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NOMENCLATURE

Axis parallel to main axis of test specimen. Axis is re-
ferred to as x axis. All angles are measured from this
axis. A longitudinal weldment bears no relation as to
the direction of loading.

Axis perpendicular to main axis of test specimen. Axis
is referred to as y axis. A transverse weldment bears no
relation as to the direction of loading.

Comparison stress obtained by use of interaction formula.
Ultimate tensile stress of deposited weld material.
Stress level in steel plates.

Yield stress of steel plates.

A tensile or compression stress on the throat area acting
perpendicular to the throat section in a fillet.

A shear stress on the throat area acting in a direction
transverse to the length of the fillet and lying in the
plane of the throat section.

A shear stress on the throat area acting along the length
of the fillet and lying in the plane of the throat section.

A tensile or compressive stress on the throat area acting
in a direction perpendicular to the fillet weld and in
the plane of the connection.

Stress factor.

Externally applied loed.

Length of transverse weld.

Throat depth of transverse weld.

Length of longitudinal weld.

Throat depth of longitudinal weld.

Transverse width of parent steel strip that is connected
to larger steel strip by fillet welds to firm a joint.
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Externally applied load parallel to x axis.

Externally applied load parallel to y axis.

Eccentricity of load: The distance measured from the cen-
troid of the weld group to line of action of externally
applied load, P.

Angle between externally applied load and the x axis.
Torsional moment.

Moment capacity of two longitudinal welds due to stresses
parallel to the axis of the welds if the transverse stres-

ses are ignored.

Moment capacity of a longitudinal weld due to the trans-
verse stresses if the longitudinal stresses are ignored.

Proportion of total moment carried by longitudinal weld
due to stress parallel to axis of longitudinal weld.

Proportion of total moment carried by longitudinal weld
due to stress transverse to axis of longitudinal weld.

Moment capacity of two longitudinal welds due to stresses
parallel to the axis of the longitudinal welds if the
transverse stresses are ignored and there is one transverse
weld present in the joint.

Moment capacity of one transverse weld due to transverse
stresses if the longitudinal stresses are ignored.

Proportion of total moment carried by transverse weld due
to stress transverse to axis of transverse weld.

Shear load resisted by longitudinal welds.

Shear load resisted by transverse weld.

Proportion of total shear load resisted by longitudinal -

welds.

Proportion of total shear load resisted by transverse weld.

M
Mo + 2 My(4 2
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SUMMARY

This investigation had as its obJjective the determination of the
contribution of individual welds to the ultimate strength of a group of
fillet welds. An interaction theory on fillet weld groups proposed for
use in design by the International Institute of Welding was used to de-
sign the test specimens. The experimental results were used to prove or
disprove the validity of this interaction theory.

Test specimens were fabricated from steel plates and tested with
concentric and eccentric loads. The specimens conformed to a definite
program which consisted of series of specimens. Each series was designed
so that relations between certain variables could be determined. Perti-
nent variables were ratios of lengths of the weldments, ratios of throat
depths of the weldments and the stress level in the connected steel.

It was found from the test results that the general interaction
theory as proposed is valid but that the proposed constant for use in the
interaction formula is in serious error. An adjustment of this constant
as dictated by the test results was made. The theoretical ultimate
loads were then found to be in close agreement with all the actual ulti-
mate loads obtained from the test specimens.

Using the corrected interaction formula design formulas for var-
ious fillet weld groups were derived. These groups consisted of "U"
shaped joints, Jjoints with side welds only and Jjoints with end welds only.
The formulas derived for these joints are limited to loads in the plane’

of the weld group but the loads may be concentric or eccentric to the axis




of the weld group.
Conclusions drawn from this investigation indicate:

1. Varying the ratio of areas of the weldments is a more
significant parameter for investigation of a connection than the ratio
of lengths or the ratio of throat depths of the weldments.

2. The stress level in the connected plates has a very sig-
nificant effect upon the strength of a connection.

3. Ductility is of major importance in obtaining high effi-
ciency in a connection.

4. The basic interaction theory on fillet weld groups pro-
posed by the International Institute of Welding is valid but the proposed

constants for use in the.interaction formula should be modified.




CHAPTER I
INTRODUCTTION

Welded connections usually consist of a group of welds rather than
a single weld and the welds are usual}y subjected to one or more types of
loading simultaneously. Contribution of individual welds to the ﬁltimate
strength of the group depends upon their orientation to the other welds
and also their orientation to the force system acting upon the group in
addition to other variables. These conditions present a formidable, if
not impossible, task with regard to obtaining solutions by elastic theory
for many cases. But the situation readily lends itself to plastic theory
so long as the material béing connected is ductile and the weld material
itself is ductile.

For welded connections in ductile material the following assump-
tions can be made only when the ultimate strength is being considered and
the parent material and the welds are stressed beyond the elastic limit.

1. Local stress peaks”due t; the configuration of the joint are
not considered.

2. Uniform distribution of stresses throughout the length of weld
is assumed.

3. Residual stresses are not considered.

These assumptions are true for the static strength of a connection
if the materials are sufficiently ductile.

By use of plastic theory and an ultimate strength concept this




investigation was carried out on concentrically and eccentrically loaded
fillet welded connections with the following objectives:

1. Determine effect of varying the ratio of lengths of transverse
and longitudinal welds.

2. Determine effect of varying the ratio of throat depths of
transverse and longitudinal welds.

3. Determine effect of varying the stress level in the connected
plates.

4. Investigate significance of the ductility of the deposited weld
metal.

5. Investigate the validity of an interaction theory on fillet
weld groups proposed for design by the International Institute of Welding
and modify these if necessary.

Because of eccentricities and discontinuities inherent in fillet-
welded connections the actual distribution of stresses and the interaction
of the group of welds is extremely complex.

The experimental investigation was carried out by testing series of
steel plate (ASTM Designation-A36) connections with each series designed
so as to fully exploit the interaction of one set of variables. One major
variable was changed with each series and other variasbles were varied
within a series.

Practically all research conducted in recent years toward estab-
lishing formulas for calculating strength of welded connections submitted
to static loads has been conducted under Commission XV of the Inter-
national Institute of Welding. The Netherland delegation to this commis-

sion has been the major contributor of information.




Based on results of tests conducted under Commission XV the pro-

()*

posed interaction formula for use in determining a comparison stress is

is:

S

Yoz +a(a+ %) (1)

Values determined from this equation are compared to tensile test rupture
stresses for the deposited weld metal. Information obtained from tests in
the Netherlands(l) indicate that the value for ;a should be 1.8, and this
value has been tentatively adopted by Commission XV of the IIW. This for-
mula will be used in the analysis of test results from the experimental

investigation in an attempt to prove or disprove its validity.

* Numbers in parenthesis are references found in the Bibliography.




CHAPTER II

THEORETICAL DEVELOPMENT

The formula, oz = 1 3% + A (?-E + ?.”—IT', is applicable only to
Jjoints in which the different welds lie in the same plane and are sub-
Jected to forces and moments lying in that plane. Only this type of con-
nection will be investigated. Furthermore, for simplicity only connec-
tions with symmetrical weld groups composed of transverse and longitudinal
welds will be considered. Joints will be classified according to the type
of forces acting upon the weld groups, that is, concentric longitudinal,
concentric transverse and torsional moment in the weld plane. Figures la
and 1b indicate the physical significance of symbols used in this chapter.

Theoretical equations that might be used for design purposes will

be developed in this chapter. The equations will be based on the formula,

(/3 .-.-Y 012 * 1.8(?1"' + 22 ) , and they will apply to Jjoints as described

above. Equations will be derived for concentrically and eccentrically
loaded Jjoints with two longitudinal welds, one transverse weld and also
for a combination of two longitudinal welds and one transverse weld.

Later these equations will be used in examing test results.

Concentric Loading

A joint loaded with & concentric force can develop tensile, com-
pression and shear stresses depending upon the orientation of the welds to
the direction of the force. Using the interaction formula, welds with

particular orientation will be analyzed.




A, Concentric Longitudinal Load on Longitudinal Welds

The only stress considered will be a shear stress ( 2} ) parallel
to the direction of load and the axis of the fillet weld. This stress

is assumed to be uniformly distributed along the weld. Therefore:

P (2)
< S Kz

Using equation 1 and A =1.8

%= el )} =134

where ¢ is to be compared to an established ultimate tensile

stress.

Then:

6 /2 3
- = O, e =
“=T3g SO % T5fa ®)
so when ‘& éafety factor is included for a practical application:

TS 7 TR (32)

where dg is the allowable tensile stress.




B. Concentric Longitudinal Load on Transverse Welds

With this case there will be normal and shear stresses acting per-
pendicular to the axis of the fillet weld. Assuming the fillet cross
section forms an isosceles right triangle so that the throat is at forty

five degrees the combined stress will be:

=
g La,

V=

then the stress on the throat is:

g, = N Ces 45,=_f_ Cos 45° = i @)

BN 0L, /
2 =N sin 45° LW Sin 45 351.-%1__5 (5)

therefore, @3 = ?J_ d

Using equation 1 and A = 1.8:

%= i+i822 = Y28 =7 Ye.8

- Ie 1_£.€'a, ‘/‘4 E!cz,




where Og is to be compared to an established ultimate tensile
stress of the deposited weld metal.

Then:

= 085 oF (6)

so when & safety factor is included for a practical application:
=
= A Q
ELZa =965 % res)

where dg 1s the allowable tensile stress.

C. Concentric Longitudinal Load on Group of Transverse and Longitudinal

Welds

In this case there is an interaction between the welds such that
the ultimate strength of the joint is not the sum of the strengths of the
separate welds. Ductility of the materials involved is a major parameter
in determining the ultimate strength of the joint. However, geometry of
the Jjoint also influences the relative effect of the ductility. 8o, for
analysis purposes, Jjoints have been classified according to the ratio of
~ the length of the transverse weld to the length of the longitudinal weld.
Pending completion of research now under way the following methods

are provisionally recommended by the International Institute of Welding.(l)




These provisional recommendations will be used by the writer strictly on
a comparative basis. Their validity will be discussed at length in the

discussion on results of this experimental study.

Class I - Long Longitudinal Weld: .& >/.5€, . For joints where

the longitudinal weld length is greater than 1.5 times the transverse
weld length no load should be attributed to the transverse weld. Defor-
mation in the longitudinal weld i1s such that rupture of the transverse
weld will occur before full utilization of the load carrying capacity of
the longitudinal weld. Therefore, the formula for only ‘longitudinal

welds should be used in this case.

) 7
S = 0.75 0a (7)

Class IT - Longitudinal and Transverse Welds Approximately Equal:

os <l £/5 .6_ When the lengths of the two types of welds are close in

magnitude and the joint is "U" shaped (i.e. only one transverse weld pre-
sent) the ultimate strength of the joint will be approximately equal to
the sum of the strength of the longitudinal weld and one-third the
strength derived for a transverse weld alone. This empirical formula is

based on previous test conducted by the International Institute of Weld-

ing.

P=(o075(5ha) + % x 085(2C2)) ca




P =(0.75(54a,) +028(E€a, Y) = @)

Class IIT - Short Longitudinal Weld: & £ 0.5.€, . If the longi-

tudinal welds are much shorter than the transverse welds, the transverse
welds will assume practically all the load. Because the greater rigidity
of the transverse welds restricts deformation in the longitudinal welds

the contribution of the longitudinal welde ie very limited. As dictated by
previous test data the strength 1s reduced to one-third that derived for

& longitudinal weld alone plus the strength of the transverse weld.

/D.: (f./’ gd‘?’f(d'-f:ag)-ﬁ-a.&’i(é'ﬂd/)) r

P = (025 (sha,)»085(E#a,)) Oa @)

Based on these empiricel relationshlpe the predicted ultimate
loads of a series of connections having variable 1.2/1l ratios are shown
in Figure le. For purposes of the illustration a total length of weld
of 12.0 inches and a throat depth of 0.25 inches were used. The weld

metal was assumed to have an ultimate tensile strength of 70,000 psi.
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Eccentric Loading

A joint with eccentric loading develops torsional moment and shear
forces in the connecting material. To handle these and to transform them
into stresses (52,‘?Zand'2}) for use in the interaction formula some
simplifying assumptions must be made.

Two common methods for handling a torsional problem such as this
are "polar moment" method and the "two force" method. The "polar moment"
method based on assumed elastic behavior is more general but the "two
force" method is more straight forward and the calculations are less
cumbersome. So that the interaction formula can be worked out involving
only previously used terms and remain relatively simple for comparison
purposes the "two force" method will be used here. Recent tests conducted
in Germany(l) show both methods to be conservative and both methods
yield equivalent results when the ratio of 12 to ll is approximately 0.5
to approximately 2.0.

Use of the "two force" method involves tﬁe following assumptions:

1) Uniform distribution of stresses along the throat surface
of a weld.

2) Center of rotation is located at the center of gravity
of the weld group.

3) 0.5.& 12/11 & g0

In order to derive equations for a concentrated load at any angle
and location (but limited to the plane of the weld group) reference axes
must be established. The longitudinal axes of the joint will be desig-
nated as the X axis and all angles will be referenced to this axis. The

axis will pass through the center of gravity of the weld group.
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A. Two Longitudinal Welds

For convenience the eccentric load is transposed into an equivalent
centroidal load plus a torsional moment. The centroidal load is broken
into components. Thus the shear forces will be Px and Py and the torsion
moment will equal P x e.

The torsion moment can be represented by two forces of magnitude
F. These forces will form a couple with the moment arm approximately

equal to h plus 8.

M,=Pxe =Flhrtas) (10)

This ignores the presence of transverse stresses in the weld.

By use of equation 2 we find that the couple produces longitudinsal

shear stress in the welds as follows:

. S Nl 11
e SZx, Ea) + (h+a) (i)

The stresses produced by the loads Px and Py are determined by

use of equations 2, L and 5 respectively.

- _ A~
Tiely - Ez—éﬁk (ft?-)
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o= Z (13)

then from equation 1: g = # o2 + /8 (‘212 o+ ?-;})

B NaglarB—) 115wl + 28 Y
Yz.eG?z:@a,_) * "B(&%ag + Fzaiay) (9

where A = Psine |, /R = Pcos &

o el : 2e ¥
O FZa f/ﬁz Sinbe 1‘-/.5’(6'625"9‘ il e (M‘Q)

Oc is the stress at the end of the weld.
The preceding derivation ignores any additional stress on the weld
material due to bending or rotation of each individual weld about its
centroid. In order to evaluate the error resulting from this simplifica-

tion the following derivation is presented. The contributions from the
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two types of moment resistance outlined above will be prorated and added

together to obtain the total moment carrying capacity for this type
joint.

As presented above (equation 11) the stresses parallel to the

longitudinal welds form a couple which has the following moment capacity

if the transverse stresses are ignored.

P \@
"3((54.:& Y (htar))

%=1Ta=1

M, = Pe=e (£ R0 (htar) &

Mfz-” =037 (£Ra: )4h+@: )%

As the transverse stress varies linearly over the length of the
weld for bending or rotation of the individual longitudinal weld about
1ts centroidal axis the torsional formula (d‘-'-'gf) can be used to
evaluate the moment capacity.

Therefore:

- MvE My o EMy
“ y g T @4

2 &7
72

(15)

(150)
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This deviates somewhat from the ultimate strength concept but in
the absence of experimental evidence revealing more about the movement
of the neutral axis as the ultimate load is approached this conservative
approach will be used. The axis shifts because a fillet weld is much
stronger and more rigid in compression and also due to plastification of
the weld material as the stresses approach and exceed the elastic limit
of the material. The shifting of the axis and plastification of the
weld metal assures that this approach is conservative.

Then:

o EMw (%)

= R GO Sy
AR he - el o

For 2/‘44’/ = FfPxe

€ %
o a2z el

From the above equation the torsionsl moment resisted by the two

longitudinal welds is as follows:

s W%fmfi% )a
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' / _
EMy _6174‘(6-‘52&@)4{ Oc C. /4 (Za...& )'\40? (/7)

Because of compatibility of failure strains it may not be possible
’
to develop the moment, @47+ , fully. Multiplication of 2M,, Dby g/f(';
will adjust the moment relation such that strain compatibility is recog-

nized. The total torsional moment, My =FRe , can now be proportioned

’ ¢
between M?y and @My,

. M2, \
M = (G 72 7my) M e
here Mz, _ 0.37 (h+as) =q (n)

Mz, +CMy (B/E) ~— 037(44a2) 40144 (R /€)

Moy =y EMu (GLE) (20)

Mz, +EMu (4/4 ) 4
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vhere — CMu (B LE)  _ ol (BA) .
MG, M (B) . O37(hia, ) +0I4 (LA =/-4 @)

Therefore the stresses due to torsional moment are:

X e (22
%= Faa) (hea) 4

T AT €)

The stresses produced by the loads Px and Py are determined by

use of equations 2, 4 and 5 respectively.

. __A
A Bl 7T (24)
_ A
:3; B <E’zé%fcz= Gésj
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then from equation 1: O = Ta’:z +/8(% L) 24%)

& P
— 7-Q )P Vit
% = ety B e ) )

where Py = Psin€&, PX = P cos®, equation 12 reduces to:

SN i | : -q)e\¢ >
9c ~iZa 1/.4(9004 é%q_@) +/.’8((:os-s~+ %—f— (25“)

The magnitude of the error induced by ignoring transverse stress
on & weld group caused by torsional moment can now be determined. Upper
and lower bound limits for the ratio of 1, to 1, (0.5 gle/lls 2.0) as
stated in the assumptions at the beginning of this chapter will be used
for the evaluation of the error range.

Assume 12/1-1 = 0.5 and a, = 0.166 in.

then

= .37 (4+a _ _
o O.37(6+@2) + O/ 272 ) =92




18

For lower bound conditions assume & = 90°, e = 8 in., 12 = 1.5 in., 8, =

0.166 in. Let S equal £o 26a /£y, /4 .

Then:

YA 1/40 0/, )2+/8(%%£_)3 =/09

[c?,_/ 1/*4 + /8 +0/66 )

Assume 12/11 = 2.0 and a, = 0.166 in.

Then:

_ 037 (h+@z) —
] = 0.37(h+a, )+ O.12.8 (4. /8 ) =eh

For upper bound conditions assume & = 90°, e =8 in., 1, = 3 in., a_. =

2 2

0.166 in.

—

o 0.59x6 x& Cx0x 8 2
8= @t /F?(}JL-_J%géh__E__ +48 ._:Eil‘gl—éé = /.04

z—aa | 1a v 18(CEEE )
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Errors of 9 per cent and 4 per cent for the lower and upper
boundaries respectively are of insignificant magnitude. Therefore the
transverse stress caused by torseional moment can be ignored.

B. BSingle Transverse Weld

The stress distribution for this weld is identical to that assumed
in the previous section for torsion of the weld about its centroidal axis.
Therefore, from the previous section (equation 16a) the stresses due to

bending will be as follows:
y=/
g, = =—L-€—-!- e
+ 21‘ TE?EEZZfI? ( 79

Assuming a uniform distribution of the shear stresses due to con-

centrically applied loads, equations 2, 4 and 5 can be used to determine

-

the magnitude of the stresses due to Px and Py.

e =R/ (28)

TG =2%=R/AaE @2)




5i 2
So from equation 1: OE = Y&S{Z‘ﬁéz%e_aj *’1?’:;'@,5 +/8 %) (w)

Where /& =/Psw76 /R = Pcosa

Oc =27€?,_ 1/4(%§+ 6"05-9-)2-#/,8 s/%e (30q>

0c is the stress at the end of the weld.

C. Combination of Two Longitudinal Welds and a Single Transverse Weld

From equations 11 and 1 the torsional moment resisted by the long-

itudinal welds produces a stress as follows:

w=\/82:% = 1/.8((6‘12%“”&))2 ()




From this equation the moment capacity of the longitudinal welds is found

to be:
i
" =S E (540, Yh+a. ) dc= 037(64a,)h+a:) o (32)

Equation 32 ignores the presence of transverse stresses on the longitudi-

nal welds.

From equation 27 the torsional moment resisted by the transverse

weld is as follows:

c= |28zt

Folwtny

L o e = 5 54
Mg 6W(Zae)ga: 0.2 (5a, )4 0 (34)

The torsion moment, My = /2 , can now be proportioned between Mi
’
and MB .

M= (i) M7 6s)
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A o372 hic)  _
here —Me . _ = %
S M O37(E & ao )(h + e ) +0.14(5a. 4 )%, al Ge)

_ M 37
My = — e 37)
shsre | wiVlE Qre(Ea )& i (38)

M ML = 0.37(&a,)(h+az) +o.14(5a £)E,

Substitute the value of A%, into equation 31 to find the stress on

the longitudinal welds due to the total torsional moment:

2 = ch Pe
7S Eaa ) hi@) (39)

Substitute the value of‘.ﬁ7;7 into equation 33 to find the stress on the

transverse weld due to the total torsional moment:

_éRe (I-K)
2 (za.2)2 (40)

T =2 =
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The distribution of the shear stresses due to concentric loads is

hendled in a like manner. From equation 2, 4 and 5 the shear resisted

by the longitudinal welds 1s as follows:

%’86?(52@ >+ /5( é’/ 2 )z @1)

n

Yooy e (—Ls==—

I

SEa, TM s/t + /.8 cosée

therefore : ,?".__ (S ha, ) T @2)

/@ sin%e + 18 Cos*e

From equation 2, L and 5 the shear resisted by the transverse

welds, following the procedures used above, is as follows:

- 2 ¥ PV
12‘8(12':({za, ) +18( =2 yi (43)
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= = \es(Ere (%=
T {—Z; 1/’4 Cose +/ 8 smic

1 /4 Cos?e- +/.§_«,-mee

The load P can now be proportioned between PL' and Pé

_ £,
@ _(’?_, " /DBJ )P (4‘5)

where .__‘:_ - '/:45?)77‘9- -I-/.Sgos"‘e _J ﬁ‘)
e Sl s SCa
Y/4sin%e+(8 cos 2e /4 Cos % +.6 sin*&
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/2 = (’jéré;%g"-{)fp (47)
where Tf-ﬁ/-g—— = /- i (48)

Substitute values of P. and P_ into equation 2, 4 and 5.

L B
For effect of concentric loads on longitudinal welds:

e s o J
01 = ?1 - Té-_(a-"’:z‘?z) (q‘?)
&y = igﬁzéfzi (3Q)

For effect of concentric loads on transverse welds:

Yy
oy (1)

9
J
Y
1

¢y = E;ZQZJL:f% (32)
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Now, the final equations for the combination joint will be the
interaction values for the summation of the stresses in the longitudinal
welds and the summation of the stresses in the transverse weld. The
interaction value for the longitudinal weld will be calculated by substi-
tuting the values from equations 39, 49 and 50 into equation 1. Results
from equations 40, 51 and 52 will be used to determine the interaction

value for the transverse weld.

2

% (1longitudina welds) :12{_5?& JF ckFPe
(longitudinal T )+/.8 77N +(d'ﬁia¢)(h+az)} (53)

_&“53? V14T %56 +/8(JTcose + fﬂ’%z

(7-J 1-K )é &
(transverse weld) ‘aﬂ _é:f-ég_-’- (7{%%4-/ L;—‘% (54)

c"-e’cz, ’{ 4((4’ J‘)Cose.;._(/_”)_)z#g(,q) Site

Where Qg is the stress at the ends of the welds.
In the derivation of equation 1lha the effect of the transverse
stresses on moment carrying capacity of the longitudinal welds was

ignored. The error resulting from this has been demonstrated to be small.
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But for the joints with one transverse weld the bending stress could not
be ignored because this was the only means of carrying the torsional
moment. Now, in equation 54 bending stresses present in the transverse
weld are considered and the bending stresses present in the longitudinal
welds are again ignored. Since the "U" shaped connection has moment
capacity due to the longitudinal stress in the longitudinal weld it is
possible to ignore the effect of transverse stresses on the transverse
weld. This would be accomplished by assigning a K value of 1.0 in equa-

tion 53 and 54 as follows:

g ‘
(longitudinal welds) :2—:-@%:—1 ,_qf:f}?% +/.5,(ch9+ !’%g@ )Z (55_)

(transverse weld) =C‘_’éc; ‘/,46!.3')2(,‘052.9. -/-/.8(/'-._7)2 Sine (56)

The following is a comparison to determine the error involved

using this simplified assumption. Boundary conditions will be assumed.

ASSU.mez é-ga; =Z-‘€Qz ) = = ?0?4 =3;‘7~> Q=0¢’“J"l., J-=0.63K=-0-7, 8:8’-’7.

,D
Vo5 =57 V19 ool +18(s25L ) =77 4=
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y=)
cfa,

"Fse)"f,% /.8 (0a)? = 054

P N 2 yA . - -
0(_53) _&Z 1}.4(0,6) +/38(‘31¢- & ré = 4'67054@3

0?5@"‘2‘53, 1“2(‘%1&&93/'8@4)2 = &0 F

For the case where all bending is ignored equation 55 controls.
For the case where bending in the transverse weld is considered equation

54 controls.

9¢ss) _ Pleda. w677  _ /.19
%sa) & sa x5.70

As this is for a boundary condition an error of 19 per cent induced
by ignoring bending in the transverse weld 1s insignificant. Therefore

it would be justifiable to simply use equation 55 to predict Pult for

this type of joint.
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CHAPTER ITI

DESCRIPTION OF TEST

General

In order to fully explore the variables outlined in Chapter I it
was declded that this program should be divided into seven series of
tests. Beries I, IT and III were designed to be loaded concentrically
in tension (Figure 2). Series IV and V were designed to be loaded eccen-
trically in shear and torsional moment (Figure 3). Series VI and VII
were designed to be loaded eccentrically in shear, torsional moment and
tension (Figure 4). The dimensions and geometric configuration of the
specimens can be seen in the figures referred to above.

The Romean Numerasls were designated as a code for the ratio of the
longitudinal and transverse weld lengths. Each series was further
broken down into an a, b and c code to designate the ratio of the longi-
tudinal and transverse weld throat thicknesses. Code letters s, m and
h were then added to designate the thickness of the strips as small,
medium and large. Then A, B and R were added to indicate if the elec-
trode used was acid, basic or rutile type. Finally, the series were
further divided into four categories according to the weld pattern used.
These four weld patterns were: (1) a complete "U" shaped weld pattern

(2) two longitudinal welds (3) a transverse weld and (4) two longitudinal

welds with larger throat dimensions than the previous specimen. A typi-

cal series of specimens would be identified as IamR, TamRl, TamR2 and
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TamR3. All specimens fabricated for this program, with the code desig-

nation and actual dimensions are tabulated in Table 1.

Test Specimens

In order to eliminate as many undesirable variables or by-products
of fabrication as possible particular care was taken in planning the
fabrication of the test specimens. Steel plate classified as American
Society for Testing Material Designation A-36(2) was selected because of
its superior welding characteristics. Plate stock was used so that the
components of the test specimens could be cut from the interior of the
plates thus reducing the effect of residual stresses induced in the steel
during the rolling process. To insure as much uniformity in the steel
as possible all plates of equal thickness were taken from the same heat.
This means the plates of equal thickness had approximately the same chemi-
cal and physical properties.

The components of the test specimens were numbered for control
purposes and these numbers were scribed onto the surface of the steel
plates. A typical lay out is shown in Figure 5. The components were
flame cut by an automatic torch. Heat effects from the cutting were
small and it was assumed that they were virtually eliminated by milling
off the heat affected zone on those edges which were to be welded. Also,
during assembly of the specimens care was taken to insure that the welded
ends of the components were from the interior of the parent plates and

not from a free edge.

Electrodes

In order to obtain some insight as to the effect of a particular
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electrode upon the strength of a joint it was decided to use three types.
Electrodes can be classified to fall into one of three broad classifica-
tions. The classifications are acid, basic and rutile. One electrode
was selected from each of these classifications. The American Welding

Society specifications for the electrodes selected are listed below.

Rutile: E-7014 (AWS), Iron Powder (approximately 30 per cent) AC or DC

As Welded: Tensile strength 72 to 80 ksi
Yield point 60 to TO ksi
Elongation 22-30 per cent
Impact 119 ft. 1lbs.

Basic: E-7018 (AWS), Low Hydrogen, Iron Powder (approximately 25 per

cent) AC or DC

As Welded: Tensile strength 70 to 80 ksi
Yield point 60 to TO ksi
Elongation 22-30 per cent
Tmpact ' 119 ft. 1bs.

Acid: E-6027 (AWS), Mineral, Iron Powder (approximately 50 per cent) AC

or DC
As Welded: Tensile strength 62 to T2 ksi
Yield point 50 to 64 ksi
Elongation 25-30 per cent
Impact 60 ft. 1bs.

Determination of Physical Properties

As indicated on the typical pattern layout shown in Figure 5 a

strip was provided to be used for tensile coupons adjacent to one edge
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of every component of the test specimens. These strips, indicated by
the numbers on Figure 5 were milled into standard eight inch gage length
tensile coupons and tested according to ASTM specificationsgs) The
average data from the coupons associated with a particular series of
test specimens is reported in Table 2.

Standard two inch gage length tensile coupons for obtaining pro-
perties of the deposited weld material were fabricated, machined and
tested according to American Welding Society specifications.(h) Five
coupons from each electrode type used in fabricating the test specimens
were tested and the averages of the test results are reported in Table 3.

The properties reported for the rutile and acid type electrodes
are representative of their performance, but the basic type electrode
should have exhibited a greater ductility than that shown in Table 3.
Welding of the tensile coupons was done six weeks after welding of the
test specimens and during this time the electrodes were stored in a
heated cabinet along with many other type electrodes. Temperature in
the storage cabinet was high enough for other electrodes but as the basic
type was a low hydrogen electrode and its coating has an acute affinity
for moisture the temperature should have been higher for this electrode.
From this moist coating resulted a high porosity weld metal in the ten-
sile coupons. This had little or no effect on the ultimate tensile
strength but severely hampered the ductility. The per cent elongation
is reported as 13 per cent but it should have been a minimum of 22 per
cent according to the American Welding Society specifications.(u)

From the load-deformation curves for the test specimens welded

with the basic type electrode it is obvious that the minimum value of
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22 per cent elongation was surpassed. This indicates the dry electrodes

had sufficient ductility to meet specifications.

Fabrication
The specimens were fabricated in a local boiler shop by & certi-
fied welder. Detailed dimensions (Table 1) and the control number of
each component to be used in the make up of each specimen were supplied
to the welder. Also, the type of electrode was specified. The commer-
cial brand, required diameter of electrodes, amperage to be used and
fabrication procedure were left to the choice and discretion of the

welder.

Measurements

All dimensions of the components of the specimens were carefully
measured with a machinist micrometer to the nearest thousandth of an
inch. Length of the fillet welds were measured to the nearest hundredth
of an inch with a graduated scale. Leg length and throat depth were
measured with a micrometer dial gage to the nearest five thousandths of
an inch.

The throat area was determined by plotting to a large scale on
graph paper the measured leg lengths and connecting these two points
with a straight line to form a triangle. A line was then erected perpen-
dicular to the hypothenuse and extended through the vertex of the triangle.
The measured length of this line multiplied by the measured length of
the weld was recorded as the area of the weld. The throat depth measured
at forty five degrees by the micrometer dial gage was also plotted as a

check to insure that the inscribed triangle was always inside the fillet weld.
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In practically all fillets the horizontal leg was slightly longer
than the vertical leg. This meant the inscribed throat depth was at
gome angle slightly greater than forty five degrees measured from the
horizontal. This is compatible with the observed rupture planes formed
in the test specimens after they were loaded. The rupture plane in the
welds was in practically all cases between forty five and sixty degrees

measured from the horizontal.

Testing

The specimens were allowed to cure in a dry room at a normal temp-
erature for a period of at least fifteen days after fabrication. The
purpose of this waiting period was to allow sufficient time for trapped
gases to escape from the deposited weld metal. The initially high hydro-
gen content which would have caused a more brittle behavior was avoided.

Loading of all the specimens was accomplished in a 45,000 1b.
capacity Riehle Mechanical Testing Machine (see Figure 6). A constant
strain rate of 0.025 inches per minute wasg used.

The specimens tested in tension were clamped in the loading heads
of the testing machine by wedge shaped jaws and pulled until rupture of
the welds occurred., Loading was stopped at constant increments in load,
and after the system stablized readings of the elongation to the nearest
ten thousandth of an inch were recorded. Elongation of each specimen
were determined by a symmetrical arrangement of six micrometer dial gages
(Figure 7). Reference points for measurements were as shown in Figure 8
and Figure 9. From this arrangement the total separation of the pull

pieces and the elongation of the connecting strips could be measured.
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The difference in these two measurements was taken as the average strain
in the deposited weld material.

The specimens tested under torsional moment and shear were simply
supported at the ends and loaded by a point at mid-span. The testing
arrangement and instrumentation was as shown in Figure 10. Rotation
within the welded joint was measured by micrometer dial gages.

The specimens tested under torsional moment, shear and tension
were pin connected to pull brackets clamped in the loading heads of the
testing machine. The testing arrangement and instrumentation was as
shown in Figure 11. Rotation within the welded Jjoint and separation of

the two pinned ends was measured by micrometer dial gages.

Summazz

All tests were considered satisfactory. The specimens exhibited
uniformity throughout the testing program. No brittle failures in the
steel plates were encountered. Specimens loaded in tension with only
the transverse welds failed suddenly with a rapid decrease in load and
there was always a loud report at the instant of failure. All specimens
with only the longitudinal welds reached an ultimate load after which
the load gradually decreased as a progressive shear plane developed in
the weldment. This shear plane always originated at the corners of the
strip and progressed inward toward the end of the pull pieces. This was
caused by bending in the strip which tended to raise the end of the
strips and induced a triaxial strain in the weldment. The bending in the
strips was produced by the internal moment that was built up during load-

ing from the eccentric loads on the strips.
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Specimens with both transverse and longitudinal welds failed in
different manners depending upon the ratio of the weld areas. The trans-
verse weld failed first in the specimens loaded in tension and depending
upon the relative ratio of area of the longitudinal weld to the trans-
verse weld the failure was either sudden or gradual. All specimens
loaded eccentrically reached an ultimate load and then the load decreased
gradually as a progressive shear plane developed in the weld metal.

In no case was there ever an appreciable increase in load above
the load which caused initial failure of the transverse weld even though
considerable more strain had to be applied before failure of the longitu-

dinal welds occurred.
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CHAPTER IV
DISCUSSION OF RESULTS

This discussion will be broken down into sections where each sec-
tion will be concerned with only one particular type joint and loading

condition.

Longitudinal Welds with Concentric Loading

These Jjoints were loaded in tension and all such joints are listed
in Table 1 as Ixxx2 and 3, IIxxx2 and 3 and ITIxxx2 and 3. All per-
tinent physical properties are listed. The theoretical ultimate loads
calculated from equation 3 using an average ultimate stress for the weld
material and also using the actual ultimate stress for the particular
type weld material, determined from tensile coupon tests (see Table 3)
plus the test results are tabulated in Table L. The ratio of actual to
theoretical ultimate load is shown to aid in evaluating the proposed
theory.

From an exsmination of these ratios it appears that equation 3 is
within reason. There is some scatter in the ratios but not enough to
implant any doubt that equation 3 will produce adequate predictions for
the ultimate load. The largest scatter is for the specimens whose joints
contain the longer weldments and or the thicker weldments.

However, there is enough scatter to justify some adjustment to
the factor ?l . Equation 3 is slightly conservative. An analysis of the

test data is shown in Table 4. Only the ultimate test load and the area




38

of weld material is considered. The relative lengths, throat depth and
stress level of the parent steel will be used later to explain scatter
of the results.

In Table L4 the load factor was determined by dividing the ultimate
stress in the weld material of the joint by some allowable ultimate
stress. The allowable stress used was determined by testing tensile cou-
pons from deposited weld material from the electrodes used in fabrication
(see Table 3). One factor was calculated by using the ultimate tensile
stress for the electrode used to weld the particular joint and another
factor was calculated by using an average of the ultimate tensile stresses
for the three types of electrodes used.

The nﬁmerical average of all the load factors calculated was 0.83.
If individual load factors that are of the highest and lowest magnitude
are eliminated the average is then approximately 0.8. A load factor of
0.8 agrees well with the test results and the specimens whose test results
deviate more than six per cent from a load factor of 0.8 will be dis-
cussed in the following paragraphs.

TamR3

The rutile type electrode which has a relatively low ductility and
penetration power was used for this specimen. A long, heavy weld coupled
with weld material of low ductility tends to produce stress peaks. The
stress will not be distributed uniformly along the weld, therefore the
average ultimate stress attained will be relatively low.

TbhA2 and 3
The acid type electrode which has high ductility plus deep penetra-

tion capabilities was used for these specimens. Even though the weld was




relatively long the neasured throat depth was snall and with a highly
ductile weld material a uniform stress distribution was possible. In
addition to possessing high ductility this particular electrode (E 6027)
has hi gh penetrating power. This neans the effective throat depth is
much greater than the measured depth. For snaller measured depths the
relative influence of this deep penetration is much greater than for
deeper measured throat depths. This fact accounts for the difference be-
tween all nunber 2 and 3 speci mens wel ded with any el ectrode and has a
particul ar effect on the specinens wel ded with the E-6027 el ectrode (re-
ferred to in this report as the acid type electrode.) Therefore, high
ductility plus deep penetration produced an apparently high average ulti-
nmate stress for these specinens.
I csB2 and 3

The basic type el ectrode which has medi umductility and penetrat -
ing power was used for these specimens. The anount of weld material was
| arge enough to develop a stress |evel which surpassed the elastic limt
of the parent steel. This produced a |large deformation in the parent
steel and in conbination with the ductility of the weld material it was
possible to attain a uniformstress level. The relatively shall ow nea-
sured throat depths in this specinen received contribution fromthe fully
activated penetrated material thus producing a high ultimate stress | evel.
[1chR3, Il1l1bsR2 and 3

The rutile type electrode which had relatively |ow ductility was
used for these specinens. The throat depth was relatively large. Thus,
a large throat area coupled with low ductility tends to produce stress

peaks. This causes a |ower average ultimate stress to be attai ned.



