the corrosion margin that should be included in the
requirements.

By following ttge 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 consemtive. is the economics of ship

s building. In order to determine the most economic method of
joining low shear carrying stiffeners to bulkheads or decks, we

iy 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 look 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.




oy Ay

R —

18
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 analysed 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,
and four were made up of six coupons each with the weid axis being
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 specified yield
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 failure before rupture of the plate portions
of the coupons, the cross sectional area of the connected parts
was designed sufficiently 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 4
failure.

Butler and l(\.xlak3 chose to analyze their experimental data

employing a load-deformation response for mechanical fasteners

of the following forms X
-4Aa
)

R= l-e (2.1)

Ry (
Where:

R = fastener load at any given deformation

Rat

A = shearing, bending, and bearing deformation
of fastener and local bearing deformation
of the connected plates

= ultimate load attainable by fastener

My A = regression coefficients
e = 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 T
of the applied load. Trial-and-error curve-fitting was used to
obtain the following expressions for the variables in equation

(2.1).
10 + 0
Rat = 0.92 ++o.03630 (2.2)
Ay = 0:225 (0 + 5707 (2.3)
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b 75 e0.0llll»O (2.‘.’)
/\ a o.u 00.01460 (2.5)
Where:

® = 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 17# 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 theoretical and actual load
deformation responses is excellent for the two extreme cases
(@ = zero 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 ccmclusionsc3
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FIGURE 2.2.
ULTIMATE LOAD VS WELD ANGLE-




FIGURE 2.3.
MAXIMUM DEFORMATION VS WELD ANGLES
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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

Morita, b

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

the following assumptions '4

. 1.

2.

b,

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

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

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

Cpax™ TN3
Where:
o the tensile strength of the weld metal

The fillet weld has legs of equal size.

The model used for this study 1s shown in Figure 2.5.

; The maximum strength of a transverse fillet weld was found

to be:s
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Ty pax = (1 - W/4) (st 1/8) A, G5
The oblique plane RP in the above figure which 1is normal

to the coordinate line @ = m/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 W/ 5

Therefore we obtain

Tt max

= 1.46 13 mix

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 a.pplj.ed a numerical analysis employing the finite
element method to extend the study to the elastic-plastic strain
hardening range. Incremental strain theory is the basis of this
analysis, and the material i1s assumed to be isotropic and ductile
and obey the von Mises yield 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 135°. This result exceeds the value prescribed
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in the design standards for steel structures {:y 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 columns or beams, one

can minimige the welding strain 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 th;
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 equaligze 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 conclusionss

1. The shear test for side 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 tensile unit
stress of the base metal by 1/4/3)
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FIGURE 2.7. SHEAR TEST PIECE OF SIDE FILLET WELD

111 8

FIGURE 2.8. TENSILE TEST PIECE OF FRONT FILLET WELD
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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 oxder 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 @ - 3.67
at 0 > 120° P =140

2. CO2 Semi-automatic Arc Welding
at 45° < 9 < 90° P = 0.0849 0 - 5.43
at @ > 90° P =1.97

3. Automatic Submerged Arc Welding
at 45° < 9 < 90° P = 0.0577 @ - 2.36
at @ > 90° P = 2.6
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.
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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 angleé of greater than 120° will be

~ completely satisfactory if the workmanship is of good quality.

Ductility was also checked and the experimenters concluded
that the welded specimens for 6 > 120° had sufficient ductility.
Nishida, et al, also performed tests on test pieces 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 mde: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.

When 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 btreaking section is

a.lsec(g-'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 r P *)
a = £ =a1cos(-2--r)sinr

alsec(-g--r)

Where:

(] = intersecting angle

r = breaking angle

UL = normal stress to breaking section

(j7 / = parallel shear stress to breaking section
throat depth

welding length

)
[}

)
L]

The unit shearing stress on the breaking section is

P cos r P g
g7, = —————— = === cos (3 ~ ) cos T
/! al-sec(-g--r) . :

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

1
cos (g -2)[cosr+41+3 cosz‘r]

P
al-zc-wx

Where:

U'" = tensile strength of welded metal

b o has to be obtained from the following trans-

cendental function

sin(g-r) Jcosrsinr-4J1+3cos T+ cosr

cos(-g--r) 1+3coszr+./1+3cos re+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 _gstress per unit throat sectional area is

o R 1
-3 - cos(%-r)cosr

Where:
’z" = ghearing strength of welded metal ;
And
6 n
r-n-iﬂ (n=-l.0)
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 g, the maximum unit

stress in the throat section 1is

P 1
1+ 2cosr + cos (5-1) 7
Where:

T o = 1s put equal to g7, the tensile strength of
the welded metal.

T = has to be obtained from the following
transcendental function

sin 2 r

°]
"’““(2“')'2+co32r

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

U = /Q'a.z + 1-80"//2
And the unit stress per unit throat sectional area at the time
of breaking is

P 1
—-U- .
.. ¢ cos (g- r) J1 + 0.8 cos:!r
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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 size).
This relation is presented in Figure 2.14.

Nishida, Tanaka, and Tanaka drew the following conclusions

from their work35

The depth of weld penetration varies proportionately
with the intersecting angle until a constant value is
reached., However, a 30° intersecting angle yielded a
weld with extreme deficiency of weld penetration for
every welding method.

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

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.

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 fillet welds,

we will look at another area that deserves some serious considera-

tion; that is the area of fatigue.
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IIT 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.n-ison6 performed
experiments using test specimens as shown in Figure 3.1.

In the fabrication of these test pieces, 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 until 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 gtatic strength investigations.
Because 1t is very difficult to measure the weld size 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 failure 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 joints.

Also, there is a relationship betxgeefx 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, Solumsmoen7 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 fmm& 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 detailed data, the reader is referred
to reference 7.

Since fatigue strength 1s a major factor in fillet welds,
and it is 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 Iaboratoriesa 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.
A sample of the test piect;s can be seen in Figure 3.3.

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 yield 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 axially loaded with
one of the following stress cycles. Either the test piece was
loaded with a pulsating tension with a lower limit of zero or

an alternating load with the minimum and maximum stresses equal
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in magnitude but opposite in sign. The criterion of fallure was
the complete rupture of the test piece,
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 operationm,

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 75%, 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 is very difficult to control the degree of grinding.
This technique is considered to be unreliable and 1is, therefore,
not recommended. It is 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, Ha.ddox9 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 field 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=g(m a)l/2
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However, in most cases correction factors are used to account
for the geometry of the crack and the cracked body. Iruin7

suggested that the solution should be modified as follows:

M M M
(o]

Where:

ns = a correction factor to allow for the effect of
free surface at the mouth of the crack. It
depends on the crack depth to width ratio a/2c
and the position around the crack front as de-
fined by #.

Ht = 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,

Io = the complete elliptic integral defined as
/2 2
T, [1- (-2 e’ 6120y

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 (nsnt)/ $, with crack depth (a/B) for particular
a/2c 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 followling expression for K at any crack depth.

K =g~ a)¥/2
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FIGURE 3.7.
- VARIATION OF (n utfg ) WITH cm.cx DEPTH
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This work may be of great help in future studies in connection

with the strength of fillet welds as welded. Statistical studies

may predict the largest probable crack in a weld given a certain
result of quality assurance inspection, This might lead to a set
of specifications with more detail as to what imperfections can

be accepted by the inspector.
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IV EXPERIMENTAL AND THEORETICAL WORK CONCERNING SHEAR STRENGTH

In this section, we will review some of the éxperimenta.l and
theoretical work that has been done in the area of shear strength
of fillet welds. Simmellu conducted an experimental program

designed to measure the deformations that occur in the weld metal

itself,
In orxder to perform experimental tests, a simplified test
plece shape was needed to ensure that the weld carried a uniform

shearing intensity throughout its length. This was especially

important because it is analytically extremely difficult to deter-
mine the shearing intensity distribution along the length of a
fillet weld in any conventional joint, In these joints, it
becomes necessary to determine an emperical "load-pick-up"

curve, and, thus, the gradient of this curve yields the intensity
distribution, The load-pick-up curve is very difficult to obtain
in that it requires very accurate experimentation in order to
obtain satisfactory results.

By choosing a special joint geometry in which the manner of
loading and the symmetry of the test piece are such as to produce
uniform shearing intensity, one can obtain intensity deformation

relationships for the weld metal. A symmetrical test-piece
implies a uniform toe displacenu;t characteristic from cross i
section to cross section along the length of the weld as well as
uniform intensity. |

The test plece employed by Swannell’l is shown in Figure 4.1.

It can be seen that this test plece would obtain a uniform shearing
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intensity when the circumferential fillet weld is subjected to
shearing stresses that produce a reactant torque. The ends of :
the bar were machined square so that they were an exact fit in

the seating collars through which the applied torque was delivered.
When it was desired to apply the load solely at the toe or at the
heel, one or the other square ends was replaced by a free-running
circular bearing.

The welds were made on one side of the main plate with 8
s.W.g. electrodes, and they were machined back from 5/16 inch to
a nominal 1/1& inch leg size. Upon visual inspection of the com-
pleted test pieces, it was not possible to detect the starting
point of the welding process.

This test series was made up of fifteen test-pieces. Two of
these test pileces were loaded only at the end of the bar adjacent
to the test weld. These samples were designated MS.T. because the
load was delivered entirely to the front toe of the weld.

In another sample designated MS.H., the load was applied to
the end of the bar at a distance from the weld, thereby being
delivered to the heel of the weld. A comparison of the MS.T. and )
MS.H. samples can be seen in the plot of shearing intensity versus
apparent surface strain in Figure 4.2.

It can be seen that the joint stiffness is a function of the
applied load. Table 4-1 gives the details of tests for each sample.
After inspecting the samples thut were fractured, the investigators
found that there was very little root penetration in any of the test

welds, It was found that the gradients of the "unload/load" loops
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TABLE 4-1. Details of Tests >

Ref. Nominal
No. Dia., in, _ Description of Test Loading
£
! MS.B 1 3 Loading continuously from zero to failure.
No cycling.
f e 3 Do.
MS.B 3 3 Do.
MS.B 4 3 Do.
MS.B 5 3 Do.
MS.B 6 3* Do.

MS.B 7 4 Do.

MS.B 8 M Do.

MS.B 9 3 " Variable loading as defined by following
load per jack (1b)s 0-400-0-800-0-1,200-
0-~1,600-0-2,000-0-2,400-0~-failure

MS.B 10 3 Do.

MS.B 11 3 Variable loading as defined by following
load per jack (1b)s 0-2,800-0-failure

MS.B 12 3 0~-500~0-1,000~0-1, 500-0-2,000-0-2, 500-0
Reverse test-piece then:
0-500~-0-1,000~0~1, 500-0-2,000-0-failure

MS.T 1 3 Loading continuously from gzero to failure.
No cycling.

MS.T 2 3 0-500-0-1,000~0-1, 500~0-2,000-0-2, 500-0
Reverse test-plece then:
0-500-0-1,000-0-1, 500-0-2,000-0-failure

MS.H 1 3 Loading continuously from zero to fallure

No cycling,




T

2 progressively decrease as the upper limit of the loading was
increased., The investigators m)gg;ested that these decreasing
gradients can be accounted for by! cracking at the weld root.

While a theoretical analysis of an actual weld mass with

varying joint geometry along both the length and width of the

[————

fillet weld and with essentially three-dimensional stress distribu-
tion, it is possible to obtain an elastic solution in an idealized
geometry employing a numerical technique.ll

However, it should be noted that this solution is not a

P

general solution, but it is also limited by the assumptions
concerning the elastic module of the weld metal throughout the
weld length.

Swannell

N PR W PN T

11

reached the following conclusions as a result of

his investigation:

T e L

"l. The results do not represent a full description of the
behavior of a conventional longitudinal fillet weld, but ._
they do show the effect of joint stiffness and manner of
load application on the deformations. 1

i B “2, Stiffness is determined by many parameters, including

- neighboring parent member geometry, weld size, amount

£ of root penetration, manner of load application, and

1 metallurgical considerations. ﬁ

*3, Joints which are initially very stiff remain stiff :
under increasing load.

i "4, The whole question of the influence of residual stress

- and their tendency to produce premature fallure can only
& be answered in the context of whether, in a good weld

i metal like mild steel, they are of significance compared
? with the unavoidable high stress peaks in the primary
0% stress distribution.”

In another study concerning shear strength, Kassavlz presented

some test results on strap and flange joints that were subjected to !
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shear stresses, and he also recommended some safe limiting stresses
which can be used in fillet weld calculations. More than fifty

sample test-pieces were employed to allow varying such parameters

as grade of steel, electrode type, plate thickness, and fillet weld

length.

In the past, the permissible shear stresses for welded joints
were found by multiplying the safe limiting tensile stress for the
parent metal by a factor of 0.6 - 0.65.

Some sources thought that this factor could be raised to
0.7 - 1.0. In the experimental work conducted, this factor X 1
was found by dividing the breaking shear stress by the nominal
tensile strength., The average of the factors obtained was 0.8365;
however, through an approach employing the probability of random
variables Ka.ssovlz concluded that there is a 93.7 - 87.1% probability

that xi = 0.6 - 0.65 is the correct figure.




V DESIGN CONSIDERATIONS

In this section, we will examine some of the design considera-

tions concerning fillet welds.

 Bonismewskl and Eldridge > discussed the problem of cracking
of tube stub-header weldments in boilers-of power plants. The
geometry and crack location of a typical joint are shown in Figure
5.1, The failures were considered to be the result of a combination
of creep rupture and high strain or thermal fatigue. In reviewing
tube failures, it was found that the proportion of cracked tubes
on a boiler header ranged from 2 to 50%. This is a serious
problem since, at times, it is necessary to cut out good tubes to
accomplish the repair of a tube which had failed. Some of the
boiller tubes were modified in such a way as to remove the restraint
which increased the stress in the joint. This modification did
not work in every case.

The main problem seemed to result from an interaction between
engineering design and welding workmanship. It was found a good
weld profile, the regular 450 with well blended toes and free from
under cut, could absorb the effect of the restraint by distributing
the strain away from the weldment.

Upon investigation, it was also found that in some failures the
dressing of the weld led to the sharpening of the angle and with this
came the increase in stress concentration. The relation between
stress concentration factor and the angle of the weld profile is

shown in Figure 5.2. These stress concentrations are probably

optimistic because in the real weld there are sometimes toe
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imperfections which cause the stress concentration to be higher
than the predicted value.

Boniszewski and Elcl:rzldgel3 recommended that the fillet weld
profile must be controlled to 45° + 5°. If the welds are dressed,
this operation must be done in such a manner as to ensure that the :
overall fillet weld profile is not degraded. In any engineering
design, it is important that unnecessary notches not be introduced
by the lack of attention to detail.

In another study, Clarklu reviewed some of the research and
some of the design codes in an effort to give the designer a better
tool to enable him to estimate the strength and performance of
fillet-welded joints.

Due to the complexity of the geometry and stresses in a fillet
weld, simplifying assumptions were made to overcome such facts as
at the root of the weld the material must take on a finite displace-
ment by straining over a very small distance and that the fillet
weld can sustain residual stresses which are of the same order of
magnitude as the yleld stress of the weld material.

The fillet weld force system for a weld loaded at right
angles to its longitudinal axis can be that as described in Figure
5¢3¢

Various stress theories have been used to predict the strength
of a fillet weld. In some cases the yleld stress is replaced with
the ultimate stress for use in the equations resulting from prin-

ciple stress, maximum shear stress, and strain energy theories.

These theoretical approaches tend to underestimate the true strength

e
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of the fillet weld.

Also several practical strength formulae have been used or
recommended for use. The Von Mises equivalent stress formula,
which is well known to designers, states that:

o =2+ 3 (82 + 53
A modification of this becomes:

Te -n./':r2 + /\(1:12 + 7"#2)
Where:
A=1.8
This modification developed from the statistical analysis
of experimental data.
Another equation developed by the Stevin Iaboratbryls which

retains the original form of the Von Mises equation states that:

2 2
o = 0zde C + IVER 1Y)
Cla.rkm states that the most logical approach to design would
be to use either modification of the Von Mises equation along with

appropriate load factors.

A total load factor against weln:l failure under known loading

beconeslu

2 x ultimate stress of plate X
2 yield stress of plate

true strength of weld deposit X
specified strength of parent plate

true weld strength
weld strength predicted by equation

The reader is directed to reference 14 for further comparison

of various design codes and load factors as determined by the above
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equations.

There seems to be two different approaches to design. In one
case lower safety factors are used by employing comprehensive
rules for designing welds. The other approach uses a higher factor
of saféty to cover the approximations involved in very simple
design rules.

Another design equation that has been us'ed by the American
Bureau of Shippingl6 states that:

o/ KT ek, AT 24D

allowable design stress intensity in weld,
numerically equal to allowable design stress
intensity in plate. For transverse member =
0.85 X minimum tensile yleld strength, for
longitudinal member = 0.75 X minimum tensile i
yield strength. 3

Te

1(1 = factor reflecting the minimum tensile strength
of fillet weld metal relative to that of ABS
normal strength steel.

_strength steel
minimum ultimate tensile strength of weld metal

l:minimum ultimate tensile strength of ABS nornal:l -

1(2 = factor reflecting the minimum ultimate shear
strength of the fillet weld metal relative to
that of ABS normal strength steel.

minimun ultimate shear strength of ABS normal| 2
5 strength steel
minimum ultimate shear strength of weld metal

" tensile or compressive stress in fillet weld
(see Figure 5.4) based on assumed local loading
conditions given in 22.27.3 of ABS Rules.

‘T’ 1 = shear stress in plane of fillet weld ‘throa.t in -
direction perpendicular to the plate being attached
based on same loading conditions.
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21/- shear stress in plane of fillet throat in direction
- parallel.to the plate being attached, based on the
| same loading conditions.

As one can readily see, this also is a modification of the Von

fep 2o ppagaanios oo,

Mises equation.

We will now discuss the method used to determine the weld size

| that is required by the United States Navy for a continuous double

fillet weld. This subject will be discussed in more detail in 3

Section VIII; however, a brief mention of it is necessary to

complete this design section.
The equation employed to determine the required weld size 1817
eT R
S = TR T
Wheres
S = Fillet weld size (leg) in inches
e = Efficiency of the joint
; -

4

Rl = Jltimate tensile strength of the weaker
member in pounds per square inch (psi).

= Thickness of the weaker member in inches

R2 = Shear strength of the weld metal in psi.
The above equation is a result of the following derivation:
F

1= F2
Where:
Fp=R A
and
Fa=Rya,

therefore,

=R
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AZ = 1,414 S L
therefore,
Rl Tl L = 1,414 Rz SL
Rl Tl = 1,414 Rz )
And, therefore, for joint efficiency of 100%

MY

5= LI E,

The joint efficiency term, e, 1s introduced into the equation
so that the equation can be used for joints of various joint
efficiencies. Figure 5.5 demonstrates the model of the continuous
double fillet weld.

This approach is believed to have come from the design of
riveted joints.

To show the similarity between this method and that of riveted
joint design, we will briefly look into riveted joint design.
Before welding became commonplace in the construction of ships,
ships were fabricated using riveted joints. There are various
modes by which a riveted joint can fail and, in order to achleve
an acceptable design, the engineer must check all possible modes
and ensure that the critical loads for all modes of fallure are
higher than any load that the structure may have to sustain
throughout its useful life.

A few of the possible modes of failure in riveted joints are:
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1. Failure of the plate in front of the rivets

2. Crosswise tearing of a plate through a row of
rivets A

3. Fallure of the rivets in tension
4. Shearing of all rivets

AT PR S T S

Each of these modes of failure can be prevented by proper
design of a structure. Failure of the plate in front of the
rivets often results because the rivets are relatively large and
are either too close to the edge of the plate or have an excessive
bearing pressure. By following various design codes in relation
to rivet spacing and the diameter to thickness ratio, this mode

of fallure can be prevented.

The crosswise tearing of a plate through a row of rivets can
usually be prevented by the proper spacing of rivets. |

The failure of ri.vets in tension has been known to occur in
machinery foundations where the combination of the initlal tension
in the rivets and the additional load increases the tensile stress
in the rivets. This is normally prevented by setting the allowable
working stress relatively low.

This brings us to the mode of fallure which is caused by the
shearing of all rivets. This is an important mode of failure, and,
in many cases, the critical load for this mode is lower than other
modes of failure. This is where the similarity between riveted 3
joint design and the design method used by the U. S. Navy for ;
fillet welded joints is apparent.

To demonstrate this similarity, we will explore *he calculation

of the critical load and the joint efficiency of a simplified riveted




- joint as shown in Figure 5.6.

Once the maximum allowable shear stress is known, the maximum
load can be obtained by multiplying this maximum value by the cross
sectional area of the rivets., The joint efficiency can be determined

by dividing the maximum load that can be carried by the rivets in shear

T I IEL P ———

by the maximum load that can be carried by the plate in tension.
An example might better demonstrate this.

Example 5.1:
Calculate the maximum permissible load that the riveted

joint in Figure 5.6 can carry and the joint efficiency under
the following conditions:

Allowable tensile stress = 22,000 psi
Allowable shear stress = 14,500 psi

a = 7/8" b= 7.5
Bedhs - ope=3s
tzn 1/2'7 £
n=2

In general the maximum load is:

P nﬂdz’t’
-——E—

In our cases
o - (2) (m) (7/8)° (14,500
m

= 17,438 psi
The joint efficlency is:
nm d2 4

‘-————-
b tn T

; In our case:
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o = 2.(2/8)% 14,500
75 il}Z) 22,000

= 211 or 21.]$

For further details on riveted joints see references 18 and 19.

We will take a closer look at joint efficiencies of fillet welded

Jjoints in Section VIII concerning current welding specifications.
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VI. FABRICATION CONSIDERATIONS

In this section, we will discuss some of the fabrication consid-
erations involved in the design of welded joints with fillet welds. In
the design of a welded joint, a model is used for strength calculationms.
A typical model for a continuous double fillet weld is shown in Figure
6.1, This is what the designer pictures the weld to be. However, the
average joint as welded looks more like the one presented in Figure 6.2.
While the designer cannot take into account poor workmanship when he
determines a required weld size, he should at least be aware of some
of the differences between his model of the welded joint and the actual
finished welds. Detalils of specifications will be discussed in Section
VIII; however, at this time we will look into a few of the variatlons
from the ideal continuous double fillet weld. .

One such variation is convexity. Usually there is a maximum
allowed value of convexity which will still permit the weld to be
accepted. Figure 6.3 demonstrates how convexity is measured.

Another variation is the re-entrant angle. Normally if the
re-entrant angle 1s less than 90 degrees, the weld is unacceptable.
Figure 6.4 demonstrates the meaning of re-entrant angle.

Another variation from the ideal joint as modeled is the skewed
tee joint., Two different types of skewed tee joints are shown in
Figures 6.5 and 6.6. Normally skewed joints with angles of less than
60 degrees are unacceptable (See reference 20).

One other variation tiiat should be pointed out is a fillet welded

joint with a gap. This variation is demonstrated in Figure 6.7 and

wlll be dliscussed in more detail in Section VIII which talks about

e ety
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FIGURE 6.1. A TYPICAL MODEL OF A CONTINUOUS

DOUBLE FILLET WELD
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FIGURE 6.2, AVERAGE DOUBLE FILLET JOINT
AS WELDED
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FIGURE 6.3. A TYPICAL CONVEX DOUBLE FILLET WELD
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FIGURE 6.4, A FILLET WELD WITH AN UNACCEPTABLE
RE-ENTRANT ANGLE
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FIGURE 6.5. A SKEWED FILLET WELDED TEE JOINT
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FIGURE 6.6. ANOTHER SKEWED FILLET WELDED TEE JOINT
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FIGURE 6.7. A DOUBLE FILLET WELDED JOINT WITH A GAP (Y)




_cm-rent specifications.

The preceding discussion gives the reader a brief look at a few
of the variations from a typical model that are found in the industrial
environment., There are, of course, others; however, this section
should give the reader an idea of some of the considerations that

the designer ought to be aware of while carrying out his work.

Other areas which might be of 1nt'erest to the designer are welding

inspection techniques, weld qualification procedures, and weld test
procedures. While a review of these areas is beyond the scope of this
study, they all play an important role in the design, planning, and

fabrication of a complex structure.
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