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WELDED REINFORCEMENT OF OPENINGS
11 STRUCTURAL STERL MEMBERS

I. INTRODUCTION

" The introduction of an opening withiﬁ;a structural member is often
necesééry to permit the passage.of bbndﬁif or pefsonnel. " These opening; weaken
the structural member by decreasing its cross-section area as well as by pro-
ducing a regiﬁn-of stress concentration. Various meﬁhods of reinforéing such
cpenings have been develcped in order to increése the net cross;sectioh‘érea
of the member, but only a little thecretical or experimental information is a-
vailable concafning the effectiveness of the different types of reinforcement
and the magnitudes of the stresses présént in and around the reiﬁforcement;

The experimental investigation reported herein had as its purpose

the determination of the effectiveness of four types of arc~wel ed reinforce-

Lyp
ment for openings in plain-carbon structural steel plates loaded under uniform
tension. The opening was centrally located in each plate and had a w1dth equal
to éne—fourth of the width of the plate. The effect of the opening and of the
. various types of reinforcement upon the load at yielding, the ultlmate strength
the ductility, and the unit strain distribution in the v1c1n1ty of the openlng
was investigated and compared with similar observations for plates without
openings.,

The test program covered in this report is the initial part of a
larger program of tests. Included in the present report are tests at room
temperature of two plain plates without openihgs, three plates with unrein—

forced openings, and eighteen plates with arc-welded reinforcement around the

opening. Three types of welded reinforcement were investigated: face bars,

-\~
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single doubler plates, and insert plates. The plates without reinforcement
and those with each type of reinforcement were fabricated with three different

shapes of openings: circular, square with rounded Corners, and square with =~

LR TR 1%
sharp corners,

Following the List of Figures at the beginning of this report will be"
found a table giving the references in the text to each figure,

. II. PREVIOUS THEORETICAL WORK

The present investigation was prefaced by a somewhat thorough‘seaféhjiL‘

of the technical literature for solutions by the theory of elasticity of the ' 7

-

various cases of plates with openings loaded under uniform tension in one

direction. Solutions were found for.plates of constant thickness and infinite

RV

width with circular, elliptical, or ovaloid hples, and for a circular hole in
a plate of constant thickness and finite width, Solutions were also found fop 0

plates of constant thickness and infinite width with a circular opening rein-""~
forced by a section of increased thickness around the opening. A summaryand” *
e i '

bibliography of these references are given in Appendix A.

oo

The‘available theoretical sclutions were only qualitati%eiy apﬁliéébie'lu
to the types of reinforcement used in this program of tests, Three importdhﬁ" |
conclusions, however, were indicated by the various mathematical analyses of the
elastic st;es§es in plates of inf¢niﬁe width and constant thickness with éircular
openings reinforced by an increase of the plate thickness immediately around
the open;pg:
1;_ An increase of the amount of. reinforcement decreases the maximum
. ‘circumferential stress on the rim of the opening, but as additione

al amounts of reinforcement are added they become increasingly
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less effective in reducing this circumferential stress. ‘

2. While the reinforcement decreases the maximum circumferential
stresses around the opening, 1t simultaneously increases the
maximum shear stresses adjacent to the reinforcement. This

‘increase in the maximum shear stresses renders it impossible
that'any reinforeement maf restore the fuil strength poeseseed
by a plate without an opening. o | |

3. The amount of area added by the reinforcement is more effective
in reducing the circumferential stresses than the bending
stiffness of the reinforcement.

No experimental data were found in the literature which were

directly applicable to this problem.

III. OBJECT AlD SCO?E OF THE EXPERIMENTAL iNVESTIGATION

The exoerimentel“program of tests was pienned primerily to find
information useful for the development of design codes for structural
members with reinforced openings where arc-welding was the method of
fastening. The object of the investigation, therefore, was to obtain
data guch ag the load at which initliel yielding would occur, the maximum
strength, the energy absorption and ductility, and the unit strain dis-
tribution in the reglon of the opening for plates with.typical types and
emounts of welded reinforcement. '

The scope of the initiel part of the investigation included five
series of specimens tested at room temperature: plain plates without

openings, plates with unreinforced openings, plates with openings re-

plates, and plates with openings reinforced by insert plates.
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Each of the series of specimens with 6peﬁings iﬁélu&ed three shapes of opening:
“eifcular,” square with rounded ‘corfiers, ami squaré ﬁiih'shéfp corners. The body
“or mAid plate of each specimen was cut from I/A;inch plafe; The program of
tests which will follow this initial program includes épééimens of greater

[
&

thickness as well

o afmospheric temperatures,

e . IV. TesTs AND TEST METHODS

i.'_ﬁpgcimens Steel and Welding Elgctrode,

o All the specimens for this series of tests were completely fabricated
from phe §amehhggt of steg;,_ Th%srgteel, hereafter des;gggtgd-as Steel U, was
a plain-carbon sémi~killed grade meeting ASTM Spec, No. A 7-49T and was:used in

the as~rolled condition. The chemical analysis of this steel was as follows:

¢ T un P s sy

0.23 © 0.50 0.053 0.051° " 0.07
"'The tensile properties of this steel aéjdetérminéduby tests‘ofitwo
ASTH standard flat tensilQ’Speci;engﬁéLt from each pl_te’afé‘gi;eh iA-Téble 1.
The miérdétructures-offéémples cut from one plate of each thidknéss are shown
in Fig. 1. R ' N
The coated welding electrode was 1/8 in, and 5/32 in. in diaméter
and met AWS Speé. E-6010. | | »'

2, Details of Test Specimens, ' ,

The7spe6imeﬁ§'ﬁere designed and welded in accordance with Navy

b

of 100"per céht according to thése specifications. Sketches showing the five

'

.A- i_“ - ,"
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types of specimens and the details of the welding appear in Figs. 2, 3, L, and
5. Table 2 lists the test progran, -

All plates had a test section with the same dimensions, 36 in. wide
by 1/4 in, thick, as shown in Fig, 2. Figs. 2 to 5, inclusive, show the shape
‘of the opening which was located in the center of the test section and the
details of the welded reinforcement. The outer edges of the'épéciméné and
the circumference of the :opening were flame-cut to shape and ground to remove
the roughness left by ‘the flame-cutting. The doubler plates and the insert
plates were also flame-cut to shape. However, the face bars were sawed to
width from 48~in. plates rather than flame-cut) in order that the internal

stresses in the face bars might be similar to’ those in nbﬁ-rélléd bars, which

were cold-bent to shape and spliced with sifigle V-butt welds on the vertical
centerline of the specimen. Those for the ‘circular opening'ﬁere'made in one
piece and those for the two types of square openings in two halves, Table 3
lists the plates from which the details for each specimen were cut.,

All fillet and edge welds were laid insonelpasS'bfiihe welding
eléctrode,, The double V-butt welds required oné pass on each side of the
plate, Plate bevels for edge or butt welds were prepared by hand grinding.
The surface of the edge bead on the-circumfereﬁte of the opening in the speci-
mens with doubler plates.was:'ground to reémove the surface roughness,

Because heat-straightening might introduce undesirable stresses and 

adversely affect the ductility of the steel, very careful precautions were

taken to minimize the shrinkage resulting from the hand=welding process to

1+ -
4
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the degree that straightening would be unnecessary. A Jig was built in which
the specimen to be welded could be clamped between two heavy plates and ro-
tated through an angle of 180 degrees to permit the laying of a;; we}gs in the
flat downhand position. The welding procedure was arranged so that. the welds
were placed in short steps which were systematically laid qum_sidg_torsidg

of the reinforcement and from face to face of,the specimen. Moreover, no
pass started or ended in the vieinity of the region which the fracture uould
later traverse., Time was allowed between thece sﬁort passes and before pempval
of the plate from the jig after the completion of all welding to permit the
specimen to cool, The maximum warpage which resulted from this welding pro-
cedure was not greater than 1/2 in. in the seven-foot length of the specimen.

- The method of fabricaticn followed very closely the usual procedure
in a fabricating shop except that more care was taken in cutting the structural
detalls to exact dimensions and in holding the welds to the specified size than
is required by commercisal specifications.  The specimens were not tested until
at least seven days after welding,

3. Method of Testing Plate Specimens.

The plate specimens were tested in a 2,400,000-1b. capacity universal
hydraulic testing machine, The specimens were mounted in the testing machine
by butt-weld connections to the pulling heads. The two pulling heads were free
to swivel on the pins of two clevises attached to the heads of the testing
machine by spherical joints, The vertical centerline of the specimen was
aligned to within 1/16-in. of the line joining the centers of the two clevis .
pins., A typical plate specimen mounted in the testing machine and ready for .

testing may be seen in Fig. 6.
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‘The load was applied ‘slowly to the specimen, and reddings of the
gages taken at frequent intervals. Tﬁe same schedule of loads was applied

to a1l specimens in order that comparisons of the elongations and unit

P
-
- 3

strains might be made at the same loads.
" 4. Gaging end Nessurements.,

B The pfihéfgéf‘meééufeménts'made were the elongatidn on a 36ein.
gage length straddling the region around the'ofening and the wnit strain
distribution in one quadrant of the specimen lying between the vertical
and the horizontal certerlines, The 36-in, gégeiiéﬁéth‘bridged most of
the portion of the specimen in which the unit stresses were non-uniform.
‘The 36-in. gages were located on both faces of the plate on four equal
" spacifips mcrosg the width of the specimen as shown in Fig. 2.

' SR-4 électric strain pages were used to determine the unit
strain distribution in the one quadrant of the specimen in the elastic
range and the early plastic raenge. These electric strain gages were
mounted on both faces of the plates to remove the effect of bending .
from the readings. ‘The number of SR-4 gage readings on- the single specl=
mens varied from 33. to 56 according to the shape and 'the kind of the re-
inforcement.A-The location of thé electric strein pages: on the different
types of specimens is ghown in Figs. 7 to 10, inclusive. - !

A number of suxiliery observations were made. The first speci-
mens tested were coated with Stresscoat for the purpose of indicating the
principal stress trajectorlies and the.peints of initial yielding. However,
since the Stresscoat was sprayed and:tested under conditions of varying

temperature and humidity, the behavior of the brittle lacquer was somewhat
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er:atic. According;y, ordinary whitewash was usedlpn_the later tests,
The location and the direction of the principal shear stresses at ini-
tial yielding and during the subsequent plastic flow were clearly shown
by the whitewash.

The distortion of the opening at th§_h%gher loads and thg pro=-
gression of the fracture were measured witﬁ a scalé éraduﬁfed ig-one—
‘bundredth inches as well as the lateral buckling of thé regions under
compression: stress edjacent to the opening. These various awxdiliary ob-
servations were usefulrin evaluating qualitatively the state of stress
in the specimen within the plastic stress range.

Since the tests were made at room temperature;.the temperaturs
of the specimen was measured with sufficlent accuracy by a mercury ther-
mometer which was in intimate thermal cortact with the plate surface and

insulated from the swrrounding atmosphere.

" Vi RESULTS OF TESTS

1., Introduction and DefinitionJof“Terms.

The results of the twenty-three tésts of plain plates, plates
with unreinforced openings, and plates with reinforced openings will be

presented in the following section. No two of the

owing
mens with openings were alike, and, accordingly, comperisons of the re-
sults of these tests must be mede on a rather broad or general basis.
Duplicate tests of any of these speclmens would undoubtedly have given
somewhat different resilts. It was found quite often that the plates

with the same shape of opening behaved more nearly alike than the plates
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with the same type-of reinforcement. Trends are shown wherever the deta
indicated definlite relations between the variables. All the tests de-
serdbed in this report resulted in cempletely ductlle fractures.

Some of the terms to he used in the following section should be
clearly defined. . The elongations measured over a 36-in. gage length at
five points across the width of the plate as shown in Fig. 2 were
averaged and the resulting value called the average elongation on the 36~
in. gage length. The term, load at general yielding, of the specimens
was applied to the point where a definite elbow appeared in the plot of
the total load on the plate against the average elongation on the 36-in.
gage length,

The ultimate load, the maximum Joed sustained by the specimen,
was divided by the origingl net cross-section area of the specimen to
- glve the value of the maximum average net stress or ultimate strength of

4+ 1. =
L

& wladen m S .
neé plaives. 1ne

total load on the speci
age elongation on.the 36~tn. gage length for each specimen., The erea
under this curve, or any portion of it, represented the energy absorption
of the specimen up to the point under consideration. Two wvalues of the
energy absorption hawe been reported, the-énergy to ultimeate load and
the energy-to. failure,-

' -The three: shapes of opening will.be referred to as circular,

square with rounded corners,-and square. .The dimensions and the corner

radii of these openings are shown in Figs. 2 to 5, inclusive. The plates
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In compunlng the percentage of reinlorce ent, t?“ ﬁr*e;nforeed
plates with openings one—fourth of the full width of the specimen
were considered as having zero percentage of reinforcement. The per-
centage of reinforcement was computed as the ratio in percent between
the additional net_orose-section area added to the unreinforced speeimen
and the croes-seotioo area:of the material removed from the body platee
by the opening. A reinforced plate with a net cross-sectlon area equal
to the area of the plain plate would have a percentage of reinforcement.
of 100 percent. B |
2. Distribution eoross Plate of Elongation on 36-in. Gage Length.

The elongation was measured in the direction of the applied
tension at five points across the width of the specimens as described in
Fig. 2. The distribution across the plate width of the elongation on the
36-in. gage length is shown in Figs:J;l to 33, inclusive, for each of the
twenty-three plate specimens. Measurements were tgken after passing the
ultimate load, but were not plotted in theee figures because they were
more dependent on the progressing fracture than on the elongation of the
material,

The elongation of the specimens remained fairly symmetrical
about the vertical centerline ofﬂthe plate until fracture began at, or
just before the ultimate load.;IW;th few exceptlons the elongation was
greater in the center of_the‘speoimep“than at its edges, both for plain
plates and plates with openings. The distribution of the elongation’across
the plates ees more or less tbe sam

changed by the different shapes of openings or the different types of re-

inforcement.
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The elongéﬁions at ‘the five points across the width of the plate
were averaged to obtain the average eidngatidn on the 36-in. gége leﬁgth.
4 comperison of the aversge elppgation”to*ult;mate‘load‘and to fallure is
shovn in Fig. ‘3. Thevelues of the aversge elongation at ultimate load
ranged from.36 to 85 percent-of the jﬁlﬁsa of the aversgse elongation at
fdlure. Amdng the plates with aquaré openings, this ratio ranged from

36 percent for Spec No. 3 and 20;

the plates with square openings with Founded corners, frem 58 percent for
Spec.. No. 22 to 78 percent for Specs. No. 4 and 21; and mmong the plates
with circular openings, from 73 percent for Spec. No. ‘6 to 85 percent for
Specs. No. 2 and 18. For the three shapes of openings, the ratic be- .

tween the average elongatlion to: uwltimate load and the sverage:elongation

to failure inereased in the following order: square opehing, sguare

The shape of the, opening also affected-the total amount of -elon-
gation occurring before failure.. -The magnitudes of the average elonga-
~.tion to failure varied within approximately the same range for the plates
with circular and those with square openings with rounded cormers, but
were greater for all the specimens with these two shapes of opehing than

for any of'the_plapes‘with angrg‘gpening§:¢;?h§“av§gggehelonggjiqn to

B Ty | -

ailure on the 36-in, gage length ranged from 4.0l in. for Spec. No. 10

o

0.1.82 .in. for Spee. No. 3 as compared.to 'values of 9,23 and 12,35 in.
for the two plain plates., The largest elongation to failure of all of
~the plates with openings.was only 40 percent of the lesser of the two

values of the elongation to fallure for the plain plates.
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The followirg tabulation lists the specimens in decreasing order

of magnitude of the average €longation to failure:

Order of Spec. Shepe of Opening Type of

¥egnitude No, ; orcement - -,
1 10 Square, Rounded Corners Face Bar. . . .
2 21 Square, Rounded Corners Insert Plate
-3 17 Circular .- Insert Plate
4 5 Circular Face Bar
5 11 Circular : Doubler Plate
6 16 Square, Rounded Corners Doubler Plate
7 18 Circular Insert Plate
8 2 Circular None

As this tabulation indicates, the average elongation to failure was not
| consistently large for eny particular type of reinforcement. However, the
largest elongation euetained by a ple,te without reinforcement around the
opening was only eighth:]n order of megnitude or '78 percent of the value

for Spec. No. 10

listed in Te.’ole 1 wes 29 1 percent If the .average unit elongation from

the tensile coupon teeta ie ueed to predict the total elongation in the
-36-111. gege length of the plain plates, the value would be 10,5 4n., This
lvalue compares with the acttxl a.verage elongation of 9.83 and 12,35 for

)

Specs. Ib. 1 end 23.

3. Cot_@erieon cf Load og Sm ;gg: n_and g'_v;_greg. e E;ongetion on 36=in, Gage

-The totel tension load on the speclmen wes plotted aginst the

in Figs. 35 to 39, inclusive. The specimens are grouped in each plot ace

cording to the type of reinforcement. R
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The results shown in Fig. 35 for the two plain plates were aliks
except that Spec. No. 23 lustained a greater sverage elongation to failure
than Spec. No. 1. Necking of the cross section of the plsin plates be-
”gan at the ult.mate losd and continued until fracture sterted at & load
not fer below the ultimate load. ‘ _ . S
- h The plates with unreinforced openings as ehown in Fig. 36
followed almoet a COmmon Curve es the load increased until a point near
the ultimate load of each epecimen was reached. Spec. No. 3 witn_the.
square opening sustained a sgmaller averege elonaation than Spec. No. 4
with the square opening with rounded corners. Spec. "o, 2 with the cir-
cular opening underwent the 1argest average elongatiOn of the three plates.
| The behavior of the plates with reinforced openings, shown in
Figs.l37, 38 and 39, was similar to that on the unreinforced plates except
that higher loads were reached becauselof the increased.crose-sectipn
area added by the reinforcement. The smallest average elongation consis-
tently oceurred in the plates with squsre openings, while the averege
elongation of the plates with equare openings with rounded corners end of
those with circular openings vnried coneiderably, but were.of the sane
order of magnitude, - | |

Since all the load-average elongation curves possessed a common
shape up to a point near their-ultimate‘load, it seemed likely that some
relation existed between the magnitudes of the.ultimate Joad and the aver-
age elongation to ultimate loed on the 36~in., gage length Fig. 40 shows |
this comparison. The wltimmte load inecreased in direct proportion to the
logerithm of the average elongation to ultimate load on the 36-in. gage
length,. |
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be eneral I;g;gégg ;2 the Plein Plgggg the Pletes lith Openings.
| Yielding began in very small regions of the specimens at low
loads as will be shown in s euhsequen. gsection of this report. However,

only.very‘elight.changes in the slope of the ioad-average elongation_l
curves in Figs. 36 to 39 took place until yielding had spread to a larger
portion of the area around the opening. ThlB point of the load-average
elongation curve at which a sharp change of slope occurred was termed

the load at general yielding.

' The values of the load and the.anennge‘net stress at generel,
yielding are plotted in “ig 41 an “given in : s
of the total load on -the specimen varied considerably, the values of the
average net stress at yielding were more nearly uniform and varied from
36,360 psi for Spec. No, 21 to 45 500 pei for Spec. No. 6. The net cross-
section area of the former specimen was 8.17 sq. in. and of the latter
7.25 8q. in. ‘The average net‘snress atlgeneral yielding in the plain
plates was 42,220 and 43,336 pel for_Specs. No; 1 and 23f An examination
of the values in Fig. 41 and Table 4 indicated that there was no simple
relation between the average net stress at general yielding_and the shape
of the opening or the type and amount of reinforcement.

In Table 1, the average upper yield points of the plates of
various thickness were 44,4500 psi for the 1/4=in. plate, 36,500 psi for
the i/2-in. plate anﬂ 32,800 psi for the l-in, nlate. The average net |
siféss an'genenal yielding nanged from 36,360 to 45 500 psi for the plates
w*tn openings and was 42 220 and 43 330 psi for the two 1/4-1n. thick
plain platesu
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Ultlimate Streggtg of Pl ;g =2 eg _gnd Platee with Ovenings.
The ultimate etrength of the plain plates.snd the plates with

openings 18 ehown in Fig. L2 and tabulated in Tahle ke, The values of the
ultinate load for the platea with openings varied from 357, 500 1b, for
Spec. No. 3 to 555,000 lb for Spec. No. 11, and the values of the ul-
timate etrength from 47, 690 psi for Spec. No. 19 to §7,800 psi for Spec.
No.''5." The ultinmate strength of the two plain plates was 65,390 and 64,780
for Specs. No. 1 and 23. The ultimate etrength of the plates with
openings was either approximately equal to or less than the ultimate
strength of the plain plates. The average wtimate gtrengths of the.
plates of different thickness ae determlned by the tensils coupon testa
are reported as follows in Table 13 65,700 psi for the 1/4~in, plates
and 61,100 psi for both the 1/2-1n. and the 1-in. plates... 'he ultimate
strength of the 36~in. wide plain plates was approximately the: same as for
the small tensile coupone. The ultimate strengths of the: plates with
openings ranged from epprOximately 75 to 100 percent -of the ultimate
strengths of ‘the plain plates and the tensile coupons.

The relation between the ultinete lgadyeueteined by the plates
with openings endﬁtLe'pereentage of feinf*feeﬁent‘le shown ip Fige 43,
and the relation betneen the ultimate ettength and the percentage of re-
inforcement in Fig;lll. In these two figuree, the plotted pointa fell
into bands according to the shape of opening used in the speclmen, The

ultimate load and the ultimate etrength 1ncreaeed,in-the order of the shaps "

of the 0pening'ee follows: equare, equare with rounded corners, and cir-
cular. & much emaller variation within the bands for each shape of opening

was noted as the effect of the type and the amount of reinforcement.



The ultimete loed increaeed as ehown in Fig. 43 w1th an increaee
of the percentage of reinforcement. waever, the ultimate etrength of
the plates in Fig. L4 decreased as the percentage of reinforcement in-
creased While a definite curve cannot he accuratelv drawn through the
plotted pointe, the ultimate load increased and ihe ultimete strength
decreased at mbout the same rate for all three ehepee of openings as the
“percentage of reinforcemsnt was increased.

The plots in Fige. 43 and 44 would be identical 1f the ultimate
load and the ultimate strength had been ploited against the net eross=
section area of the plates. Therefore, it may be said that the wltimete
load increased and the ultimate strength decreaeed as the net cross-
eection ‘aree of the plates with openinge was increaeed, .

Since the ultimate load and the ultimate etrength decreaeed in
Fige. 43 and FA ae the corner redius of the opening decreaeed, it was,
gparent that the notchreffect of the opening was very significant. The
relation betWeen the ultimate strength of the plates with openinge end _
the notch aculty of the opening ie shown in Fig. 45. The notch scuity of
the opening has been expreesed in the form of the ratio, BU/RN the retio .
of the half-width of the opening to the notch radiue which is in this case
the corner radius of the opening. The actual measured corner redius of
pach enecimen has been used to eompnte this‘ratio. &n increase in_the.
ratio Rd/Rﬁrineicetes en increaee in the‘sharpneee of the notch as. repre=
semted by the opening In Fig. 45 the ultinate strength of the plates

with,openings decreaeed in a linear manner w1th the logarithm of the ratio

Roy/Rye
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- - " - The energy abaorption to wltimate 1oad and to failure of the

plain plates-and the plates-with openings is piottad’ in’ big. 46 "and’ tabu=
lated in Table- 4 The'energy absorption £6 ultimate load was 4,018 000
and 4,062,000 in<ib. for the tws plain plateé;:Speés.'No;"ihéﬁd 23;‘ﬁna‘”
among the “twéhty-one plates with ‘openings ‘varied from 229,000 in-lb. for
Spec. No. 19 ‘to 1,358,000 in-1b. for Spes. No, 11. “The " energy abaorption
to ultimate load for the plates with openings ranged from 6 to 34 percent
of the values for the plain plated, ;

The energy aosorption to failure’ was 5,276 300 and 6 779,000 o

with openings varied’ from 538 600 in-lb- ?g

'1
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in=1b. for Spec. No. 11, The’ energy abeorp%ion to failure for the platesv
with openings ranged from 9 to 26 percent of ‘the values for the plain f o
plates. : R T Craee oy :

The mexcimum veluss' of ‘the énﬁfgﬁntsrﬁiﬁimate 1035 Ahd the éﬁ;;é}
to failure for the plates with squaréﬁbﬁéhiﬁés:were less tﬁaﬁ'thé“ﬁinimuﬁ:

value. for the plates with ‘the other two shapes of opening;

i

and-the percentage of reinforcement es well as the net cross—sectlon areé
of the plate. -'THe plotted Pofnts in this figure fall 1nto two bands, a
group of lower values of energy absofbtioﬁ‘fbf the plété; With squaré
openings and' a widsly scattered-group'of higher valﬁééjfbr the plates

with the other tvwo shepes of opening, the squafe openihé with rounded
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corners and the ciroulnr opsening, A4n inorease in the percentage of re=
inforcement for the plates with squsre openings brought about no signifie-
cant change in the energy abeorption to failure, The trend for the
plates with the other shapes of openings is leas discernible, but no |
siseable increase or decrease in the energy absorption to failure IO~
sulted in the plates with square openings with rounded corners or the

platee with circular openings when the percsntage of reinforcement was

The effect of the notch aculty of the different shspee of
openings upon the ultimate strength of the plates with openings wasg
found to be rather olearly defined. A similar relation was found for
'the ensrgy absorption of the same plates, and Fig. 48 shows thie relation.
Ir general, the logarithm of the energy absorption to failure of the
plates with openings decreased 1inearly with the logarithm of the ratio,
Ry/Ry. The trend, however, was sonewhat less clearly'defined for the

energy to failure than for the ultimate strengti.

7. Effectivencss of the

Eff o) ainfarcement

EA - Ers A L]

One purpose of the reinforcement is that of restoring as much
as possible the properties of the plain plate. The ratlo of the valus |
of some particular property of the plate with an opening to the glmilar
value of the plain plate may be called the efficiency with respect to
the property under consideration. Teble 5 tabulates the efficiencies
of the various plates with openings with respect to general yielding,
ultimate strength, and energy absorption.: The shape of the opening as

well es the type and amount of reinforcement is indicated for each specis

man, The ave of the values for the twe nlsin

RAALS W bk tdr

age
rage

the basis for each comparison,.
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The values :of the efficiencles. in Table 5 indicate;how”adequate
the reinforcement wag in restoring the properties of the plain plate,
Inasmuch as the average net stress at general yielding 4id not vary
eppreciably for the plates with opanings, the efficiency with respect
tg?;he_load and average net stress at general yielding did not vary
through & very wide range, However, the ultimate strength end the
. energy absorption of the plates with openings were éreatly affected by
the shape of the opening and the type an@ amownt of reinforcesment.

Filg. 49 is 8 type of plot in which the efficiency with respect
to tyo different variables can be compared. In this comparison of the
efficiencies with respect to the ultimate load and the energy absorp=
tion to failure, the points plotted in-the upper right-hand corner represent
the specimens which gave the highest efficlenciss. The specimens which
gave the best performance were those with circular openings or with
sqgare_openings with rounded corners, while the specimens with the worst
performance included all those with square openings. Fig, 49 also in-
dicates that the specimens which susteined the greatest ultimate load
consistently absorbed the largest amouﬁt of  energy to feilure,

A plot similar to Fig. 49 is shown in Fig, 50, in which the
qff}pienq@gs with respect to the wltimate strength and the energy absorp=
tion to.fallure are.plotted. The specimens which sustained the highest
ultimatelat:ength absorbed the largest amount of energy to fallure.

.. Ydth the uid of Figs. 49 and §0;  the specimens which gave the
best performance can be selected. A line has been drawn which delineates
those specimens whose efficiencies were greater than 80 percent with
regpect to ultimate load, 88 percent with respect to ultimate strength,

and 15 percent with respect to energy absorption to fellure. The
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performance of these superior plates with reinforced 6pénings is described
in Table 6. The following observation can be made concerning these
specimens: -

1. The nine plates which gave the best performance had either |
circular openings or square openings with rounded corners, ﬁ
and all had welded reinforcement around the opening.

2. Spec. Ho. 11 which gave the best perfofmance andISpecs.VNo. 5
and 18 the next best all had Circulhf'dpenings. A
3. The nine best specimens included two with face bar rein-
forcement, three with insert plate reinforcemenf, and four
with doutler plate reinforcement.
One irteresting observation about the plates with square
openings, either reinforced or unreinforced, is that their performance
was worse in every case than that of the unreinforced plates with The
circuler cpening and the sﬁuare opening with rounded corners, Specs. No, 2
and 4, respectively.

&, Unit Strain Concentration in the Plates in the Region around the Opening

Meny SR~/ electric strain gages were located in one quadrant

of the plates with openings, the quadrant lying between the vertical and

the horizontal certerlines of the specimen. Elastic strain concemtyation =

curves baséed on the dat
to 72, inclusive. The vertical direction in these diagrams coincides ‘
with the direction of ‘the tension load. The sketch in Fig. 51.'explains' |
the manner in which the unit strain concentration is presented for the

followirg locations:



1. For the plates with circular qpenings, the horizontal certerline,
the unit strsin being taken in the vertical direction,

:2;. For the plates with square openings with rounded corners, a-
horizontal 1ine passing through the point of tangency between '
the vertical edge of the opening end the corner arc, the unit
strains being teken in the vertical direction,

3. For the plates with aquare openings, & horizontal line through
..‘the corner of the opening, the_unit strains being teken in the
" 'vertical direction,

4e The circumference of the opening for all specimens, the unit

o ‘strains being taken in a direction tangential.tq the edge of
the opening.

The strain measurerents shown near the corner of the square
opening in\pletes with square openings were actually. located 1/4=in. from
the cOrner"as.shonn in Figs., 7 to 10, Therefore, the, readings - of these’
gagesrwould not determine the maximum unit strain which would occur very
rear to the corner. .

.The‘nnit.strain concentration feotqrs were computed from the
SR-4 strein gagerreedings in the following manner. The total load on the
specimen was plotted against the SRw4 strain reading at each of the gage
points, The curve through these plotted points in the-elastic range was
approximately a straight 1ine. ‘The slopes of the various curves were com=
pered with the slope of the ‘same plot in the region of the plate remote .
from the Opening. Thus, the ratios determined by this comparlson were in
reallty the unit strain concentration as compared to the unit strain in
the region of the plate undergoing a uniform stress distribution across

the plate width,
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This approach was necessary because of the nature of the SR-4
readings. First, these readings when plotted along with the load on the
speclmen gave & curve from which many of the plotted points at lower loads
deviated considerably., This effect could probably be attributed to the
residual stresses present in the specimen because of flame=-cutting and

g. The direct tension increasing, these effects

‘becam
ally less than at lower loads. . Second, some of the SR~-4 gages indicated
en early departure from linearity as the result of yielding at loeds vary-
ing from approximately 30,000 to 6C,000 1b. for all the specimens.

Each shape of opening possessed the same characteristic form of
strain concentration curve for unit strains in the vertlcal direction whose
shape was only somewhat affected by the type of reinfqrcemant.‘ The shape
of the strain concentration curve for circumferential.unit strains was
somewhat similar for the plates with square openingswith rounded cormers
and for those with sq

e openings, but was different for the p

WALl ) L L= L A = 3 ) 2. e W

e¢ircular openings,

In Figs. 52, 59, and 66, the unit strain concentrations are
shown for plates with unreinforced openings. The unit strain along the
clrcumference of the opening in Spec. No. 2 with a circular opening (see.
Fig. 52) changed gradually from tension at the horizontal certerline to
compression at the vertical centerline. For Spec. No. 4 with & gquare
opening with rounded corners and Spec. lic. 3 with a square opening (see .
Figs. 59 and 66), the wnit. strain increased sharpiy from tension at the

horizontal certerline to a much larger temsion value at the corner and then
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dropped abruptly to compression ss the corner was passed. The shapes

of the unit strain concentration along the circumference of the opening
in the plates with and without reinforcement were similar for each shape
of opening.

The shape of the unit str&in.conceptration curves on the hori=
zontal sections of the specimens will now be éxamined, The shapes of the
unit strain concentrdtion curves along the horizontal section through the
opening were similar, in general, except for small differences character=-
istic of the type of reinforcement. In the case of the plates with a
single doubler plate snd some of the specimens with insert plates, a
second point of high unit strain céneentration appeared at the -outer edge
of the reinforcenent.,

The greatest difference then in the shape of the unit strain
distribution curves on thefvariduS‘séétions of the specimens occurred
along the circumference of the opening where the strain gradient was muth

steeper in the plates with squire openings with rounded corners and the

In a very short distence along the circumference of the opening in the
vicinity of the corner of the opening, the unit strains for the two types
of square opening decreased very rapidly on both sides of the point of
the maximum tension value. The slope of the strain gradient on each side
of the point of the meximum tension value was very gradusl in the case
of the c¢ircular opening.

The addition of #rcewelded reinforcement changed the character=

isties of the unit strain concentratlon curves in two important respects,
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. as compared to the curves for the unreinforced plates:
1._ The megnitudes of the unit tension strains in the vertical
direction along the horizontal section through the opening
Vwere increased near the edge of the opening and reduced
near the edge of the plate.
2. A second maximum, in some“cases greeter than the concentra=
tion value at the circumference, apeesred in tﬁerregion of
the weld between the doubler plate or the insert plate |
reinforcement and the body plate. _
3. The unit strein concentration at the edge of the plate was
reduced. - |
4e The magnituces of the unit compression strains along the
vertical centerline in the region of the opening were
reduced. |
The effect of the reinforcement was similar for all three shapes of
0pening t
The unit strain concentretion in the region of the opening hes
been discussed so far in a purely qualitative manner. The closer examina—

tion of the behavior and the magnitudes of the unit strain concentrations

specimens 1s responsible for some of the discrepancies, The introduction
of shrinkage stressee along the edges of the epecimens by the flame-
cutbing process was followed by the addition of other reeidual etresses

by the welding process. After welding, the specimens were observed to
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have slightly dished shape in the vleinity of the opening. .This dished
shape was reducedlto_a-flat plane during the course of the test only.
after exteneieeryieldiog had progressed across the wldih of the plate at
a load faf in 8XCcess of the loads at which the SR-4 gages were read. It
can ge deduced that fheee residual stress effects from the fabrication
procees wduld materieiiy affect the unit strain concentration resulting
only from the application of load.

‘ - The SR~/ gage giving the highest unit strain readings was lo-
cated on a flame~cut edge in the case of the unrelnforced plates..and the
plates with ineert plate reinforcements, on a weld bead in the case of
the plates With doubler plate reinforcement and on a l/L-in. face bar
1mmediately opposite two filletuweld beads in the case of the plates with
face bar reinforcement. The residual etrains resulting from the combina=.
tion offieme-cutting and welding would introduce uncertainty into the

readings of these gages.

9. Deformation and Fracturs of Plates with Openings.

The twenty-three ;pecimehS; both the piain:plates.and the plates

with openings, failed with a completely ductile fracture in the room

failure will be given in the following baragraphso

The plots of the load against'the average elongatioo on the
36-in. gage length shown in Figs. 35 to 3§, inclusive, were ;11 very much
the same in shape.  The over-all behavior of the reﬁher‘large'region be=~

tween the 36-in. gage lines was similar in all the sbeoimeoe; ‘However,
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in moch smaller regions, especlally around the opening, the manner of
deformation differed considerably among the various epecimene. -

Table 7 compares the load at which general vielding of the
plates began with the load et which yielding first appeared as evidenced
by Luders lines. Then the locatlon of the first Luders lines is shown
inside the opening in Table 7, the Luders lines eppeared on the circumference
of the opening. These Luders lines appeared in Specs. No. 8, 10, and 22
at loads equal to about 20 percent of the load at general ylelding, in
six other specimens at, or just beyond the losd at generasl yielding, and
in the remaining plates with openings at a load between 50 and 100 percent
of the load at general yielding. The results of the SRe4 gage readinge'
recorded small amounts of plastic strain, at loads between 30,000 and
60,00C 1b. These various observations found small smounts of plastic.
deformation occurring in the plates in the regien of the epening.at.loade
below thet necessary to cause general ylelding of the“eﬁeeimen. |

The sketches in Table 7 show the points where the maximum unit
‘strain concentration occcurred and the first Lu&ere iinee appeared, In-
general, it may be seen thai the first Luders lines were located at, or
very close to the points of maximum unit etrein concentration,

‘Fige, 52 to 72 showed thet the.ehaee,of the unit strain concen-
tration curves around the circumference of the.opening wag somewhat alike
for the plates with square openings or sguare openings with rounded corners,
but completely different for the plates with circdler_epenings. These
differences in streih)eoncentfation were also 1n@1cated by the StresScoet

analysis of the region around the opening. Fig. 73 shows the results of
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‘nlates without rein-

this analysis for the three sherkl of ¢
forcement. The cracking of the Stresscoat délineéted‘éh;”aféas of high
‘strains for each load. It may be seen in Fig. 73 that the exXtent of the
“crack ‘pattern has been shown for éach load énd “thet the regioh of high
“strain covered the least area in the plates with the sguare tpening and
‘the most area in the plates with the circular opeéning. The ares of the
highly strained regions sround opsning increased as the cormer radius of
the opening increased.

After“eleven of the plates with openings had passed the load at

“the circumference of the opening in the two

-
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which general vieldigg‘beggg
regions of compression strain began to buckle laterally. Photographs of
this buckled edge of the 6pening are shown in Fig. 74 for plates with the
different types of reinforcement. The direction of this lateral deflec~
tion was alweys opposite to the direction in which the specimen as a whole
was slightly dished by the distortion resulting from the welding, The
‘distance between the nodal points ofjihé'bucﬁladvéﬁge of the‘dpéniﬁé was
greatest for the plates with squere openings and least for those with cir-
cular openings and varied from'h 1eng£h eﬁuﬁl to about half of the total
width of the sp '
what longer thsn the width of’ the opening in the case of the ciréular
openings - SR

The following plates buckled latgrallﬁz ﬁifhbﬁ%'féihfbféeﬁéﬁt,
Specs. No. 2,3, and 4; with doubler plate reiﬁforCeménﬁ; Sbecs.‘No; n
to 16, inclusive; and with insert plate reinforcement, Spécs.” No, 20 and *

22. A1l of the specimens with doubler plate reinforcsment and ‘two of the

-



loeding. Llione of the plates with face bar reinforcement buckled laterally.

A comparison of the load on the specimen and the maximum deflec-
tion of this buckled edge is shown in Fig. 75. The lateral deflection in-
creased as the load was increassed. Vhen the curves in Fig. 75 were extra-
polated back to zero deflection, they were found to intersect the vertical
axis of the diasgram et a load approximately equal to the load at general
yielding.

Five of the eleven specimens which buckled laterally had ultimate
strengths exceeding 60,000 psl. Four of the nine specimens listed in
Teble 6 as giving the best performance buckled laterally. . No indication
was found that this lateral buckling of the .edges of the opening under
compression strain had any significant effecit upon the ultimatg strength
or the energy absorption to failure of the plates with openings.

The first crack or the beginning of fracture appeared at the .
maximum load in .the plates with openings, and the load thereafter fell. off
as the fracture traversed the width of the plate. An exceptlion to this
bebavior occurred in Specs. No. & and 13, in which small cracks appeared
at the cprnefs,of the square opening at 97 percent of the ultimmte load.
The sketchee in Table 7 show that the fracture began at the points of
meximum unit strain concentration in every specimen except Specs. No. 7, ..
9, and 22, in which the initiel fracture occurred by shear in the weld
between the body plate and the reinforcement at a point adjacent to the .
location of the maximum unit strain concentration. The fracture started
in ell the plates with openings at, or very near the point of maximum
strain concentration. Moreover, the first Luders lines appeared in the

same reglions.
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Photographs of the spécimens'ﬁfﬁérlffaéﬁuf;-are‘shdwh in Figs, 76
to 7, inélusive. Thé-ffﬁétﬁra'began at the eégé of fhé open1ng, passed
through thé reinforcement at its narrowest width, and then continued
horizontally across the plate. An eiceptionzto this behavior occurred
in Specs. No. 7, 9, and 22 which failed by shaa; in the weld between the
body plate and the outer edge of the reinforcement. In these three plates,
the reinforcement was left 1niac£ and tﬁs fracture passed around it. In
none of the tests did the specimen break complétely in two helves, and a
small part of the eross~section was always left intéct.

" After the fracture had begun to traversé the width of the plate,
observaticns of the load on the specimen end the total 1ehgth of the
fracture were taken at intervals until the fracture reached the outer
edge of the specimen. The readings of the load and the progress of the
fracture were plotted as shown in Fig. 80 for eighteen df the plates with
openings, It was found pﬁat the load on the specimen decreased approxi=-
mately in e linear manner with the ftotal length of the frécture. Inna
rather crude way this data Indicated that the load which the partly frace
.tured specimen could carry was proportional to the total remaining urn-

broken crosg-section area of the specimen.

- . Lo

10, Brief Summary of the Experimentsl Resulis of the Tests of Plain Plates

and Plates with Openings.
Before the results of the tests of plain plates and of plates

with openings are discussed, the more 1mportaﬁt experimental observatlons

of the investigation will be summarized. They are as follows:
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completely ductile fractures in tests at room temperature.
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5e 'The ultiﬁate load sustained by the plates with openings in-

.ue‘

T

Tha average elongation to failure on the 36-in. gage length
for the platea with openings varied from 16 to 36 percent

of the average of the valuea for _the two plain plates. The

”plain plates underwent approximately the same amount -of

elongation to failure as the much smeller tenslle coupons.
A1l the plates with circular openings or with square openings
with rounded corners underwent & greater average elongation

to failure on the 36~in., gage length than any of the plates

with square openings.

The‘average net stress at general ylelding of the plates

" with openings ranged from 36,360 to 45,500 psi and may be

compared with the average for the plain plates of 42,880 psi
and with the average for the tensile coupon tests of the

l/A—in..plates of 44,500 psi,

creased in direct proportion to the logarithm of the average

'elongation to ultimate load on the 36-in. gage length,

“The ultimate 1oad sustained by the plates with openings

varied from 61 to 95 percent of the ultimate load sustained

by the two plain plates.

_,The ultimate strength of the plates with openings varied

fron 47 690 to 67, 800 psi or from aqproximately 75 to 100

percent of the ultimate s+rength of the .plein plates and

the tensils coupons.:
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The ultimste loed and the ultimate strength of the plates
with openings increased dn the order of the shepe of the
opening as follows: square, square with rounded corners,
and circular. The strength was affected only to a small
degree by the type and the amount of reinforcement,
The ultimate load increased, but the ultimate strength de=-
creased for the plates with openings as the percentage of
reinforcement increased. The rate of increase or decrease
was about the same for the three shapes of openings,
Ihe ultimate strength of the plates with openings decreased
in a linear manper with the logarithm of the ratio, Rp/Ry,
where Ry was the half-width of the opening and Ry the corner
radius of the opening.
The energy asbsorptlion to wltimate load of the plates with
openings ranged from 6 to 34 percent of the same values for
the plain plates, while the energy absorption to fallure for
the plates with openings veried from 9 to 26 percent of the
same values for the plain plates.
No clear relatlonship between the energy absorption to failure
and the percentage of reinforcement was found for the plates
with openings. No sizeable change 1n the energy absorptlon
to failu;e was brought about by increasing the percentage

of reinforcement,

The logarithm of the energy absorption to fallure of the

plates with openings decreased linearly with the logarithm
of the ratio, Ry/Ry.
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The specimens which gave the best performance with respect

to their strength and energy-absorbing capacity were those
[}

plates with circular openings or with square openings with

rounded corners, while the plates with square openings con=

-sistently gave the worst performance,

The nine plates with openings giving the best performance
included two specimens with face bar reinforcement, three
with insert plate reinforcement, and four with doubler
plate reinforcement. |
The performance of all the plates with scuare openings,
either reinforced or unreinforced, was inferior to that of
the unreinfeorced plates with cireular openings or square
openings with rounded corners.
The plates with openings which sustained the highest ul-
timate load and the highest ultimate strength also absorbed
the greatest amount of energy to failure.,
In a very short 'distance along the circumference of the
opening in the vicinlty of the cormer of the opening, the
unit strains for the two types of square opening decreased
very rapidly on both sides of the point of the maximum
tension value. The slope of the strain gredient on each
side of the point of the maximum tenslon value was very
gradual in the case of the circular opening.
The major effect upon the unit strain distribution of

adding reinforcement to the plates with unreinforced openings
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.wag. to dncregge the magnitudes of the unit strains in the

- region of the opening and reduce the magnitudes near the

outer edge of the plate,

The residual strains resulting from the_fgbrication pro~

cess made any quentitative analysis of the observed unit
strains difficult.

Luders lineg indicating local yielding appeared in some

.of the plates with openings,at loads equal to epproximately

20 percent. of the load required to bring about general
yielding of the speclmen.

The area of the highly strained regions around the opening
increased as the corner radius of the opening increased.
The location_qf the firat.Luders‘lines and ihe po;nt where
fractupg_s;arted.were at, or very near, the points.én the

circumferepnce of, the opening where the maximum unit strains

. were measured..

No indicgtion was found thet the lateral buckling of the
edges. of the opening under compression strain had any sig-

nificant effect upon the ultimate strength or the energy

- absorption to failure of the_plqtes.mith openings.

" VI. DISCUSSION OF TEST RESULTS

1. General Yielding, Ultimate Strengthl and Energx Absorption of Plain
Plates .and Plates with Qggnings.

Plastic deformation occurred at low loads in small regions of

the-plates with openings in the vicinity of_the corners of the opening,
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.where the highest unit strain concentration was found, Since these regions
were very amall in area compared to the whole specimen &s shown in Fig. 73,
the effect of this localized ylelding upch ‘the slope of the 1oad-avergge
glpygation curve in its early stasges was not very great.

. While the highly astrained regions in the plates with circular
openings were located at the two oppopite sldes of the opening, there
were four regions of high strain at the four corners of the two types of

- equare opening. Although the initiation of ylelding occurred in quite a

different manner in the p
with rounded cormers as compared to the plates with eircular openings, the
effect of this localized yielding in producing a point of general yleld-
ing in the specimen as a whole.was apparently much the same for all three
shapes of opening, because all these plates sustained an average net
siress at general yielding of the whole plate which was equal to, or scme-
what less than the average Bt&ess)at whi¢h the plain plates yleldsd.

The wltimate strength of the platés with openings decreased in
a linear manner &s shown in fig. 45 with the logarithm of the ratio,
Ro/Ry, where Rywas the half-width of the opening and Ry the corner radius
of the opening. 4 similer relation between the ultimate strength in the
wide-plate tests (1) and the acuity of their notches was found and is
shown in Figs. 81, 82, and 83, In these tests the thickness of the plate
was 3/4 in. and the fﬁfi& of the width of the opening to the width of the
specimen dﬁé;fourtﬂiméhiié”iﬂé width of the specimens was varied from 12
to 72 in. .The notch radius remained constant, A plot for a similar

series of tests (2) 1s shown in Fig. 84, The thickness and the width

1, 2, Thess references appear in the Bibliography of Appendix A.
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of the plate remained constant for these last tests as well as the value

of one=fourth for the ratio of the width of the opening to the width of

the gpecimen, The notch radlus was vaiied. The same relation between

the ultimate strength and the aculty of the opening was found in thess
wide-plate tests as was obgerved in the tests reported herein. Unfortunate-
1y, other tests of structural steel plates in which the type of specimen
more nearly ressmbled the plates with aquare and circular openlngs were

not found,
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points fell into a band, and the specimens with the greater percentages
of cleavage in the fracture were located at the bottom of the band and the
specimens with smaller percentages of cleavage mt the top of the band.

The wltimate atrength of the pletes with openings was related
to the acuity of the notch, A somewhat similar relation waé found in
Fig. 48 for the energy abéorbed to failure. The logarithm of the energy
absorption to fallure decreased in a linear manner with the logarithm of
the ratio, Rg/Ry. Since the values of the energy ebsorption for the wide~
late tests (1) depended upon the size of the specimens and could not
easily be rsduced to a common basis of comparison and, moreover, because
the energy absorption to fallure was not reported for the other quoted
tests (2), no corroboration of these findings of this investigation could
be mede,

The relations in Figs. 45 and 48 between the ultimate strength

and the energy absorption to fallure on one hand and the aculty of the
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oeeniné on the other hand inﬁicateﬁ that £h§ notch=effect of the opening
was more effective 1n reducing the energy absorption than the ultimate
strength. The ultimate strength of the plates with oponings varied between
approximately 75 and 100 percent of ihe etrength of the plain plates, but
the energy absorption to failure of the former wme only 9 to 26 percent
of the same values for the 1at£er. While the ultimatie strength of the
plates with openings approached that of the plain plate, the energy absorp=-
tion to failure of the former never was but a smell fraction of the energy
abeorption of the latter,

The relations expressed 1n Figs. 45 and 48 provide & means of

epecimene“with the sane reiatire width of opening end the same types of
reinforeeeant as tﬁeee alread; tosted, but with different shapes of
openinrg., In particular, these fiéures could be vsed for plates with
square openaings with rounded cornere where the corner radius had a value
other than /8, the radius used in these ﬁesta._

Some correlation was found between the distribution of the unit

of the spewimen. The points on the circumference of the opening where
the meximum unit strain 1n the elastic range of the epecimen was megsured
were glso tha same points where the first Luders lines appeared and at, or
near which the fracture subsequently was initiated.‘ A

The ultimate strength of the beet plates with openinge wag. equal

to that of the plein plates and decreaeed for the poorer plates with
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Beemed reasonable to conclude that ‘the initial residual streins and dis-
tortions from fabrication by welding had no significant effect upon the
ultimate strength of the plates with arc-welded reinforcement. ,
2.. Effectiveness of the ReInforcement.

When the investigation was begun, two eriteris were arbitrar-
ily selected as the means of determining the performence of the plates
sorption to fallure. The results of this investipation indicated that the
plates with openings which sustained the highest ultimate loads and thé
highest ultimate atrength also ebsorbed the greatest amount 6f energy to
failure. This last statement must be carefully limited to apply only to
plates undergoing a completely ductile type of fracture. |

The design of the nine specimens which gave the best performance
reinforcement were represented in
the three best specimens, Specs. No. 5, 11, and 12, and these three plates
2ll hed eircular Opeﬁings; However, plates with square opeﬁings with
rounded corners came closely behind these in performance rating. It is
interesting that none of the three specimens which failéd by shear in the
weld at the outer edge of the reinforcement were inéluded in this 1ist
of the best specimens. The limited number of tests made suggested that
o8t plates with openings were those in whicﬁ the coﬁﬁine&
effect of the shape of the opening and the type and amcunt of reinforce-
ment was Just sufficient to prevent a shear failure at the outer boundary
of the reinforcement. This conclusion may be contradicfed by subsequent

tests.
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The performance of gll the platés with square openings was poor
in comparison with the plates with the other two shapes 'of openings. In’
fact, the results of these tests showed ihat.an unreinforfced opéning with
& clrcular shape or a square shape with rounded corners having.a:corner:

e LT = | T, -
L

radius of D/8 was to be preferred to any of the square openings, whether
reinforced or unreinforced. . T

. Some comment should be mede about:Spec. No. 19 which had the
lopest ultimate strength of all the plates. A sketch of this specimen
1s shown in Fig. 5. It.seems possible that the net width of the reinforce=
ment. &t the corners was reduged in this specimen beyond the minimum de-
sirable width, . Perhaps, ‘an ingert plate of larger diameter would have
substantially increased the strength of this specimen.

The wltimate load increased, but the ultimate strength decreased

&~
ag the percentege of reinfor

cenﬁgge_of.rainforcement; the less efficient the ‘reinforcement becams,
This result of these tests was in accord with the predictions of theory
(16).

No clear relationship between the energy absorption to failure
and the percentage of reinforcement was found for the plates with openings;
No.sizeable‘change in the energy absorption to fallure was brought about
by 1lncreesing the percentage of reinforcement. None of the types of rein-

forcement used in these tests was effective in increasing appreciably the

From the result of these tests, some estimate could be made of
the best possible performance of a plate with a reinforced opening. While

the average net stress at initial ylelding of the plate ss a whole and at
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ultimste strength would approach, or equal the same values for the plain

plate, the energy sbsorpiion to failure would probably not exceed 15 or

20 percent of that of the plain plate.

VII. CONCLUSIONS

Room temperature tests have been made of two plain plates without
openings, three plates with unreinforced openings, and eighteen plates
with arc-welded reinforcement around the opening. Three types of welded
reinforcement were 1nvestigateds face bars, single doubler platee, and
insert plates. The plates without reinforcement and those with each type
of reinforcement were fabricated with three different shapes of opening:
circuler, square wilth rounded corners, and square with sharp corners. No
two of the twenty-one elates with Opehinge were alike; -Duplicate tests
of ‘any of these specimens would umdoubtedly have given Bomewhat different
resultse.

all conclusions ﬁust be limited to this kirnd of fracture. The results of
the present serles of tests appear to justify the following tentative con-
clusgions with fGSpect to the plates with openings:
1, The'oﬁenihg wag many times as effectivs in decreasing the
ehefgy absorption of the plates as thelr ultimate strength,
While the ultimate strenmgth of the plates with openings
‘varied from 75 to 100 percent of fhe falues fer the plain

pietes and %he tensile coupons, the energy absorption to

the plain plates.
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Arowwelded reinforcement increased the ultimate strength of
the plates, but brought about no noticeable change in their
energy sbsorption.

The openings and the reinforcement did not apprecisbly in-

fluence the general yielding. Local yielding occurred at

-

very low loads, but the average net stress at general

]
o
b
&
m
‘i:!
A
o
|
m
W
m
]
&
f
E!

to, or slightly less, than the tensile coupon yield point.

The specimens which gave the best performance with respect

to their strength and energy-absorbing capacity were those

plates with circular openings or with square openings with

rounded corners. The nine plates giving the best perform-
ance included two specimens with face bar reinforcement,
three with insert plate reinforcement, and four with doubler

plate reinforcement.,
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_MECHANICAL PROPERTIES OF PLATES OF DIFFERENT
' THICKNESS. SEMI-KILLED STEEL U AS ROLLED
AT S - L B

Plate = Thick~ Upper Ultimate Elongation = Reduction

" No. 7 ness Yield  Strength in 8-in, of Area
) _ Point o ' '

in, pal _psi __per cen er cent
1 1 32,800 61,100 32.6 55,6
25 1/2 36,500 | 61,100 31.2 54,0
16 1/4 44,,100 65,300 29.5 50.9
17 1/4 44,300 65,200 29.4 51,7
18 1/4 45,100 65,800 29,2 50,8
19 1/4 44,000 65,900 28,2 51.7
20 1/4 44,700 66,000 28.4 49.5
21 1/L 44,500 66,000 28.6 50,2
22 1/4 43,800 65,600 28.9 49,6
23 1/4 45,400 66,100 30.4 49.8
24, 1/4 44,4800 65,800 29.3 49,6

Tensile properties are average of results of two tests of ASTM standard
flat tensile coupons.
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TABLE 2

DESCRIPTION OF SPECIMENS WITH 1/4-IN. BODY PLATE®

Spec. Opening Size of Percentage Cross-Section
No. Shape Corper Reinforcement of Area - Sq.in.
Redius : Reinforce- Gross Net
An, . ment
n Pl
1 None o 100 9.07  9.07
23 None - - - - 100 .14 9.14

Plates with U nforeed nings

2 Circular = = - - 0 9.21 6.92
3 Square 1/32 - - 0 9.18 6.82
A Square 1-1/8 - - 0 9.15 6.87
Plates with Openings Reinforced by s Face Ba
5 Circulsr = = 2"x1 /40 40 9. 11  7.76
6 Circular «~ = 11 /4" 37 9.15  7.25
7 Squere  1/4 rAD SV/AL 40 9.1 7.7
8 Square  3/16 1"x1 /40 16 9,02 7.13
9 Square 1-1/8 - 2nx1 /40 _ 40 9.13 T.7,
10 Square  1~1/9 . 11 /4n 16 9.15  7.22
Plates wit nings Reinforced a S le Doubler Flate
11 Circular - =~ 18"D,x1/4" 102 9.11 9.13
12 Circular = = 13-1/2"D.x1/4" 50 9.1,  7.99
13 Square  1/32 18"x18"x1/4" 104 9.17  9.21
1 Square  1/32 13-1/2"x13-1/2"x1/4" 51 9.1 8,02
15 Square  1-1/8 18"x18"x1 /4" 103 9.13 9,16
16 Square  1~1/8 13-1/2"x13-1/2"x1/4" 52 913 8,01
Plates with ngl nings Rq;nfgrceg by an Insert Plate
17 Circular =~ - 12-3/4"D.,x1/2" 39 9.1 7.7
- 18 Circular = = 10-1/27D,x1" 50 9.13 8,08
19 Square 1/ 15"D.x1/2" 33 9.04  7.55
20 Square 1/32 12-3/4"x12=3/4%1 /2" 39 9.13 7.7R
21 Square  1-1/8 15"D,.x1/2" 62 9,02 8,17
22 Square  1-1/8 12-3/4"x12-3/4"x1 /2" 39 9,04  7.66

# A1l tests made at room temperature.



TABLE 3
e s e LIST OF PLATES USED FCR
R e FABRICATI(N OF EACH SPECIMEN
Spec. —No._of Flate Used for
v No, Body Plate* — Reinforcement*
1 18
2 24
3 24
e 4 23
S 5 20 20
6 23 23
7 18 18
8 17 17
9 19 19
B 10 18 18
. 11 22 21
D i 12 . 22 21
o T, 13 21 21
R < hVA 20 21
R s 15 21 21
16 ) 20 21
17 e 16 25
18 22 10
T 19 17 25
LT ' 20 19 25
I : 21 17 25 .
no 22 - 19 25
Ao 23 16
.. % Mechanical properties of plates given in Table 1,
"""" Sketclies of epecimens in Figs., 2-5, inclusive.



TABLE 4
STRENGTH AND ENERGY ABSORPTION OF 1/4-IN. PLAIN PLATES AND PLATES WITH OFENINGS

-opecs __ _Opening _ Percentage Test. ____General Yielding _ -_ Ultimate Strength _  Energy Absorption —....
‘No, Shape Corner of Temp. Load Average Stress Load Average Stress in 1000's ,in-1b,
“e = "Ra@ius Relnforece« ~Deg. 1bg. patl 1bs, _psi To Ulti- To o
o dns ent Fe __..Gross Net Groas Net mate Load Fallure
1  Nome - - 100 81 380,000 & 42,200 42,220 588,500 65,390 65,390 4,018 5,2?6‘
23 None == 100 76 390,000 43,330 43,330 583,000 64,780 6,780 4,062 6,5’}6:‘;
2  Circular - = 0 76 291,500 32,406 43,200 2.40,000 '1.8',900 '7 65,150 1,136 1,161;'
3 Squre 1/ 0 72 292,000 32,500 43,250 357,500 139,800 52,900 338 53{3
L Square 1-1/8 0 78 292,000 32,500 43,250 421,000 46,700 2,350 7 899:_
5  Circular - = 40 74 | 324,000 36,000 42,500 517,000 57,400 67,800 '1,2’7'7‘ 1,420 \'h -
6 Circular - - 17 73 ‘321,,000 36,000 45,500 457,000 50,800 64,200 725 910
7 Square 1/4 40 75 322,000 35,800 42,230 397,000 ‘44,100 52,070 422 7%
8 Square 3/16 16 74 288,000 32,000 40,i20 1,500 43,500 54,950 44T 78O
9  Square 1-1/8 40 72 319,000 35,500 21,840 451,000 50,100 59,150 747 1,063'; ...
10  Square 1-1/8 16 75 313,000 3,800 43,930 467,000 51,900 65,540 1,214 1,504
11  Circular « - 102 75 360,000 40,050 40,050 555,000 61,670 61,670 1,358 1,569
12  Circular = = 50 73 331,500 36,900 42,100 488,000 54,200 62,000 7 983
13  Square 1/32 104 76 337,500 37,500 37,500 451,500 50,170 50,170 387 728




TABIE 4 (Cont,)

STRENGTH AND ENERGY ABSORPTION OF 1/4~IN. PLATN PLATES AND PLATES WITH OPENINGS

Spec, Coening Fercentage Test, Cenersl Yi-1<ing Ultimete Strength Energy Absorption
No, Shape Corner of Temp, Load Average Stress Load Average Stress. in 1000's 3in-lb,
- - Radius Reinforce~ Deg. 1bs. psi 1bs. psi To Ulti- To

in. ment F. Gropss _ Net Gross _ Net mate Load Failure
1,  Square 1/ 51 71 300,000 33,300 38,100 406,000 45,100 51,600 328 621
]:.5 Square  1-1/8 103 76 362,000 40,220 40,220 522,500 58,060 58,060 729 1,099
16 Square 1-1/8 52 73 360,000 33,300 38,100 487,000 54,100 61,900 779 1,154';5
; \ : | / o '
17 Circular = =~ 39 4 322,000 35,800 41,880 495,000 55,000 64,390 1,196 1,361
18 Circular = = 50 75 340,000 37,800 43,200 521,500 58,000 66,300 1,268 1,400
19 Square  1/32 33 6 301,000 33,400 39,660 362,000 40,200 47,690 229 548

.20 Square 1/32 39 7R 320,006 35,600 41,620 427,000 47,500 55,540 545 836
21 Square - 1-1/8 62 - 7 '-g...BO0,0'O_Q,.. 33,300 36,360 478,000 53,100 57,940 1,155 3!-,434

22 Squre . 11/8 % 73 319,000 35,500 41,490 437,000 48,600 56,80 600 o%

i s

e e 4 e



TABIE 5
EFFICIENCY OF PLATES WITH OPENINGS AS COMPARED WITH PLAIN PLATES

Spec. Opening Reinforcement _Efficiency Compared to Plain Plate = Percent
No, Shape Corner General Yielding Ultimate Strength Energy Absorption
Radius Load Average Load Averape To Ult. To

in, Stress Stress Load _ Failure

Plates with Unre orced Openings

2 Circular = = - $ 76 101 75 100 28 19
3  Square 1/ _— el 76 101 61 | - 8 8 9
Square 1-1/8 - 76 101 72 96 18 15
P;aieé !ith-ggenings Reinforced by a Face Bar
5  Circular - =  2"1/A" Face Bar 8 100 a8 104 2 24,
6 Circular - - 1"x1/4" Face Bar 84 106 "8 99 18 15
7  Square /4 2% /4" Face Bar 84 ©::99 68 80 0w
8  Square 3/16 | 1"x1/4L" Face Bar m 9% 57 84 11 13
9 . Square '~ 1-1/8  2'x1/4" Face Bar 83 ' . 98 o9 18 18 g
10  Square 1-1/8 1"x1/4" Face Bar g1 103 - g . 101 30 25
ates with Openings Reinforced a Single Doubler Plate
11 Circular - 18"Dx1/4" Doubler 94 % 95 95 34 26
12 Circular - - 13-1/2"Dx1 /4" 86 98 83 95 19 16

Doubler

- )Y -



TABLE & {Cont.)

EFFICIENCY OF PLATES WITH OPENINGS AS COMPARED WITH PLAIN PLATES

Spec. Opening : Relnforcement Efflciencz Cogpared to Plain Plate - Percernt
No,  Shape . Corner General Yielding ~Ultimete Stremgth Energy Abgsorption
o o "~ Radius Load " Average ‘Load  Average to Ult, . to
i L L Stress : Stress _Load _ Failure

g Reinforoed by a Single Doubler Plate .

ki

13 Square .. - 18"Sqexl /4N 8 -1 88 77 &, 10 12
e C " Doubler . ;
14  Square 1/32 . 13-1/2"Squx /4% 78 89 69 86 -8 10
. e c Doubler . _ _
15  Square 1-1/8 - 18"Sqex1/4" 947 994 -89 89 18 18
nE L Doubler ‘ .
16  Square 1~1/8 -13=1/2"Sq.x1/4" 78 89 83 95 19 19
: Cr Doubler e
lgtes with Qgg ggs Reinforced bv an_Insert Plgjg
~17 -~ Circular = = 12-3/4"Dx1/2" 84 98 84 99 30 22
_ Insert s E ' -
.18 Circular e = 10-1/2"Dx1" a8 101 29 102 .3 23
Insert . S : s o
219 Squire Y/32 15"Dx1 /2" Insert 78 93 . 62 73 6 9
20 Square 1/32 12-3/4"Sq x'1/2" 83 97 oML 8 e M e
.. . .. . Insert S ‘ : ,
21" " Square 1-1/8 15"Dx1/2" Insert 78 85. 7 89 . 29 25
75 87 . .15 16

22 Square_ . 1-1/8 12-3/4"Sq,x1/2" 83 97
S ... Insert :

-8~




TABIE 6

TYPES OF REINFORCEMENT GIVING THE GREATEST EFFICIENCIES FOR PLATES
WITH OPENINGS SUSTAINING COMPLETELY DUCTILE FRACTURES

Spec. Shape of Opening Relnforcement Percentage of _Efficiency Compared to Plain Plate-Per

No. Reinforcement Load at Ultimate Ultimate Energy
general Load Strength Failur
Yielding _
5 Circular 2"x1/4" Face Bar 40 84 88 104 24
10 Square, 1*x) /4" Face Bar 16 81 80 101 25
Rounded Corners
11 Circular 18"Dx1/4" Doubler 102 94 95 95 26
Plate .
12 Circular 12-1/2"px1/4" 50 86 83 95 16
Doubler Plate
15 Square, 18"Sq.x1/4" Doubler 103 94 89 89 18
Rounded Corners Plate
16 Squsare, 13=1/2"Sq,x1/4" 52 78 83 95 19
Rounded Corners Doubler Flate
17 Circular 12=3/4"Dx1/2" Ingert 39 8, 84 99 22
Plate
18 Circular 10=1/2"Dx1" Insert 50 &8 89 102 23
Plate :
21 Square, 15"Dx1/2" Insert Plate 62 78 82 89 25
Rounded Corners
Maximums for all Specimens 103 9 95 104 26
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TABLE 7

GENERAL YIELDING AND FRACTURES OF PLATES WITH OPENINGS

Spec. Load in Kips at Location of First Laders Lines,
No. First General First Ultimate First Crack, Maximum Unit
Luders Yielding Crack Load Strain Concentration, and Later-
Lil_le al Buclr]inn‘*
y H [
2 291.5 291.5 440.0 440.0 , Q/:-_\
i ‘ il
an
%H | ! \I 14
»;&F | 7’| >
3 220.0 292.0 3571.5 3517.5 | I
S
N
|
L)
4 2800 2920 4210 4210 1]
Ty I
5 324.0 324.0 517.0  517.0 , |
|
* Legend: w
® Max. unit strain concentration according to SR-4 gage readings.
<% Luders lines appearing before general yielding of specimen.
i{  Lateral buckling of plate in regions of compression stress.

Point of first crack.

Fractare.
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TABLE T (cont.) TABLE 7 (cont.)

GENERAL YIELDING AND FRACTURES OF PLATES WITH OPENINGS GENERAL YIELDING AND FRACTURES OF PLATES WITE OPENINGS

Spec. Load in Kips at _ Location of First Laders Lines, Spec. Load in Kips at Location of First Luders Lines,
No. First General First Ultimate First Crack, Maximum Unit No. First General First Ultimate First Crack, Maximum Unit
Luders Yizlding Crack Load Strain Concentration, and Later- Luders Yielding Crack Load Strain Concentration, and Later -
Line al Buckling* Line 2l Buckling*
6 324.0 324.0 457.0 457.0
15 362.0 362.0 522.% $22.5
fae |i
T 140.0 3220 397.0 3987.0 [T S,
L P 120 180
e REC
220 # 220 e q
16 220.0 300.0 487.0 487.0
40
S
8 6.0 238.0 280.0 391.%
B0 (L34
B 17 140.0 J22.0 495.0 495.0
3 180.0  319.0 4510 4510 P
;%TI‘O
r,
w"’s\' e
18 260.0 340.0 521.5 521.5
10 60.0 313.0 457.0 467.0
11 100 36805 5550 555.0 19 100.0 3010 3620  362.0 o
oo e 10
12 3315 3315 4880 4880 20 140.0 3200 427.0 4270 “i ot

‘220

21 100.0 300.0 478.0 478.0
13 331.5 337.5 440.0 451.5

il 22 60.0 318.0 427.0 4317.0

14 220.0 300.0 406.0 406.0




1/4=1In.
Plate

1/2-1n,
Plate

1-In,
Plate

Core Rim

Fig. 1. Microstructures of Typicel Plates of Kach Thickness Used for
Specimens., Gections Taken Parallel to Direction of Rolling.
Magnitication 2004, Nital Etch.
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!

Fig, 6. Typical Specimen Mounted in 2,400,000-1b, Testing Machine
and Ready for Testing.



AR-1 2
A-7 I
A~ |
A-I2 K

Fig. 7. Locatio of SR-4 Electric Strain Gages on Specimens with
Unreinforced Opeénings.
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Fig. 8. Location of SR-4 Electric Strain Gages on Specimens with
Opening Reinforced by a Face Bar.



Fig. 9. Location of SR-4 Electric Strain Gages on Specimens with
Opening Reinforced by a Single Doubler Plate.

Fig. 10. Location of SR-4 Electrie Strain Gages on Specimens with
Opening Reinforced by an Insert Plate.
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Energy to Failure, 1000’s In-lbs.
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Spec. No. 11. 18"D x 1/4" Doubler Plate

Circular Opening.

Spec., No. 13. 18" x 18" x 1/4" Doubler Plate,

Sgquare Opening.

Spec. No. 20. 12 3/4" x 12 3/4" x 1/2" Insert Plate

bquare Cpening

Fig. Th. Photograph of Rim of Opening which Bucrled Laterally during
Loading. Plates with Different Types of Reinforcement and

Opening.,
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Fig. 75. Comparison of Load and the Maximum Lateral Deflection of the
Buckled Edge of Opening in Plates with Openings.



Spec. No. 4

Fig. 76. Photographs of Plain Plates and Plates with Openings after Fracture
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spec, No. 10

Photographs of Plates with Openinzs

Spec. Ho, 11

after Fracture



Spec, No. 12 Spec. No. 13

Spec. No. 17

vpec. Ho. 16

Fig. 78, Photographs of Plates with Openings after Fracture,



bpec, No, 22

Fig. 79. Photographs of Plates with Openings after Fracture
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APFENDIX &
HEVIEW OF REFERENCES IN TECHNICAL LITERATURE
ON OPENINGS IN PIATES &

The analysis of the stress distribution and the streas concen-
tration in the region of an opening in a plate is a common engineering |
problem encountered in the design of many typea of structures. This |
problem has been the subject of many papers in the teéhnical litarature,
and this section of the report will very'hriefly describe the acope of the
more important papers. While this review of the tachnical literature has'
been rgther extensive, it does not presume to bave found all the aveile
able information of signiffcance. A bibliography of the references is
gilven at the end of this eppendix,

1, Mathematical Anamlyses of Stresses in Plates with Qgggiggg.

The analysis of the elastic stresses in plates with openings by
the methods of the theorf of elasticity has been almost entirely limited
to the solutions for plates of infinite dimensions and wniforn thickness
acted upon by uniform distributions of applied stress at the boundaries of
the plate. These limitations have been imposed by the mathematicel com-
plexity of the procedure required to develop sultable atresé functions
for the problem.

The simplest case of an openihg in a plate from the standpoint
of mathematical complexity is that of the infinite plate of uniform
thickness with & central circular opening, the pléte being sugjected to
uniforn uniaxisl tension. Kirsch (3) published an approximate solution

for this problem in 1898. The complete mathematical solution was given
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later by FBppl (4), Mesnager (5), ard Wyss (6). These analyses lead to
the well=known atreea—conoentration factor of three for the tension stress
at the edge of the circular opening at the polnts on the centerline transg-
verse to tho direotion of the applied stress. The raotor of three is
relativa to tha uniform tensilo stress, which is applied to the plate
along a section remote from the opening.

Inglis (7), wolf (8) Durelld and Murray (9, 10) _extended these
solutions to the case of an elliptical opening located in an infinite
‘piope‘of'unifofmrphiokooas. For a uniformly applied wniexial tensile .
stress on the plate, they found that the stress=-concentration factor at .
the edge of the 0pening 1ying on the tranaverae centerline varied from
one to three, if the major axis of the elliptioal opening were parallel
to the applied stress and from three to infinity, if the minor axis wers
parallel to the applied sireés.A'. _‘

Many of these solutions alsc treat the cases where pure shear
or combinations of pure shsar and direct stress are applied to the bound- .
aries of the plateg . L : .

1 The solutions for the case of a square opening in an infinite
plate of unoform thicknoss ere much more difficult. No “axact“ solutions
ware found to have been made, principally because of the difficulty of
oipr5551ng the anapa of 8 square openlng mannematxcaily. By approximating
a aquare 0pening by an ovalold with a very small corner radius, Greenspan
(11) foum the points of oaximum stress concentration in an infinite plate .
under uhiformly applied uni-axialistreas. If the pwo Bides of the square

opening were'parallel to the epplied stress, the four points of maximum -
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gtress concentration fell very élééé %b;tﬁé‘cornera of_the opening‘gnd on
the sides of the opening parallel to the applied stress. If the diﬁ-
gonal of the square opening were parallel to the ippiied stress, the two
points of maximum stress concentration were 1ocated at the corners of
the square opening lying on the transverse centerlina L .

The problem of the triaxial stress concentration on ‘th_e edge of
& circular opening in an infinite plate of uniform thickness was inveétiga-
ted by Sternberg and Sadowsky (12), who found that tfiaxial'stresaes need
to be considered only when the ratio of the diemeter of £he cir;ular
opening to the thickness of the plate im less than 30, | -

A very comprehensive coverage of the vafiaﬁé“theofetiéal gnalyaea
was published by Neuber (13). o

The effect of strains in the'plastié range of‘the meterial was
investigated by Stowel (}A). He found the stress and strainlconcentraiion
factors to be a function of the secant modulus 6f the material,

The one solution for a ;Slate" of finite width and uniform thick-
ness is that by Howland (15) for a centrally-located circular opening and
a uniform uni-axial stress applied in the infinite direction of the plate.
If r is the radius of the opening and b the halfiwidth of the plate, the
stress-concentration factor at the two points of the opéhing on the trans-

verse centerline varies from 3 to 4.32 as the ratio n[b changes from zero

plate on the transverse centerline varies frbm'0.99 to 0.73 as r/b changes

from 0.1 to 0.5.
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In all these analymes, the authors found z0nes of compresgive
stress adjacent to the edges of the opening which lay on each aide of the
tratsverse centerline, when the utrnas ‘was applied in the longitudinal
direction of the plata, and raported a stress in these regions ulmost as
great as 1in the regions of ‘teneile stress. lo mention was found of the
possibility of lateral buckling of the plate in the regiona of oompress-
ive stress if the thicknesa or the plate became sufficiently amnll

The effect of ® simple type of reinforcmenat around 8 circular
0pening in a plate of 1nfinite extent and of uniform thicknees exeept
for the reinforcsment was investigated by Gurney (16), Beakin (17),
Relssner and Morduchov (18). The applied stress on the plate could be
“uniform uniaxial or bisxlal stress or uniform shear. Gurney enalyzed
the case of a ring around the opening, while Beskin soclved th; nasaa.nf

“reinforcement by & ring, by a ‘rim and by the ring and the z-im combined.
" Both authors auppliad tables of valuaa to be used for atreas computation.
' The mathematical analyses of the effect of reinforcement upon

the elastic atresses in the region of the opaning point to several 1m—

t-"

'“portant factss
1. An increase in the amount of rﬂinfcrcemsnt decrsasss
the circumferentiql stress, but this dacrease is not

“prOpertaonal to the increase 1n the ampount of reinforcemant.
" 2. in incmsase in the amount of reinforcement increases the
maximm shear stress at the outer boundary of the reinforce-
ment, Thus, it is not possihle for reinforcement to de-.
velop in the plate with an opening the strength of a solid
plate.
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3. The cross~-section area of tha_reinforeemant on the trans-

m )
g

‘'verge centarline is more effective wpon .he !alnﬁ f the
AT stresses than the bending etiffoess of the | 1ﬁrorcament

at the same cross aection{ o
24 erifnen ete tion of raSsn tes wit . 25, '

Some experimental investigation of the stresses in platea with
openings has been carried out. Most of this work was concerned with the
verification of informetion obtained from the ;hsoretigal aoluéions.

Kirsch (3) and Preuss (19) myeagigai;ed plates of finite width
end uniform tnickness with a eentrally-located circular opeﬁing. For
uniformly applied uni=axial stress, they fo
the values derived-from experiment and those from theory. Preﬁss deter-
mined the effect of varylng the ratio of therdiamater of the“opening to
the width of the plate and foundrfaluaalpf the stresses which were in good
~ agreement with those cofmputed theoretically at a later éate by-walﬁnd
(15). Similar results were published by Hi11 end Barker (20) for plates
of various aluminum alloys. ‘- .‘7 l_

Anelysis of the stresses sround openinés by the photo-elastic
method was made by Durelli and Murray (9, 10), and Frbcﬁt (21) for the
caeses of the circular and the elliptical openings andlby Coker and Kimball
(22) and Hsyﬁans (23)‘fo;‘ths céag of the'square opening with rounded
corners, the two sldes of the square opening being parallél to.tﬁe applied
tension, Uni-axial stress was used ih theée 1nVestigatidna;

The stresses in stiffened steel compreasion members under uni-
axial stress were determined for aquare and rectangular openinga bv. Stang
end Greengpan (24, 25). Similar experiments on stiffened aluminum-elloy

penels in tension and in bending with eircular and rectangular Openiﬁgs
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.. were made by Farb {26) and Kubn, Duberg, and Diskin {27),

;... Goolt correlation With theorstical anslyses.was found in experi-

- mental dnvestigations of reinforcement ground circular openings in alum-

imm~alloy specimens by Kroll and McFPherson (28), Levy, Woolley, and Kroll
(29), and Griffith (30),:] GrAffith showed that the data for flat plates

~eould be applied to curwed: plates if the ratio-of the radfus of curvature

- of the latter to the radiusinf the opening was nbt less than four, The

other investigators raported- the lower limit of tiHis ratlo as six, while

‘Timoshevko (31) gives m-value of five, ' £

coEaa

Becanse of the  difficulty of measuring acchtrately the atrains

in the very small regions of high strain contentration,’ the maximum

- those predieted by theory. .Moreover, the plastic Tlow that occurred in

- these regions at low loads mmde satisfactory observations difficult.

One reference:was found orn the effectivenese of arc-welded re-

-, inforcement; an investigdtion of the strength developed by different.types

of reinforcement around circular and square opénings By the David Taylor

.. Model .Basin (32). " T O S
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