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INTRODUCTION.

Much has been said concerning the value of welded fabrication
in structural steel design. In faet, so rapid has been the growth
of this method of contruction, that the investigation of its
possibilities has been a subject of much research in recent years.
Usually when a new method is in its infancy, its limitation and
its adaptability are deduced, first, by "trial and error". Tests
are carried out to ascertain its properties under certain recuired
conditions, and if the tests prove satisfactory the method is
adopted. In due course, by means of mathematical deduction and
laboratory research, general laws are formulated to govern, under
all practical conditions, the usce of the new method.

It has been indicated from time to time that muech unexplained
phenomena exist in the use of electric arc welding. When a csteel
plate or other structural shape is electrically welded, it short-
ens and warps as the deposited weld metal begins to cool. This
warping can often be greatly minimized by skillful operation on
the part of the welder, but the ultimate contraction of the member,
in the direction parallel to the weld, is generally evident.

That this shortening is an indication of stresses set up in the
member, due to the welding process, is also apparent.

The object of the investigation is twofold. In Part 1 of this
paper experiments are conducted on a welded steel column to deter-
mine the effects of these residual stresses upon the strength of
the member. In Part II an analysis is made of the distribution

and magnitudes of the stresses in various sizes of welded plates.

The tests will be limited to electrie arc welding.



HISTORICAL SKETCH.

One of the first attempts to record the shrinkage in a member,
due to electric arc welding, was that carried out in a test at the
Dominion Bridge Company, Lachine, P.Q. in 1928. To quote from a
paper by A.S. Wall, ¥.E.I.C., presented before the Montreal Branch
of the Engineering Institute of Canada, January 1929: "When men-
bers are welded continuously there is apt to be a very positive
change in length. An approximate idea of the magnitude of this
distortion was obtained by some rough experiments in the shops of
the Dominion Bridge Company.

Some box girders were built, each made up of two 15" X 3/8"
cover plates, and two 16™ X */8" web plates, with the webs about
ten inches apart. DPoints 9 feet 8 inches apart were marked on the
center lines and near the edres of each plate and the temperature
noted. The two webs were then welded to the top cover with contin-
uous 5/16" fillets inside and out. The bottom cover was next at-
tached using 15/716" fillets on the outcside only. When the mater-
ial had cooled the temperature was again taken and the distances
between the marked pdints were measured. The shortening was ap-
proximately 1/8 inech in 10 feet.

The axial distortion depends, of course, on the total amount of
heat applied relative to the cross-section of the member or perhaps
the ratio of weld cross-sedtion to main material cross-section.
The total shortening depends also on the length of the member".

This experiment was not carried any further, but from the fact
that the parts of the girder remote from the welds had not been
raised in temperature sufficiently to change the structure of the

metal or even create any marked degree of expansion, it was obvious



that high residual stresses must have existed. These stresses, to
produce equilibrium, must have been balanced by corresponding stress-
es of opposite sign in the welds accompanied by some of the parent
metal adjacent to the welds.

Because of this condition, Mr. R.M. Hardy, Graduate Student in
the Department of Civil Engineering, 1'cGill University, was asked
to take certain observations on a welded test specimen, in con-
juncetion with an experiment he was carrying out to determine the
distribution of stress in parallel weld fillets. Ilir. Hardy append-
ed these observations to a thesis entitled "Further Investigation
of the Distribution of Stress in Parallel Weld Fillets" submitted
in May 1930.

These observations consisted of measurements, before and after
welding, of the welded joint fabricated for his own research. The
joint was made up of two plates A and B

joined together by two channels Cl and C2

back to back and welded to the plates.
(see figure 1.)
It was his hope to observe some change

in the distribution of stress as the member

was put under load. IMr. Hardy's results

did not reveal any noticeable redistribu-
tion of stress as the Joint was loaded,

nor did any initial stress in the Jjoint Fig, 1
apparently affect the distribution of stress along the weld itself.

A definite shortening in the member was the only effect he was able

to record.



The next researeh with regard to this Phenomenon was in 1931,at
MeGill University by r. J.F. McDougall, {.Sc. In a paper entitled
"The Initial Stress is in Welded Joints" lir. MeDougall gave further
evidence of the existance of these residusl stresses.

The specimen used in his test was a 7/8-inch steel plate, 6
inches wide by 5 feet long, with a V- groove planed along the longi-
tudinal edges. (see figure 2.) The welding was carried along each

groove so that the weld metal completely

£illed the notch to within one foot six -~ ,*76
inches of each end. The plate was measu- e i?—
ed and then welded. Upon remeasurement, 3 - 1 ___;_
the plate was found to have shortened. g g o
¥Mr. McDougall's contention was, in é 2 E . ~
brief, that if the central portion of é 3 ——iAr
the plate was initially in compression J 3
while the outer portions (including the
welds), were in tension, upon submitting Fig. 2

the specimen to a tensile pull, that portion of the plate initially
in tension would reach 1ts elastic 1limit before the central portion
(initially in compression). Thus the load would be redistributed,
with the central portion receiving more and more of the load as the
outer parts reached the yield point. If, therefore, a stress-strain
diagram were drawn with average deformations plotted against loads,
the graph produced would deviate from a straight line at an average
stress well within that representing the elastic limit, considering

the whole section as acting uniformly. Mr. McDougall's findings

showed this to be the case.




Part 1

RESOLUTION

The behaviour of residual stresses in welded members has been
investigated so far with specimens submitted to Tensile Loads only.
It has been indicated that the ultimate strength of welded tensile
members has neither been impaired, nor has any appreciable effect
been noticed on the character of the welds themselves, within prac-
tical working limits. There remains, however, the examination of
the effects these hidden stresses will have on members submitted to
Compression Loads. The indications are that while welded struct-
ures may be designed in which the tensile members can safely be
assumed to be unaffected by the welding process, within the usual
factor of safety limits, the same assumption may not be true for
members subjected to compression loading.

It is the purpose of this test to investigate the extent to
which stresses produced by welding affect the load carrying capa-
city of compression members, with regard, not only to the ultimate
strength of such members, but also to the action of these welding

stresses during the loading period.

THEORY

As we have already seen, tests have revealed that there is an
internal stress equilibrium in a steel member when electrically
welded. If such a member for example, as a steel column H-section,
were welded for some distance along the fillets, there would result
a settines-up of compression stresses in the parts of the flanges
remote from the fillets, and possibly in the center portion of the

web. These compression stresses would be balanced by tension



stresses in and about the section of the welds.
It is not to be supposed that there is any dividing line between
the maximum compression and maximum tension stresses, nor is it
thought that the welds themselves resist all the compression..The
change from maximum tension in the welds to maximum compression in
the edges of the flanges or the center of the web, is necessarily
gradual.
Consider one flange of a column _“___TTﬂ\
that has been welded along the fillets.

After welding, the stress distribution

would resemble that shown in figure 3, ‘%

where the initial maximum compression £ 'U’

is fc and the initial maximum tension

SR X R XK XX

is ft. If the column is submitte? to w

w o - I
some load W so that the averace in T
crement of stress is W equals fx
area
and is distributed uniformly &across Fig. 3
the section, the maximum compression would equal (fe -+ fx) and the
maximum tension would equal (ft - fx).

Provided (fe -+ £x) 1is below the yield point of the material,
upon lifting the load the column would return to its original length.
If, however, the load is increased until (fec 4- fx) is equal to or
greater than the yield point of the material, upon releasing the
load there will be found some permenent deformation. Theoretically,

failure of the column might be expected to accur soon after any

portion of the column has reached the yield point of the material.



THE SPECIMEXN

For the purpose of this investigation two columns were chosen.
As no theoretical formula can be expected to give the exact
strength of such a member under varying conditions of loading, and
because so many other factors affect all column tests, one column
was taken as a basis of comparison with the one to be welded. The
size of this column was governed, of necessity, by the capacity of
the machine in which the tests were to be made. Accordingly, two
4 inch C-H-sections at 13.8 %5/ ft., cut to a length of 3 feet 3
inches from the 8ame stock, were considered to be most suitable
for the investigation. Although the slenderness ratio was not
great enough to permit of any appreciable column action, a longer
specimen was not used for the reason that it would not fit in the

testing machine.

APPARATUS

All loading tests were carried out by means of a Wicksteed test-
ing machine. This is a single lever type of machine and is hydraul-
ically operated. Specimens are tested in the vertical position.

I+ has a capacity of 217,000 1lbs. and can be used for both tension
and compression tests.

Marten's mirror extensometers were employed to record the strain
in the columns at the various sections when under applied loads.
These extensometers are calibrated to read to 0.00001 inches, and
when used on a gauge length of 2 inches, record unit stresses to
200 lbs. per square inch. To eliminate errors introduced by any
rotation of the specimen, or by the flattening-out of minute indu-

lations on the surface of the steel to which the knife edge of the

extensometer might come in contact, it is necessary to reverse the



instrument and to repeat the readings. The mean of these readings
will be a measure of the actual strain.

In previous tests the Eoward gauge has been used to determine the
shrinkage due to the welding process. This gauge is a 10-inch micro-
meter screw gauge designed to read to 0.001 ineh on lengths of 10
inches only. To determine the shrinkages over shorter lengths than
10 inches, measurements have to be read beyond the welds, and much
interpolation is involved. It is also necessary to drill holes in
the specimen in which to rest the gauge points of the instrument.
During welding these holes often become distorted or filled with
small particles of spattered weld metal. All things tsken into con-
sideration, it was decided to adopt a different method for recording
these measurements.

The Linear Comparator, an instrument used for comparing standard
meter bars, was employed. This instrument was manufactured by The
Waterville Iron Works, Waterville, llaine, and has been in lcCGill
University for a number of years. It is set up in the Geodetic
Laboratory, where it is protected from rapid changes in temperature.
The Comparator consists of a travelling bloek upon which two miero-
meter microscopes "A" and "B" are mounted. (see figure 22).

An adjustable platform is provided to receive the specimen to be
ﬁeasured. The movement of the block is parallel to the length of

the platform. One miecroscope "A" is focused on'a standard bar, and
the other is focused on the specimen to be measured. Fine hair-like
gseratches on both the standard bar and on the specimen determine the
points of measurement. It may readily be seen that one bar or speci-

men may be measured with reference to another by taking simultaneous

readings at each graduation. Of course, the graduations on each



must compare closely enough so that at each interval, the seratches
will be within the fields of vision of their respective microscopes.
The accuracy of the measurements will depend upon the number of
readings taken for each measurement, on the focusing of the micro-
copes, and on the character of the scratches. The smallest gradua-
tion on microscope "B" equals 0.0001 of a revolution of the miero-

meter, equivalent to 0.004464 inches.

PREPARATIOX

The ends of each column were faced in & lathe so that the loads
might be applied evenly while the columns were bein~ tested.

The graduations and reference markings may be followed by consult-
ing figure 15. Five loncitudinal lines, 7/8-inches apart, were
drawn parallel to the axis of the column along the backs of each
flange, marked A, B, C, D, %,and I, J, K, L, i, so that C and K were
in the centers of their respective flanges. A line G was dravm
along the center of one face of the web. The column was then grad-
uated in 2 inch intercepts, to within 4! inches of each eﬁd, by
lines drawn at right angles to those already mentioned. Sections
00 and 16 are one inch intervals which were added afterwards. The
colummn to be welded was marked I'o. 1 and the reference column was
marked No. 2.

A fine seratch had to be made at each graduation where a measure-
ment was to be taken with the Comparator. In order that the scratch-
es could be made sufficiently fine, and a bright reflecting plane
be obtained enabling them to be easily observed through the micros-

cope, the surface at each point was spot ground with an emery wheel.
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Measurements were limited to the flanges only, becsuse it was con-

sidered impractical to make measurements on the web. The scratches
were made by delicate manipulation of a very sharp seratchall.

Each scrateh was then surrounded by four heavier scratches making a
1/16-ineh square. The width of the fine sceratches was on the aver-

age less than 0.002 inches.

PROCEDURE

To determine the stress-strain characteristices of the column
material, +three coupons, nine inches in length, were cut from the
same stock as the main test specimens. One of these was taken from
the flange and the other two from the web. The flange coupon and
one of the web coupons were planed on all surfaces. The rolled sur-
face or skin was left on the other web coupon. These coupons were
ell of approximately the same dimensions and the tests on them were
made in tension. Two extensometers with four inch gauge lengths,
placed on opposite faces of the test coupons, recorded the strains
at the various applied loads. The mean of the readings at the dif-
ferent loads gave the correct deformations.

No. 1 column was placed in the testing machine and the stress
distributions about the sections 66 - 0, 7 - 8 and 15 - 16, were
examined for an applied load of 60 kips.

In placing the column between the compression grips of the test-
ing machine, considerable care had to be taken to permit the load to
be applied evenly across the section of the column. A ball and

socket bearing plate was used to support the column at the base; and

at the top, the column was restrained.
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The measurement of the column in the Comparator was the next con-
sideration. Readings were taken at every section between O and 15
along the fine rows on the backs of each flange, (150 measurements
in all).

In making these measurements, three miecrometer readings with mi-
croscope "B" were recorded for one setting of miecroscope "A", Mieros-
cope "A" being of a much higher power than microscope "B", and the
scratches on the standard bar being of a much better character than
the scratches on the specimen, one setting of "A" was considered to
be well within the accuracy of three readings of "B". This procedure
greatly simplified the calculations necessary for the reduetion of
the measurements. It was, therefore, not actually necessary to’read
the micrometer on "A", This micrometer was fixed, and the block
supporting the two microscopes was moved until the fixed hair in the
reticule of "A" became tangent to the zero scrateh on the standard
bar. Three readings with the micrometer on "B" were taken for the
corresponding zero scratch on the specimen. The block was then
moved until the fine hair in "A" was tangent to the first scratech on
the standard bar, and three more corresponding readings were taken.
In like manner readings were taken for all other gauge lines.

The scratches having been protected by placing a strip of galvan-
ized iron on the backs of each flange, the column was sent to the
Dominion Bridge Company to be welded. The procedure of welding was
cerried out in such a way that when a tendency for the specimen to go
out of alignment was observed, the operator worked at another place
on the opposite side in order to compensate for the distortion. The

final result was a substantially straight column with a continuous
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i-inch weld along each fillet to within 6% inches of the ends,i.e.
between gauge lines 1 and 14. Bare wire electrodes were used. Upon
the return of the specimen to the laboratory, measurements as before
were made in the Comparator.

In order to correct for any small amount that the column might
have been out of alignment due to the process of welding, the ends
were refaced. The specimen was then placed in the testing machine
and extensometers placed at A8 -7,E8-7,G7-8,I1 7-8,1.7-8, and G00-O0.
The column was gradually loaded from zero to 100 kips, by increments
of 10,000 1lbs. After each increment the load was taken off the
column. The extensometers were read before and after each lesasding.
By this means it was possible to detect, qualitatively, any perman-
ent deformation in the fibres of the column caused by the applied
loads.

The specimen was ecain placed in the Comparator to measure the
actual amount it had been shortened by the load of 100 kips. As
this was very small, measurements were taken between O and 15 only,
leaving out all intermediate gauge lines.

This having been completed, the column was placed in the Wieck-
steed Testing Machine and the stress distribution was examined at
sections 00-0, 15-16, and section 1, with one inch gauge extenso-
meters, and at 3-4 and 7-8 with two inch gauge extensometers, for
loads of 20, 60, and 100 kips. Care was taken as before to enable
the load to be applied uniformly on the specimen, but it so happen-
ed that the loads were not evenly applied.

As we are interested in average loads, this, however, did not

greatly effect the information to be derived from this examination,



15

but before the column was tested to destruction it was made
certain that the loads were applied wniformly across the section.
For the final test, extensometers were placed at A8-7, C7-8, E8-7,
G7-8, I‘7-8, K8-7, and M7-8. (see figure |0). The load was
gradually increased until the column buckled and failed. The ex-
tensometers were read at each increment.

Column No.2 was then placed in the testing machine and adjust-
ments were made until the loads were being applied uniformly.
Distribution of stress about seetions 00-0 and 7-8 were examined
for a load of 60 kips. Extensometers were arranged as in the
final test on column No.l, and column No.2 was then tested to

destruction.

NOTE: When it is mentioned that an extensometer was placed at
A7-8, it means that the extensometer was placed in row "A"
between gauge lines 7 and 8, and that the mirror was at 7.
A8-7 would indicate the same except that the mirror would be

at 8.
Section 1 is at the extremities of the welds.



RESULTS & DISCUSSION

Young's modulus for the material of the columns was taken as

the mean result derived from the three coupons. (see page |0 ).

Coupon A : E = Unital Stress
(web) Unital Strain
= 28640
0.976
- 29.0 X 10°
Coupon B : E = 21640
(flange, planed) 0.747
- 29.4 X 10
Coupon C : E - 22020
“{web, planed) 0.712
- 20.9 X 10°
6

The mean value of E- 29.7 X 10
The Yield Point was taken as the mean of the values resulting
from tests with Coupons C and B. As there is a greater cross-
seection of flange area than webd area, and as it is also doubt-
ful if the rolled surface would act as effectively in raising
the yield point in compression as in tension, the mean of
Coupons C and B would give the most reasonable value.

Coupon B :- Y.P. 39900 1bs. per square inch.

Coupon C :- Y.P. 37200 1lbs. per square inch.

Mean Yield Point 28500 1lbs. per square inch.

Ultimate failure : -

Coupon A : 68800 1lbs. per square inch.
Coupon B 66800 1lbs. per square inch.
Coupon C 65800 1lbs. per square inch.

Mean ultimate failure 67000 1lbs. per square inch.
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Sample observations illustrating the method of reduction to
determine the shrinkages in the column due to the process of
welding are shown in Table III. In Table I¥ all shrinkages are
tabulated. These results are also shown graphicelly in figure 6 .
For the sake of clarity, however, the average shortening over
4 inches has been plotted in some cases instead of the averacge
over 2 inches as shown in Table 1lV. It will be noticed, in the
section just beyond the weld, that the flanges have lengthened,
indiceting possible initial tension in this section. This is
probably dompensated for by an equivalent amount of compression
in the web at this point, although no measurements were taken
for the web. The angular distortion of the column was very
slight, due no doubt to the extreme care taken during the weld-
ing procedure. The only noticeable distortion other than the
recorded shrinkages, was that the flanges from section 1 to 14
(weld section), had been bent towards each other about an eighth
of an inch. This small amount would not, howewer, affect appre-
ciably the moment of inertia.

The following will serve as an indication of the accuracy of

the shrinkage measurements.

The probable error of setting microscope "A" =10.02 revs.of "B",
The probable error of reading microscope "B" =1 0.03 revs.of "B",

The probable error due to focusing "B" and

direction of light on scratches before
welding =*0.02 revs.of "B,

and after welding =Y0.04 revs.of "B",

Let 1N equal the measurement before welding and M, the same

measurement after welding.
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Error in Ml

vV X (.02)2 £(.0%)2 *+(.02)2
(T¥3)

EM; = ¥ .035 revs. of "B",
Error in M, = \/ T(.02)% *(.03)% t(.04)7
("V3)
By = + .049 revs. of "B",

If X equals the measure of any one shrinkage

X - M2 - Mi
Error in X = A/ 'I(FEIZ)Z -+ (EL‘,El)z
Ex. = NVt 0852 T .049°
= X .05 revs. of "B",

= T .06 X .004464 in terms of inches.

t .00026 inches.

The extensometer readings from Table V indicate a permanent
deformation in the column at all loads above 80 kips. It cannot
be said definitely that the yieldincs took place in the section
at which the extensometers were placed, as any slight rotation
of the column due to a yielding at some other section would pre-
vent the extensometers from returning to their initial reading.
It shows qualitatively, however, that somewhere along the column
a ylelding t606k place under the load of 80 kips. If this load
were distributed uniformly it would be equivalent to:

80000 = 18000 1bs. per square inch.
¥ 4.48

If we taeke 38000 lbs. per square inch as the yield point of the
material, it would indicate that there was an initial stress
somewhere in the column of

38000 - 18000 = 20000 1bs. per square inch compression.

*

NOTE: "Including the area of the welds the cross-sectional area

equals 4.48 square inches.
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The measured permanent deformation in the specimen due to
the load of 100 kips (Table V1), averaged 0.937 revs. of "B"
in 30 inches, which is equivalent to:

$.937 X .004464 = 0.000138 inches per inech.
%0

If the metal in and about the area of the weld was initially in
tension, this tension stress would have been reduced by:
0.000138 X E

0.000138 X 29.7 X 10°

4100 1lbs. per square inch.

But this reduction in stress was influenced by the increment in
load from 80 kips to 100 kips, which is equivalent to:

20000 = 4460 1l1lbs. per square inch.
448

If the yield point in any of the fibres was reached at 80 kips,
the additional average stress of 4460 lbs. per square ineh would
be expected to produce a greater deformation than is indicated by
the reduction of 4100 1lbs. per square inch, as there would be
undoubtedly a shifting of the load from the parts that had reached
their yield point to the central area or the section that had not
been stressed to the elastic limit. However, as the observations
are not representative of every part of the column, the figures
provide a qualitative check only on the deduction that an initiel
compression stress of 20000 1lbs. per square inch exists. This
figure must be viewed with suspicion. It 1s & maximum stress and
not the average initijall compression stress; we can best discount
the result by saving that it is probably high.

The examination of the stress distributions is shown in figure 8 .
From‘the average distribution before and after welding, 1t 1is ob-

gserved that the weld has the property of adding to the cross-
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section of the column., That the weld should resist its share of
the load is, of course, obvious from the fact that any reduction
in the initial tension in the weld by application of an extermsl
load would add an equivalent amount to the capacity of that area
0f the section initially in compression.

In the tests to destruction, the extensometer readings as shown
in Tables IX and X have been plotted against applied loads. (see
figure 9, page 25). Although the welded column ultimately with-
stood a higher load than did the reference column, upon consulting
the plotted extensometer readings it appears that the outer fibres
in Column Yo.l had reached their yield point before any similar
yielding was witnessed with Column Fo.2. Although from the dia-
gram, this difference between the two specimens is not very pro-
nounced, it is to be remembered that Column Yo.l had been stressed
previously to 100 kips, and yielding was first detected at a load
of 80 kips. If failure in a compression member, is considered to
be when any of the fibres reach their yield point, then theoretic-
ally speaking, the unwelded column exhibited a higher strength

than the welded column,

In a short strut, such as the one used in this test, the
slenderness ratio is not great enough to encourage the column
to buckle at the first signs of yielding of any of the metal,
but rather there is a readjustment of the load as the outer fibres
reach their load-carrylng capacity. The center areas then take
a greater share of the burden. It appears that the whole section

has to reach its yield point before the column will buckle.



CONCLUSION

We observe from the foregoing results that a compression stress
of considerable magnitude is set up in the parts of the web and
flanges remote from the weld metal, from which it follows there
must be a tensile stress (not necessarily of the same magnitude),
in the welds and parent weld metal. It can readily be deduced
also that the shortening in the column due to the welding process
is not all elastic deformation but that the greater part is per-
manent. Finally, upon testing the welded column to failure, we
find that the initial stresses in the column do not materially
affeet its ultimate strength, but the weld itself adds to the
cross-sectional ares,

These results do not tell us what would take place with a long
column in which the buckling load is the governing factor of
strength. In such cases, the maximum allowable fibre stress is
sufficiently low so that any initial stresses of the nature indi-
cated by this experiment would not, it is thought, reduce the
load-carrying capacity of the column. Neveriheless, it is quite
conceivable to understand where a column in practice might be
subjected to a load, which, when coupled with the initial re-
sidual stress, would stress parts of the column to approximately
the Yield Point. It would be difficult to state what effeect
these high stresses would have over long periods of time with-
out further knowledge wikh regard to "long time creep"; but the
writer believes that time would add to, rather than deduct from,

the strength of such a member.
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Column No.l set in the Wicksteed testing machine.
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OBSERVATIOXS.
TABLE 1.
Test of Coupon "A" (Web)
Total Ext. Ext. Front Back Mean Unit Unit
load in Front Back Diff. Diff. Diff. Strain Stress
kips
1.0 35,93 5.35 0 0 0 0 3180
2.0 35.70 5.98 0.23 0.63 0.43 0.108 6360
4.0 35.22 7.25 0.71 1.90 1.305 0.326 12720
6.0 34.48 8.21 1.45 2.86 2.155 0.539 19100
8.0 33.69 9.18 2.24 3.83 3.035 0.759 25400
10.0 32.90 10.11 3.03 4.75 3.89 0.972 31800
12.0 32.12 11.12 3.81 5.77 4.79 1.197 38200
13.0 31.70 11.80 4,23 6.45 5.34 1.335 41400
13.8 31.28 12.68 4,65 7.33 5.99 1.498 43900
14.2 30.90 13.38 5.03 8.03 6.53 1.630 45200
14.4 30.70 13.80 5.23 8.45 6.84 1.710 45800
14.6 Yield Point 46500
21.5 - Failure 68500
Test of Coupon "B" (Flange planed)
2.0 32.00 13.30 0 0 0 0 6750
3.0 31.49 13.63 .5 .33 .42 0.105 9960
5.0 30.38 14.30 1.62 1.00 1.31 0.327 16600
7.0 29.30 15.02 2.70 1.72 2.21 0.553 23200
8.5 28.47 15.60 3.53 2.30 2.92 0.729 28200
9.5 27.91 16.03 4.09 2.73 3.41 0.852 31500
10.0 27 .65 16.31 4,35 3.01 3.68 0.920 33200
10.5 27 .42 16.62 4,58 3.32 3.95 0.988 34900
11.0 27.09 16.91 4.91 3.61 4,26 1.065 36600
11.2 Yield Point 37200
20.1 Failure 66800
Test of Coupon "C" (Web planed)
0.2 27.00 6.00 0 0 0] 0 880
1.0 26.25 6.18 .75 .18 0.465 0.116 4280
3.0 24.79 7.11 2.21 1.11 1.66 0.415 13150
5.0 23.39 7.90 3.61 1.90 2.755 0.689 21900
6.0 22.55 8.18 4,45 2.18 3.315 0.82¢9 26300
7.0 21.88 8.86 5.12 2.86 3.99 0.998 30700
8.0 21.60 10.13 5.40 4.13 3.765 1.191 35100
8.8 19.95 11.81 7.05 5.81 6.43 1.608 38600
9.0 19.20 13.45 7.80 7.45 7.625 1.906 39400
9.1 Yield Point 39900
15.0 Failure 65800

2%
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TABLE 1II

Stress distribution for load of 60 kips in Col.No.l.(before welding).

L6ad A c E G I K M
kips
0O 19.00 12.00 18.00 28.00 14.00 17.00 14.00
Mirror at
top 60 19.52 12.49 18.50 28.49 14.45 17.47 14.45
0 19.00 12.00 18.00 28.00 14.00 17.00 14.00
Section
00-C 0O 16.00 15.00 20.00 25.00 10.CO0 13.00 12.00

60 15.53 14.85 19.55 24.52 9.49 12.48 11.42

Wirror at
bottom 0O 16.00 15.00 20,00 25.00 10.00 13.00 12.00

0O 14.00 21.00 30.00 31.00 17.00 18.00 15.00
Liirror at
top 60 15.00 22.00 30.98 31.98 17.95 18.°27 15.95

0 14.00 21.00 30.00 31.00 17.00 18.00 15.00

Section
7 - 8 0 13.00 13.00 32,00 21.00 10.00 16.00 14.00

60 12.00 12.02 31.07 19.91 9.1 18.00 12.99

Mirror at
bottom 0O 13.00 13.02 32.00 21.00 10.00 16.00 14.00

0O 14.00 25.00 27.00 20.00 11.00 16.00 14.00
Mirror at

top 60 14.52 25.52 27.54 20.41 11.45 16.44 14.42
0O 14.00 25.00 27.00 20.00 11.45 16.00 14.00

Section

15 - 16 0O 14.00 22.00 19.00 20.00 11.00 15.00 21.00

60 13.53 21.51 18.50 19.50 10.47 14.50 20.50

Mirror at
bottom 0O 14.00 22.00 19.00 20.00 11.00 15.00 21.00

* TABLE TIIT

Sample observations showing the method of reduction to determine the
shrinkage due to the welding process. (observations for row "C")

Gauge Read. Mean Read. Mean Diff. Diff. Change
Line liiecr. Dbefore Iiier. after before after in
"B" welding "B" welding welding welding length
0 16.69 24.46

.70 16.70 .46 24.46
070 046 "6.03 -5.75 +0050
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TABLE III (continued)
Gguge Read. Mean Read. Mean Diff. Diff. Change
Line siier. before llier. after before after in
"Bn welding "B" welding welding welding length
1 10.66 18.74
.87 10.67 T3 18.73
+68 73 +4-0.23 -0.84 -1.07
2  10.91 17.88
.90 10.90 .89 17 .89
.90 .89 4-1.71 4-0.95 -0.76
3 12.61 18.84
.61 12.61 .84 18.84
-60 .85 -3.58 -3074 —0016
4 9.02 15.09
.02 9.03 .09 15.10
.04 .11 +3.78 +4-2.41 -1.37
5 12.82 17.52
.82 12.81 .50 17.51
.80 .51 -1.73 -1.61 4-0.12
6 11.09 15.90
.09 11.08 .90 15.90
.07 .90 -1.40 -2.04 -0.64
7 9.68 13.86
.68 9.68 .87 13.86
068 086 -"'1082 'l"lolo -0072
8 11.49 14.95
.50 11.50 97 14.96
.50 .97 -0.29 -1.42 -1.13
9 11.20 13.54
22 11.21 .55 12.54
-21 .54 "'5087 -4006 “Oolg
10 7.34 9.48
.34 7.34 .48 9.48
.34 .48 --4.80 -}3.56 -1l.24
11 12.13 13.05
.14 12.14 .03 132.04
015 005 _2088 -3016 "0028




TABLE III (continued)

Gauge Read. Iliean Read. 1Ifean Diff. Diff. Change
Line Ziecr. Dbefore Iiiicr. after before after in
nan welding "3" welding welding welding length
12 a.27 9.88
.27 9.26 .87 9.88
.25 .88 -0.65 -0.87 -0.22
13 8.60 9.02
.61 8.61 .01 9.01
.62 .00 +0.71 -0.86 -1.57
14 9.31 8.14
.32 9.32 .15 8.15
.33 .16 -2.90 -2.69 -}6.21
15 6.42 5.46
.43 6.42 .46 5.46
.41 .46 -10.28 -19.01 -8.72
0 16.70 24,47
71 16.70 .47 24 .47
.70 .47

NOTE: A minus sign in the column headed "Change in length"™ denotes
contraction, & plus slgn -~ expansion.

T..BLxz IV

Tabulation of All Shrinkage leasurements.

Gauge A B C D E I J K L J
Line
0
4-0.534-0.27-0.30-+-0.37-}+0.50-+-0.424-0.244-0.124-0.23-}-0.43
! 0.78 0.80 1.07--1.09 1.49 1.05 0.96 1l.12 1.08 1.14
? 0.21 0.69 0.76 0.89 0,63 1l.11 0.69 0.36 0.80 0.87
° 0.58 0.65 0.16 0.84 1.29 1.06 1.01 0.52 0,56 0.64
* 0:72 o.,78 1.37 0.58 0.31 0.53 0.64 1.17 0.92 0.98
° 1.01 0.714-0.12 0.22 0.40 1.30 1.04 0.86 0.91 0.99
° 0.85 0.46 0.64 0,52 0.20 0,39 0,52 0.72 0.44 0.19
Z 0.31 0.65 0,72 0.35 0.09 0.14 0.48 0.54 0.58 0.43

l.62 1.21 1.13 1.12 1.45 1.30 0.84 0.68 0.92 1.08



TABLE IV (continued)
Gauge A B C D E I Jd K L M
Line
9
. +0.04 0.38 0.19 0.56 0.08 0.19 0.45 0.11 0.32 +0.06
10
- 0.03 0.48 1.24 0.,76 0.89 0.62 0.86 1.09 0.28 0.48
11
l1.46 0.87 0.28 0.68 0.94 1.29 0.83 0.79 1l.19 1l.42
12
0.68 0.72 0.22 0.46 0.91 0.35 0.48 0.1l6 0.64 1.14
13
0,72 0,97 1.57 1.60 1l.63 0.56 0.66 1,10 1.16 .29
14
-F0.51-}0.384-C.21--0.31-10.53-+0.,47-}0.26-+0.11+4-0.31-+0.80
15
0
8.59 8.63 8.72 8.99 9.28 9.00 8.96 8.98 9.04 9.29
15
9.63 9.38 9.23 9.67 10.31 9.89 9.46 9.21 9.58 10.22
14
NOTE: Figures marked plus denote expansion, &1l others denote

contraction.
of micrometer "B".

0.004464.

TABLE V

These figures are in terms of revolutions
To reduce to inches, multiply by

Initial Loading test after welding, to detect the presence of
Residual Stresses in Column KNo. 1.

Load EXTEI'SO..ETER READILGS
kips

A8 - 7 E8 -7 G7 - 8 I7 - 8 M7 - 8 C 00-0

0 14.00 21.00 14.00 14.00 25.00 9.00
5 13.95 20.95 14.02 14.05 25.05 9.02
0 .00 .00 .00 .00 .00 .00
10 13.89 20.89 14,07 14.11 25.10 9.08
0 .00 .C0 13.99 .00 .00 .00
20 13.76 20.71 12.22 14.28 25.23 9.17
0 .00 .00 .00 .00 .00 .CO
30 13.60 20.58 14.39 14.40 25.37 9.26
0 .00 .00 .00 .00 .00 .00
40 13.45 20.44 14.568 14.52 25.50 8.35
0 .00 .00 .00 .00 .00 .00
50 13.31 20.30 14.75 14.67 25.66 9.43
0 .00 .00 14.02 .00 .00 .00
60 13.18 20.18 14,96 14,79 25.80 9.53
0 .00 .00 14 .06 .00 .00 .00
70 13.02 20.02 15.10 14,94 25.94 9.62
0 .00 .00 .00 .00 .00 .00
80 12.89 19.90 15.43 18.06 26.03 9.71
0 14 .03 21.08 (4.15 (3.96 24.90 .00
80 12.87 19,87 15.30 15.08 26.10 9.20
0 .00 .00 .00 .00 .00 .00



TABLE V (continued)
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Load EXTENSOMETER READINGS
kips A8 -7 E8 -7 G7 -8 I7 -8 M7 -8 C 00-0
90 12.72 19.73 15,62 15.18 26.20 9.80
0 14 .03 21 .06 4 .13 1%.94 74 .99 9.01
90 21.71 19.71 15.51 15.22 26.23 9.79
0 .00 .00 .00 .00 .00 .00
100 12.32 19.62 15.80 15.30 26,48 9.89
0 12.71 21 .08 14.12 [3.90 25.12 .00
100 12.52 21,08 15.72 15.36 26.40 9.89
0 13 .97 Z].01 14,02 12,99 25.10 .00
100 12.54 19.56 15.71 15.36 26,40 9.89
0 13.98 21.00 14.01 14.00 25.00 9,00

TABLE VI

Tabulation of Permanent Longitudinal Contractions Caused by
Initial Load of 100 kips on Column No. 1, after Welding.

A B C D E I J K L

O -15 0.89 0.73 0.65 0.59 0.41 0,93 1.C07 1.18 1,37
0.86 0.71 0.58 0.58 0.52 0.92 0.99 1l.22 1.29

Mean. 0.88 0.72 0.62 0,59 0.47 0.93 1.03 1.20 1.33

1.54
1.67

1.60

NOTE: Figures are in terms of revolutions of micrometer "B".

To reduce to inches multiply by 0.004464.

TABLE VII

Analysis of the stress distribution in Col.No.l.(after welding).

Load A C E G I K M
kips
0O 20,00 21.00 9.00 15,00 13,00 17.00 26.00
Mirror at
top 20 20.11 21.18 9.25 15,05 18.12 17.12 26.12
60 20.43 21.53 9.65 15.48 13.47 17.42 26.35
100 20,72 21.88 10.08 15.91 13.82 17.72 26.59
Section
00 - 0 0O 20.00 21.00 9.00 15.00 13.00 17.00 26.00
0 18.00 19,00 13.00 13.00 10.00 17.00 29.00
20 17.92 18.86 12.81 12.72 9.78 16.81 28.86
Mirror at
bottom 60 17.69 18.57 12.46 12.45 9.40 16.48 28.55
100 17.45 18.24 12.11 12.19 9.01 16.13 28.28
O 18.00 19.00 13,00 13,00 10.00 17.00 29.00
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TABLE VII (continued)
Load A C E G I K M
kips
0O 14.00 18.00 23.00 11.00 16.00 16.00 28.00
Mirror at
top 20 14.10 18,17 23.18 11.08 16.14 16.10 28.10
60 14.39 18.49 23.55 11.46 16.48 16.38 28.35
100 1l4.66 18.80 23.90 11.88 16.82 16.64 28.60
0O 14.00 18.00 23.00 11.00 16.00 16.00 28.00
Section
1 0o 23.00 21.00 19.00 12.00 15.00 19.00 27.00
20 22.92 20.86 18.80 11.78 14.80 18.83 26.87
Mirror at
bottom 60 22.67 20,57 18.46 11.51 14.42 18.50 26.55
100 22.42 20.28 18.09 11.27 14.04 18.13 26.26
0O 22.00 15.00 20.00 16.00 21.00 27.00 29.00
Mirror at
top 20 22.22 15.28 20.36 16.28 21.32 27.28 29.22
60 20.80 15.92 21.06 17.10 21.99 27.81 29.73
100 23.26 16.52 21.72 17.82 22.63 28.39 30.23
O 14.00 26.00 27.00 12,00 17.00 21.00 28.00
Section
3 =4 0O 14.00 26.00 27.00 12.00 17.00 21.00 28.00
20 13.81 25.74 26.66 11.63 1l6.65 27.70 27.78
60 13.27 25.19 26.07 11.11 15,99 20.10 27.21
Mirror at
bottom 100 12.73 24,62 25,43 10.60 15.31 19.50 26.78
o 22.00 15.00 20,00 1l6.00 21.00 27.00 29.00
o 17.00 18.00 14,00 14.00 14.00 24,00 25,00
Mirror at
toyp 20 17.28 18.31 4.32 14.22 14.28 24.26 25.22
60 17.°%2 17.92 14.92 14.93 14.81 24.88 25.80
100 18.55 19.54 15.51 15.70 15.37 25.51 26.40
Section
- 0O 14.00 11.00 14,00 12.00 18.00 24.00 27.00
20 13.78 10.74 18.31 1l1.62 17.68 23.68 26.72
Mirrors at
bottom 60 132.18 10.14 14,92 11.04 17.10 23.04 26.12
100 12.56 9.5% 15.51 10.50 16.51 22.38 25,51
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TABLE VII (continued)
Load A C E G I K M
kips
0O 17.00 20.00 22.00 17.00 14.00 14.00 25.00
Mirrors at .
top 20 17.19 20.18 22.16 17.10 14.15 14.14 25.12
60 17.59 20.51 22.47 17.49 14.40 14.44 25.46
100 17.98 20.,85 22.72 17.93 14.63 14.80 25.80
o 17.00 20,00 22.00 17.00 14.00 14.00 25.00
Section
15 - 16 0O 21.00 18,00 21.00 12.00 22.00 20.00 25.00
20 20.83 17.82 20.84 11.84 21.82 19.85 24.80
Mirrors at
bottom 60 20.49 17.50 20.58 11.56 21.54 19.50 24.40
100 21.10 17.11 20.30 1l.28 21.30 19.19 23.98
o 17.00 20.00 22.00 17.00 14.00 14.00 25.00
TABLE VIII
Distribution of Stress in Column No.l, before test to destruction.
EXTENSOMETER READINGS
Load A C E G I K M
o 17.00 22.00 22.00 17.00 14.00 16,00 27.00
Mirrors at
top 60 19.47 17.50 23.58 17.50 14.42 16.42 27.42
o 1i7.00 22.00 22.00 17.00 14.00 1l6.00 27.00
Section
00 - 0 0O 19.00 17.00 23,00 14.00 14.00 16,00 30.00
60 16.61 21.58 21.51 13.50 13.49 15.49 29,51
Mirrors at
bottom 0O 19.00 17.00 23.00 14.00 14,00 16.00 30.00
O 14.00 21,00 20,00 19.00 16,00 20.00 30.00
Mirrors at
top 60 14.96 21.91 20.91 19.80 16.83 20.83 30.83
O 14.00 21.00 20.00 19.00 16,00 20.00 30.00
Section
- 0 15.00 17.00 24.00 20.00 19.00 17.00 29.00
60 14.10 16,13 23.18 19.14 18.16 16.08 28.10
Mirrors at
bottom 0 15.00 17.00 24.00 20.00 19.00 17.00 29.00



Failure test of Column No.l.

TABLE IX

(welded)

%6

Load ESTENSOMETER READINGS

kips A8 -7 c?7 - 8 E8 - 7 g7 - 8 I7 - 8 K8 -7 M7 - 8
0 19.00 21.00 22.00 10.00 15.00 21.00 24.00
40 18.43 21.61 21.43 10.60 15.52 20.38 24,54
60 18.12 21.92 21.18 10.92 15.78 20.07 24.88
80 17.79 22.23 20.92 11.23 16.02 19.73 25.15
100 17.47 22.54 20.68 11.52 16.28 19.42 25.45
0] 19.00 21.00 22.00 10.00 15.00 21.00 24.00
100 17.47 22.53 20.68 11.51 16.28 19.43 25.47
110 17.34 22.70 20.52 11.70 16.38 19.19 25.62
120 16.68 22.95 20.48 11.97 16.47 18.89 26.05
125 16.49 23,07 20.36 12.01 16.52 18.78 26.20
130 16.32 23.20 20.26 12.08 16.53 18.62 26.49
135 16.08 23.32 20.20 12.22 16.52 18.47 26.82
140 15.72 23.51 20.18 12.38 16.48 18.32 27.18
145 15.10 23.68 20.13 12.53 16.42 18.30 27.61
150 13.58 23.95 20.62 12,98 15.98 17.98 28.68
155 12.75 24,12 20.63 13.25 15.92 17.82 29.18
160 10.60 24.58 20.83 14.10 15.54 17.50 30,42

165 Failure by Buckling

TABLE X

Distribution of Stress in Column No.2. (before

test to destruction)

Load EXTENSOMETER READINGS
kips A C E G I K M
0O 16.00 20.00 20.00 11.00 17.00 20.00 26.00
Mirrors at
top 60 1l16.58 20.58 20.55 11.45 17.39 20.38 26.36
O 16.00 20.00 20.00 11.00 17.00 20.00 26.00
Section
00 - O 0o 16.00 18,00 21,00 17.00 16.00 17.00 27.00
Mirrors at 60 15.68 1l7.65 20.64 16.48 15.42 16.42 26.40
bottom
0O 1ls.00 18.00 21.00 17.00 16,00 17.00 27.00
0O 16.00 23,00 23.00 15.00 20.00 16.00 29.00
Mirrors at
top 60 16.90 23.98 24,03 15.98 21.03 16.94 29.92
0 16,00 23.00 23.00 15,00 20.00 16.00 29.00
Section
- e 22.00 25,00 24,00 17.00 1l6.00 20.00 28.00
60 Zl.lé 24,14 23.11 16.00 14.88 18.90 26.97
Mirrors at
bottom 0O 22.00 25.00 24,00 17.00 16,00 20.00 28.00



TABLE

XI

Failure test of Column No.2.

EXTENSOMETER READINGS

(unwelded)

37

Load A8 -7 c7 - 8 E8 - 7 G7 - 8 I7 - 8 K8 - 7 M7 - 8
0 23.00 22.00 19.00 15.00 11.00 19.00 23.00
40 22.54 22.65 18.40 15.67 11.71 18.18 23.15
60 22.23 22.98 18.12 15.99 12.01 17.80 23.92
80 21.88 23.30 17.84 16.30 12.32 17.43 24,25
100 21.55 22.62 17.56 16.60 12.63 17.09 24.60
0 22.00 22.00 19.00 15.00 11.00 19.00 23.00
100 21.56 23.61 21.57 16.60 12.62 17.08 24,60
110 21.39 23.78 17.41 16.76 12.80 16.88 24.76
115 21.30 23.87 17.33 16.83 12.88 16.78 24.86
120 21.70 23.96 17.23 16.92 13.00 16.66 24,97
125 21.10 24.02 17.10 17.08 14.24 16.30 24.96
130 21.01 24,13 17.00 17.22 14.91 16.04 25.00
135 20.94 24.30 16.89 17.48 15.86 15.77 25.04
140 20.90 24,55 16.57 17.90 17.60 15.53 25,07
145 Failure by Buckling.




Part 2

RESOLUTION

Although it appears from the foregoing investigation that
residual stresses in structural compression members have little
effeect upon their loadecarrying capacity, it does not lessen the
importance of the investigation of these stresses from an en-
gineering point of view. The results derived from any one test
with a compression member is usually insufficient to form de-
finite conclusions. Many tests have to be made before the in-
formation can be accepted. It is found necessary in some types
of work to anneal members after welding to reduce the high in-
itial stresses. In other cases it is resorted to peening of
the weld, or often the weld is made in two or more passes of
the welding element. It iz not infrequent to find also that,
shortly after welding some types of fabrication, the weld unit
fails without the application of external forces. Although
practice has established means of coping with such difficulties,
the true understanding of the service behaviour of this method
of fabrication can be had only after the importance of this
phenomenon has been well established.

It is the purpose now to investigate the magnitudes and dis-
tribution of residual stresses caused by electric arc welding

on various sizes of steel plates.

THEORY

Before deseribing the experimental investigation, it will be
helpful to make a tentative conjecture respecting the cause of
the phenomenon of shrinkage in welding. But it is first necess-

ary to understand what happens, in terms of stress, when a
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temperature change takes place.

Consider a cube of steel as in figure 13, placed between two
fizxed supports P and Q. Assuming that at room temperature the co-
efficient of linear expansion is 0.0000067 and Young's Modulus is
30 X 106, upon raising the temperature of the cube 1° F. the
stress set up in the direction of the axis X would eoual (0.0000067
X 30 X 106), 201 1bs. per square ineh. If the temperature were
raised 200° F..the stress induced would be well aﬁ9ve the elastic

limit. In this case expansion is

prevented in one direction only; /////

greater than normal expansion would

take place in the directions Y and

ST T—'
~
Z. If expansion were prevented in

. : - Q
two directions X and Y, leaving i‘

only the direction Z for unrestrict- Fie, 13

ed expansion, the stress set up in the directions X and Y, for the
same degree rise in temperature, would be much greater than where
the cube is restrained in one direction only. While the above
case 1s an ideal situation, it serves to illustrate the tendency
ktowards high stresses for comparatively small differences in temp-
erature. A reduction in temperature would be analogous to the
above, exceptlthat the stresses would be of opposite sign. It
must be remembered, however, that a stress wi%l be set up only
if a resistance to expansion is encountered.

The next consideration is the behaviour of the stress-strain
characteristics as high temperatures are reached. While the
deformation that steel is able to withstand without permanent

displacement increases with the temperature, the force required



to produce the displacement is lowered, and it follows that the
yield point is also lowered as the temperature is raised. It
has been shown that a .24% carbon steel with a modulus of 29 X
lO6 at room temverature has a modulus of only 18 X 106 at 1100°F.
With these factors in mind, let us trace the action on a steel
plate when welded. Let a weld be commenced at a point "E" on

the edge of a plate as shown in figure 14. As the arc is formed

the temperature of the area about "E" < \el _

is brought to the fusion point while the \\i/’/
remainder of the plate remains relatively

cool. The normal expansion of the region Fig., 14

"E" that must take place is restricted by the stiffness of the re-

mainder of the plate; and therefore must be rendered by a perman-
ent dilation in a direction at right angles to the plate, i.e.

in the direction of least resictance. It is to be remembered
that the force required to produce this movement would be very
small as the temperature of the resion "E" is very high. As the
heat is conducted radially through the plate, the weld metal be-
gins to freeze, and at this stage the region "E" is contractine
while the remainder of the plate is acouiring heat and erranding.
A region "f", adjacent to the parent welded metal, in expanding
meets opposing forces, on the one hand by the contraction of

the weld, and on the other by the fact that the opposite edge

of the plate is still relatively cool. Thus a further permanent
dilation will take place as the heat wave proceeds across the
plate. The rate of cooling bein, dependent upon the difference
of temperature of the plate and the surrounding air, the weld,
which is always at a higher temperature than any other portion

of the plate, will cool at a faster rate than will the more re-
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mote sections which are &t a lower temperature, and in this way
will meet opposing forces which tend to reduce the initial rer-
manent dilation. The stress, in the weld while contracting,
must remain about the yield point until the stress equilibrium
set up has been stabilized by the whole plate reducing to pract-
ically uniform temperature. Further contraction, due to the
temperature droprping to room cornditions, would rot materially
inerease or decrease the stresses set up in the plate but will
raicse the yield point of the material.

From the above contention, we might deduce that the greatest
rart of the ultimate shrinkage is directly due to a permanent
dilation of the plate in some direction other than parallel to
the welds, and therefore all the contraction will not be elastiec
deformation; and the stress in the welds need not approximate
the yield roint at room temperature. It would aprear that the
shrinkage will depend on the amount of heat supplied reletive
to the extent of the plate, and also on the speed at which the
welding is performed.

It is not our purpose, however,in this investigation to at-
tempt to verify the above. The object here is to measure the
magnitudes of the stresses set up in plates of various widths,
but of the same lengths and thicknesses, for the same amounts
of weld metal deposited. If a welded steel plate containing
residual stresses were cut into strips parallel to the welds,
the amounts by which these strips expanded or further contract-
ed in length after cutting would be proportional to the locked
up stress in the respective strips of the plate. The summation

of the total forces, as represented by these deflections, will

be zero.
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SPECIMENS & PREPARATION

Four plates were selected of structural mild steel and cut
from the same rolled stock. The plates were marked W, X, Y and
3 according to their widths, the lengths and thicknesses being
constant. The dimensions of the plates were as follows:

- 1'-3" X O'-2" X 7/8"
1'-3™ X 0'-4" X 7/8"

K M =
!

-1'-3" X 0'-6™ X 7/8"

2 -1'-3" X 0'-8" X 7/8"
It was decided to confine the measurements to an overall length
of one foot, leaving one and one half inches at each end beyond
which no observations would be taken. ZEXach plate was provided
with a V- groove along the long edges where the weld metal was
to be deposited. The dimensions of this groove together with
the gauge lines and reference markings are shown in figure 15.
The lanes along each plate where measurements were to be made
are referred to by letters while the gauge lines are numbered.
As both faces of every plate were to be measured, one face was
marked 1, and the other face marked 2. The scratches on the

plates were made precisely the same as in the case of the steel

column in Part 1.

PROCEDURE

Each plate was first measured in the linear comparator, the
game apparatus that was used to make the measurements with the
welded column, (see page B ). Measurements were taken along
each lane on both sides of every plate at the fine gauge lines.

The method of making these measurements has already been fully

described under Part 1 of this paper. In this case, however,
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two complete-sets of readings were recorded for greater accuracy.
The scratches were then protected by covering them with strips

of galvanized sheet iron, and the plates were sent to the Dominion
Bridge Company to be welded. The welding procedure was carried
out in much the same manner as for the column H- section. Thé.
weld was made in one pass with bare wire electrodes so that it
completely filled the V- notches over the entire léength of the
plates. Upon the return of the specimans to the laboratory,
measurements as before were made in thae comparator.

The ground surface of each scratch had become discoloured
from the intense heat caused by the welding, which made it more}
difficult to read the scratches. After the shrinkage due to
the welding had been determined, these surfaces were repolished
and new scratches made. This time three complete sets of read-
ings were taken at gauge lines 1, 3 and 5 for plates W, X and Y,
and in the case of plate Z measurements were made of all gauge
lines. The procedure from this point involved cutting the
plates into strips and measuring the longitudinal deflections
of each strip. The weld strips, incecluding half an inch of each
side of the plate, were cut off and measurements made on the
remainder of the plate. Next, one inch strips on each side of
the plate were removed and measurements on the remaining portion
again recorded. This was continued until all the plates had
been reduced to a series of one inch strips. The one ineh strips
were actually less than one inch by the thickness of the cutting
tool,(3/3#) . The cutting of the strips was done in a milling

machine. This operation was carried out very slowly to prevent
heating, the time required to sever one strip being approximately

one hour.



The stress-strain characteristics of the plate material were
determined from one of the central strips taken from plate Y.
The test was made in tension in the Wicksteed machine using
Ilartens extensometers over a length of eight inches. The samnle
used to determine the characteristics of the weld material was
a i-inch round rod turned from one of the weld strips of plate

W. The test in this case was made in a smaller 5- ton Riehle

machine using extensometers over a lenzth of four inches.

RESULTS & DISCUSSIOr

The results from the many observations and measurements can
best be understood by graphical illustration.

In figure 16, the sttress-strain characteristics of both the
weld metal and the material of the plates are shown.

Figure 17 is the axometric »nrojection of the shrinkage due to
the welding process, derived from the mean of the measurements
on both faces of each plate, with ordinates representing the
cshortening in inches per linear inch. It will be noticed that
two diagonally opposite "humps" are present in plate X. It was
previously stated that, during welding, when the specimen exihi-
bited a tendency to go out of alignment, the operator would
immediately shift to the opposite side of the plate and thus
compensate for this distortiion. It would be loscical to assume
that the wider the plate the less apparent would be this distort-
ion. That the assumption is true is borne out by the fact that
nlates Y and 3, both wider than X, show no such behaviour. Plates

Y and 3 do exhibit varying shrinkage distribution. This is due

44



45

to their free and unrestrained ends and would not be expected to
take place in longer specimens.

Let us now consider figure 18 which shows the total shrinkage,
due to the welding process, in the twelve inches under observa-
tion. There again the varying distribution across the plates is
most nrobably due to end effects. In longer plates the shorten-
ings would be more uniform. It is apparent from these diagrams
that the average shortening is less in the wider plates -- a
condition to be expected.

The following is an indication of the probable error in taking
the shrinkage measurenents:

The probable error in setting microscope "A" =f'0.02 revs.of"B",

The probable error of reading microscope "B" -¥ 0.03 revs.of"B",
As an improvement on the previous methods was made with regard to
the intensity and direction of lisht cast on the scratches, no
error was introduced here. However, after welding, the scratches
were slightly discoloured, which made observations more difficult;
.02 should be allowed for this factor.

Let 1} equal the measurement before welding and M, the same

measurement after welding.

o
Error in My = \/ t .,02% 4 .03 - t .oz18
ik
V2
Error in M, = \/ * 022 + .03 *.02° - t 0248
° =
vz

If X equals My, - Ml

Error in X = * 02482 t .0212
T o326
- + .03% X .004464 in terms of inches

_ t .00014 inches.



The probable error for sny one measurement of the deformations
when the plates were cut into strips:
Let HS equal the measurement before cutting and 1y the same

measurement after cutting.

Error in 1 or X, = J}.02% 4 .02
I3
I

S L

If X equals My - Iz

Jt.0172 x ¢

t 0248

+ 0248 X .004464 inches.

Error in X

+ .00011 inches.

In terms of stress, .07C211 inches error in 12 inches is equival-

ent to:
.00011 X 29.1 X 10%-  °65 1bs. per scusre inch.
12
Over & length of 3"— 1050 1lbs. per scuare inch,

When cuttine the plates into strips, measurements were taken
on both the strips and on the remainder of the plate after each
pair of strips was severed. This discussion will be limited to
the ultimate recoveries or further shortenings in the strips
themselves., All measurements, however, are recorded in the
observations.

In figure 19, a diagram is shown for each plate, representing
the longitudinal elastic deformation of each strip after cutting.
These deformation are plotted in terms of revolutions of miero-

meter "B", and are totals over 12 inches. To another scale the

ordinates represent stress in lbs. per gquare inch. As the thick-

ness is constant, the width of each strip is proportional to its
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cross-sectional area. The shaded portions of the diagrams, being
products of the unit stress and width of each strip, will repre-
sent the total longitudinal forces in each plate before cutting
them into strips. For equilibrium the total forece in tension
must equal the total forece in compression. It follows, there-
fore, that the areas below and above the zero stress line

should be equal. With plate Y the difference is only 23%,with
plate Z, 8%, the area in tension being larger. This is a re-
markable agreement when it is concidered that errors are intro-
duced by loss of some of the metal in cutting, by residual stress
in other directions, and by a noticeable bowing of some of the
strips as they were separated from the remainder of the plate,
The difference in the moduli of the weld and parent w=eid metal
would also affect the comparison slightly. .11 these errors,
except the latter, would tend to be compensating,

It will be observed that no record was made of the deforma-
tions of the weld strips for plates ¥ and X, but, from the re-
sults obtained with pletes Y and 3, the deformations can be
safely estimated by balancing the total forces. This was done
and 1s shown in the dotted areas in figure 19.

The following is a tabulation of the maximum average stresses

in each plate, read from the diagrams in figure 19.

Plate Average Locat- iverage Locat- Percent
maximum ion maximum 1ion of weld
tension compres- metal
1bs./sq. sion 1lbs./
inch 8a.inch

W 7,700 welds 7,800 center of 20.6
plate
X 18,300 do 92,000 center,2" 10,3
14,100 from weld
Y 11,100 do 4,800 2" from 6.8

9,700 6,100 weld
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Plate Average Locat- Average  Locat- Percent
maximum ion maximum ion of weld
tension compres- metal
lbs./sq. sion 1bs./
inch. sq. inch.

Z 17,200 welds 6,700 2" from 5.2
13,700 " 5,300 weld

Referring back to figure 19, the dotted lines show the lack
of recovery of the plates from their original length or condition
before welding, in other words, the permanent deformation caused
by the welding process. There is no definite proof that some of
the lack of recovery does not represent residual stresses that
might have been in the plates ewen before welding; but it is
certain such stresses would be greatly reduced, if not eliminated,
by the annealing effect of the welding.

A more extensive analysis was made with plate 2 than with the
three narrower plates. !‘easurements of the deformations were
taken at each gauge line, and the distribution of stress through-
out the plate was calculated. Ficure 20 is an axometric diagram,
showing this distridbution of stress. Let us examine a cross-
section of this diagram at gauge line No.3. The stress distribu-
tion is not mueh influenced by the end effects and might be con-
sidered to represent the average distribution in a similar very
long specimen., In figure 21, an attempt has been made to illus-
trate the stress distribution in plate 2 by Joining all points
of equal stress intensity. These contour or iso-stress lines
have been produced beyond the measured section of the plate to
show the likely distribution at the ends.

One of the most interesting observations was the bowing of

the weld strips upon separation from the main plate. At first
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it was supposed that the greatest tensional stress would be at
the extreme edges of the plates, i.e. at the outside faces of
the welds. If this had been the case, the weld strip, ineluding
one half inch of the plate, would have bowed in such a manner
that the cut face of the strip would have been convex, if indeed
any bowing were noticed at all. Actually the bowing was in the
opposite direction, i.e. the cut face of the strip was concave.
As the modulus of the weld metal was lower than the modulus of
the material of the plate, this fact would tend to lessen the
observed direction of bowing. Our conclusion is, then, theat the
maximum tension stress was not at the extreme edge of the plate,
but rather at some distance in from the front of the weld, pro-
bably at the jJunction of the weld and the parent weld metal.

The offset at the center of each strip was measured from a
straight line Joining two points on gauge lines 1 and 5 respect-
ively. These figures are shown in Table XV, together with the
width and thickness of each strip. While these measurements
do not provide any exact means of estimating just how much 4if-
ference in stress there misht have been between the two faces
of the bowed strips, an indication of this difference can be
shown by making certain assumptions.

If we consider each strip as a rectangular beam, and that the
bowine at the center is due to a uniform bending moment along
the strip, then this bending moment can be calculated, and
therefore the stresses present on both faces of the strip,when
the strip is straight, can be determined. These calculations
are shown on page &3 for plate 3, together with the resulting

distribution of stress across the mid section of this plate.

The caleculated released bending stresses are superimposed on



the measured longitudinal stress of each strip. The resulting
maximum tension in strip A does not check with the figured maxi-
mum tension stress in the adjacent weld strip. Perhaps the maxi-
mum stress is somewhere between these two figures! A very good
check is noticed with strip G and its adjacent weld strip. A
more exact analysis might be obtained if the offset or deflect-
ion could be measured over a smaller distance at the center of
the strip, but it must be remembered that the section of the
weld is not wniform and that these offsets are very dmall and
any means of determining them would produce approximate results
only. From the analysis made, no stress is shown at the outside
face of weld G at the mid section of the plate, but there is
shown a maximum stress of 19,000 lbs. per square inch at 0.5
inches in from the back of the weld. This must be viewed with
suspieion as we cannot be sure that all the stress in the strip
has been released upon separation from the plate; and the analy-
sis of the bending is only approximate. At the ends of the
nlate, due to thelr unrestrained condition, the front of the
weld is probably stressed very highly, or at least higher than

at the center.

To account for the stress being highest at about 0.5 inches
in from the edge of the plate, the following reasoning 1is offered.
When the deposited weld metal begins to cool, temperature re-
duction proceeds from the surface inwards; the center of the
metal cools last and therefore is the last portion to readjust
jtself. The center in the 7/8 inch plate is roughly % an inch

jn from the front face of the weld. We would then expect to
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find the point of maximum stress at this point. This was borne

out in our test.

CONCLUSIONS.

By comparing the initial shrinkages in the plates, it is ap-
rarent that the average shortening is less in the wider plates.
This result would be expected in plates of uniform thickness
with the same amount of weld similarily deposited. But on con-
sulting the results obtained with the welded column in Part 1,
it is shown that the column with four weld fillets, making a
total amount of weld metal equal to 9.3% of the eross-section
initially contracted 0.00133 inches per linear inech; while
plate X with 10.3% of the cross-section weld metal, deposited
in two fillets, contracted only 0.000422 inches per linear
inch, about one third as much as in the case of the column.
Thus, while there seems to be some relation between the amount
of shrinkage and the amount of weld metal deposited, the total
shrinkage must depend to a very large extent upon the shape of
the member, and perhaps on the number of welds made.,

From the results of this investigation it does not anpear
that the magnitude of the rebidual stresses bear any direct
relation to the size of the member. These initial stresses
must depend on the amount of heat supplied relative to the
cross-section of the member. In welding, the operator applies
a greater amount of heat in the case of heavier specimens,

This is accomplished by increasing the voltage, by using heav-
ier electrodes, or by progressing the weld more slowly. An in-

crease in heat causes greater penetration, and will set up

51



52

tension in the parent metal for some distance in from the weld,
and thereby relieve what might otherwise produce excessively
high stresses in the weld itself. From this it appears that
the maximum tensile stress in the welds will not necessarily
be a function of the size of the member welded, but rather the
amount of penetration nrocured. It was also indicated that

the greatest tensile stress, which in this series of tests
amounted to about 20,000 1lbs. per square inch, takes place at,
or very close to, the junction of the weld and parent metal.

While the maximum stress in compression, observed from the
analysis of the plates, was considerably less than the maxi-
mum comprescion stress estimated in the case of the welded
column, it must be taken into consideration that the specimens
were much different in shape; that the column contained four
welds while the plates but two weld fillets; and that the ini-
tial shrinkage was greater in the case of the column. These
facts tend to substantiate our deduction that a compression
stress close to 20,000 1bs. per square inch, was set up in the
column due to the welding. However, it was stated that within
the usual factor of safety limits such high stresses could not
be expected to affect greatly the load carrying capacity of
short compression members.

Since the completion of this investigation changes have been
made in the type of electrode commonly used in electric are
welding. Covered wire electrodes are now much used in place
of the bare wire weld rods. The covered wire electrodes have
the property of producing a more duetile weld and'of finer

texture. In using the new rod a greater amount of heat must
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be applied to the specimen than in the case of the bare wire
typre. Further tests are required to determine the effects
that the use of the covered rod will produce. Equally import-
ant are the results from depositing the weld in two or more
passes of the welding element. Perhaps this latter procedure
would produce lower initial stresses, or cause the point of
maximum tension to be at some point other than at the junction

of the weld and parent metal.
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Figure 22.

The Linear Comparator.

Figure 23.

The four plates, with the weld
from Plate W.

strips

severed
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OBSERVATIOQONS

TABLE XII

Tabulation of shrinkages in the various plates due to the process
of welding. (Shrinkages are in terms of revolutions of micrometer
"B"., To reduce to inches multiply by 0.004464).

PLATE W
Gauge W1A WsA Mean
Line WA
1
34 .29 .32
2
37 .32 .34
3
.50 .41 .46
4
43 .35 .39
5
Total 1.51
PLATE X Gauge Mean Gauge Mean
XiA XA X A Line X1B X,B X B Line Xq€C XsC X C
I 1 1
27 .31 .29 A7 .28 .23 27 .32 .29
2 2 2
11 .22 .17 .29 .34 .32 41 .53 .47
3 3 3
.51 .41 .46 31 .28 .28 .17 .08 .13
4 4 4
23 .37 .30 .18 .29 .24 19 .32 .26
5 5 5
Total 1.22 Total 1.07 Total 1.15
PLATE Y
Gauge YqA TYoA Mean Gauge YlB YoB Mean Gauge Y3 C YoC Mean
Line Y A Line Y B Line Y C
1 1 1
.50 .29 .39 .25 .07 .16 .18 .05 .11
2 2 2
.29 .13 .21 27 14 .21 .29 .19 .24
3 3 3
.30 .17 .24 .30 .19 .25 .25 .20 .22
4 4 4
.47 .29 .38 .24 .07 .16 .19 .05 .07
5 5 5
Total 1.22 Total .78 Total .64

Explanatory Note:

In the headings to all tabulations, reading on one side of the
plate are denoted by the figure 1, and readings on the opposite
side, by the figure 2. The first letter denotes the plate (W,X,Y
or %Z), and the second letter indicated the particular strip, e.g.,
W1A - Plate W, face 1, strip A; WpA - Plate W, face 2, strip A; -
W A - mean of the readings on both faces, plate W strip A.



TABLE XII (continued)

PLATE Y
Gauge Y1D YoD Mean Gauge Y1E YoE Mean
Line Y D Line YE
1 1
23 12 .17 34 .26 .30
2 2
.27 .15 .21 .24 .16 .20
5 3
.20 .15 .17 A6 .13 .14
4 4
.22 ,01 .11 .43 .15 .29
5 5
Total .66 Total .93
PLATE Z Mean Gauge Z1B ZsB Mean Gauge ZlD Z,D Mean
Gauge Z1A Zg2A Z A Line Z B Line ZD
Line
1 1 1
.55 .47 .B1l .25 .18 .21 .03 .04 .03
2 2 2
.40 .36 .38 .33 .25 .29 .29 .11 .20
3 3 3
.17 .06 .11 .24 .15 .19 .24 .10 .17
4 4 4
57 .30 .44 .30 .02 .16 .08 -.06 .01
5 5 5
Total 1.44 Total .85 Total .41
Gauge ZiF ZoF Mean Gauge ZlG ZZG Mean
Line Z F Line Z G
1 o 1
.11 .18 .14 41 ..43 .42
2 2
.21 .10 .16 .21 .06 .14
3 3
.20 .14 .17 .11 -.01 .05
4 4
.21 -.03 .09 47 26 .36
5 5
Total .56 Total .S7




TABLE XIII

67

@ongitud?n&l elastic deformations resulting from cutting the plates
into strips. (Measurements are in terms of revolutions of micrometer

"B" .

To reduce to inches multiply dy 0.004464). (Plus sign denotes
expansion, minus sign - contraction).

PLATE W. (weld strips severed)
Gauge WlA WZA Mean
Line W A
1
-"057-'-054""‘056
3
"'-038"-037—‘-.37
+.754+.714-.73
1
PLATE X. (weld strips severed)
Gauge XlA XZA Mean XlB XZB Mean XlC XBC Mean
Line X A X B X C
l * L] L] L] L ] L ]
+.244-.264-.254 .254.35-}+.30 +4.35-F.34-F.34
3
3T+ .37F.37 4.284.23-}.25 +.27-F.26-F.27
5
+.614-.634.62 +4-.534.574.55 +.624.60+.61
1
PLATE X. (strips A & C, adjacent to weld strips, severed)
Gauge XlA XZA Mean XlB XZB Mean X;C X,C Mean
Line X A X B XC
1
"008 —008 -a08 ""017"“007"{-012 "017 "005 ".ll
3
-.14 -,04 -.09 +4.144.15-}.14 -.13 -.18 -.15
5
".22 "olg —017 +.51-‘-.22+.26 -050 _025 “026
1l

Surnation of the elastic
deformation in Plate X.
Gauge
Line
1

XA XB XGC

.17-F.124-.23
3

4-.284-214-F.12
5
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TABLE XIII (econtinued)

PLATE Y. (weld strips severed)
Weld Weld Mean
Gauge Y. A Y_A Weld YlA YA Mean Y.C YZC Mean YlE YoE Mean

Line 1 2 vy 27y 1 Y ¢ Y E
; -.58 =.55 =.564- .104-.274-.18 +-.07—.12-}.09 —.24-F.22-}.23
, 46 ~e25 .36 1712415 +.02+.094-.06 {-.16-F.22+.19
| TLe0% =480 .92 -r.274.39o.35 .09+ 21415 .40~ 44,42

Gauge Weld Weld Mean
Y.E Y,E Weld

Line L % v m
T
~.62 -.45 -.53
3
~.48 -.55 -.52
5
~1.10-1.00-1.05
1 E—

(strips 4 & E, adjacent to weld strips, severed)
Gauge YlA YzA Mean Y.B Y B llean 7Y_C YZC Mean Y D Y D Mean
Line ya L 2 Y B 1 Y ¢ 1 2 Y
1

-.19 -.28 -.24 -}.064.20-4.13 —}.12-f.144.13 -+.094.20-F.15

3

-.29 -.31 -.30 -}.05-.07-F.06 -+.06-p.17-¢.12 -¢.114-.204-.15
S

-e48 -.59 -.54 4-.114-.274-.19 4.18-+.314-.25 +4-.20-+.40-}.30
1

Gauge YlE YEE lean
Line Y E

1

-.26 -.29 -.28
3

"052 —.39 -.55
5

-.58 -.68 -.063
1

(strips B & D, adjacent to A & E, severed)
Gauge YlB YzB Mean Y_C Y2C Mean YlD Y2D Mean
Line Y B 1 Y C Y D

T
4 .054.044.04 -.114-.08 -.02 +.08 -.04-F.02

'1"003""001“'-02 ‘-002 -005 --05 +006 0 "“005

3

5
+oO8+.O5j-QO6 -015-._005 -005 +ol4 -.O4j—oo5

1
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TABLE XIII (continued)

Summation of the elastic deformations in Plate Y.

Gauge Weld Strip Strip Strip Strip Strip Weld

Line A A B C D E E

1
-056 —006 +020 -005 "‘055

3
-556 "'015 _'_-15 —016 "'052

5

Total -.92 -.21 +4.45 -.35 -f+57 -.21 -1.05

PLATE 3. (weld strips severed)
Weld Weld ﬁean ‘

gﬁgge ZlA Zoi geid 214 ZghA gein ZlB ZZB gegn Z,D ZgD %e%n
. -.49 -.47 -.48 -}-.18-}.184-.18 --.114-.08-}.09 -.C14-.01 O.
? -.42 -.43 -.43 4-.13-fF.11-F.12 -f.054-.124-.08 -+.03-}.07-.05
’ =36 -.26 =31 4-.074-.064-.07 -}.06-}.07-f.07 -}-.064-.04-}.05
* -.42 -.42 -,42 4-.10-4.214.15 -}.024.054.04 -.07-}.04 -.01
i ~1.69-1.57-1.63 +4-.48+4.574.52 -b.24-4.23-4.28 0 -+3117-F.09

Weld weld iiean
Gauge Z.F Z,F Mean 2Z.G 2Z,.G lean Z.G Z_G Weld
Iine <+ 2 zF® 1 2 7o 1 2 gzg
1
—k.Ol-r.O41—.02 -“F-21-p.194.20 -.47 -.43 -.45

; “b.05-f.07-f.Ch .02 -.01-F.0L -.21 -.27 -.24
’ ~t.04+4-.044-.04 -.03-}.02 -.01L -.28 -.19 -.24
: ;.03-F.074-.05 -}.194.21-}.20 =-.29 -.37 -.38
i “b.124.224.17 -F.39-}.414-.40 -1.35-1.25-1.30

(strips 4 & G, adjacent to weld strips, severed)
Gauge ZlA Zoi Mean ZlB ZzB Mean ZlD Z5D Mean

Line - Z A Z B ZD
1
--15 —050 -021 . . . “—005"*'005—""05
2 4':&2"".22"‘017
-017 —054 ‘-025 -‘_005-‘-008-‘-005
o)
-.18 -.42 -,30 ~.05-F.09-f.07
4 +oll_‘-.28+clg
-.05 -056 -080 O +006""005
5

".51_1042 "096 c25""'04.‘9 -056 "'"'oll""ogv 019
—+96 +
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TABLE XIII (continued)

TLATE 3. (strips 4 & G, adjacent to weld strips, severed)
Geuge Z1F ZoF lean 2,G  Z,G Meen
Line Z F Z G

1

-.23 -.13 -.18
2 +.09-f.17-f.13
_'_ -022 _025 -025
3
-025 -024.' ‘025
4 -p.15-4.264.20
-018 ‘027 -028
5
-"024-1—043-‘-.55 _086 ‘088 "087

(strips B & F, adjacent to strins A & G, severed)
Gauge 2B Z,B Nean Z.C Z,C 1liean ZiD ZoD Mean
Line L 2 gy 17 "2 g 1T TET oy
1

-006+005 -.Ol

2 .14 -.19 -.C2 -.01-}.124-.06
- .Ol-*—.O‘l-‘P.Ol

3
-.034-.06-+.01
4 -}.39 -.29 O ~.03-4.10-}.03
-.01-¢+.01 O
5
-+.54 -.57 -.02 -.04-F.234-.09 -.11-}.154-.02
1
Gauge Z.E ZsE liean ZiF ZoF liean
Line 1 2 Z E 1 2 Z F
1
2 —.06{“.05 O -005'-'-006 O
3

4 -005"‘-‘008"‘.01 -015-“"011 -‘002

-.10-+.134-.01 -.20--.16 -.02



TABLE XIII (continued)

Summation of the elastic deformations in Plate Z.

Gauge Weld Strip Strip Strip Strip Strip Strip Strip Weld

Lini ZA ZA ZB ZC ZD ZE ZF ZG G
0 -.48 -.03 +4-.16 -}.02 -+.09 -F.02 -.45
. -.43 -.13  —-.17 k.12 -r.lZ -.22 -.24
. -.21 -.23 .14 .14 -t.12 -.24 -.23
5 -.42 -.03 -}F.16 -f.01 +.15 -.03 -.38

Total-1.63 -.44 4-.63 .46 ~.29 .33 -+.49 -.47 =1,30

TABLE XIV

Stress-strain gpservations for Coupon "D". (material of the plates)

Load Ext. Ext. Front Back Mean Unit Unit
kips Front Back Diff. Diff. Diff. Strain Stress
0.3 23.0 7.0
4 21.88 8.42 J C 0 o) 5340
8 20.30 9,72 1.58 1.30 l.44 .00180 10500
12 19.21 11.55 2.67 3.13 2.90 .00362 16000
16 18.14 12.35 3.74 4,93 4.33 .00542 21400
20 17.10 15.28 4.78 6.86 5.82 .00727 26700
22 16.328 16.21 5.50 7.79 6.65 . 00831 29400
23 15.92 16.72 5.96 8.30 7.13 .00891 30700
24 15.40 17.21 6.48 8.79 7.63 .00955 32000
25 11.50 19.50 10.38 11.08 10.73 .01341 33000
46 Fracture 60500

Stress-strain observations for Coupon "E". (material of the weld)

6.1 17.0 25.0 0 0 0 0 2040
0.2 17.43 24.42 42 .58 o1 . 0013 6120
0.5 17.98 23.81 .98 1.19 1.08 . 0027 10200
0.7 18.48 23.19 1.48 1.81 l1.64 .0041 14300
0.9 19.00 22.51 2.00 2.49 2.25 .0056 18350
1.1 19.52 21.89 2.52 3.11 2.81 .0070 22400
1.2 19.81 21.53 2.81 3.47 3.14 . 0079 24500
1.3 20.12 21.18 3.12 3.82 3.47 . 0087 26500
1.4 20.43 20.80 3.43 4,20 3.82 .0095 28600
1.5 20.79 20,35 3.79 4,65 4,22 .0105 30600
1.6 21.25 19.65 4,25 5.25 4..80 .0120 32600
1.7 22.04 18.60 5.04 6,30 5.67 .0142 34700
1.8 24.90 15.40 7.90 9.60 8.75 .0219 36700
2.63 Fracture 53500



TABLE XV

Averag? net width of each strip and the measurement of the amount
of bowing observed.

Average Bowing of strip
Strip width at the center
inches inches
W-weld 0.501 +-0.015
WA 0.804 -
W-weld 0.507 -+0.011
X A weld 0.482 4-0.024
XC " 0.483 +4-0.017
X A 0.867 --
X B 0.859 --
XC 0.890 --
Y A-weld 0.526 4-0.019
Y E- " 0.505 -+0.027
Y A 0.901 -0.,018
Y B 0.885 -
YC 0.829 --
YD 0.878 --
Y E 0.921 -0.009
Z A-weld 0.517 4-0.027
Z G- " 0.486 -+0.028
Z A 0.887 -0.013
Z B 0.886 --
ZF 0.883 --
Z G 0.887 -0.010

NOTE: 1. Average thickness of the plates -0.862 inches.

o, The bowing is a measure of the offset at the center of
the strip from a straight line joining two points on gauge lines
1 and 5 resvectively. Plus sign indicates that the bowing on the

cut face nearest the center of the plate is concave, & minus sign

indicates that the bowing 1s convex.
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