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CLEAVAGE FRACTURE AND PIASTIC FLOW
IN STRUCTURAL STEEL PLATES WITH OPENINGS

I, SYNOPSIS

The study of welded reinforcement of openings in struc-
tural steel plates hag as an cbjective the development of
better design specifications. A thorough investigation of
the plastic behavior of the plates was deemed necessary as
a phase of this preject. This avernue of approach led to
ernergy and stress studies which utilized experimental tech-
nigues and theoretical concepts whose appiicability had to
be verified. The Second Progress Report(g) presented the
first results thus obtained, which were sufficiently en-
couraging to justify the conitinuation of this type of anal-
ysis. It dealt only with notched plates without reinforce;
ment .

The present Fourth Pregress Report broadens the subject,
including more theoretiecal and basic data on cone hand and
the applicaticn of the methods of plastic analysis to rein-
forced plates on the other., It covers the tests of an un-
reinforced plate with a eircular opening, two unreinforced-
plates with a square opening, and two plates with a rein-
ferged square opening with rounded corners. The methods of
plastic analysis previously applied to unreinforced plates(z)
gave satisfactory results for reinforced plates. The test

results of two plates with a square opening with rounded



.

)

corners from the Second Report(2 are included where direct

comparison is necessary.,

IT. INTRODUCTION

1. Previous Work _

The tests of twenty-three 1/%-in. plates in the First
Progresgs Report(1) with and without welded reinforcement
drew attention to the importance of the behavior of these
plates in the plastic range. A more detailed study of the
unit strain energy and of the stress distribution in the
plastic range was decided upon. The plastic analysis
empleoyed Nadai's octahedral theory(h) and a method of stress
determination éeveloped by this investigation(g)n

The results of tests at both room and low temperature
of three 36-in. x 1/2-in. plates with an unreinforced square
opening with rounded corners were reported in the Second
Progress Report(2)9 and the following main conclusions were
drawn with respect to their behavior in the plastic range.

1. The octahedral theory proved to be a practicable

means to study the distribution of the distortional
energy in the plastic range of steel.

2. The true stresses in the plastic range were satis-

factorily found by a method of analysis developed



5a

by R. A. Hechtman for the purpose.

Both the distortional energy and the true stress anal-
yels gave values in good agreement with the values
obtainéd by entirely different methods. |
The maximum values of the true tensile stress occurred
in the regions where the greatest unit energy absorp-
tion was found.

A drop in the testing temperature from 76°F to -20°F,
which changed the type of fracture from shear to
cleavage, caused no significant increase or decrease
in the energy absorption but made the unit energy

gradients steeper in the region ¢f the opening.

These conclusions suggested the nature of the subsequent

program.

The present investigation has had these additional

objectivess

1.

To analyze both the unit distortional energy and the
true stresses in a plate with a circular unreinforced
opening and to correlate these data with the elastic
stresses computed by the mathematical solutions avéil-
able for this problem.

To determine both the unit strain energy and the true
stresses in plates with a sharp notch, the square
opening, and tc correlate the data with the results
obtained with much less severe notches, the circular

cpening and the sguare opening with rounded corners.



3+ To prove the applicabllity of the wethods of plastic
analysis to the case of a specimen with welded rein-
forcement both at room and at low temperature.

The theoretical and experimental data of this report will

be presented in the following general orders

1. Elastic stress distribution in plates with openings.

2. Plastic stress distribution in plates with openings.

3. Plastic energy distribution in plates with openings.

The data for Specs. No. 37, 384, and 38 from the Second

(2)

Progregs Report have been used in this report wherever cor-

relation with the present test results was desirable.

ITI1. TESTS OF PLATES WITH OPENINGS

1o Details of Specimens.

The specimens covered by this report and described in
Table I and Figs. l--4 were fabricated from the same Steel U
as-rolled as was used for the previous tests. The plates
from which the details of each specimen were cut are given
in Table II, and their mechanical properties in Table III,

The methods of fabrication and testing have been previ-

ously descfibed(192)u

The welds between the body plate and
the reinforcswent, designed for 100 per cent efficiency,
were in accordance with Navy Specification Navship 451. The

welding electrode met AWS Specification E-5010.



TABLE I

DESCRIPTION OF SPECIMENS WITH 9 in., x 9 in.
WITH 1-1/8 in. CORNER RADIUS

OPENINGS

Cross = Section

Testing

Bpec. Size of Reinforcement Percentage
Noo 0f Rein- Area = Sg. Inch Temp.
In. forcement Gross Net deg F
37 None 0 18.00 13.50 76
38A None 0 18.00 13.50 0
38 None 0 18,00 13.50 -20
69 Hone None o 18,00 l3n50 76
70 12-3/% x 12-3/h x 1% 39 24,00 21.38 76
71 12-3/4 x 12=3/% x 1% 39 2k, 0C 21.38 =46
95 None 0 18.00 13.50 76
96 None 0 18.00 13.50 =46

R L T

* Insert Plates
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TABLE IT
LIST OF PIATES USED FOR FABRICATION OF EACH SPECIMEN

Spec. No. Plate No, Used For:

Body Plate Reinforcement
37 26 -
384 L : -
38 L -
69 3 -=
70 3 10
71 3 10
95 1 --
96 1 -
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TABLE IV

STRENGTH AND ENERGY ABSORPTION OF 36" x 1/2" AND 48" x 1/2" PIATES WITH OPRNINGS

AT ROOM AND AT IOW TEMPERATURE

Spec, Per Cent Test Frac ture# General Yielding- Ultimate Strength Energy Absorp,#t Nature of
No, of Temp, ___ Per Cent Load Ave, Otress [Load Ave, Stress ) o Final
Reinf, C S Un- CGross  Net Gross Net Ultimate Failure Fracture
aeg P broken kips ksi ksi kips ksi ksi 1000's TIn,Ibs
36" x 1/2" Body Plate, No Reinforcement,
37 0 76 Y 5 4 L50 25,0 33,3 800 Wi,5 59,3 1700 2179 Thru Opening
384 0 o 87 13 0 500 27,6 37.0 898 L9.9 66,5 2890 3470 Thru Opening
38 0 =20 91 9 0 500 27,8 37.0 915 50,8 67,7 2778 2778 Thru Opening
69 0 76 0 67 33 500 27,8 37.0 845 Lh7.0 62,5 1739 2533 Thru Opening
g5 0 76 o 8 11 sk7 26,5 35.4 70 394k 52,6 1100 1597 Thru Opening
96 0 -6 100 0 0 50 30,6 LO,7 6B 36,0 L8,0 1,86 486 Thru Opening
18" x 1/2" Body Plate, Insert Plate Reinforcement,
70 39 76 1 50 9 800 33,3 37.6 1276 53,1 59,7 3362 3699 Weld to Rein,
71 33 -6 100 0 0 800 33.3 37.6 1176 18.8 55.0 208l 208k Thru Opening

3t

Proportion in per cent of total net cross-section area at fracture surface including fracture and unbroken

section, if any,

36-in, gage length for 36" x 1/2" plates,

C = Cleavage, S = Shear,

L48~in. gage length for LB" x 1/2" plates.
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2. Methods of Plastic Analysis and Calibration Tests.

A description of the application of Nadai's octahedral
theory to the determination of the unit energy distribution
in notched plates, as wsll as the tangent method of plastie
stress analysis and its derivation, was given in the Second
Progress Reportgg)o Both methods utilize the measured strains

in the plastic range of the material. The data of the calibra-

tion tests are given in Appendix Ao

3. Genepal Behavigr during Test and Fracture of Plates with
O Qeni;;g So

A comparison of the applied load and the average elonga-
tion on a gage length equal to the half-width of the plate
for these plates is shown in Figs. 9 and 10. This gage
length extended vertically upwards from the transverse center-
line of the specimen and enclosed the area in which the grid
of slide-wire resistance gages was mounted. Thus the area
under these load-average elongation curves up to a particular
load represents the same guantity of energy as was obtained
by the application of the cctahedral theory to the elonga—‘
tions measured by the grid system at that load.

It is interesting that a change in the mode of fracture
from shear to cleavage was accompanied Ey 1little change in
the load-average elongation curves for the plates with the
less severe stress-raisers, such as the circular opening
and sguare opening with rounded corners. In contrast a

drastie change occurred in the shape of the load-average



-10=-

elongation curves and thereby a large reduction of energy ab-
sorption in the case of the sharp stress-raiser, the square
opening. This\observation suggests the manner in which the
plastic energy absorption and the subseguent type of fracture
were related to the degree of triaxiality of the stress con-
dition at the notch,

Photographs of Spees. No. 69, 70, 71, 95 and 96 after
failure are shown in Figs. 11 and 12. The deformation and
fracture of Specs. No. 69, 70 and 71 were described in the

Third Progress Report(3)

5 and the reader is referred thereto
for a more complete discussion of these points.
The data of these tests are summarized in Table IV,
IV, ELASTIC STRESS DISTRIBUTION
IN PLATES WITH OPENINGS
The elastic stress distribution was computed by theo-
retical formulas wherever a solution was available for a
case similar to or like that of the test specimens. The
theoretical stresses and the experimentally measured unit
strains could then be compared. The stresses were computed
for the following five cases:
a. A plate of infinite width with a circular opening.
b. A plate of finite width with a circular opening, the
width being four times the diameter of the opening.
The proportions of this plate were the same as those

of Spec. No., 69, for which an experimental stress
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analysis was made in both the elastic and the plastic
rangess.

c. A plate of infinite width with a square opening with
rounded corners, similar to Specs. No. &% and 384 of

the First and Second Progress Reports(l92)

3 whose
width was four times the diameter of the hole.

d. A plate of infinite width with a circular opening
reinforced with a face-bar reinforcement, similar

(1)

to Spec. No. 5 of the First Progress Report s whose
width was four times the diameter of the hole.
€. A plate of infinite width with a circular hole rein-
forced with an insert plate, similar to Spec. No. 17
of the First Progress Report(1), whose width was four
times the diameter of the hole.
Sketches of these plates are shown in Figs. 1, 3, 133 and 1%,
The results are presented as elastic unit stress or unit
strain contours in Figs. 15 to 25, in which only the stress
or strain component parallel to the direction of loading is
shown. The theoretical background of and formulas for the
stress computation are not given in this paper. The reader
is referred to References 5 to 9, inclusive, in the Bibliog-
raphy.
If the theoretically computed elastic stress concentra-
tion contours for unreinforced plates in Fig. 15, 16, and 18

are compared, a number of points of similarity may be noted.
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The stresses some distance from the opening in these particular
cases are not substantially affected elther by the shape of the
cpening or the width of the plate. The contour for unit stress
concentration lies at almost the same angle and in almost ﬁhe
same location for all of these cases. At the edge of the open-
ing the maximum stress concentration of 3.0¢ for the piate of
infinite width with a cireular opening in Fig. 15 increases

to only 3.23 when the plate width is decreased to four times
the diameter of the opening (Fig. 16). The maximum stress
concentration for the plate of infinite width with a sguare
opening with rounded corners in Fig. 18 is 3,09, and for a
plate width of four times the width of the opening would be
somewhat greater. Thus for plate widths greater than about
four times the diameter of the opening and for a corner

radius of the opening greater than about one-eighth the di-
ameter of the opening, the theoretical elastic stress dis-
tributions are very similar, and the maximum stress con-
centration varies only between the limits of 3.00 ard a
maximum siightly greater than 3.23. This similarity with
respect to both stress distribution and stress concentra-

tion factor explains why both the energy absorption and the
ultimate strength of the plates in the First Progress Report(l)
with a circular opening and a square opening with rounded
corners having a radius of D/8 were essentially of the same

order of magnitude.
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The experimentally determined unit strain concentration
contours in Figs. 17 and 19 were in good agreement with the
theoretically computed stress contours in Figs. 16 and 18.
Some allowance must be made in comparing Figs. 18 and 19,
since the experimental results were obtained for a plate of
finite width and the theoretical values for a plate of In-
finite width.

When the experimentally determined unit strain contours
in Figs. 20 and 21 for the square opening with the 1/32-in.
corner radius are compared with the similar plot in Fig. 19
for the square opening with the rounded corner, it may be
seen that the high values of strain were concentrated more‘
closely around the opening in the two plates with the sharp
corner radlus. The maximum value indicated was computed
from the reading on a SR-4% gage of 1/4-in. gage length
located as close as possible to the point where the maximum
was expected. Consequently the value shown here may be some-
what smaller than the true maximum.

The effect of reinforcement upon the stress or strain
distribution is shown in Figs. 22--25. It would appear that
(6)

the Beskin solution for these two cases gives a fairly
good picture of the elastic stress distribution and the
maximum elastic stress concentration.

When Figures 22 and 24 are compared with Fig. 15, it

may be seen that the stress concentration contours in the
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plates with reinforcement around the opening because of its
greater stiffness restrains the boundary of the opening and
develops transverse tensile stress in the region of the weld.
between the reinforcement and the body plate above and beléw
the opening, where compressive stress would be present in an
unreinforced plate. In the case of certain types of rein-
forcement which have relatively high rigidity, a different
approach to the analysis of the stresses in the body plate
may be advisable. The reinforcing ring in such cases should
perhaps be considered as a rigid inelusion restraining the
circunferential deformation of the opening in a manner which
according to Reference 8 in the Bibliography brings about
very high shear stresses in the body plate. These high shear
stresses are located at the corners in the case of a square
opening with rounded corners. The fact that in previous
tastsgl) the plates with face bars having the larger per-
centage of reinforcement broke in the weld in a fashion
irdicating high shear stresses in this location points to

the need for additional theoretical work along these lines;
Vo PLASTIC STRESS DISTRIBUTION IN PLATES WITH OPENINGS

The stresses in the plastic range of the steel were
computed from the measured strains by the tangent modulus
method of stress analysis first described in the Second Prog-

(2)

ress Reportg « The stress concéntration contours and
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distributions in Figs. 26--43 show the ratio of the true stress
at any point iﬁ the y-direction, the direction of loading, to
the uniform true stiress on the gross area of the speclmen in
a region remote from the opening. Contour maps at a number
of loads in the plastic range were plotted for Specs. No. 69,
37, 38, 70, 71, 95, and 963 but only one or two of these are
shown for each plate; one of which is for maximum load, the
instant at which fracture was initiated.

When the elastic siress concentration contour maps in‘
Figs. 15-=25 are compared with those in the plastic range,
a number of similarities may be seen. The pattern of the
contours, the distribution of the high and low values, and
the location of the stress concentration contour of unit
value are very much alike for the same type of specimen.
Moreover, the shape of the opening affected the contours
only in the vicinity of the opening. The general similarities
between the elastic and the plastic stress distributions sub-
stantiate to some degree the common assumptions of the theory
of plasticity that the principal stress directions and the
general stress pattern ars not changed by the transition ffom
the elastic to the plastic state.

The effect of inereasing the plastic stress level upon
the values of the stress concentrations was a tendency of
the stresses to approach uniformity. The maximum stress

concentration, commonly called the stress concentration factor,



-16-

ls compared with the percentage of the ultimate load in Fig. Uk,
In these plots the experimental value of the elastic stress con- N
centration factor has been plotted at the relative load at which
general yielding began. It was found that the plastic stress
concentration factors for the plates with the Eircular or the
square opening with rounded corners, Specs. No. 37, 38, 69, 70,
and 71, plotted as one family of curves, one curve for unrein-
forced plates and one for reinforced plates, regardless of the
type of fracture. In Section IV of thls report in Figs. 15--19,
it was found that the elastic stress concentration factor and |
the elastic stress distribution were quite similar for the
circular opening and the square opening with the rounded corner.
1t is not surprising therefore that the stress concentration
factors in the plastic range were closely similar.
However, a different curve resulted for Specs. No. 95 and
96 with the square opening. In the case of this sharper corner,
the plastic stress concentration factor fell off much more
rapidly than for the less severe corner radii, and this reduc-
tion took place closer to the maximum load.
The stress concentration factor was always maximum in the
elastic range, decreased as the plastic stress or load level
increased, and approached a constant and also a minimum value
as the ultimate strength of the plate was reached. That is,
fracture began when the stress concentration factor approached

a constant value, which was also a minimum value. This observation
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suggests that perhaps the low-sznergy cleavage fracture of some
welded elements, which is often accompanied by low ultimate
strength, may result in part because the amount of plastic flow
which has occurred is not large enough to bring about a suffi-
cient reduction in the plastic stress concentration factor.

The plastic stress distribution shown in F‘igso 26—<43 was
examined with the view of determining whether it may be cor-
related with the type of fracture in any way. A statistical
analysis in the gaged area of the frequency of the various
values of stress concentration is shown in Fig. %5, which
compares the results for a shear fracture with those for a
predominately cleavage fracture, both for reinforced and
unreinforced plates.

The manner in which this analysis was developed will be
explained. The gaged area referred to is the area of the
specimen covered by the grid-wire system as shown in Figs.‘6--8°
For example, in the plot for Spec. No. 37 &t the top of Fig. L5,
approximately 3 per cent of this gaged area developed a stress
concentration of O.4, 19 per cent of the area 0.8, and so on.
Thus Fig. 45 is a distribution curve with respect to stresé
concentration and ingicates what proportionate parts of the
specimens were under either high or low values of plastic stress.

In each compariscn in Fig. 45 are shown the analyses for a
roonm temperature speciwen and an identical low-temperature
specimen, where the predominate mode of fracture was shear in

the former . and cleavage in the latter. In this figure when
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the analyses for the two identical specimens tested at the

two temperatures are compared, it may be seen that a larger
portion of the area in the low-temperature specimen developed
the lower values of stress concentration, while a correspoﬁd-
ingly smaller area developed the higher values. The speci-
mens sustaining a predominately cleavage fracture did not
produce the same plastic stress distribution as those with a
shear fracture. For the plates with a cleavage mode of fréc-
ture, the higher plastic stresses were concentrated in a
smaller region around the openingj; that is, the stress gradients
were steeper. Cleavage fracture was accompanied by a less ef-
ficient stress distribution in the plastic range than shear
fracture.

When the true stresses on any transverse cross-section of
the specimen were summed up with due respect to the plate thick-
ness, the resultant was the total force on thé cross section. A
comparison of the values obtained in this manner with the test-
ing machine load is given in Table V. Agreement within fifteen
per cent was attained for most of the computed values. H

It would be well to analyze the principal sources of error
in the plastic stress analyses. These are as follows:

l. The minimum of the two biaxial stresses frequently

fell in the incipient yield range where the values
of the tangent modulus and Poisson's ratic were

uncertain.



TABLE V

COMPARISON OF LOAD COMPUTED FROM

TRUE STRESS DISTRIBUTION AND TESTING MACHINE LOAD

Spec. Machine Corputed Load at Cross Section, kips*

Noo Load A B C D
kips

Distance of 3 3N 5 3 /4 7 3/ln 9.3/4"

37 800 897 750 7814 720
38 915 1060 1126 1100 1016

Distance of 1. 1/0w L /L 7 1/4n g 3/4n
69 650 AN 770 750 700
85 1053 1010 990 ok
95 575 507 597 458 450
710 826 985 202 858
96 568 542 551 557 553
648 662 20 56k 535

Distance of 9 3 /hn 7 174w 12 3/Ln 18 1/uu
70 1150 1140 1200 1120 1130
12% 1380 1500 1450 1520
71 1150 1096 1290 1250 1199
1176 1052 1202 1126 1069

* Distance of ecross section measured from transverse centerline

of specimen, which is also the horizontal axis of the opening.
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The assumpfion that the x- and y-directions were
prineipal directions was more in error, the closer
the gégé point was to the opening. The poorest
correlation between the testing machine l1oad and the
computed load was usually found on cross sections
near or through the opening where the deviation of
the principal directions from the coordinate axes
was greatest.

The selected cross sections of the specimen, which
were initially straight lines, became considerably
distorted as the maximum load was approached.
Integration of the values along this somewhat curved
cross section produced an error, since no correction
for the shear stresses thus introduced was made.

The slid-wire grid system, which was designed for
large strains, was not sensitive to an elongation in
any gage length smaller than 0.001 inches. The
sensitivity of the system was therefore in the yield

range of the material.

After a review of the errors in the computed values, it

appeéred that the preceding reasons were responsible for the

errors and not some inadequacy of the stress equations them-

selves.

VI.

The unit energy distribution in the vicinity of the opening

PLASTIC ENERGY DISTRIBUTION IN PLATES WITH OPENINGS
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was computed by the octahedral theory of A. Nadai(h). The
experimentaliand analytical procedure was described in the
Second Progress Report'2).

Contour maps showing the unit energy distribution in
the plastic range appear in Figs. 46--54., Although this
analysis was made for each plate at a number of load levels
in the plastic range, only a few typical energy contours
are shown in this report.

It is interesting to point out that the contour line
Tor the average unit energy absorption in the plastic range,
the total energy absorption in the gaged area divided by the
volume corresponding %o this area, fell in almost the same
location in each plate as contour line for unit stress con-
centration for both the elastic and plastic stress states.
Moreover, the higher values of the unit energy absorption
appeared in the regions where the higher values of the
plastic and elastic stresses occurred, and vice versa.

The maximum nnit energy absorption, which always occufred
adjacent to the copening. was much greater in the unreinforced
plates than in the reinforced plates, as Figs. 46-=54 show.
It should be pointed out that the grid system of one-inch
squares was not fine enough to determine either the exact
location or the true value of the absolute maximum. The
maximum values in these figures are probably less than the

unit energy which existed at the point where fracture was
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initiated. Fracture started in these specimens at maximum load.

The Second Progress Report showed that the unit energy
absorption u at any point increased in the plastic range in ac-
cordance with the empirical equation,

u=-ehd *BP

where A and B were numerical guantities and P the applied load.
It was observed that A remained almost constant. The signifi-
cant variable was B, the slope of the semi-logarithmic curve
relating u and P. From semi-logarithmic plots of u against P
for each point of the grid system, the values of B were obtained.
A similar semi-logarithmic plot with respect to the average unit
energy absorption y for the entire gaged area gave the average
value of B or BAv° The ratio B/BAv has been called the relative
rate of increase of the unit energy absorption. Maps showing
the contours of equal values of B/BAv appear in Figs. 55--61.

The major differences which were found in these figures
with respect to the strain energy distribution in the plastic
range weres:

1. The maximum value of the unit energy absorption at
ultimate load was about twice as great in the unrein—‘
forced plates as in the reinforced plates.

2. The distribution of the energy was more nearly uniform
in the reinforced plates with less of a spread between

the maximum and the minimum values.

3. The distribution of the energy over the gaged area was
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more nearly uniform in the unreinforced plates with

circular openings or square openlngs with rounded corners

than in the unreinforced plates with square openings. A

concentration of the high values in the vicinity of the

sharp corners of the sguare opening was noticeable.

When the unit strain energy values for a given load in Figs.
46-~5% were integrated, they could be compared, as shown in
Table VI, with those values obtained from the load-average elonga-
tion curves. Reasonably good correlation was obtained so long
as the plastic strains were fairly large. However, poorer agree-
ment occcurred in all the plates at low loads where much of the
gaged area had not begun to yield and in those plates with the
square opening where the yilslding was concentrated almost entirely
at the corners of the opening. The resistance-wire grid system
used to measure the plastic strains was designed to measure large
values of strain and was therefore not sufficlently sensitive
when yielding was just beginning.
In the plastic stress concentraiicn contour plots in Figé. 29,

31, 34, 36, 39, and 42, and in Fig. 45, it was shown that the
plastic stress gradients were steeper in the specimens with a
predominately cleavage fracture than in identical specimens with
a shear fracture. A similar type of analysis of the unit energy
frequency distribution was made for the same specimens and is
shown in Figs. 62--6l, A similar trend is revealed in that a

larger proportion of the area of specimens with a predominately
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cleavage fracture developed the lower values of unit energy
than of those with a shear fracture. The gradual development
of this divergent behavior as the loads increased may be seen
in Fig. 62 for Specs. No. 37 and 38 if the unit energy dis-

tribution is examined at the different loads
VII. CCKNDITIONS FOR THE INITIATION OF FRACTURE

It would be well at this point to examine the experimental
data for information pertaining to the initiation of fracture.
The simplest of the common theories of fracture assume that
fracture begins at a point at the moment a certain limiting
value of the principal stress, principal strain, or unit en-
ergy characteristic of the material at the given temperature
has been exceeded. ©Such theories, it should be pointed out,
do not differentiate between types of fracture, cleavage or
shear, or take intoc account strain-aging and other metallurgi-
cal changes In the material,

Data are avallable herein to examine the applicability of
these three simple hypotheses of failure, since the informa-
tion from which the stress concentration and unlt energy con-
tour maps were computed give the observed maximum valueg of
stress, unit strain, and unit energy at ultimate, or maximum
load where fracture was initiated.

The maximum true stresses computed from the observed

strains were as followse
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Spec. Testing Percentage of Fracture Max. True Stress
No. Temp.,oF Cleavage Shear ksi
37 76 0 4 90.0
38 20 91 9 105.0
69 76 0 67 81.0
70 76 1 50 87.0
71 ~L46 100 - 81.0
95 76 0 89 90,7
96 -56 100 - 68.5

These are principal stresses at the boundary of the opening.
While these values are of the same general order of magnitude,
it would not seem that a maximum stress theory could predict
failure in these specimens with sufficient accuracy.

The maximum unit nominal strains developed in the unrein-
forced and reinforced specimens are shown in Fig. 65. The
unilt strains in the unreinforced plates were approximately
double those in the reinforced plates. The plot in Fig. 66
for the unreinforced plates with a square opening indicates
that the maximum unit strain for this more severe notch was
related to the type of fracture. The maximum unit strain
hypothesis of failure would not apply to these specimens.

The maximum unit distortional energy in the specimens
is also shown in Figs. 65 and 66. It is obvious that a
limiting value of the maximum unit distortional energy would
not properly indicate the imminence of failure.

Since the maximum stress occurred at the boundary of



the opening where the stress in the normal direction was zero

and the

stress in the direction of the thickness of the plate

extremely smail, the maximum principal shearing stress would

be a function of only the maximum stress in the y-direction.

Since the maximum stress theory did not hold for these speci-

mens, the maximum shearing stress theory would not apply in

this case elither,

1t

would appear that any theory of failure must consider

other factors; such as testing temperature, the mechanical and/

or hesat
as well
maximum

related

treatment of the metal, and the anisotropy of the metal,
as the geometry of the specimen. The maximum stress,
unit strain, and maximum unit distortional energy are

to all these factors and not just to the geometry.

The data in this report appear to establish the following

facts concerning the conditions for the initiation of fracture:

i

3o

Fracture was Initiated when the stress concentration
factor for a given specimen was approaching or reached
a minimum and constant value.

The plastic stress and unit energy gradients were
steeper in the specimens with a2 predominately cleav-
age fracture than in those with a shear fracture.
When the stress-raiser became sufficlently severe,

the energy and the strain absorbing capacity of the
plates wag substantially less in the case of a

predominately cleavage fracture than for a shear fracture.
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The second and third observations would rule out the possi-
bility that a specimen developing a shear fracture could ac-
curately describe the plastic stress and strain energy conditions
of an identical specimen at a temperature which would cause cieav-
age fracture.

The theories which were used to develop the unit energy and
stress distributions in the plastic range are based on the assump-
tion that all stresses and strains are the result of the applied
loading. Reasonably good checks were found between the values
computed by these theories and the applied load and energy input.
Therefore, it would appear that the initial residual stresses
from welding have no appreciéble effect upon the stress and

energy distribution in the plastic range of the material.
VIII. CONCLUSIONS

The following tentative conclusions have resulted from the

investigation of plastic energy and stress distribution:

1. The maximum values of elastic and plastic stress,
elastic and plastic strain and of unit distorticnal
energy were located at the same point, the point where
failure started.

2. Apparently, no theory of failure based upon a limiting
value of stress, strain or enefgy would yield a numeri-
cal value accurately indicating the imminence of fail-

ure. Such factors as the metallurgical characteristics
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and testing conditions should be considered.

The effect of increasing the plastic stress level upon
the values of ths stress concentrations was a tendencﬁ

of the stresses to approach uniformity. The stress con-
centration factor was always maximum in the elastic range,
decreased as the plastic stress or load level increased,
and approached a constant and also a minimum value as the
ultimate strength of the plate was reached.

The low energy cleavage fracture of some welded elements,
which is often accompanied by low ultimate strength, may
result in part because the amount of plastic flow which
has occurred is not large enocugh to bring about a suf-
ficlent reduction in the plastic stress concentration
factor.

The effect of low temperature was a steeper gradient of
stress and unit energy in the neighborhood of peak values
and the occurrence of low values over a larger area of
the specimen. Cleavage fracture was accompanied by a
less efficient stress distribution in the plastie range
fhan shear fracturs.

Testé of structural elements resulting in shear fractures
would not predict the stress and strain energy distribu-
tlon of identical elements undergoing cleavage fracture.
The addition of reinforcement brought about a more uniform

plastic stress and energy distribution, with smaller
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differences between the extreme values.

8. The analysis of the stress distribution both in the
elastic and the plastic ranges substantiated the
theoretical assumption of no change of principal
stress directions in the transition from the elastic
to the plastic range.

9. The applicability of both unit energy and plastic
stress methods of analysis was established in the

use of plates with welded reinforcement.
IX. ACKNOWLEDGMENTS

This investigation, at the University of Washington, spon-
sored by the Ship Structure Committee, is in progress in the
Structural Research Laboratory of the Department of Civil Engi-
neering, of which Professor R. B. Van Horn 1s head. This re-
search program is directed by Dr. R. A. Hechtman, Associate
Professor of Structural Research. Dr. D. Vasarhelyi, Assistant
Professor of Civil Engineering, the project engineer, was
assisted by Mr. Y. T. Yoshimi, Mr. Robert McHugh, and Mr. P.
Roy Choudhury.

The authors express their appreciation to Mr. John Vasta
of the Bureau of Ships, Navy Department, Dr. Finn Jonassen of
the Natlonal Research Council, and Dean H. E. Wessman and
Professor F. B. Farguharson of the Univeréity of Washington

for theilr suggestions and encouragement.



W
(-]

Lu
::.l
i

X. BIBLIQGRAPHY

D. Vagarhelyi and R. A. Hechtman, "Welded Reinforcement of
Openings in Struetural Steel Members™, First Progress Report,
Ship Structure Committee, Serial Number S5C-39, 15 December
1351,

Do Vasarhelyl and R. A. Hechtman, "Welded Reinforcement of
Opendings in Structural Steel Members: A Determination of
Strain Energy Distribution and True Stresses in the Plastic
Range in Plates with Openings®, Second Progress Report,

Ship Structurs Committee, Serial Number SSC~50, 10 March 1952.

D, Vasarhelyl and R, A. Hechtman, "Welded Reinforcement of
Openings in Structural Steel Members:s Room and Low Tempera-
ture Tests of Plates with Reinforced Openings®™, Third
Progress Report, Ship Structure Committee, Serial Number
88€=55, 30 June 1953,

A, Nadai,"Energy of Distortion Absorbed by Plastic Deforma-
tion of Thin Steel Plates,"Research Report SR~182, Westing-
house Research Laboratories, April, 1943,

R, Co. Y., Howland "Stresses in the Neighborhood of a Circular
Heole in a strip under Tension ' Royal Society of London, Phil.
Trans., 1930, Vol. 229, p. 49,

L. Beskin, "Strengthening of Circular Holes in Plates under
Edge Loads,"Journ. Appl. Mech., 19%%, p. A-1LO.

M. Greenspan, "Effect of a Small Hole on the Stresses in a
Uniformly Loaded Plate(' Quart. of Appl. Math., April 194k

Yi-Yuan Yu,"Solution for the Exterior of a General Ovaloid
under Arbitrary lLoading/'Dissert. PhD, Eng. Mech., Northwestern
University, 1951.

C. Guerney,"An Analysis of the Stresses in a Flat Plate with
Reinforced Circnlar Hele under Edge Foreces,' Brit. Res. Memo.,
No. 183%, 1938, ;



~32-

‘T4 pue-Q) ‘oN '09dg ‘sasuao)
pepunoy yus SujusdQ axenbg paosojursy yirs s1etd -z 8ig '69 ‘oN °oedg rBuruad( JBINIITD UM IjETd

AN3INIDHOANITY
HONOHHL NOILJ3S-SSOND

.09 ‘1
4 + ﬂ_a ?
_ _.ﬂ ' [
wIl 3 -
2 ~ | L
%, "
1 L |
—8v M
=) S.
_ 3 ]
b A B L. g 2 |aog -
5 2] :  ERTY [N/ !
- - m.& 1y F B R,
4 ] z : NOILOBS Ql¥9
LTl 277 I YN Yot
P (9°ON '9)4 33§} 3 e
5 :
& NOILOBS n__xm ]
T, / 3 _
I f L_.J/ﬂ
ﬂ - -
Y
d

ONITI0d 40 NOILD3MId

—mf-



J\’ |"

1"

n&z;:;";m

SPEC. NO. 4 \/\
o i

SPEGS. NO. 37, 38, 38A 7777777777777

D= 9|l

-{{-

\/\ 2" R

izt R
SPEG. NO. 5 @W SPEGS. NO. 95, 96 fg']/

s

607
Fig. Ilo. 4 . Details of Speecs. No. 95 and 986.

-

1y
= 4
D T R LA T i e S ——

Fig. 3 . Details of Specs. No. 4, 5, 17, 37, 38, and 38A.



" ¥ .
5v - s e —|L 18
A ! v SPEC. 69
R % 4
i I
:: Lo I i 18"
i .
o LAk ] B
T I I nou == "?
T i It . T
d 1 WV
| % il "
! E 3w |
3“
l-s-*—i-— I | J—
[ [ | ,
I I i .
| | | -
! i i
" - .
En ¥ —
Spec. No. 69 =
u L] sw
o g o 58] 24" *
+ -k i T y e
WO T L o
S Lo Lo o I A
s O A o
= ' L1 IR e - - - X
| | o o -
’_"!1 | I | b I Il a_
=4 1 I INf 11 I I ® e O -
___I" A . _L 1L Lx Iy; 2" "o 2" 2* Py 3" z
ke 12— 32] |
- |l ! | 4+ GAGE POINTS SGALE: 1%a 8"
la——— r— : | .'
1 i 1 N GAGING SYMMETRICAL ABOUT VERTIGAL CENTERLINE
|
| | [
I | [
| | !

LEGENDS
I

k
+

Fig. 5 .

v

Spec.No.70 & 71

Fig. 6. Arrangemeut of Grid-Wire Gages for Spec. No. 88.

SR-4 STRAIN GAGE TYPE A-7
SR-4 STRAIN GAGE TYPE A-l12
SR-4 STRAIN GAGE TYPE AX-5
SLIDE -WIRE STRAIN GAGES

L.ocation of SR-4 Gages and Slide-Wire Gages.

-1~



]

‘1L pue

QL “eN "oadg 107 sefen allm-plin jo yowadueaay ' § B

INITHILN3D T¥ILlNIA  1N0dY

W2, 127V0S

$LNiod 39vo -+

#2

b

IVHULINNAS  ONIOYD

o

-N\\—'

A S

-~

I\

A

2

£ U Fe e

G

Ge

7l

0L '03dS

"ty

36 pue gg ‘opy sosdg
J0j sefen sITM-PLID JO JuswiaSuedly * /£ *oN "Jrd

969S56D3dS

INITHILINID WOILXIA LNOBY IvDiHLINWAS ONISYD
i 6%, 31vas SINIOd 39¥S 4
W ‘
i Y-S R S U TS SRR O LTS/
[ T T 1T 7T T
e —_——
+
.
]
_I.ﬂ
-
5
el
[ 3
mu
ket
_ L
X >
S
81 w



-36=

1000
? 00 " \ \
M 5
= \
A F
3 \
S 400%
—=om= SPEGIMEN NO. 37
== SPECIMEN NO. 38
Y SPECIMEN NO. 69
200} —t— SPECIMEN NO. 95
—@— SPECIMEN NO. 96
o L

0 03 0.6 09 L2 L5 18
AVERAGE ELONGATION OVER 18 IN. GAGE LENGTH IN IN.

Fig. 9. Load -Average Elongation Curves, Specs. No. 37, 38, 69, 95 and 96.

1500
A —
e
1200 1 /-—/
p4
=
[a]
L
Y600
4 SPECIMEN NO. 70
J ® SPECIMEN NO. 7I
300
Q
o 03 0.6 0.9 2 1.5 1.8

AVERAGE ELONGATION OVER 24" GAGE LENGTH IN IN.

Fig. 0. Load-Average Elongation Curves. Specs. No. 70 and 71.
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Fig. 15 . Stress Concentration Contours in y-Direction for Plate
of Infinite Width with Circular Hole by Elastic Theory.

Plate (a).
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Fiz. |7, Elastic Unit Strain Concentration Contours
for Plate of Finite Width with Circular Opening
Plotted from SR-4 Strain Gage Readings. Spec.

No. 69.

SEE FIG, 10(¢c)

Stress Concentration Contours in y-Direction for.
Plate of Infinite Width with Square Opening with
Rounded Corners by Elastic Theory. Plate (c).

Fig.l16 . Stress Concentration Contours in y-Direction
Fig.18 |

for Plate of Finite Width with Circular Hole
by Elaslic Theory. Plate (b).
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Fig. No. 20. Elastic Unit Strain Concentration Contours
for Plate of Finite Witlth with Square Open-
ing. Plotied from SR-4 Strain Gage Readings.
Spec. No. 95. 76 F,

Fig. {9 . Elastie Unit Strain Concentration Contours for
Plate of Finite Witlth with Square Opening with
Rounded Corners Plotted from SR-4 Strain Gage
Readings. Spec. No. 38A.

1.0
F— X

Fig. No.2l . Elastic Unit Strain Concentration
Contours for Plate of Finite Width
with Square Opening. Plotted from
SR-4 Strain Gage Readings. Speg.
No. 96. -46 F.
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DIRECTION OF LOADING
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YERTICAL STRAIN ON

CROSS -SECTION 0-X

TANGENTIAL STRAIN AT 1
=
CIRCUMFERENCE OF OPENING. e
>
]
——0—— UNIT STRAIN CONCENTRATION FROM
SR-4 GAGE READINGS. SPEC. NO. I7
2.29Max/" 008 e - N T
e . O
I.42MAX. IN BODY PLATE. e THEORETICAL STRESS GONGENTRATION FOR
SEE Fi6.1)(e) A PLATE OF INFINITE WIDTH. PLATE {e)

Flig, . an : . . .- .
g:2¢ . Stress Concentration Contours in y-Direction for Tig. 25. Elastic Unit Strain Concentration Curve for Plate of Finite Width,

Plate of Infinitel Width with Circular Opening with Insert Plate Reinforcement. Spec. No. 17.
Insert Plate Reinforcement by Elastic Theory.
Plate {d}.
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Fig. 26. Stress Concentration Contours for oy for Plate with Circular
Opening for Load of 650 kips,
Spee, No. 69, 16 F.

77 Per Cent of Maximum Load.
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Fig. 27 . Stress Concentration Contour
Opening for Load of 845 kips,
T6'F.

s for o; for Plate with Circular
Maximum Load. Spec. No. 69,
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Fig. 28. Comparison of Elastic and Plastic Stress Concentration Curves
for a; for Plate with Circular Opening. Spec. No. 6%.

- E'i'[‘-



Fi:. 29. Stress Coaceutration Coatolrs fur Gy for Plate with Square Opening,
Rounded Corners, Load of 800 kips, Maximum Load. Spee. No. 37, 78F.
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Plate

#ith Square Opening with Rounded Corners., Spec. No, 33, 26 F.
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Fig. 3! . Stress Concentration Contours Icrﬁyfor Plate with Square Opening with
Rounded Corners, 1.oad of 915 kips, Maximum Load. Spec, Ne. 38, -20 F. f
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Fig. No.36. Stress Concentration Contours for o
Load of 648 kips. Max. Load., Spec. No. 96. -46 F.
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for Plate with Square Opening.
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Fig. No. 37 . Comparison of Elastic and Plastic Stress Concentration Curves
for gy, for Plate with Square Opening. Spec. Mo, 96. -46 F.
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STRESS CONCENTRATION FACTOR
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Fig.44 . Stress Concentrajion Fagtor in Plastic Range as Failure is
Aporoached.
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Fig.45 . Effect of Testing Temperature Upon Plastic Stress
Distribution at Maximum Load.
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Fig. 4é . Unit Strain Energy Contours for Plate of Finite Width with Circular Opening
for Load of 650 kips, 17 Per Cent of Maximum Load. Spec. No. 69; 76 F.
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Fig.48 . Unit Strain Energy Contours for Flate of Finite Wicth with Square Qpening,
for Loac of 575 kips, 81 FFer Tent of the Load. Speec, Mo, §5. 7€ F.

¥

w

17500
20000

Fig. 47, Unit Strain Energy Contours for Plate of Finite Width with Circular Opening
for Load of 845 kips, Maximum Load. Spec. No. 53, T8 F.

Fig. No.49 . Unit Strain Energy Contours for Plate of Finita Width with
Square Opening, for Load of T10 kips, Max, Load. Spec. Ho.

95, Te F.
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Fig. 53. Unit Strain Energy Contours for Plate of Finile Width with Reinforged Square Openings with
Rounded Corners for Load of 1150 kips 98 per cent of Maximum Load. Spec. No. 71, -46 F.

Fig. 54 . Unit Strain Energy Contours for Plate of Finite Width with Reinforced Square Opening with
Rounded Corners for Load of 1176 kips. Maximum Load. Spec. No. 71, -46 F,

ros -—4
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Fig., 55 . Contours of Equal Rate of Energy Absorption.

Spec. No. 69, 76 F.
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Fig. &) . Contours of Equal Rate of Energy Absorption.

Spec. No. 71,

-46 F.
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Fig. 62 . Effect of Testing Temperature upon Plastic Energy Distribution
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APPENDIX A
CALIBRATICN TENSILE TESTS

The data of the calibration tensile tests are given in
this appendix. The details of the tensile specimen, the
procedure for these tests, and the application of the re-
sulting data to the plastic energy and stress computations
were described in the Second Progress Report (2).

The test results are summarized in Table Ia and

plotted in Figs. la-hba.



TABLE A-1

RESULTS OF CALIBRATION TENSILE TESTS*

Plate Used Direction** Testing Upper Ultimate Elong. Reduction Polsson's

No. " for of Test Temp. Yield ©Strength 1in 12 in. of Area Ratio-
Spec. No. Ppint )
deg. F. psi psi per cent per cent

26 37 P 76 36,900 61,800 35 ° 62 0,48
T 76 36,500 61,100 31 5L O.U6
P 76 3%,900 60,200 32 61 ——
b 38 T 76 35,200 61,500 # 52 ——
P -20 2’500 68 9500 32 60 Oo 51
T -20 38,900 64,100 # 50 0.%46
P 76 34,900 61,200 33 62 0.47
3 69, 70, 71 T 76 Eﬁ,loo 62,600 30 h2 0. 45
P =46 3300 70,900 29 6 0.50
T ) 43,900 72,000 # 9 0.51
1 95, 96 P 76 6,600 62,400 28 56 0. 45
P - 2,300 69,900 23% 51 0.48

* See second Progress Report for sketch of specimen.

** P, parallel to direction of rolling.

# Specimen broke outside gage length.

T, transverse to direction of rolling.

-wégw
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APPERDIX B
TEST OF SPECIMEN NO. 8%

Specimen No, 85 was a 36" x 1/4" plate, with a square
opening with rounded corners. The reinforcement combined
a face bar and an inserit plate, the details of which are
shown on Fig. 1b.

The test of the specimen and the recording of the
results followed exactly the procedures described in the
First Progress Report (1) for similar specimens. The
resulis are given in Tables Ib and I1b. The test results
are plotted in Figs. 2b-Lb.

These results may be compared with those in the First
and Third Progress Reports (1,3) and they will be incorpo-

rated along with previous results in the Final Report.
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TABLE Ib
DESCRIPTION AND TEST RESULTS, SPEC. NO, 85

Description of Specimen
Opening: 9" x 9" Square, 1-1/8" Corner Radius

Reinforcement: ' 1-1/2" x 1/4" Face Bar in 14" x 14v x 1/0v

Square Insert

Percentage of

Reinforcement: 77.8
Cross Section Net 8.50 sq.
Area: . Gross 9.00 sq.
Testing
Temperatures: o 76F
Strength and Energy Absorption
General Load 295,000
Yielding: ; Av. Gross Stress 32,780
Av. Net Stress 34,710
Ultimate Load hgi,ooo
Strength: fAv. Gross Stress , 780
Av. Net Stress 58,000
Energy To Ultimate Load 1,442,000
Absorptions* To Failure 1,747,500

Efficiency Compared with 1/4-In. Plain Plate

General Load 77%
Yielding: Av. Net Stress 81%
Ultimate ' Load 847
Strength: Av. Net Stress 89%
Energy To Ultimate Load 36%
Absorption: To Failure 29%

in.
in¢

1b.
psi
psi

1b.
psi
psi

in-1b
in-1b

* Energy Absorption in 36-In. Gage Length.
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II. b.

GENERAL YILELDING AND FRACTURE OF SPEC. NO. 85

~ Load in Kips at Location of First Luders
First General First Ultimate Lines, First Crack, Max.
Luders Yielding Crack Loead Unit Strain Concentration
Lines
260 295 494 494

. 9@%
Rk

]

|

NS

b

Legend:
e Max. unit strain concentration according SR-4 readings.

)/&( Luders lines appearing before general yielding of the speeimen.
i <« Point of first craek.

- Fracture.
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Fig.3b. Load and Average Elongation on 36-In. Jage Leagth for Spec. No. 85.
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Fig. 4 b. Unit Strain Toncentration in m.2gion of Opening.
Spec. No, 85.
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Fign Bb-

Photograph of Spec,

No. 85 after

Failure,



