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INTRODUCTION. 

Much has been said concerning the value of welded fabrication 

in structural steel design. In fact, 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 errorfT. Tests 

are carried out to ascertain its properties under certain reQuired 

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 use of the new method. 

It has been indicated from time to time that much unexplained 

phenomena exist in the use of electric arc welding. When a steel 

plate or other structural shape is electrically welded, it short­

ens and warps as the deposited weld metal beeins 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, a.ue to the welding process, is also apr>arent. 

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 electric arc welding. 
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HISTORICAL SKETCH. 

One of the first attempts to record the shri~~age 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, ll. E. I. C., presented before the lilontreal Branch 

of the Engineering Institute of Canada, January 1929: "When mem­

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 2/8" web plates, with the webs about 

ten inches apart. Points 9 feet 8 inches apart were marked on the 

center lines and near the ed~es 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 15/16" fillets on the outside only. When the mater­

ial had cooled the temperature was again taken and the distances 

between the marked pmints were measured. The shortening was ap­

proximately 1/8 inch 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 fro~ 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 
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3 
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 condl t1on, ~.rr. R.H. Hardy, Graduate Student in 

the Department of Civil Engineering, :i:cGill Uni versi ty, was asked 

to take certain observations on a welded test specimen, in con-

junction with an experiment he was carrying out to determine the 

distribution of stress in parallel weld fillets. Er. 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 

weldinF" of the welded joint fabrioated 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 f i ~'!Ur e 1.) 

It was hiR hope to observe some change 

in the distribution of stress as the member 

was put under load. Hr. Hardy's results 

did not reveal any noticeable redistribu-

tion of stress as the joint was loaded, 

nor did any initial stress in the joint 
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apparently affect the distribution of stress along the weld itself. 

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

to record. 



The next research with regard to this phenomenon was in 1931,at 

McGill University by gr. J.F. McDougall, }i.Sc. In a paper entitled 

"The Initial stress is in Welded Joints" Hr. McDougall gave further 

evidence of the existance of these residual 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 

filled the notch to within one foot six 

inches of each end. The plate was measu-

ed and then welded. Upon remeasurement, 

the plate was found to have shortened. 

Mr. McDougall's contention was, in 

brief, that if the central portion of 

the plate was initially in compression 

while the outer portions (includine the 

welds), were in tension, upon submitting 
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the specimen to a tensile pull, that portion of the plate initially 

in tension would reach its elastic limit 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. 
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Part 1 

RE~OLUTION 

The behaviour of residual stresses in weldea 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 e~y 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 weldine 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 loadine 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-seotion, 

were welded for some distance along the fillets, there would result 

a settinp-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 

5 



stresses in and about the section of the welds. 

It is not to obe 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 

that has been welded along the fillets. 

After weldin~, the stress distribution 

would resemble that shown in figure 3, 

where the initial maximum compression 

is fc and the initial maximum tension 

is ft. If the column is submitte~ to 

some load W so that the avera.ee in-

crement of stress is W equals fx 
area 

and is distributed uniformly across Fig. 3 

the section, the maximum compression would equal (fc ~ fx) and the 

maximum tension would equal (ft 1- fx). 

Provided (fc -~ fx) is below the yield .point of the material, 

upon liftinR the load the column would return to its original length. 

If, however, the load is increased until (fc ~- fx) is equal to or 

greater than the yield point of the material, upon releasin~ the 

load there will be found some permanent 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. 
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THE SPEC IMEN 

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 in oh C-H-sections at l3.8~;' ft., cut to a length of 3 feet 3 

inohes from the same stock, were oonsidered to be most suitable 

for the investigation. Although the slenderness ratio was not 

great enough to permit of any appreciable column aotion, a longer 

speoimen was not used for the reason that it would not fit in the 

testing machine. 

APPARATUS 

All loadin~ tests were oarried out by means of a Wioksteed test-

inR maohine. This is a single lever type of maohine and is hydraul-

ioally operated. Speoimens are tested in the vertical position. 

It has a capacity of 217,000 lbs. and oan 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 

300 Ibs. per square inch. To e11mtnate errors introduoed 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 edee of the 

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

7 



instrument and to repeat the readings. The mean of these readings 

will be a measure of the actual strain. 

8 

In previous tests the Roward gauge has been used to determine the 

shrinkage due to the welding process. This gauge is a IQ-inch micro­

meter screw gauge designed to read to 0.001 inch 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 taken into con­

sideration, it was decided to adopt a different method for recordin~ 

these measurements. 

The Linear Comparator, an instrument used for comparing standard 

meter bars, was employed. This instrument was manufactured by The 

Waterville Iron Works, Waterv1lle, 1,~a1ne, and has been in :::cG-1ll 

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 travelline block upon which two micro­

meter microscopes "An and "E" are mounted. (see figure ZZ). 

An adjustable platform is provided to receive the specimen to be 

measured. The movement of the block is parallel to the length of 

the platform. One microscope "An is focused on~ a standard bar, and 

the other is focused on the specimen to be measured. Fine hair-like 

scratches 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 takin~ simultaneous 

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



must compare closely enough so that at each interval, th~ scratches 

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 micro­

meter, equivalent to 0.004464 inches. 

PREPARATIOE 

The ends of each col1lffin were faced in a lathe EO that the loads 

might be applied evenly while the columns were bein~ tested. 

The graduations and reference markines ~la.y be followed by consul t­

ing figure 15 • Five lon~~i tudinal lines, 7 IS-inches apart, were 

drawn parallel to the axis of the column along the backs of each 

flanee, marked A, B, C, D, ~,and I, J, K, L, },:, so that C and K were 

in the centers of their respective flanges. A line G was dravm 

alon~ the center of one face of the web. The column was then grad­

uated in 2 inch intercepts, to within 4~ inches of each end, by 

lines drawn at right aneles to those already mentioned. Sections 

00 and 16 are one inch intervals which were added afterwards. The 

column to be welded was marked Eo. 1 and the reference column was 

marked No. 2. 

A fine scratch 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. 



Measurements were limited to the flanges only, beoause it was con­

sidered impractioal to make measurements on the web. The scratches 

were made by delicate manipulation of a very sharp soratchall. 

Each scratch was then surrounded by four heavier soratches making a 

IllS-inch square. The width of the fine scratches was on the aver­

age less than 0.002 inches. 

PROCEDURE 

To determine the stress-strain characteristios of the oolumn 

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 

all 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 readlngs at the dif­

ferent loads gave the correct deformation~. 

No. 1 column was placed in the testing machine and the stress 

distributions about the sections QQ - 0, 7 - 8 and 15 - 16, were 

examined for an applied load of SO 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. 

10 



The measurement of the column in the Comparator was the next con­

sideration. Readings were taken at every section between 0 and 15 

along the fine rows on the backs of each flange, (150 measurements 

in all). 

I 1 

In making these measurements, three micrometer readings with mi­

croscope "B" were recorded for one setting of microscope "A". ]Iicros­

cope "A" being of a much higher power than microscope "B", and the 

scratches on the stantard 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 reduction of 

the measurements. It was, therefore, not actually necessary to read 

the I!licrometer 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 scratch 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 scratch on 

the standard bar, and three more corresponding readines were taken. 

In like manner readines 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 flanee, the column was sent to the 

Dominion Bridge Company to be welded. The procedure of welding was 

carried 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 straieht column with a continuous 
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i-inch weld along each fillet to within 6i 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,I 7-8,1,I7-8, and 000-0. 

The column was gradually loaded from zero to 100 kips, by increments 

of 10,000 Ibs. After each increment the load was taken off the 

column. The extensometers were read before and after each laading. 

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 aEain 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 0 and 15 only, 

leaving out all intermediate gauge lines. 

This havine been completed, the column was placed in the Wick­

steed Testing Machine and the stress distribution was examined at 

sections 00-0, 15-16, and section l,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, 



but before the column was tested to destruction it was made 

certain that the loads were applied uniformly across the section. 

For the final test, extensometers were plaeed at A8-7, C7-8, E8-7, 

G7-8, 17-8, K8-7, and :M7-S. (see figure 10). 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 beine applied uniformly. 

Distribution of stress about sections 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-S, it means that the extensometer was placed in row "An 

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. 

13 



RESULTS & DISCUSSION 

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

the mean result derived from the three coupons. (see page 10). 

Coupon A: 
(web J 

Coupon B : 
( flange, planed) 

Coupon C . . 
( web, planed) 

The mean value of 

E = Unital stress 
Unital strain 

= 28640 
0.976 

= 29.0 X 106 

E = 21640 
0.747 

= 29.4 X 106 

E = 22020 
D.7I2 

- 30.9 X 106 

E = 29.7 X 106 

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

section of flange area than web area, and as it is also doubt-

f'ul 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 lbs. per square inch. 

Coupon C : - Y.P. = 37']00 lbs. per square inch. 

Mean Yield Point - 38500 Ibs. per square inch. 

Ultimate failure . -. 
Coupon A 68900 lbs. per square inch. 

Coupon B 66800 lbs. per square inch. 

Coupon C 65800 lbs. per square inch. 

Mean ultimate failure 67000 lbs. 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 Ill. In Table IV all shrinkages are 

tabulated. These results are also shown graphically in figure 6 . 

For the sake of clarity, however, the averace shortening over 

4 inches has been plotted in some oases instead of the average 

over 2 inches as shown in Table IV. It will be notioed, in the 

section just beyond the weld, that the flanges have lengthened, 

indicating possible initial tension in this seotion. 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 notioeable distortion other than the 

recorded shrinkages, was that the flanees from seotion 1 to 14 

(weld section), had been bent towards eaoh other about an eighth 

of an inch. This small amount would not, however, affect appre-

ciably the moment of inertia. 

The followine will serve as an indication of the accuracy of 

the shrinkage measurements. 

The probable error of setting microscope "An = + 0.02 revs.of 

The probable error of readine microscope "B" =!. 0.0(3 revs. of 

The probable error due to focusin~ "B" and 
direotion of light on scratohes before 
welding = + 0.02 revs.of 

and after welding = :t 0.04 revs.of 

Let HI equal the measurement before welding and M2 the same 

measurement after welding. 

"B". 

"B". 

"B". 

"B". 
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lifl = V 1" ( .02)2 :t ( .03) 2 + ( .02) 2 
(~) 

Error in 

E1~1 = + .035 revs. of "E". 
Error in 1:2 = v' !(.02)2 ± ( .03) 2 1" ( .04) 2 

(~) 
EMI - + .049 revs. of "E". -

If X equals the measure of anyone shrinkage 

x - M2 MI -
Error in X = ~ -t(E!f)2 . 

- =·"2 -t (E,ll )2 

Ex. = 11 + .0352 T .049 2 -
+ .06 revs. of "E". = -

= ~ .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 yieldinr 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 returnin~ to their initial reading. 

It shows Qualitatively, however, that somewhere along the column 

a yielding t6~k place under the load of 80 kips. If this load 

were distributed uniformly it would be equivalent to: 

80000 
* 4.48 - 18000 lbs. per square inch. 

If we take 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 

3BOOO 18000 = 20000 lbs. per square inch compression. 

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

equals 4.48 square inches. 

IG 



The measured permanent deformation in the specimen due to 

the load of 100 kips (Table VI), averaged 0.937 revs. of "B" 

in 30 inches, which is equivalent to: 

~.937 X .004464 
30 

= 0.000138 inches per inch. 

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 106 

= 4100 lbs. 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 
4 .. 48 = 4460 Ibs. per square inch. 

If the yield point in any of the fibres was reaohed at 80 kips, 

the additional average stress of 4460 Ibs. per square inoh would 

be expected to produce a greater deformation than is indioated by 

the reduction of 4100 Ibs. per square inch, as there would be 

undoubtedly a shifting of the load from the parts that had reaohed 

their yield point to the central area or the section that had not 

been stressed to the elastio limit. However, as the observations 

are not representative of every part of the column, the figures 

provide a qualitative oheok only on the deduction that an initial 

compression stress of 20000 Ibs. rer square inch exists. This 

figure must be viewed with suspicion. It is a ma~imum stress and 

not the average inilialt compression stress; we oan best discount 

the result by sayin~ that it is probably high. 

The examination of the stress distributions is shown in figure 8 • 

From the average distribution before and after welding, it is ob­

served that the weld has the property of adding to the cross-

17 



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 external 

load would add an equivalent amount to the capacity of that area 

of the section initially in compression. 

In the tests to destruction, the extensometer readings as shown 

in Tables IX and X have been plotted against applien 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 ITo.l had reached their yield point before any similar 

yielding was witnessed with Column Ko.2. Although from the dia­

gram, this difference between the two s~ecimens is not very pro­

nounced, it is to be remembered that Column ITo.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 strencth 

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-carrying 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. 

18 



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 weldin~ 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 

affect its ultimate strength, but the weld itself adds to the 

cross-sectional area. 

These results do not tell us wh~t 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. Nevertheless, 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 effect 

these high stresses would have over long periods of time with­

out further knowledge wibh 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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Figure 10. Figure 11. 

Column No.l set in the Wicksteed tes ting machine. 
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Fi re 12. 

Columns 1 and 2 , after failure. 
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OESERVAT.IONS. 

TABLE 1. 

Test of Coupon "An (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 "E" (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 0.829 26300 
7.0 21'i-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 
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TABLE II 

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

L6ad A C E G I K M 
kips 

0 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 
00-0 0 16.00 15.00 20.00 25.00 10.00 13.00 12.00 

60 15.53 14.55 19.55 24.52 9.49 12.48 11.42 
l~:irror at 
bottom 0 16.00 15.00 20.00 25.00 10.00 13.00 12.00 

0 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 18.97 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 9.01 15.00 12.99 
Mirror at 
bottom 0 13.00 13.02 32.00 21.00 10.00 16.00 14.00 

0 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 

0 14.00 25.00 27.00 20.00 11.45 16.00 14.00 
Section 
15 - 16 0 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 0 14.00 22.00 19.00 20.00 11.00 15.00 21.00 

• TABLE III 

Sample observations showing the method of reduction to determine the 
shrinkage due to the welding process. (observations for row "0") 

Gauge Read. Mean Read. Mean Diff. Diff. Chanee 
Line Licr. before ,.'" . 

. .-i .. lcr. after before after in 
"B" welding "B" welding welding welding . length 

0 16.69 24.46 
.70 16.70 .46 24.46 
.70 .46 -6.03 -5.73 +0.30 



TABLE III (continued) 
30 

Gauge Read. 1A:ean Read. :Mean Diff. Diff. Change 
Line ~,Ii cr. before III cr. after before after in 

"B" 1felding "E" welding welding welding length 

1 10.66 18.74 
.67 10.67 .73 18.73 
.~ 68 .73 +0.23 -0.84 -1.07 

2 10.91 17.88 
.90 10.90 .89 17.89 
.90 .89 i-l •71 ;-0.95 -0.76 

3 12.61 18.84 
.61 12.61 .84 18.84 
.60 ~c:; 

.v'-' -.:,.58 -3.74 -0.16 

4 9.02 15.09 
.02 9.03 I·q •. ..J • 15.10 
.04 .11 +3.78 +2.41 -1.37 

- - ---~----'-~--'---

5 12.82 17.52 
.82 12.81 .50 17.51 
.80 .51 -1.73 -1.61 -i-0.12 

6 11.09 15.90 
.09 11.08 .90 15.90 
.07 .90 -1.40 -2.04 -0.64 

7 9.68 13.96 
.68 9.68 .87 13.86 
.68 .86 -~1.82 -1-1.10 -0.72 

8 11.49 14a95 
.50 11.50 .97 14.96 
.50 .97 -0.29 -1.42 -1.13 

---~--

9 11.20 13.54 
.22 11.21 .55 13.54 
.21 .54 -3.87 -4.06 -0.19 

10 7.34 9.48 
.34 7.34 .48 9.48 
.34 .48 -1-4 •80 -t-3.56 -1.24 

----

11 12.13 13.05 
.14 12.14 .03 13.04 
.15 .05 -2.88 -3.16 -0.28 



Gauge 
Line 

12 

13 

14 

15 

o 

NOTE: 

Gauge 
Line 

0 

Read. 
=:i er. 
"13n 

9.27 
.27 
.25 

8.60 
.61 
.62 

9.31 
.32 
.33 

6.42 
.43 
.41 

16.70 
.71 
.70 

T.Al3LE III 

l,,~ean Read. Eean 
before 1.:i er. after 
welding "B" welding 

9.88 
9.26 .87 9.88 

.88 

9.02 
8.61 .01 9.01 

.00 

8.14 
9.32 .15 8.15 

.16 

5.46 
6.42 .46 5.46 

.46 

24.47 
16.70 .47 24.47 

.47 

(continued) 

Diff. Diff. Change 
before after in 
welding welding length 

-0.65 -0.87 -0.22 

-~O. 71 -0.86 -1.57 

-2.90 -2.69 -~9.21 

-10.28 -19.01 -8.72 

A minus sign in the column headed "Change in length" denotes 
contraction, e. plus sign -- expw:sion • 

T_~LE IV 

Tabulation of .All Shrinkage Measurements. 

A B C D E I J K L l~ 

~-0.53'-0.37-rO.30-~O.37-~0.50-~0.421-0.24~-0.12~-0.23-~0.43 
1 

0.78 0.80 1.07 -1-1.09 1.49 1.05 0.96 1.12 1.08 1.14 
2 

0.91 0.69 0.76 0.89 0.63 1.11 0.69 0.36 0.80 0.87 
3 

0.58 0.65 0.16 0.84 1.29 1.06 1.01 0.52 0,.56 0.64 
4 

0.72 0.78 1.37 0.58 0.31 0.53 0.64 1.17 0.92 0.98 
5 

1.01 0.711-0 .12 0.22 0.40 1.30 1.04 0.86 0.91 0.99 
6 

0.85 0.46 0.64 0.52 0.20 0.39 0.52 0.72 0.44 0.19 
7 

0.31 0.6S 0.72 0.35 0.09 0.14 0.48 0.54 0.58 0.43 
8 

1.62 1.21 1.13 1.12 1.45 1.30 0.84 0.68 0.92 1.08 

3( 



TABLE IV (continued) 

Gauge A 
Line 

B c D E I J K L M 

+0.04 0.38 0.19 0.56 0.08 0.19 0.45 0.11 0.32 to.OG 
10 

11 

12 

13 

14 

0.03 0.48 1.24 0.76 0.89 0.62 0.86 1.09 0.28 0.48 

1.46 0.87 0.28 0.68 0.94 1.29 0.83 0.79 1.19 1.42 

0.68 0.72 0.22 0.46 0.91 0.35 0.48 0.16 0.64 1.14 

0.72 0.97 1.57 1.60 1.63 0.56 0.66 1.10 1.16 .29 

15 
-to.51-~0.38i-O.21-rO.31-rO.53-~0.47-~0.26-rO.l11-0.31-~O.50 

o 

15 

14 

8.59 8.63 8.72 8.99 9.28 9.00 8.96 8.98 9.04 9.29 

9.63 9.38 9.23 9.67 10.31 9.89 9.46 9.21 9.58 10.22 

NOTE: Figures marked plus denote expansion, all others denote 
contraction. These figures are in terms of revolutions 
of micrometer "B". To reduce to inches, multiply by 
0.004464. 

TABLE V 

Initial Loading test after welding, to detect the presence of 
Residual Stresses in Column No. 1. 

Load EXTEl,~SO .. i:ETER READI1.GS 
kips 

A8 - 7 E8 - 7 G7 - 8 17 - 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 .00 1"3.99 .00 .00 .00 

20 13.76 20.71 11.22 14.28 25.23 9.17 
0 .00 .00 .00 .00 .00 .00 

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 14.58 14.52 25.50 9.35 
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 \A.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 16.06 26.03 9.71 
0 ,4.03 ZI .08 14.15 13.96 24.90 .00 

80 12.87 19.87 15.30 15.08 26.10 9.20 
0 .00 .00 .00 .00 .00 .00 
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TABLE V (continued) 

Load EXTENSOMETER READINGS 
ki:ps AS - 7 E8 - 7 G7 - 8 17 - 8 M7 - 8 C 00-0 

90 12.72 19.73 15.62 15.1S 26.20 9.80 
0 14.03 21.06 14.13 l3.94 24.99 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 26.4S 9.89 
0 13.71 21.0S 14.12 (3.90 Z5~12 .00 

100 12.52 21.0S 15.72 15.36 26.40 9.89 
0 I~ .97 21.01 '4.02 13.99 25.10 .00 

100 12.54 19.56 15.71 15.36 26.40 9.89 
0 13.9S 21.00 14.01 14.00 25.00 9.00 

T.AJ3LE VI 

Tabulation of Permanent Longitudinal Contractions Caused by 
Ini tia1 Load of 100 kips on Column No. 1, after Vle1ding. 

A B c D E I J K L 

o - 15 0.S9 0.73 0.65 0.59 0.41 0.93 1.07 1.18 1.37 1.54 
0.86 0.71 0.58 0.58 0.52 0.92 0.99 1.22 1.29 1.67 

Mean. 0.88 0.72 0.62 0.59 0.47 0.93 1.03 1.20 1.33 1.60 

NOTE: Figures are in terms of revolutions of micrometer "E". 
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 11 
kips 

0 20.00 21.00 9.00 15.00 13 0 00 17.00 26.00 
Mirror at 
top 20 20.11 21.18 9.25 15.05 13.12 17.12 26.12 

60 20.43 21.53 9.65 15.48 13.47 17.42 26.35 

100 20.72 21.88 10.0S 15.91 13.82 17.72 26.59 
Section 
00 - 0 0 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 lS.86 12.81 12.72 9.78 16.81 28.S6 
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 
0 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 

0 14.00 18.00 23.00 11.00 16.00 16.00 28.00 
Mirror at 
top 20 14.10 1S.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 14.66 18.80 23.90 11.88 16.82 16.64 28.60 

0 14.00 18.00 23.00 11.00 16.00 16.00 28.00 
Section 

1 0 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 

0 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 29.78 

100 23.36 16.52 21.72 17.82 22.63 28.39 30.23 

0 14.00 26.00 27.00 12.00 17.00 21.00 28.00 
Section 

3 - 4 0 14.00 26.00 27.00 12.00 17.00 21.00 28.00 

20 13.81 25.74 26.66 11.63 16.65 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 

0 22.00 15.00 20.00 16.00 21.00 27.00 29.00 

0 17.00 18.00 14.00 14.00 14.00 24.00 25.00 
Mirror at 
top 20 17.28 18.31 14.32 14.22 14.28 24.26 25.22 

60 17.92 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 

0 17.00 18.00 .. 14; 00- " 14 • 00 .14.00 24.00 25.00 
Section 

7 - 8 0 14.00 11.00 14.00 12.00 18.00 24.00 27.00 

20 13.78 10.74 18.31 11.62 17.68 23.68 26.72 
Mirrors at 
bottom 60 13.18 10.14 14.92 11.04 17.10 23.04 26.12 

100 12.56 9.55 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 

0 17.00 20.00 22.00 17.00 14.00 14.00 25.00 
Mirrors at L 

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 

0 17.00 20.00 22.00 17.00 14.00 14.00 25.00 
Section 

15 - 16 0 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 11.28 21.30 19.19 23.98 

0 17.00 20.00 22.00 17.00 14.00 14.00 25.00 

TABLE VIII 

Distribution of stress in Column No.1, before test to destruction. 

EXTENSOMETER READINGS 
Load ACE G I K M 

0 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 

0 17.00 22.00 22.00 17.00 14.00 16.00 27.00 
Section 

00 - 0 0 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 0 19.00 17.00 23.00 14.00 14.00 16.00 30.00 

0 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 

0 14.00 21.00 20.00 19.00 16.00 20.00 30.00 
Section 

7 - 8 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 
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TABLE IX 

Failure test of Column No.1. (welded) 

Load ESTENSOMETER READINGS 
kips AS - 7 C7 - 8 E8 - 7 17 - 8 17 - 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 21.1S 10.92 15.78 20.07 24.88 
SO 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.~2 23.20 20.26 12.08 16.53 18.62 26.49 
135 16.08 23.32 20.20 12.22 16.52 lS.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 15.9S 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 Buokling 

TABLE X 

Distribution of stress in Column No.2. (before test to destruotion) 

Load EXTENSOMETER READINGS 
kips A C E G I K M 

0 16.00 20.00 20.00 11.00 17.00 20.00 26.00 
Mirrors at 
top 60 16.58 20.58 20.55 11.45 17.39 20.38 26.36 

0 16.00 20.00 20.00 11.00 17.00 20.00 26.00 
Seotion 

00 - 0 0 16.00 18.00 21.00 17.00 16.00 17.00 27.00 

Mirrors at 60 15.68 17.65 20.64 16.48 15.42 16.42 26.40 
bottom 

0 16.00 18.00 21.00 17.00 16.00 17.00 27.00 

• 0 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 
Seotion 

7 - 8 g 22.00 25.00 24.00 17.00 16.00 20.00 28.00 

60 21.19 24.14 23.11 16.00 14.88 18.90 26.97 
MlrI'ors at 
bottom 0 22.00 25.00 24.00 17.00 16.00 20.00 28.00 
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TABLE XI 

Failure test of Column No.2. (unwelded) 

EXTENSOMETER READINGS 
Load A8 - 7 C7 - 8 E8 - 7 G7 - 8 17 - 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 23.62 17.56 16.60 12.63 17.09 24.60 
0 23.00 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 struotural oompression members have little 

effeot upon their loadoarrying oapaoity, it does not lessen the 

importanoe of the investigation of these stresses from an en­

gineering point of view. The results derived from anyone test 

with a oompression member is usually insuffioient to form de­

finite oonolusions. Many teats have to be made before the in­

formation oan be aocepted. It is found neoessary in some types 

of work to anneal members after welding to reduoe 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 i3 not infrequent to find also that, 

shortly after welding some types of fabrioation, the weld unit 

fails without the applioation of external foroes. Although 

praotioe has established means of ooping with suoh diffioulties, 

the true understandin~ of the servioe 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 describing 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 



temperature change takes place • 

. Consider a cube of steel as in figure 13, placed between two 

fixed 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 raisin~ the temperature of the cube 10 F. the 

stress set up in the direction of the axis X would eQual (0.0000067 

X 30 X 106), 201 lbs. per square inch. If the temperature were 

raised 2000 F. the stress induced would be well 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 

z. If expansion were prevented in 

two directions X and Y, leaving 

only the direction Z fo~ unrestrict-

/' 
/' 

/' 

I 
I x 

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 is an ideal situation, it serves to illustrate the tendency 

towards high stresses for comparatively small differences in temp-

erature. A reduction in temperature would be analogous to the 

above, except that the stresses would be of opposite sign. It 

must be remembered, however, that a stress will 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 displace~ent 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 

106 at room tem~erature has a modulus of only 18 X 106 at 1100oF. 

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" e .. 

I 

\ ' ..... -', I 

~ 
\ "f / 

I 
is brought to the tusion point while the -~ 

remainder of the plate remains relatively 

cool. The normal expansion of the ree;ion Fig. 14 

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

mainder of the plate; and therefore must be rendered bJr a perman-

ent dilation in a direction at right angles to the plate, i.e. 

in the direction of least resistance. It is to be remembered 

that the force required to produce this movement would be very 

small as the te~~erature of the rerion "E" is very high. As the 

heat 1s conducted radially through the plate, the weld metal be-

gins to freeze, and at this staee the ree-ion "E" is contractinr 

while the remainder of the plate is acquirine heat and e:'=})2vnding. 

A region "f", adjacent to the parent welded metal, in ex:pandinc 

meets opposinF 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 1s still relatively cool. Thus a further permanent 

dilation will take place as the heat wave proceeds across the 

plate. The rate of cooline 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 seations which are at a lower temperature, and in this way 

will meet opposing forces which tend to reduae 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

iaally uniform temperature. Further aontraction, due to the 

temperature dropping to room conditions, would not materially 

increase or decrease the stresses set up in the plate but will 

raise the yield point of the naterial. 

From the above contention, we might deduce that the greatest 

part of the ultimate shrinkage is directly due to a permanent 

dilation of the plate in some direation other than parallel to 

the welds, and therefore all the contraction will not be elastic 

deformation; and the stress in the welds need not approximate 

the yield point at room temperature. It would appear that the 

shrinkage will depend on the amount of heat supplied relative 

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 neasure 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 aontaining 

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 looked 

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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SPECD,fENS & PREPARATION 

Four plates were selected of structural mild steel and cut 

from the same rolled stock. The plates were marked W, X, Y and 

Z according to their widths, the lengths and thiclrnesses being 

constant. The dimensions of the plates were as follows: 

W - 1'-3" X 0'-2" X 7/8" 

X - 1'-3" X 0'-4" X 7/8" 

Y - 1'-3" X 0'-6" X 7/8" 

g - 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. Each 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 

same 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. The 

weld was made in one pass with bare wire electrodes so that it 

completely filled the V- notches over the entire length of the 

plates. Upon the return of the specimsns to the laboratory, 

measurements as before were made in tha 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 weldin~ 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 g 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, including 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 

a~ain recorded. This was continued until all the plates had 

been reduced to a series of one inch strips. The one inch 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. 
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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 

I~artens erlensometers over a length of eight inches. The sam]?le 

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 len~th of four inches. 

RESULTS & DISCUSSIO:'" 

The results from the many observations and measurements can 

best be understood by graphical illu2tration. 

In figure 16, the stress-strain characteristics of both the 

weld metal and the material of the plates are shown. 

Figure 17 is the axometric ~rojection 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 

shortening in inches per linear inch. It vrill be noticed that 

two diagonally opposite "humps" are present in plate X. It was 

previously stated that, during weldin~, 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 distortion. It would be lOEical 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 

~lates Y and g, both wider than X, show no such behaviour. Plates 

Y and g do exhibit varyine shrinkage distribution. This is due 
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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 ~robably 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 shrirucage measurements: 

The probable error in setting :::.icroscope "A" =! 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 li~ht cast on the scratches, no 

error was introduced here. However, after weldi~c, the scratches 

were slightly discoloured, which made observations more difficult; 

t.02 should be allowed for this factor. 

Let El equal the measurement before weldine and H2 the same 

measurement efter 

Error in HI 

Error in 

Error in x 

welding. 
~----------------. I -r 2 - V _. 02 -i-

,:;rz 

= 

= V t.02482 

+ .0326 

+ .033 X 

= + .00014 

.03 
~ 

- ! .0218 

t .0212 

.004464 in terms of inches 

inches. 
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The probable error for anyone measurement of the deformations 

when the plates were cut into strins: . 
Let }~ equal the measurement before cutting and H4 the same 

measurement after cuttinc. 

Error in ~'!" or '" J,~ -
1104 --

= 
If X e(lUa1s li4 

,'!" - 1013 

Error in X = 

= 

= 
= 

Jt.02~ t .03 

1'3" 

+ .017 -

J!..017 2 X 2 

t .0248 

7'6 

+ _ .0248 X .004464 inches. 

+ .00011 inches. -
In terms of stress, .OC011 inches error in 12 inches is equival-

ent to: 

.COOll X 29.1 X 106= 965 Ibs. per SCUQre inch. 
12 

Over a length of 3"-1050 lbs. per square inch. 

When cuttina 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 micro-

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

ordinates represent stress in lbs. per square 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 force in tension 
must equal the total force 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 2i~,with 
plate g, 8%, the area in tension being larger. This is a re-
markable agreement when it is considered 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 Held. metal 
would also affect the comparison slightly. _1.11 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 VI and X, but, from the re-
suIts obtained with plates Y and g, the deformations can be 
safely estimated by balancing the total forces. This was done 
and is shown in the dotted areas in fib~re 19. 

The following is a tabulation of the maximum average stresses 

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

.Plate 

W 

X 

y 

Average 
maximum 
tension 
lbs./sg. 
inch 

7,700 

18,300 
14,100 
11,100 

9,700 

Locat- ~tverage 
ion maximum 

Locat­
ion 

Percent 
of weld 
metal 

welds 

do 

do 

compres­
sion lbs.1 
sq. inoh 

7,800 center of 
plate 

9,000 center,2" 
from weld 

4,800 2" from 
6,100 weld 

20.6 

10.3 

6.8 
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?late Average Locat- Average Locat- Percent 
maximum ion maximum ion of weld 
tension compres- metal 
Ibs./sq. sion Ibs./ 
inch. SQ. inch. 

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

Referrin~ 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 even 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 g than with the 

three narrower plates. ~~easurements of the deformations were 

taken at each eauge line, and the distribution of stress through-

out the plate was calculated. Fi:~lre 20 is an axometric diagram, 

showing this distribution of stress. Let us examine a cross-

section of this diagram at ga~ge line No.3. The stress distribu­

tion is not much 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 g 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 ~aces of 

the welds. If this had been the case, the weld strip, including 

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 o~ 

the material of the plate, this fact would tend to lessen the 

observed direction of bowing. Our conclusion is, then, that the 

~aximum 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 junction of the weld and the parent weld metal. 

The offset at the center of each strip was ~easured 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 thiclrness of each strip. While these measurements 

do not provide any exact means of estimating just how much dif­

ference in stress there mi{"ht 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 

bowinp- 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 Z, together with the resulting 

distribution of stress across the mid section of this plate. 

The calculated released bendin~ stresses are superimposed on 
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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 uniform and that these offsets are very amall 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 

suspicion 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 

plate, due to their unrestrained condition, the front of the 

weld is probably stressed very hiehly, or at least higher than 

at the cent er. 

To account for the stress being hiehest at about 0.5 inches 

in from the edge of the plate, the followine reasoning is 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 

itself. The center in the 7/8 inch plate is rou~hly t an inch 

in 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

parent 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 cross-section 

initially contracted 0.00133 inches per linear inch; while 

plate Y with lO.~ 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 a~pear 

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 

c~oss-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 
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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 o~ 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 lbs. 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 compres~ion 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 

weld~ 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 to,OOO lbs. per square inch, was set up in the 

column due to the weldine. 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 oommonly used in electric arc 

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 ductile 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 

type. 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. 

53 



BIBLIOGRAPHY. 

1. "Ara \Veldirur in struatural Fabriaation", by .A.S. Wall, 

Jr. E. I. C. This paper is published in the Journal of 

the Engineering Institute of Canada, June 1929. 

., 
'-J. "Further Investigation of the Distribution of stress 

in Welded Joints", Thesis by Robert M. Hardy, :M.Sa. 

lfaGill Uni versi ty Library. 

3. "The Initial stresses in a Welded Joint", Thesis by 

J. F. McDoue;all, U.Sc. EcGill University Library. 

4. "Rtress Relieving Welded Joints", by Robert E. Kirk­

head. The Welding Engineer, July 1931, vol.l6,No.7. 

5. "On the Signifioanoe of the Proportional Limit of 

Rteel at Elevated Temperatures". From the Trans-

aations of the American Society for Steel Testing, 

v 0 l. XI I I, May 1 9 2 8, :T o. 5. 

54 



ACKNOWLEDG}-TENT. 

This investigation was made pos~ible through the cooperation 

of the Dominion Bridge Company Limited, who ~~rnished the speci­

mens and performed all the necessary welding. 

The work was done in consultation with Professor R. E. Jamie­

son, William Scott Professor of Civil Engineering, ~,rcGill 

University. 

55 



c 

-
~ 

\J 
Q 
'V 
,~ 

-
('(' 
_I 

0'- 2" ... 
~ -W I 
I • 

I I i 
: A I I , , 

ill 
I , I 

0+1" ' o'~I " - ... 
I 

I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
1 

I 
i I 

I 

I t 
.L ,--' --l.--~.....,..j 

Dot~ed \ines ~how 
where cuts were 
mode- -

0'- 4 " 

X 
I I 

A 1 B I C I , 

t I 1. I -L I 
I I I I I , 
I I I , oL .. ' 0-1" OLh O ~ I" 

.... t ~ -I + t 
I I 'I ' , 

i 1 i 1 , I 
~III 

I 
I I I , 

I 
I 
I 

I I 1 

1 I I 
I I 

IT: 
I ! I 
I 
I 
I 
I , , 

I -:- 1 

I I 
, I 
1 I 
I 

3" 

I I 
I~ 
i 

I 

, 
I 
I 

o -G" 
r--- Y , 

I 
A I ~ C I D I ~ I, 

I I I : I 1' +- I -i- '1-" .. - .L I ~-
I 1 I 'i 1 I " ,I ; ,~ I .! i I 

I ill I . 
q -I " 0 ~ j" 0 ~ ; '. 0 - I " 0 ~ \" I 0 ~ ,,4 ...... ' - · .... 1- ~ 1 

I " ' I ' 
I I I I ' I I I I " i 

I I I I i I 
I T I -. 'I 
I I I I I _ 

I I I 1 f'(\ 

I 
I I 
I I 

T 

I 1 I I 
1 1 I I , 
1 1 I 1 

I I I 
Il-

I1 1 

I I 
I I 
I I ! I 

L, I 

11 

, I 

I i I I I 6 

I I 1 ! I 
I 1 I + I 
I T 1 I 11 

1 ! 1 

I I I ! 
I ' I I 
I J I I t-; - I ~ I 

~ I 

o 

, 1 Il _ 

I I ro 

1 I I ~ 
11 

i, I ~ 
I I I :. \t'I 
I ! 

m I 

~z--r-G ," 1. !TYbICQ) tSectlo r 
" I "j.-.liZ, ± of groove 

i~ i / -Tf Full 'Seal e 

0'- e" 
z -1 

I 1 .A7 Weld 5tri p 
A i B I ~ ? EF l ~ i ~lvZ6 I 

I ,. I I I , t 11 
1- ' r l- t . --- I 
! I I I ; 1 I I ~ , I ' I I I ' 

I'J~''' ! C,' I" Otl" I 0-1'" O-I~ : 0 , , " ot'·, I O~ I'" \ 
~ r ..... 4 ~ ...,..- ---t- - ~- \ 

! I 
I I 
... 
I I 
I 
I 

I1 
, I 
I 
I 
1 

I 

I I 
I 

I I I I i I I ' ! I \ 

I I I ! I I I \ 
1+1+ tt' -+.. I , I I I I I I 
1 1 I I ~ I I I! 1 1 

I 1! 2 i 1 I1 

1 I I - ' I 1 I I 

" 

(\) I 1 ,I 

' ! I I ~ i I I I 
IT t \0 r + If I 
1 

I I L I 1 I 1 

I "' , , 

I 
I ; 4- I 1 ' 

.- I 1 I 
1 I N i" 
1 I ~ !! 1 I' 
1 I I '-+- ! I I I : r / 

I- I r QI- t- L I ! -+ -~ 4 .1 \{) 
I ' -0 I I I ~ 

I 1 1 ;P 1 1 i ! I !;:: 

I 
1 1 i 6 I I I ' / ~ 
I 

IV , I I V I :2 , I , / :J 

1 
I : 1/ 0 
I I I \!J 

It t + I~ - 5 
i 
I 

I I I l 

FClce ~2 f * i" 
("..,.<..-\ .. -.-,..,-, -"-. --.-re., ,--'-''-' "-T(""--, . '\ ' .., \ '\ t , \ ( \\ \ \ \ \ \\ \' Y 

) , . \ \' ~ 

<C 'L " 'r ~ ~ ~'jt, Y' ,\ )' ,\ f \\ \\ \\ \~ 
~ _-t-- ( -----J D El A IVS 3Z-r- OF THE STEE.L PLATES 

<J1 
(j) 

FI6URE - \ 5- i 



: I 

+ 
--1-

- - - - - --.---~--.. -:' -- - -....., -_._,.-"""t.. - - -~ .~ I ... ---~--- --·-57 
~ ____________________ ~-L~~3~ __________________ ~~1 t 

SQm~le f~om p\ate . I C ross-s€c},on := ·f>Sl )( ·~, r = 0·1(, sq. I~ ~ .. D 

, 
-r- -

I 

. , 

.i __ i 

'1 
- -- c -- +-- -- -- 'Samp\e from weld 

Cross -:,echon = 0·04'3 S9·,n u-
\S" 

L 
~ 

..D... . 
- ~ 

-.J 

40,000 

30.000 

20,000 

10,000 

- I 

/ 

o o 
o 

I 

/ 

Weld meta l ; 
~~--

~-
_ 0 

0---------- - - --
~ 

?\ore metol / ' 

Weld Metal :-
E ~ 41"o0 ~ 27 ~ x 10' 

.COIS 

Yield pOint = i/ .. 3" .100 a 
Fctlure 53, r: 00 "*'/0" 

Plate ~Aetc\: -

E 
4'.400 = 2"·/ '( 10 ~ 

:8 

.oOl5q 

Yield pOIII . 33.000 
it I " 

= / 0 

F Cl 1·lu re 
~ 

~05co !o~ 

5+re??~ straIn Chor(]cterlljtlc5 of the . 
Material of the p!Qte~ and the Weld Metal. 

_, _ •• ..a. _ F\GURE -lG-

.-

. 
,. 

r 



58 

. 
c 

~ 
()) 

.J:L 

\{) ,.... -
(}) y ---Lt) 

0 
0 
0 
0 

I' 

C 
' -

~ -

---- ----

--------
AXOMETQIC DiAGRAMS 0H0WlNG THE 0HQINKAGE5 
\tJ THE FeUR PLATE'.) DUE TO THE WELDING PR0CJ::05 _ 

F1GURE-\7-



\0 
C 

t:'--
1...9 
N 
0 
0 

It 

c-

<lJ 

o 
v 

\0 

i 

A 

w 
Av. ~hnnkage 

·000555 In/in 

1\ / 
I 

\ 
\. 

" 

A 8 c 

x 
Av. sh rln koqe 

.0,)0 4 22 In .l tn 

. I \ ~ / 1 
I 
I 
I 

....... 1 
1 / 

",tl 
A B c 0 

Y 

Av. ':>hnnkog; 
·ooo'3// ln In 

I 
I \ 
I \ 

\ 
\ 
\ 
\ 
\ 

I' 
E A 8 C 0 E 

Z 

Av. c:>hr'nka~e 
.000312 1r1;ln 

F ULL LI~E QE PRE S EtJTS TOT A L SH R1~KAGE 11\J lZ INS . DUE TO THE WELDIf\J6 

DOiTED ., LACK OF REC.OVE RY AFTER PLA T E WAS CUT 

I ~TO 5TR.IPS (EX-eLUDING THE WELD ~TR\PS } 

F G 

F1GURE -\ 0- U1 
~ 

'-' 
.::'5 '-I 



c: -
:- ; r::r 
(.-i -
~ 0 --~ r-... 

~ " 

:> .f) 
') 

':1 -
,..> 

~ 
"<\ 

~L 
t.r. 

0 

" 
c 

<:J -, , 
U 

er, 

60 

~ 1 
nl 101 

compre ss \On 

1 -I I --
I == I I ~I Y 
I I I I 

I 
I Area above o-':,tre~s IIn 

\ 
n: \QI 

I elo tension 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
1 I I 
1 L_ I 
I 
I 
1 

I I . 
L~ 

G 

A. I ~ 
I Z 
I 
I 
I 
I ~rC(j cb0ve 

I 
Z·20 '=>q In 

I I u-.) ,"LS) Illl 
I z· j7 OCIOW 11 .. 

L-.J LJ 

D I(]~rClmS tShO\Nlnq the total lonqdud,nol elasTic deformations 

{~GU tlng from cutting h" ~I(] ~es rn 0 '..) ~II?S 



o 
N 



r-o 

1 
I 

\.!J - -h- . 10 

w -

o 

\.) -

cn -

2 
I 

3" __ _ 

3 
I 

4 5 
I 

- - 5 ~ - -- :',~ ===--=-=-----~ _____ -=--- - IS _ _ ~ __ :=-------==----~-- -====-= t >_ - 10 :=::--_-=::::::=;:;:;;;J. 
--- ---~-- -

.«~ 

- 5 -
0 --

'5 - ---

"5 
o 

- 5 

~s 
o 

'S 
~ 

c--
"'1"0 

_----- --------- -1 0 

----
<:{-~~------

-15 ------- --- 20 
-1 5 -~-------------------------
-1 0 

D,oqrom 'ShoV'J lnq the mGqnl7ude:J Clf1d dl5trlbut lo1 of 
-eLJiduol 0tr-e~se5 In plare Z . by mean5 of I,ne::, JOinIng 

~i ') ~n~s ofeq.Jc i <::>ir-e'Ss Intensl +Y. 5tre :..ses are In klps 

?er ~quLlre Inch Qnd are component '5~reS5es p.lt'all el 
to fne'l"Jei d '5 . 

-
cS) 

- ' o 

F l GUQE - Zl-

-~ 

N 



s:: 
'-

0 
0 a 0 

0 --a -
0 

11 1 
. ~ , 

o 
) 

a 
~I -

~ 

weld 
A 

o 
o I 
o 
lri 

-+-----_ • 

Weld 
A A 8 C DE- t: 6 

n S, ~, 

I 

U i I 

D 

!)I~~ I -I SU+1 I of s+re5s 

Cl ~ec t Ion -#-3 1 pia te 1. 

We!d 
63 

~ 
~1:O · Ol7 tl " y. - 0 ·2(; I • 

~z " O . OI~ " 
, I 

'{l. :: 0 ·44 

S3 It 
:: 0 . 0/0 v " .3 : 0 ·44 

" ~4 ~ O. Ol'O Y4 = 0·24 
11 

. 
~ 

; 1--l9L-...-_ f :: fIbre stre'55 In bendJn~ 
M " Bend 111 ~ momenf. 
I · Momen-t 0 f Iner tia 
E 2 '(Q1Jn~s ' modulus 

B.M. DlQqr I' '( "! 3. width of 'Strip . 
~ a de f le c. t \ 0 n or be n din q 

at- center or the ~trtP, 
i ;; (enqth of srr'JP (12 '» 

b _ (AY-ea of BM dlag brn. M 8 ))( 'X 
ET 

M ~.Q ~ ~ x.-l-
2 4 El 

~ubs+d-u+'n~ the unknowns in CD: 

f, = ± It \ 0 00 I b s / sq. in 

f 

f = - --- (]) 

E for w€IJ str ip~, 22J ·S )l t o~ 
e " strIps A ~G ,1~·1 ~ IOC. 

do 

do 



Figure 22. 

The Linear Compar a tor. 

Figure 23 . 

The four plates , with the weld s trips severed 
from Plate 

G4 



OBSERVATIONS 
TABLE XII 

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

PLATE W 
Gauge WIA W2A l:fean 
Line W A -1--- ---- --------

2 

3 

4 

5 

.34 .29 .32 

.37 .32 .34 

.50 .41 .46 

.43 .35 .39 

Total 1.51 
._- ---~-

PLATE X Gauge l1ean Gauge Mean 

G5 

____ ----X~lA---X-~2A---X--A---L-i-n-~e~--X-~]-B---X~-X--B----L_i_n~e ____ X.~1_C ___ X2,_C __ X __ C __ _ 
III 

.27 .31 .29 .17 .28 .23 .27 .32 .29 

.11 . ~2 .17 
3 

.51 .41 .46 
4 

.23 .37 .30 
5 

Total 1.22 

2 

3 

4 

5 

2 
.29 .34 .32 .41 .53 .47 

3 
• 31 2 r:; . 

• l .28 .17 .08 .13 
4 

.18 .29 .24 .19 .32 .26 
5 

Total 1.07 Total 1.15 

-- ----- -----------~ .. -. ----------- ----~ 

PUTE Y 
Gauge Y lAY 2A Mean Gauge Y 1 B Y 2B Mean 
Line Y A Line Y B 

1 1 

2 

3 

4 

5 

.50 .29 .39 

.29 .13 .21 

.30 .17 .24 

.47 .29 .38 

Total 1.22 

2 

3 

4 

5 

.25 .07 .16 

.27 .14 .21 

.30 .19 .25 

.24 .07 .16 

Total .78 

Gauge Y 1 C Y 2C Mean 
Line Y C 

·-1----- ---

2 

3 

4 

5 

.18 .05 .11 

.29 .19 .24 

.25 .20 .22 

.19 .05 .07 

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 g), and the second letter indicated the particular strip, e.g., 
V/lA - Plate W, face 1, strip A; W2A - Plate W, face 2, strip A; -
W A - mean of the readings on both faces, plate W strip A. 
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TABLE XII (continued) 

PLATE Y 
Gauge YID Y2D lA:ean Gauge Y1E Y2E Mean 
Line Y D Line Y E -1---- --

I 
.23 .12 .17 .34 .26 .30 

2 2 
.27 .15 .21 .24 .16 .20 

3 3 
.20 .15 .17 .16 .13 .14 

4 4 
.22 .01 .11 .43 .15 .29 

5 5 
Total .66 Total .93 

------ ~- ---- ----
PLATE Z Mean Gauge ZlB Z2B Mean Gauge ZlD Z2D Mean 
Gauge ZlA Z2A Z A Line Z B Line Z D 
Line 

1 1 1 
.55 .47 .51 .25 .18 .2t1 .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 .65 Total .41 

Gauge ZlF 7,,,F J·lean Gauge ZlG Z2G Mean 
C-.J 

Line Z F Line Z G 
1 

~--- .. ---_ .. 
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 .97 
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TABLE XIII 

Longitudinal elastio deformations resulting from cutting the plates 
into strips. (Measurements are in terms of revolutions of micrometer 
"B". To reduce to inches multiply by 0.004464). (Plus sign denotes 
expansion, minus sign - contraction). 

PLATE W. (weld strips severed) 
Gauge Wl A W2A Mean 
Line W A 

1 
-t-. 371- · 34-1-.36 

3 

5 
-t- • 381- . 37+ • 37 

-t-. 75+.71 .... -.73 
1 

PLATE X. (weld strips severed) 
Gauge XIA X2A Mean X1B X2B Mean X1C X2C Mean 
Line X A X B X C 

1 • . • • • • 
-r.24~-.26~-.25~ .25~.35-~.30 ~.35-~.34-~.34 

3 
-~.37~.37-~.37 ~.284r.23-~.25 ~.27-~.26-~.27 

5 
+.6l-t-.63+.62 +.53+.57+.55 -".62+.60+.61 

1 

PLATE X. (strips A & C, adjacent to 
Gauge X1A X2A Mean X1B X2B Mean 
Line XA XB 

1 
-.08 -.08 -.08 i- .171-. 07 1- .12 

3 
-.14 -.04 -.09 + .14+ • 15-t- .14 

5 
-.22 -.12 -.17 +.31-t-.22+.26 

1 

SurrJlation of the elastic 
deformation in Plate X. 
Gauge 
Line X A X B X C 

1 
-t-.17-t-. 12-i-.23 

3 
-t-.28+ ... 14-~.12 

5 
To~a1-i-.45-i-.26-i-.35 

weld strips, severed) 
X1C X2C Mean 

X C 

-.17 -.05 -.11 

-.13 -.18 -.15 

-.30 -.23 -.26 



TABLE XIII (continued) 

PLATE Y. (weld strips severed) 
Weld Weld Mean 

Gauge Y1A Y2A Weld Y
1

A Y
2

A Mean Y
1

C Y
2

C Mean Y1 E Y2E Mean 
Line Y A Y A Y C Y E 

1 

3 

5 

-.58 -.55 -.56,- .10~-.27~-.18 1-.07-r.12-~.09 -r.24-~.22-r.23 

- • 46 -. 25 -. 36 -\-. 1 71- • 12 -f- • 15 -i-. 02-1- • 09 ;- • 06 ;- • 16 -I- • 22+ • 1 9 

-1.04 -.80 -.92 -r.27i-.39-r.33 -~.09~-.2l1-.l5 ~-.40-r.44;-.42 
1 

Gauge 

Line 
1 

3 

5 

1 

Gauge 
Line 

1 

Weld Weld Mean 
YlE Y2E Weld 

Y E 

-.62 -.45 -.53 

-.48 -.55 -.52 

-1.10-1.00-1.05 

(strips A & 
Y l.ti .. Y2A Mean 

Y A 

-.19 -.28 -.24 -~.06-~.20-~.13 -~.12-~.14~.13 -~.09~.20-~.15 
3 

-.29 -.31 -.30 -~.05-~.07-~.06 -r.06-~.17-~.12 -~.11~-.204r.15 
5 

-.48 -.59 -.54 4- .11 + . 27-1- .19 -... 18-\-. 31j-. 25 ;-.20-.... 40-t· 3O 
1 

Ga.uge Y1E Y2E Mean 
Line Y E 

1 
-.26 -.29 -.28 

3 
-.32 -.39 -.35 

5 
-.58 -.68 -.63 

1 
(strips B & D, adjacent to A & E, severed) 

Gauge Y1B Y2B M:ean Y
1

C Y2C Mean Y1D Y2D :Mean 
Line Y B Y C Y D 

1 
-t-. 05+.04+.04 - .11i-. 08 -.02 +.08 -.04-~.02 

3 
1-. 03-t-. 01-t-. 02 -.02 -.05 -.03 +.06 0 -1-. 03 

5 
+.08+.05-1-. 06 - • 13-i- • 03 -.05 +.14 -.04j-.05 

1 



TABLE XIII ( continued) 

Summation of the elastic deformations in Plate Y. 

Gauge 
Line 

1 

3 

5 
Total 

~LATE 

Gauge 
Line 

2 

3 

4 

5 

1 

Gauge 
Line 

1 

2 

3 

4 

5 

1 

Gauge 
Line 

1 

2 

3 

4 

5 

1 

Weld Strip Strip Strip Strip Strip Weld 
A A B C D E E 

-.56 -.06 +.20 -.05 -.53 

-.36 -.15 +.15 -.16 -.52 

-.92 -.21 -t. 45 -t-. 35 -t- ... 57 -.21 -1.05 

-.49 -.47 -.48 -~.18-~.181-.18 -~.11~.08-~.09 -.01,-.01 O. 

-.42 -.43 -.43 ~-.13-~.11-~.12 -~.05~-.12~.08 -~.03-~.07-~.05 

-.36 -.26 -.31 ~.07~-.06i-.07 -~.06-~.07-~.07 -~.06~-.04-~.05 

-.42 -.42 -.42 i-.lO-~.21~.15 -~.02~.05~.04 -.07-~.04 -.01 

-1.69-1.57-1.63 ~.48~.57j:.52 -~.24-~.Z3-t.28 0 -~:17-~.09 

-~ . 01-f-. 04i-. 02 -t-.~1-t-.19-t-.20 -.47 -.43 -.45 

-\-.05-t-. 07 -t-. C6 -t-. O~ -.Ol-~.Ol -.21 -.27 -.24 

-t-. 04-t-. 04i-. 04 -.03-t-. 02 -.01 -.28 -.19 -.24 

-\- • 03-~ • 07 ~- • 05 -\- • 1 9 -t- • 21- t- • 20 -.39 -.37 -.38 

-t- .12 -t-. 22 -t- .17 -.-. 39-t-. 41-j-. 40 -1.35-1.25-1.30 

(strips A & G, a.djacent to weld strips, severed) 
ZlA Z2A Mean ZlB Z2B l~ean ZlD Z2D Mean 

Z A Z B Z D 

-.13 -.30 -.21 • • • 1-. 03-t-" 03-l-. 03 
1- · 12 ~- • 22 -t- .1 7 

-.17 -.34 -.25 -t-.03~-.08-\-.05 

-018 -.42 -.30 -t-. 03 -f-. 09 -t- .07 
+.11-t-. 28+. 19 

-.03 -.36 -.20 0 +.06-1-. 03 

-.51-1.42 -.96 + . 23 -t- • 49 -1- • 36 -~.11-t-.27±.19 
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T.AJ3LE XIII (continued) 

~LATE g. (strips A & G, adjacent to weld strips, severed) 
Gauge ZlF Z2F Eean ZlG Z2G Mean 
Line Z F Z G 

1 
-.23 -.13 -.18 

2 T·09-t-.17-~.13 
-.22 -.23 -.23 

3 
-.23 -.24 -.23 

4 -t-.15-t-.26+.20 
-.18 -.27 -.23 

5 
-\-.24+. 43-~. 33 -.86 -.88 -.87 

1 

(strips B & F, adjacent to stri~s A & G, severed) 
Gauge ZlB Z2B Mean ZlC Z2C l.iean ZlD Z2D Mean 
Line Z B Z C Z D 

1 
-.06+.03 -.01 

2 -t- .14 -.19 -.02 -.Ol-t-.13~-.06 
-.Ol-t-.04-~.Ol 

3 
-.03-1-. 06-\-.01 

4 -~.39 -.39 0 -.03-r ·l0-t-. 03 
-.Ol-f-.Ol 0 

5 
-~.54 -.57 -.02 -.04-r .23-1-. 09 -.11-t-.15~-.02 

1 

Gauge ZlE Z2E l,iean ZlF Z2F Eean 
Line Z E Z F 

1 

2 -.06-f-.05 0 -.05-t-. 06 0 

3 

4 - • 0 5-{- • 08+ • 01 -.15-~.11 -.02 

5 
-.10-1-.13-t-.Ol -.20+.16 -.02 

1 
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TABLE XIII (continued) 

Summation of the elastic deformations in Plate g. 

Gauge Weld Strip Strip Strip Strip Strip Strip Strip Weld 
Line Z.A ZA ZB ZC ZD ZE ZF ZG G 

1 
-.48 -.03 -1-. 16 -r. 02 -t-. 09 - .... 02 -.45 

2 
-.43 -.13 +.17 -~.12 -I- .13 -.22 ~.24 

3 
-.31 -.23 -I- .14 +.14 -1-. 12 -.24 -.23 

4 
-.42 -.03 -l-.16 

5 
-t-. 01 ;-.15 -.03 -.38 

Total-l.63 -.44 ,-.63 -1-.46 -t-.29 +.33 -\-.49 -.47 -1.30 

TABLE XIV 

stress~strain observations 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 0 5340 

8 20.30 9.72 1.58 1.30 1.44 .00180 10500 

12 19.21 11.55 2.67 3.13 2.90 .00362 16000 

16 18.14 13.35 3.74 4.93 4.33 .00542 21400 

20 17.10 15.28 4.78 6.86 5.82 .00727 26700 

22 16.38 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 .43 .58 .51 .0013 6120 

0.5 17.92 23.81 .98 1.19 1.08 .0027 10200 

0.7 18.48 23.19 1.48 1.81 1.64 .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 5.35 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 AV 

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

strip 

W-weld 
W A 

W-weld 

X A weld 
X C " 

XA 
X B 
X C 

Y A-weld 
Y E- n 

Y A 
Y B 
Y C 
Y D 
Y E 

Z A-weld 
Z G- n 

Z A 
Z B 
Z F 
Z G 

Average 
width 
inches 

0.501 
0.804 
0.307 

0.482 
0.483 
0.867 
0.859 
0.890 

0.526 
0.505 
0.901 
0.885 
0.829 
0.878 
0.921 

0.517 
0.486 
0.887 
0.886 
9.883 
0.887 

Bowing of strip 
at the center 
inches 

+0.015 

-t-0 • Oll 

-t-O.024 
-f-0.017 

~-O.019 
-t-0 • 027 
-0.018 

-0.009 

-t-0.027 
-1-0 • 028 

-0.013 

-0.010 

NOTE: 1. Average thickness of the plateE -J.862 inches. 

2. 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 respectively. Plus sign indicates that the bowing on the 

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

indicates that the bowing is convex. 
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