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WELDED R!?JNFORCEMEN1’OF OPENINGS TN
STRUCT~N~O~S—

1. SYNOPSIS

The purpose of this research has been the Investigation

of some of the geometric factors which affect the performance

of plates with reinforced openings, such as the shape of open-

ing, the type and amount of reinforcement, and the width and

thickness of the body plate. Some of the tests were repeated

at low temperatures to bring in the factor of cleavage frac-

ture. In the course of the project, a considerable amount of

work was directed toward determining the nature of the plas-

tic flow vhlch precedes the tnltiation of fracture and the

conditions which precipitate fracture. Specific recommenda-

tions based on the fln~ings of the investigation have been

made with respect to the design of openings and

forcement. Many of the results of the research

to welded structures in general.

their rein-

are applicable

The extensive test work required the use and development

of somewhat new research methods and techniques. The applica-

bility of Nadai’s octahedral strain energy method(14)v the

plastic stress computation(2,6), and the resistance-wire grid

system of measurements for plastic strain studies might be

mentioned as particularly useful.
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11. INTRODUCTION

1. ~ Q * oDening ~ Q structural pember. The

Introduction of an opening in a structural member under tert-

sion decreases its effectiveness by reducing Its net cross

section area and producing a region of stress concentration.

The purpose of the reinforcement Is the restoration to the

greatest possible degree of the characteristics of the member

which existed before the opening was present. Some of the

more important factors which must be considered in the devel-

opment of design standards for the welded reinforcement of

openings are:

a) Shape of the opening.

b) Cross section shape of the reinforcement and the

notches present in welded reinforcement because of

abrupt changes in section.

c) Deformability of the region around the opening as it

affects the action of the whole member as part of a

statically indeterminate structure such as a ship.

d) Mechanical properties of the steel.

e) Nature of the loading.

f) Low-temperature cleavage fracture.

This investigation has been concerned with the first three

factors which are related principally to the geometric shape

of the opening and its reinforcement.
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The load carrying capacity of a member containing an

opening can be made equal to that of the intact member by

restoration of cross sectional area through suitable rein-

forcement around the opening. Hovever, as this report will

show, only a fraction of the energy absorbing capacity in the

plastic range of a member is restored by such reinforcement be-

cause the reinforcement cannot improve the stress distribution

sufficiently to remove the stress raising effect of the open-

ing. The greatest capacity to absorb energy would exist in a

member in which all elements were stressed uniformly up to the

point where failure vould begin. A plain plate with parallel

sides loaded concentrically represents such a member. In con-

trast, an opening, because of its stress raising effect which

results in a nonuniform distribution of strain, prevents the

most efficient utilization of the potential capacity of the

material to deform plastically. The best that any good design

of reinforcement for an opening can assure is the recovery of

a fraction of the energy absorbing capacity of the plate vith-

out an opening. Since the tendency towards brittle fracture

at low temperatures is closely related to the capacity of a

structural steel member to absorb energy, the degree to which

good design can bring about this restoration is very Important

in certain cases.
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Another point to be considered is that the addition of

common types of welded reinforcement increases the thickness

and rigidity of the member around the opening and introduces

abrupt changes in cross section. It Is quite possible to in-

crease the stress raising effect of an opening by the addltlon

of reinforcement and thereby worsen the condition rather than

improve it.

Thus it may be seen that the design of an opening in a

structural member and the reinforcement therefor Is not a sim-

ple problem. It is one in which the deformation of the member,

as well as its abillty to carry stress, must be considered, for

only by adequacy in both of these respects can the member carry

its proper share of the load as a part of the structure and

have the capacity to absorb sufficient energy to prevent frac-

ture in the face of adverse conditions. The objective of the

design must be greater efficiency in transmitting the applied

forces through the member. Because openings in structural

members of all types, including the details of ships, have

been the source of many failures, it maybe assumed in this

problem that the only satisfactory design for an opening is

the one which provides the greatest ablllty to carry load and

absorb the energy of deformation.

The purpose of this project has been an Investigation of

welded reinforcement for openings in plate members to determine
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ways in which the design of openings and their reinforcement

may be improved. The factors vhich were varied were the body

plate thidcness and width, the shape of the openlng~ the type

and amount of reinforcement, and the testing temperature.

Forty-one large plate specimens, each having a centrally lo-

cated opening with or without relnforeementv and two plain

plates without an opening were tested. Most of these tests

were made at room temperature and resulted in shear fractures.

k few specimens were tested at temperatures sufficiently low

to produce brittle cleavage fractures. Since failure occurs

subsequent to general yielding of the material, an investiga-

tion of the plastic deformation which preceded fracture was

carried out to establish the manner in which this deformation

was related to the geometry of the specimen :xnd”the testing

temperature.

While a considerable amount of research was accomplished

in the course of the project, it did not lessen the need for

more work in the future because this problem is a large one

and only few variables have been investigated--and none of

these exhaustively.

Detafled descriptions of these tests in previous prog-

ress reports and papers(l--6)~ listed In the Referencesv have

been summarized in this final report. The reader is directed

to these references for information not presented hereln$ such
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as additional data, the method of testing, and the theoretical

methods of analysls.

2. &fx!wQba ckground & ~ Drobhsm. The problem of

openings In plates has been dealt with In a number of papers,

and solutlons(7--12) are available for the elastic stress dis-

tribution for cases exactly the same as or similar to those

investigated here. These solutions assume plane stress condi-

tions, which actually are not reallzed or even approached in

the case of many types of reinforcement, especially those with

an appreciable vldth in the dfrection of the body plate thick-

ness. The assumptions made in these solutions concerning the

interaction of the reinforcing ring and the body plate are

also important. For example, vhen the reinforcing ring be-

comes sufficiently rigid, it begins to act In the manner of a

‘15). In th%s experimentalrlgld inclusion in the body plate

investigation no particular correlation was found between the

parameters developed by the theory of elasticity and the ulti-

mate strength and energy absorption to maximum load of the

plates with openings.

Theoretical analyses based on the theory of elastic-

ity have shown that reinforcement of an opening in a plate

cannot restore the strength to that of the prime plate. Re-

cent analyses based on the theory of plasticity ind5.cate

that yield strength can be re-established with well designed

reinforcement provided that the material Is ductile.

.
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Only a small number of theoretical solutions are available

for the problem of

of its difficulty.

essary to permit a

the reinforced openingy primarily because

The simplifying assumptions sometimes nec-

solution for this case often impair the

usefulness of the solution.

111. TESTS OF PLATES WITH OPENINGS

1. Specimen material ~ fmecimens. All specimens were

fabricated from the same heat of plain carbon semlkllled steel,

a grade meeting ASTM Designation A 7-b9T, in the as-rolled con-

dition and called ‘Steel U as-RolledW In this report. Plate

thicknesses of l/k, 1~2, 3/%, and 1 inch were used. Their

mechanical properties are shown in Table 1. The plates used

in the fabrication of each specimen are llsted in Table 111.

The transition temperature as determined from one plate of

each thickness was as follows:

Plate Tear Test Temperature for Average
Thickness Transition 15 ft-lb Energy ASTM Grain

Temperature (Charpy K~;hole Test) Size
Inches OF

1/% -40 8

1/2 40 6

1 120 5

-24



TABLE I

MECHANICAL PROPERTIES OF PLATES OF DIFFERENT THICKNESS, SEMIKILLED STEEL U AS ROLLED

Plate Thick. Temp. Used Direction Tensile P
No.

Pro
ness of for

er ties Tear
of ‘Test, Upper imate Elong. Reduction

Tensile Spec.
poisson’s Test

parallel ~~;~~ Strength in 8 in* of Area R;::;i:n Trans.
Test No. or Trans- Temp.

verse to Range
Rolling

In. OF psi psi per cent per cent OF

Room Tem~. Tests
1 1/2 Room 35 P 36,600 62,400 28

Temp.
56 0.45

3 1/2 69,70 P 34,900 61,200 33* 62 0.47

4
T

1/2
38,100 62,6oo

38
3(3* o.b5

34,900 60,200 32*
;

40
35,200 61,500

5 l/2 P 61,9oo 2;

g

49%671 P
39,900 +

6*+ 1/2 38,800 59,500 27 43

10 1

;; 1A

1/%

1/4;73 1/%
1

55,56,70,71 p 32,800 61,100 33 56

32,34,99 P 44,200 63,400 28 45
17,23,31 44,100 65,300 29
8,19,21 :
1,7,10 P ::% %$E

z
;; 51

120

-40

* Percentage elongation in 12 inches where noted.
** Tensile ~pecimen -...-’+:from normalized sample out of permanently strained specimen.
t Tensile specimen broke outside of gage length.

All tear test specimens of full-plate thickness. Chemical Composition

cM.n P s Si. Ni Cr CU Mn/c

0.22 0.47 0.010 0.028 0.05 0.07 Tr. 0.066 2.14

.
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TABLE I (Cont.)

MECHANICAL PROPERTIES OF PLATES OF DIFFERENT THICKNESS, SEMIKILLED STEEL U AS ROLLED

Plate Thick- Temp. Used Direction Tenstle Pro P
No.

er ties Tear
ness of for of Test, Upper Ultimate Elong. Reduction Poisson’s Test

Tensile Spec. Parallel Yield Strength in 8 in* of Area Ratio in Trans.
Test No. or Trans. Point Plastic Temp.

verse to Range
Rolling

In. OF psi psi per cent per cent OF

19 1A Room 9,20,22 P kk,000 65,900 28
Temp.

52

20 1/4

I

5,14,16 44,700 66$000 28
1/4 13,15 :

$; 11,12,18 P Cj% %$% $? so
g

:2 ;; 4,6 P 4 400 66 100
d;800 65:800 z;, $

+

P
25 1/2 5;19 36,5o0 61,800 A
26 1/2 37,55 ; 36,900 61,800 ;;* 62

T
0.48

36,5oo 61,1oo 31* * 0.46

Low Temperature Tests

1 1/2 -46 96 P
3 1/2 -46 71

1/2 -46 ;
4 1/2 -20 38 P

-20 T

24 1/4 -46 P

42,300 69,900 23* 51 0.48
4%,300 70,900 29* 0.50
43,900 72,000 :$ ;.%
42,5oo 68,5oo 3$* 60 40
38,900 64,100 t 50 0:46

55,100 73,600 28* 50
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TASIE II

OESORIPTIONOF SFSCIMINS

>6” X l./iJ m PlainPlates(Noom~

100 9.07 9.07
9JJJ 9.l&

Y“ x @ -t8S withunreinforced@exli.u!s

circular o
square l/32

9.21 6.92
0

square
9.18 6.82

l-lJ8 o 9.s 6.87

36”X l/ 2n PlateswithUnreinflnwedopenings

square l-I./8 o Mow 1.3so
square 1-J/8 o 18.00 u .50
Square l-Y/8 o 18.oo 1.3.50
circular o 18.00 1.3.50
Square 3./32 o
square

18.00 1.3.50
l/32 o 18.00 33.50

3681
36 76

36 76
3p2

78

36 76
36
36 -J
3J ;:

36-46

1! ~ @ PlateewithOPeninsaReinforcedbyal’acek

circular 2 xl/L Ilo ;:%
circular

7.76 36 ‘h
lx l/11

Squara zx~h
725 36 73

::
square ;j!6

7.72 36 75
lx l/11 16 ;:% 7.13 36 %

Square 1-148 2 xl/11 Lo 9.3.3 7.7L 36
Square l-1/8 lxti

$ ;:2
7.22 36 ;

Square l-1/8 2X*
Square l-L/8 lx l/11

7.i’~ 36 -h6
16 9.00 7.22 36 46

b~ x 1/2”Pkt8s tithOPSningsReinforcedby a FaceS@

Squars l-1/8 2 xl/2 33 211.32 21.ti li8
Square 1-~8 2XV2 33 2h.32 21.2h lJ8 &

SeeFig.1 forlocationof gagelengthand dicmsionsof bodyplate,and
Fig.2 fordetaileof reirforeement.
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TABIE II

DESCRIPTIONOF SPECIWZNS(Cont.)
.

‘K”~ Fle&%2&d G“2 Arm

- Croas4ecticm Osga Teet

Rsdiue Reinf. Bross

.

36”X fi w Plateewithmm s Reinforcedby a Single DoublerPlate

l-l circular 1811Dx 1A IQ 9*U
1.2 C1.rcular @D X l/h

9*13 36
9.lh 7.99 36

13 y32
!?

12
u $Z l!3z

9.17 931 36 76
# : axx%l & ;.$ 8m? 36

15 Square 1-1/8 18x18 xl/11
32 square

916 36
1-1/8

g.% 36 J6
18x18 xl/li

16
103 :

square 1-1/8 @ X 13; X l/b 52 ;.: 8:o1 36 73

h@ x l/2”plateswithOpen.iwsReinforcedby a Single ‘oubler Plata

Q

52

17
18
19
20
21
4
22

;;A
56
70
71

85

Scpalw 1-1/8 18x18 xl/2 96 24.17
Square M./8 Mx18x l/2 96

::.: &
21J.00 .

n X l/lin titi8 withmm s Reinforcedby an InsertPlate—.

Circular ‘.:2$@Dxxl~ 39 9Jl
circular

7.71 36
so

~32
9.13 8.08 36
9.04

2E I& 12-3X&&/2 : ;.g
7.55 36

square H/8
7.72 36

. 0.17 36
Square l-1/3 8.17 36
square 1-I/8 12-3~@-&2 ; ;:% 7.66 36

b~ X I@ PL3teswithORC@W s Reinforcedby an InsertFlata

Square 1-I./8 1.5DX 1,/2 23.63
Square

22.09 !48
1-L/8 15DX @ % 23.58

Square 1-1/8
22.10 L8

66 2L.00
square

22.09 48
l-lJ8 12-3??-y& 39 21J.cm

Square
21.38 JJ8

1-1/8 1.2-3/lJiL2-3/hxI 39 2fl.oo 21.38 L8

36”x I./LnplatewithopeningReinforcedby a combination
of FaceSarend InsertPlata

Sqwe 1-I./8 78 9.OO 8.50 36
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TABLE III

LIST.OF PLATES USED FOR FABRICATION OF EACH SPECIMEN

.

.

Specimen
Number

Plate Number Used for
Body Plate* Reinforcement

18
;

--
24 --
24 -.

15
16
17
18
19
20
21
22
23
31
32
34
37

:~A

23
20

;$
21
20
21
20
16

--

21
21
21

:;
10
25
25
25
25

10 --
16
15
15
26
4
1.

$! +
6

51
6
6

%
5

55A
26

56
25

69
5

;:
;

85 1?
95 --
96
99 1;
*Mechanical properties of plates are given in

Sketches of specimens are in Figs. 1 and 2.

21
21
26
--
--
--

25
25
25
26
10
10
10
.-
10

11:01
--

21

Table 1.

.
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The details of the specimens, including the size of the

body plate, the shape of openlmg, and the type of reinforce-

ment are given in Figs. 1 and 2 and Table II. Three sizes of

body plates were used: 36-in.by l/h-in., 36-in. by l/2-in.,

and lt8-in.by l/2-in. The edges of the specimens were flame

cut and ground smooth. The relmforcement was welded In ac-

cordance with U. S. Naval General Specifications, Appendix 5

(IVavships451). The electrodes

No specimen was tested until at

welding was completed.

2. Method ~~. All

met AWS Speclficatlon E-601o.

least seven days after the

specimens were loaded as shown

in Fig. 3 In a 2,1tO0,000-lb.universal hydraulic testing ma-

chine with their longitudinal centerline parallel to the roll-

ing direction of the plate. Three types of gaging were used

on all specimens to make the following measurements: the over-

all elongation by slide-wire resistance gages on a gage length

equal to the width of the plate and straddling the area of the

opening~ the strains in the elastic range on one quadrant of

the plate by SW% strain gages, and the temperature of the

plates by thermocouples. The deformation in the plastic range

of an area containing the opening was intensively studied in

the case of seven plates(2,4). The elongations were measured

by a slide-wire gage grtd system specially devised for those

tests. The specimens for the low-temperature tests were
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enclosed in an insulkted bag through which chilled alr was

circulated to bring the temperature of the plate to as low as

-lt60F,as shown in Fig. 3.

3. Deflnitio~ ~ termlnolo~. Some terms used In this

report are defined below. The elongations measured over a

gage length eq~l to the plate width at five points across

the width as shown in Fig. 1 were averaged to give the aver-

age elongation. The term ‘load at general yielding of the

speclmens~lrefers to the load at the Point where a definite

elbow appeared in the plot of the total load on the plate

against the average elongation. The area under this curve,

or any port%on of It, represented the energy absorption of

the specimen up to the point under consideration. Two val-

ues of the energy absorption have been reported, the energy

to ultimate load and the energy to failure.

The ultimate load (the maximum load sustained by the

specimen) was divided by the original net cross section area

of the specimen to give the maximum average net stress or ul-

timate strength of the plates. The three shapes of opening

are referred to as circular, square with rounded corners, and

square; and the plates without openings as plain plates.

The unreinforced plates with openings were considered as

having zero percentage of reinforcement. For reinforced plates

the percentage of reinforcement was computed as the ratio in
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~~eretheenergyto ultimate loadis slightly larger t,han the energytofailure, t~- differer,cerepresent
elasticrecoilof thesw cimenduringfracture.

* .
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TABLE V

NATURE OF FAILURE IN SPECIMENS
‘

Spec. Shape of Per Cent Test Fracture Per Cent Location of
No. Opening Reinf. Temp. Cleavage Shear Unbroken Final Fracture

Plain Plate (36,1~ 1~11)

100 81 0 76 24
100 76 0 70 30

Plates with Unreinforced ODening (36,1~ 1~11)

Circular o 76 0 80 20 Through Opening
Circular o 72 0 60 40 Through Opening

(Corner)
Square R.C. O 78 0 59 41 Through Opening

Plates with Unreinforced Opening (36!1~ l/211)

Square R.C. O 76 9 46 Through Opening
Square R.C. O 0 8; 13 0 Through Opening
Square R.C. O -20 91 Through Opening
Circular o 76 0 6; 3; Through Opening
Square o 89 11 Through Opening
Square o -<: 10: 0 0 Through Opening

Plates with Ouenings Reinforced W a Face Bar (36,,~ l/@l)

Circular 40 74 0 42 Through Opening
Circular 73 0 2;
Square :: 75 0 59 t: :%%: %&ng
Square 74 0

& K
38 Through Opening

Square R.C. 72 0 56 Weld to Rein.
Square R.C. 16 69

-{2
31 Through Opening

Square R.C. 40 9; o Through Opening
Square R.C. 16 -46 75 2? o Through Opening

plates with Openin~s Reinforced by a Face Bar ($8” x 1/2”]

Square R.C. 33 70 77 23 Weld to Rein.
Square R.C. 33 -20 9; 1 0 Through Opening
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!M3LE V (Cent.)

NATURE OF FAILURE IN SPECIMENS

.

Spec. Shape of Per Cent Test Fracture Per Cent
no.

Location of
Opening Reinf. Tetnp. Cleavage Shear Unbroken Final Fracture

Plates with Openings Reinforced by a Single Doubler Plate (3611~ 1/4,1)

11 Circular 102 ;: 58 42
12

Through Opening
Circular 50 : g

13 Square 104 76 0 2: %%:::;%::

lk Square 51 71 0
(COrner

50 50 Through Opening

15 Square F,.C.103
(COrner)

65 35 Through Opening
32 Square R.C. 103 .?; 6; 22
16

Through Opening
Square R.C. 52 73 0 55 t; Through Opening

Plates with Openinps Reinforced by a Sinple Doubler Plate (48” x 1/2!’)

51 Square R.C. 96
52

81
-::

19 Weld to Reinf.*
Square R.C. 96 10: 0 0 Through Body

?late*

Plates vith Openings Reinforced by an Insert Plate (36,1x l/4,1)

17 Circular g: 74 0 Through Opening
18 Circular 75 0 E
19 Square 33 76 0 Y+ $ E;:; %%::

20
(COrner)

Square 39 72 0 62 38 Through Openicg

21
(Corner)

Square R.C. 62 77 0 66 34 Through Ope~ing
Square R.C. 39 6~

;$ -{;
33 Weld to Reinf.

Square R.C. 62 9: 00 Through Opening

Plates with O~enin~s Reinforced by an Insert Plate (48!1x 1/21))

55 Square R.C. 66
55A Square B.C. 67

5; $; ?:” TSrm3hrOpgh;,f3penLng~
& 21 Through ope~~~g

56 Square R.C. 66 -46 l.~oo o 0 Through B~dy
‘. Plate

Square R.C. 39
g -:2

50 49 Through O>ening
Square P,.C. 39 I& o 0 Through Operiing

Plate with Opening Reinforced by a Combination of Face Bar
and Insert Plate—— .——-c 36,!x 1/4,1)

85 Square R.C. 78 76 0 67 33 Weld to Eody
Plate

*Initial failure in pulling plates. Spec. No. 51 reloaded after
3 days, Spec. No. 52 after 9 days, and Spec. No. 55 after 10 days.
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per cent between the additional net cross section area added

to the unreinforced specimen and the cross section area of

the material removed from the body plate by the opening. Thus

a reinforced plate with a net cross section area equal to the

area of the plain plate would have a percentage of reinforce-

ment of 100 per cent.

The percentage of cleavage or shear In the fracture was

taken as the ratio in per cent of the cleavage or shear por-

tion of the actual cross section, including any unbroken part,

of the specimen along the fracture line.

4. General behavior _ ~ ~ fracture of DlateS

w- oDenlni?s. A detailed description of the results of these

tests has already been presented in the previous progress re-

ports(l--6). Accordingly, only a summary of the data is in-

cluded here.

A comparison of the applied load and the average elonga-

tion on a gage length equal to the width of the plate is shown

for all tests in Figs. 4 and 5. A summary of the more impor.

tant data and a description of the failure are given in Tables

IV to VIIj lncluslve, and Figs. 7--18. The results of the

tests and their significance will be discussed in the subse-

quent sections of this report.
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Iv. BEHAVIOR IN THE PLASTIC RANGE OF PLATES WITH OPENINGS

1. Theoretical elastlc stress distribution. For purposes

of comparison with the plastic stress distribution determined

for certain specimens, the elastic stress distribution was

computed by theory wherever a solution was available for a

case slmllar to or the same as that of the specimens being

tested. The results are presented in Fig. 6 In the form of

elastic stress concentration contours. This figure Indicates

three important facts: first, that for those cases where the

ratio of the width of the plate to the diameter or width of

the opening Is greater than about four, the solution for a

plate of infinite width gives satisfactory results; second,

for all practical purposes the shape of the opening affects

the elastic stress pattern only in the vlclnity of the open-

ing; and thiray the elastic stress concentration factor for a

circular opening is 3.00 and for a square opening with a cor-

ner radius one-eighth the width of the opening 3.09. These

facts are in accord with St. Venantls prlnclple.

In the plates with a single doubler plate relnforcement~

the SR-ltreadings indicated a second peak of stress concentra-

tion In the body plate adjacent to the outer edge of the dou-

bler. The theoretical stress distribution for an Insert plate

In Fig. 6 shows such a point.

2. Plastic stress distribution in ulates with openin~s.

The stresses in the plastic range of the steel were computed

from the measured strains fn the specimen by the tangent





modulus method of

vestigatfon. The
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stress analysis(2~6) developed by this in-

plastic stress concentration contours and

distributions in Figs. 7 to 10, inclusive, give the ratio of

the true stress at any Point in the y-direction (the direction

of the applied tension) to the uniform true stress on the

~ =-a of the specimen in a region remote from the oPen-

ing.

The transition from the elastic to the plastic stress

state brought about no significant change in the general na-

ture of the stress pattern but only in the relative values of

the stresses themselves. As the load on the specimen was in+

creased to the maximum, or ultimate load, there was a tendency

for the plastic stresses across the section to approach uni-

formity, that is, for the specimen to develop a more efficient

manner of carrying the stresses than existed in the elastic

range. This trend towards a leveling out of high stress con-

centrations and consequently more nearly uniform stress dis-

tribution was most pronounced in the specimens with the lower

elastic stress concentration factors. These tests showed why

it is desirable in the design of openings and their reinforce-

ment to remove causes of stress concentration to the greatest

possible degree. When a severe stress raiser was present,

plastic stress gradients around the opening were steeper.

design by reducing stress concentration results in a more

the

Good
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SP6C. No, 7,, .4,.,

FIG 8. PL,iST,C STRESS-CONCENTRATION CONTOURS IN y DIRECTION FOR

REINFORCED PLATES .S DETERMINED FRoM MEASURED STRA,N9.
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efficient plastic stress distribution and thereby a higher

ultimate strength and energy absorption.

3. Plastic ener~ydlstrlbutlon In Dlates witQ ODeniIW?S.

The unit strain energy distribution in the vicinity of the

opening was computed from the measured strains In the speci-

(14)mens by the octahedral theory of A. Nadai . Contour maps

showing the unit energy distribution in the plastic range ap-

pear in Figs. 11 and 12.

It is interesting to point out that the contour llne for

the average unit energy absorption (the total energy absorp-

tion In the gaged area divided by the volume of the specimen

within that area) fell in almost the same location In each

plate as the contour ltne for unit stress concentration for

both the elastic and the plastic stress states. Also, the

higher values of the unit energy absorption appeared in the

same area of the specimen where the higher values of the elas-

tic and plastic stresses occurred.

These few tests appear to indicate that one principal

function of the reinforcement Is that of reducing the spread

between the maximum and the minimum values of the unit energy

absorption. In respect to the unreinforced plates, Fig. 11

shows how decreasing the severity of the notch reduced the

concentration of high values around the corner of the open-

ing and caused a more nearly uniform distribution of the en-

ergy. Here again the Importance of using generous notch
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Sr’m NO, ,, .46.,.

FIG, 12. UNIT STRAIN ENER6” CONT~ AT UJIM?.TE W4D FCM RElNF0i7cED PLATEs
AS CHERMINED mm MfAWRED STR,ams.
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radli in design was Indicated. Similar statements could also

be made concerning the plastic stress distributions shown In

Figs. 7--10.

It was found(2’6) that the unit plastic energy absorption

at any gtven point in the specimen Increased in accordance

with the empirical equation,

where e is the base

merical quantities,

tity A was found to

variable was B, the

u _ eA+BP
Y

of Maperlan logarithms, A and B were nu-

and P the applied load. The small quan-

remain abost constant. The significant

slope of the semi-logarithmic curve relat-

ing u and P. From semi-logarithmic plots of u against P for

each of the many points OT the grid system on the surface of

the specimen, the values of B were obtained. A similar semi-

logarithmic plot with respect to the average unit energy ab-

sorption UAV for the entire gaged area gave the average value

of B, or BAV. The ratio $ has been called the relative rate
Av

of increase of the unit energy absorption. Maps showing the

contours of equal values of this ratio appear in Figs. 13 and

14. The fact that the experimental data were amenable to such

a rationalization indicated that

oped In a systematic and logical

specimen as the load increased.

the energy absorption devel-

manner at all points of the
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AppliedLoad. ReinforcedPlates.



-39-
.

4. Effect ~ testing temperature uDon the plastic stress

and ener~ distribution. The plastic stress distributions in

Figs. 7 and 8 and the plastic unit energy ~istributlons in

Figs. 11 and 12 were examined by the application of statisti-

cal methods for the purpose of determining whether they could

be correlated with the mode of fracture in any way. In each

of these plots are shown the results for duplicate specimens

tested at two different temperatures--one selected to produce

shear fractures and the other predominately cleavage fracture,

Specs. No. 37 and 38, and 95’and 96, and 70 and 71. It was

found that in the plates with the latter mode of fracture the

higher plastic stress and unit energy values were concentrated

more closely around the opening than in the plates with the

former mode of fracture; that is, the plastic stress and en-

ergy gradients were steeper. Cleavage fracture was accompa-

nied by a less efficient stress and energy distribution than

shear fracture. Moreover, this effect of testing temperature

on the behavior of two identical specimens suggests that tests

resulting in shear fractures cannot be used to give reliable

predictions of the probable results of low-temperature tests

whfch produce cleavage fracture.

5. Conditions for the initiation & fracture. In these

tests it was observed that the fracture was initiated at the

max%mum, or ultimate load, whether it was of the shear or

cleavage type, and in the region where the maximum values of
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the true stress, unit energy, and unit strain were observed.

The highest elastic stress and first Luders line were also

found tn this region.

The experimental data were examined for Information which

might describe the conditions under which fracture was fniti-

atedj such as the maximum true stress, the maximum unit energy

absorption, and the maximum unft strain. It should be pointed

out yith respect to these maxima that the use of a grid system

of l-in. gage lengths may have resulted in small errors in de-

termining the exact location or the true value of the absolute

maximum, which always occurred near the boundary of the open-

ing.

A considerable variation of the maximum true stress was

observed in the seven specimens, the range being from 68.5 to

105.0 ksi. However, when the maximum plastic stress concen-

tration factor was computed, the relations shown in the upper

two diagrams of Fig. 15 were found. The stress concentration

factor was always maximum in the elastic range, decreased as

the plast%c stress or load level increased, and approached a

constant and also a minimum value as the ultimate strength of

the plate was reached. This observation suggests that perhaps

the low energy cleavage fracture of some welded members, 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 sufficient reduction In the

plastic stress concentration factor.
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The maximum unit nominal strains observed in the specimens

plotted in the middle diagrams of Fig. 1S, and the maximum

unit energy absorption In the lower diagrams.

While the plots in Fig. 15 show that certain of the maxi-

mum properties of the specimens followed a consistent relation,

they also indicated that no single numerical value of any one

of these properties could be used to predict the imminence of

fracture. While the geometry of the specfmen was an Important

factor in determining failure, other factors, such as the test-

ing temperature, the mechanical properties of the steel before

and after permanent deformation, and undoubtedly the many small

stress raisers produced during the fabrication and welding of

the specimens were also significant. The common theories of

failure are related only to the geometry of the specimen.

6. Effect of the shape of the onenin~ uDon the PrODertleS

of the ulates with ouenin~s. In these tests it was found that

the most Important factor affecting the properties of the plates

with openings was the notch severity of the opening, which de-

pends primarily upon the notch radius. The notch acuity was

‘oexpressed in terms of the ratio, ~-v where RO is the half-

width of the opening and RN the radius of the notch. The rela-

tions of various properties of these plates to this ratio are

shown in Fig. 16. All the specimens in these plots sustained

shear fractures.
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The average net stress at general yielding dld not appear

to be affected by the notch acuity to any appreciable extent.

‘oHowever, an increase in the ratio, ~-Y ~hlch amo~ts to an in-

crease in the notch severity, reduced the ultimate strength,

the energy absorption to ultimate load, and the elongation to

ultimate load in a manner which was llnearly related to the

logarithm of this ratio. The variation within the scatter

bands in these plots represents the effect of the percentage

of reinforcement and the geometric shape of the reinforcement.

In general, it was noted that the plates which developed

the higher ultimate strengths absorbed the most energy.

7. ~fect of thepercentaf?e ~ reinforcement ~ ~

properties of the Dlates wlt~ oDenin~s. The effect of the

percentage of reinforcement upon the properties of specimens

sustaining shear fractures Is shown in Fig. 17. A slight

downward trend in the average net stress at general yielding

and the ultimate strength and an increase in the ultimate load

was found as the percentage of reinforcement increased. The

load carrying capacity of the plates was increased by adding

more reinforcement, but this improvement was accompanied by a

small reduction Ln the ultimate stress carrying capacfty of

the plate. Thus the Increase in load carrying capacity was

not commensurate with the added amount of reinforcement. Ho

significant change in the energy absorbing capacity of the

plates was brought about by increasing the percentage of rein-

forcement.



-45-

70

50

45 1 J
Omaeom Iw

FERCENT OF REINFORCEMENT PERCENT OF RE!NFORCEWNT

FIG. 17. EFFECT OF PERCENTAGE OF REINFwcEMENT UPW PROPERTIES OF PLATES WIT” OPWOIKS



-46-

Flg. 17 shows the general trends for all the types of

reinforcement. There existed for each type of reinforcement

an optimum percentage below which the p~ates failed through

the opening. Above this optimum percentage the reinforcement

tended to act as a rlgld inclusion in the body plate, and

failure occurred by shear in the weld jotning

of the reinforcement to the body plate. ThlS

failure resulted in somewhat

sorption.

This optimum percentage

reduced strength

of reinforcement

for each type of reinforcement. For example,

the outer edge

latter mode of

and energy ab-

was different

It was around

35 to 40 per cent for a face bar, 95 to 100 Per cent for a

single doubler plate, and somewhere between 30 and 60 per

cent for an insert plate. These values are tentative inas-

much as an Lnsufflclent number of tests were made to estab-

lish these values more deftnltely. However, they indicate

that the doubler plate type of reinforcement would be most

efficient for the higher percentages of reinforcement.

8. Effect of the peometric shaDe of the reinforcement

upon the pro~erties of Dlates with oDenin~s. The previous

section showed that the optimum percentage of reinforcement

varied for the different types of reinforcement. The reason

for this variation was found to lie in the geometric shape of

the cross sectfon of the reinforcement, principally its width

in the direction of the thickness of the body plate. Since
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the solutfons by theory of elasticity for the reinforced open-

ing assume plane stress conditions and therefore do not fit

the actual problem, it was necessary to develop an empirical

parameter which would express the “shape factorflof the rein-

forcement. The square of the radius of gyration (the moment

of inertia of the net section of the specimen about the trans-

verse centerline of the plate divided by the area of the net

section) was found to be a suitable parameter and wI1l be re-

ferred to hereafter for brevity as k2. Various properties of

the plates with openings are related to it in Fig. 18.

The average net stress at

the value of k2 Increased to a

which range the tri.axlalltyof

the reinforcement was maximum.

rigidity of the reinforcement,

general yielding decreased as

value between 20 and 30, in

stress Induced by the width of

For higher values the greater

which tended to make It act as

a rfgid Inclusion, increased the yield stress somewhat.

The relations of the ultimate loadv the ultimate strength,

and the energy absorption to ultimate load to the parameter k<

were similar in nature. For the plates with the square open-

ing and the square opening with rounded corners, there was an

optimum value of kd, and the plotted points corresponding to

higher values of this parameter represent those plates where

fracture occurred In the weld at the outer edge of the rein-

~orcement or in the body plate. However, no such failures

took place In the plates with a circular opening$ and for
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thls shape of opening no significant drop-off in strength or

energy absorption was found for the higher values of k2.

Thus this empirical parameter, the square of the radius of

gyration of the net section of the plate, appeared to de-

scribe adequately and consistently the effect of the geomet-

ric shape of the reinforcement upon the ultimate properties

of the plates.

There is good reason to believe that this parameter would

be equally applicable to cosmings, hatch corners, and other

similar details.

The data of these tests were combined with the data of

other tests of plates with reinforced openings(16) inFlg. 19.

Unfortunately, only the ultimate strength, and not the energy

absorption of these latter tests, was recorded. A correlation

similar to that in Fig. 18 was found here for the efficiency

with respect to ultimate strength. In the Model Basin tests

plates with square openings and values of k2 larger than the

optimum value almost failed in the weld at the outer edge of

the reinforcement or In the body plate. Moreover, plates wfth

a circular opening and a value of k2 almost seven times the

msxlmum value for any specimen tn the present tests showed

only a slight reduction in efficiency with respect to ultimate

strength. This last observation suggests the possibility that

it would be difficult to make a poor design of reinforcement

for a circular opening. Again the extreme importance of the
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shape of the opening ts evidenced. Contrariwise,

severfty of the opening fncreases, the likelihood

as the notch

increases of

loslng some of the capacity to carry load or stress and absorb

energy because of too much rigidity in the reinforcement in

the direction of the thickness of the body plate.

9. Overall ductilit~ ~ the Dlates with oveni.ngs. The de-

gree of ductility attained by the different specimens is sum-

marized in Table VI. While the average unit strain to ultimate

load in the plain plates exceeded 21 per centy it ranged from

approximately 2 to U. per cent In the plates with openings.

Most of the values fell between 2 and 6 per cent. The strain

raising and ductillty reducing effect of an opening In a struc-

tural member was made quite apparent by these tests.

10. Efficiency of the ulates with oDeninvs.

of the reinforcement is that of restoring to the

sible degree the properties of the plain plate.

the value of some particular property of a plate

One purpose

greatest pos-

The ratio of

with an open-

ing to the similar value for a plain plate may be called the

efficiency with respect to the property under consideration.

Thfs ratio expresses the degree to

restores the qualities which would

Table VII lists the values of

which the reinforcement

exist in the pla%n plate.

the efficiency of the vari-

ous 36-in. by l/%-in. plates with openings. The average of

the values for the two plain plates was used as the basis for

each comparison. All the specimens in this table were tested
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TABLE VI

ELONGATION TO ‘bLTIMATELOAD AND FAILURE OF PLATES
WITH AND WITHOUT OPENI~S

Spec. ReinforcementTeat Gap,e TotalElongationin Av.UnitStrainin
No. Temp. Length Ga@ Lengthb: Ga~ Icngthta:

ultimate Failure ~lt~~ Failure
Lead Iaad

F. In. In. In. InAn. In.4xn.

2;

3
7
8
13
IA
19
20

k

9;
10
$

32
16
21
3A
22
85

2
5
6
11
12
17
18

PlatesWithoutOpening(365x l/ll”j

81 7.75 8.83 21.5
76 ;2 7.70 u .35 21.11

Pla.t41s!JithSqusreOpeningwithSharpCorners(36”X l/lJ”)

72 36
FaceBar b: 75 ~

1.08 1.80 3.0
1.19 2.35 3.3

FaceBar 16 7A 1.31 2.5L 3.6
Doubler 10JJ 76 0.97 2.10
Doubler 51 71 ;2 0.92 2.Ci :::
Insert 33 76 36 0.?3 2.00 2.0
h-t 39 72 36 1.h7 2*GO b.1

PlatesWithSquareOpenin~withSharpCorners, (36”X l/&I”)

FaceBar
FaceDar
FaceBar
FaceBar
Doubler
Doubler
Doubler
Insert
Insert
Insert
bsert &
FaceBar

Facebar
FaceBar
Doubler
Doubler
Xnsert
Insert

h:
Lo
~6
16
133
103

z
62
39
77.8

78 :: 2.07 2.67
1.97

47 ;:
2.73

2.55 2.38

12 36
3.& IJ.00
3.93 h .16
1.7’0 2.70

-i: % 1.93 2.30
36 2.00 3.38

:; 36 2.86
46

3.72
:.g 3.15

# 2.80
:: 3 i? IJ.37

PlatesWithCircularOpening(36”x l/&n)

b:
17

1(T2

50
39
50

76
7L
73
75
73
7L
75

36
36
36
36
36
34
36

2.67
2.98
1.9L
2.88
1.88
2.98
2.68

322
3.53
2.611
3.>8
2.55
3.59
3 .IJo

2)1.5
3h.3

5.0
6.5
;.:

516

z:2

7A
7.6
6.6
11.1
II.6

;::
9.h
10.3
9.7
7.8
E .1

8.7
9.8
-i.3
9.L
7.1
10.O
9.4
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TAJ3LEVI (Cont.)

ELONGATION TO ULTIMATE LOAD AND FAILURE OF PLATES
WITH AND WITHOUT OPENINGS

Spec. ReinforcementTest Gags TotalElongationin Av.UnitStrainin
No. Temp. length GageLengthto: GagsLengthto:

ultimate Fa*lure ultimata Failore

Load Load

F. In. In. In. In./In. In./In.

Pktes WithsquareOpeninEWithSharpCommrs (36”x 1./2°~

o 1.81 2.81
0 -:2

5.0
;2 0.67 0.67 1.9

PtitssWithSquareOpsninpWithRoundedCormm (36” X 1/2”)

o 76 36 2.30 3.36 6 .lI
o -20 3.80 11.63 10.6
00 ;2 3.60 3.60 10.0

PlatesWithCircularOpening (36” x 1/2’!~

o 76 36 2 JJ5 3“57 6.8

PUtes WithSquare*en* WithkundedCorners (L8°x 1./2”)

FaceBar 33 70 148 3.36 5.08 7.0
FaceBar 33 -20 b8 lJ.90 L.58 10.2
Doubler % 11.04 5.15 8.lI
Doubler 96 -:: E 3.58 ~.:;
Insert 70 L8 3.9’? ;:;
Insert z 118 3.9k 11:20
Ineert -z ;“:5 ::;
Insert !$ ?: ;:Z

39 42 M3
6.8

Insert 2,,(XI 2:0 b.2

7.8
1.9

2:;
10.0

9.9

10.6
9.5
10.7
7.5
8.9

;:;

A:2



EFFICIENCY OF 36” X 1/4”

TABLE VII

PLJUIJiSwITH OPENINGS AS COMPARED WITR PLAIN PLATES

TESTS AT ROOM TEMPERATURE

Spec. Opling Iieinforcemnt
No. shape Corner

Radius
In.

EfficiencyComparedtoi’1.aini’la‘m- PerCent
InitialYieldiriUlt.imate>tiengthJinergAbsorption
“Z&d Average bad Average mt . T

Strese Stxeea ~ Fa!ku’e

? Circular
Square

: Square

5 circular
6 circular

Square
; Squsre
9 square
10 square

11 circular
1.2 Circular
13 SqWe
lh Squa.rs
15 Square
16 Square

PlateswithUnreinforced@ erdm~e

—
U;2

76 XL
;: 101 ::

l-1/8 101 72

PlateewithGpenhysReinforcedby a FaceBar

2!’xl/hnFaceBar 100 80
l“xl/lJ”FaceBar :t 106

G 2“xl/L”FaceBar 8!! 9g ::
3/16 1“xl/~’FaceBar 67
1-1/8 2“xl/14°FaceEar ;; 98
l-1/8 l“xl/VFaceBar 81 103 ;:

PlateswithOpeni~eReinforcedby a Sinfllello!~ble?Plate——

18”Dxl@ Doubler 911 9k 95
13-1/2’!Dx1/v Doublej

1.i;2
86 98 83

187’Sq.xl./lI”Doubler 88 88
l/j2 13-i/2”Sqxl/h”2oubler “m 59 :;
l-1./8
1-1/8 ~~?$~?~~bler % ~; ~;

ml 28 19
82 8
96 18 1;

lo!! 32 ;;
18

f 10
n :

91 18 lf3
101 30 25

95 3L 26
95 19 16
81J 10 12
86 8 10
89 18 18
95 19 19

All specimenslis+&din thistablesustaimedshearfracturs.

,. .
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TABLE VII (Cont.)

EFFICIENCYOF 36” X zfi” PLATESwITH OpE~~s As co~~ ~~ p~IN pLA’fEs

TESTS AT ROOM TEMPERATURE

—.—

spee . OPea EeiL”Orcement
No. Shape Cormr InitialYieldimgUltimateStrength

Radius Load Average IKIad Average

In. Strese stress Lmd Failure

Plateswithopenin~sReinformd by an InsertPlate

17 Circulal. — 1.2-3/~n !kl,f?!’ Insert ~~ 98 81i 22
Circular 10+2”IM1” Insert 88 10I” 89 lg ;: Jl

19 V72
23

Squere 15”Dxl/21’Inmrt 78 62
y

20 square ~32 12-2/14”Sqxl/2” kert 83 ;; ;; 2 i
21 Square l-1./t315Wxl/2°Insert 85 :: 09
22

29 25
square 1-148 12-3/11’Sqxl/2” Insert g’

> 97 75 87 s 16

PlatewithOpiningReinforcedby a Combinationof FaceBarand InsertPlate

85 square 1-~8 l-i/2’;x~k” FaceSar 76 82 85 85 36 29
I&wxl.&’’xl/2°Insert
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“at room temperature and sustained shear fractures. Since no

I/k-in. plain plates were tested at low temperatures or l/2-

in. plain plates at either room or low temperature, no direct

comparisons could be made for the remainder of the specimens.

The efficiency with respect to the average net stress at

general yielding did not vary through a very wide range. How-

ever, the ultimate strength and the energy absorption to ulti-

mate load were greatly affected by the shape of the opening

and to a lesser degree by the type and amount of reinforcement.

The ten specimens which gave the best performance had either

circular openings or square openings with rounded corners, and

all had reinforcement. In this group were two with face bar

reinforcement, three with insert plate reinforcement, and four

with doubler plate rehforcement, and one with a combination

of face bar and tnsert plate reinforcement.*

One interesting observation about the plates with square -

openings, either reinforced or unreinforced, is that their

performance was worse in every case than that of the unrein-

forced plates with the square opening with rounded corners or

the circular opening. Reinforcement could not improve a bad

*T’heresults of these tests should not be applied to types
of reinforcement and proportions of details of reinforcement
which depart from those existing in these specimens. Quilted
doubler plates, doubler plates on both faces of the strength
member, wide coamings, and heavy insert plates are examples of
types of reinforcement or proportions of details which differ
considerably from those described in this report.
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*

.

notch.

The inherent low capacity of a member containing an

opening to absorb energy is indicated in Table VII. The ef-

ficiency wfth respect to energy absorption to ulttmate load

ranged from 6 to 36 per cent with only eight specimens having

values In excess of 25 per cent. While it appears possible in

the case of shear fractures to design welded reinforcement for

openings that would develop the ultlmate strength of a plain

plate, the stress concentrations present in an opening and its

reinforcement would prevent the member from absorbing more

than a small fraction of the energy of a plain plate.

11. Modes of fracture @ piates with o~enlncs. A summary

of the modes of fracture of the different specimens as given

in Table V Is as follows:

1/4-in. Plates at l/2-in Plates at
No. of Room Room

Specimens Mode of Fracture Temp. -460F Temp. 0> -2@ -46P

28 Shear fracture 22 0 6000

1 One per cent cleavage o 0 100 0

4 50--90 per cent cleavage O 2 1* 1 () o

8 9o--1ooper cent cleavage O 2 002 4

*Initial failure in pulling plate. Specimen reloaded ten days
later.

The transition temperature as determined by the Navy tear test

for a representative sample of each plate thickness was -kOOF



-58-

for the I/k-in. plate and kOOF for the l/2-in. plate.

It is interesting to relate the mode of fracture to the

energy absorbed to failure as in the following tabulation:

Group of Notch Radii Percentage Energyi~k~;. Loady
Specimens in Group9 in. of Cleavage D

In Group Mlnfmum Maximum

Unreinforced

Reinforced

Reinforced

Unreinforced

Unreinforced

Reinforced

Reinforced

36” by 1/4” Plates

1/32, 1 1/8, 4 1/2 o 338 1136

1/32, 1 1/8, 4 1/2 o 328 1442

1 1/8 63--97 894 1857

36” by 1/2” Plates

I 1/8, k 1/2 o 1100 1739

1/32, 1 1/8 87--100 486 2890

48” by 1/2” Plates

1 1/8 o--1 3510 4730

1 1/8 57--1oo 2084 4303

*

.

There are represented here four types of failure:

1.

2.

3.

4.

High-energy shear fracture.

Low-energy shear fracture.

High-energy cleavage fracture.

Low-energy cleavage fracture.

This tabulation shows that the minimum value of energy shown

was always associated with the sharpest notch radius, regard-

less of the type of fracture surface.
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.

Examples of the first type of failure can be found In

Table V. The second type of failure appeared in at least

the three of the 36-in. by l/k-in. plates with a square op&il-

Ing which absorbed the leas$ energy of all the plates, Specs.

No. 3, 13, and 14. A number of examples of the third type of

failure are those in which the energy absorption for predomi-

nately cleavage”i>actureswas equal to or even greater than

that developed for shear fractures. The fourth type, which

was completely brittle in nature, was found in only two platesy

Specs. No. 71 and 96. This unusual array of types of failure

suggests to the designer that cleavage fracture of itself

should not be regarded as undesirable, but rather low-energy

fracture, whether cleavage or shear.

The third type of failure, high-energy cleavage fracture,

occurred when the original notch in the specimen was not suf-

ficiently sharp to initiate cleavage fracture at the testing

temperature and if the testing temperature was below the transi-

tion temperature of the steel as determined by the Navy tear

test. In this case the first crack to form was a shear frac-

ture. This shear crack then became the predominate stress

raiser and was immediately sufficiently severe to cause a

cleavage fracture to pass completely through the plate. ThiS

cleavage fracture occurred in the same exploslve manner as the

low-energy cleavage fractuYeo The apparent explanation for

this third type of failure is that the specimens displaying
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this type fell in the fracture transition range and not in

the ductility transition range for the particular combination

of geometry and steel.

In Fig. 15, the plots on the left side of the figure in-

clude specimens with a circular opening or a square opening

with a 1 l/8-in. corner radfus. These plates sustained hlgh-

energy cleavage or shear fractures. These data fell in two

groups--one for reinforced and one for unreinforced specimens--

and certain favorable geometric characteristics of the plates,

not testing temperature, were the decisive factor in determin-

ing the test results. However, in the diagrams on the right

of Fig. 15 for the unreinforced plates with a sharp notch of

l/32-in. radiusv shear fracture and brittle or low-energy

cleavage were the modes of failure, and the plotted points

were segregated according to the testing temperature. In the

latter case with an unfavorable geometry, a sharp notch pres-

enty testing temperature became a decisive factor.

v. CONCLUSIONS

In view of the complexity of this problem, as well as

its many interrelations with others not even touched upon by

this investigation but no less important, some of the follow-

ing conclusions may be modified by future research In this

field. Such factors as the properties of different steels,

states of stress other than Pure tension, and dynamic loading,

for examplef deserve intensive study.
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1. Conclusions ~ resDect ~ plastic flow and fractur?.

a. Good design by reducing stress concentration results in a

more efficient plastic stress and energy dlstrlbutlon and

therefore a greater capacity for plastic deformation. This

greater capacity Is reflected In a higher ultimate strength

and energy absorption.

b. High energy absorption and high ultimate strength can be

obtained in welded structures, together with either shear

or cleavage fracture, If all stress raking effects are

sufficiently reduced and if, in addition, the operating

temperature of the structure is not far below the fracture

transition temperature for the steel as determined by the

Navy tear test.

c. Cleavage fracture of Itself should ntitbe regarded as dan-

gerous, but rather low-energy fracture, whether cleavage or

shear.

d. Cleavage fracture was accompanied by a greater concentra-

tion of the high values of plastic stress and energy around

the opening than shear fracture. These differences in the

plastic flow of two Identical specimens give warning that

tests resulting In shear fractures cannot be used to give

entirely reliable predictions of the probable results of

low-temperature tests which would produce cleavage frac-

ture.
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e. Where cleavage fracture is anticipated rather than shear

fracture, It is more necessary to reduce stress concentra-

tion because, as these tests Indicated, the concentration

of the high values of plastic stress and energy was greater

in the case of the cleavage type of fracture.

2. Conclusion ~ recommendations Q resDect to thg

m ~ QJ2oDenfnK and its reinforcement.

a. It is reasonable to conjecture on the basis of these tests

that the best possible practical design of an opening and

its reinforcement vould assure the development of the yield

strength and the ultimate strength of the steel--but only

about one-fourth to one-third of its potential energy ab-

sorbing capacity--and these properties only when the con-

ditions of loading and temperature are favorable.

b. The primary problem in the des%gn of an opening and its

reinforcement is the reduction of stress concentration.

The shape of the opening was found to be more important

in these tests than the amount or type of reinforcement.

The present tests Indicated that a corner radius equal to

or greater than one-eighth of the width of the opening is

desirable.

c. While reinforcement can somewhat increase the load carry-

ing capacity of a member with an opening, it does not ap-

preciably Improve its energy absorbing capacity.
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.

r

d.

e.

f.

g.

h.

Increasing the cross section area of the reinforcement for

an opening brought about increased ulttmate strength and

energy absorption only when the width of the reinforcement

in the direction of the body plate thickness was kept small.

The optimum percentage of reinforcement was

per cent for a face bar, 95 to 100 per cent

doubler plate, and somewhere between 30 and

an Insert plate.

around 35 to bO

for a single

60 per cent for

Above the optimum percentage of reinforcement, failure with

reduced strength and energy absorption occurred in the weld

at the outer edge of the reinforcement or in the body plate.

That the optimum percentage of reinforcement Lncreases as

abrupt changes in the dimensions of the reinforcement in

the direction of the body plate thickness are reduced was

apparent in the present tests.

The square of the radius of gyration of the net cross sec-

tion OS the plates with openings about the transverse cen-

terline was a satisfactory empirical parameter for deter-

mining the best distribution of the reinforcement.
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