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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
TECHNICAL NOTE 2566

A STUDY OF ELASTIC AND PLASTIC STRESS C€ONCENTRATION
FACTORS DUE TO NOTCHES AND FILLETS IN FLAT PLATES.

By Herbert F. Hardreth and Lachlan Olman
SUMMARY

Six large 2u4S-T3 alumimm-alloy-sheet specimens containing various
notches or fillets were tested in tension to determine thelr stress
concentration factors in both the elastic and plastlc ranges.

The elastic stress concentration factors were found to be slightly
higher than those celculated by Neuber's method and those obtailned
photoelestically by Frocht. The results showed further that the stress
concentration factor decreeses as stralns at the discontinulty enter
the plastic range.

A generalization of Stowell's relation for the plastic stress
concentration factor at a clrcular hole 1in an infinite plate was applied
to the speclimen shapes tested and gave good agreement with test results. -

INTRODUCTION

Theoretical studles of stress concentrations around discontinulties
in flat plates have been limited because of analytical difficulties to
certain geometric shapes (references 1 to 6) and, until recently, to
the realm of stresses in the elastic range. Experimental studies on
the subject are scarce, such investigatlions belng limited by available
loading and strain measuring equipment (references 7 to 11). The present

investigation was undertaken to obtaln experimentally stress concentration . .

data in both the elestic and plastic ranges for sheet specimens contalning
a varliety of notches and fillets.

A formula has been presented by Stowell (reference 12) for the
stress concentration factor in the plastic range for & circular hole in.
en infinite plate. When the formula is written in a generalized form 1t
appears to be appliceble to the specimen shapes of this investigation
and to other configurations.
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EXPERIMENTAL PROCEDURE - - - =

Since the maximum stress in s panel containing a stress concentration o
occurs at a polint and the stress distributlion around the point follows N _
a gradient, it 1s essential for reliable measurements that the ratio
of notch dimensions to gage lehgth of the straln gages be as large as
posslble. Therefore, in order to obtain a high ratio and to be able _
to use strain gages of practical dimensions, the specimens were made

L8 by 142 inches. - -- -

I| l!l il‘ [

The specimens consisted of six 24S-T3 aluminum-alloy panels % inch

thick. Three panels, designated herein by N, contained notches; three,
designated by F, contalned fillets. In esdch group of three there was

e penel designed to have a nominel stress concentration factor of 2,

one of L4, and one of 6; hence the specimens are designated N2, NI, N6
and F23 Fh and F6. (Specimen dimensions are shown in detail in figs. 1
end 2.

5 ..Iru.*q'-i'l..fl.ll oyt

The panels were cut from sheets 54 inches wide. Excess materilal :
from the region near the notches or flllets was used to make standard CIT
tensile coupons, four for each panel. Standard tensile tests run on
these coupons yielded stress-straln curves. Each of the stress-strain
curves as- presented in figure 3 is en average of the four curves dbtained _
from the four coupons for each panel _ - o
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Four types of straln geges were used in the investigation. On
panels N2- and F2 Tuckermen optical strain gages with a t 1nch gage

el

W

length were mounted on the face &t the edge of the panel at the critical
points which are defined as the points on each panel where the maximum
stress concentrations occur. In a notched specimen the meximum stress
occurs at the center of the base of the notch. Photoelastic studles

of filleted specimens (reference 6) indicate that the meximum stress
occurs &t a point about 10° around the fillet from the tangent between
the fillet and the straight side of the reduced part of the panel.
Strains at the critical polnts of panels N4, N6, Fi, and F6 were measured

with.—g-inchrgage-length electromagnetic extensometers nmounted on the
edges of the panels at the critical points. (See figs. 1 and 2.) . - -
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Baldwin SR-4 type A-5 strain gages were applied at intervels across
the width of each penel at the net section to determine the strain
distribution at that section (figs. 1 and 2). In & notched panel the L=
net sectlon is defined as the cross section through the panel between
the two criticel points (fig. 1). In & filleted panel the net section
is defined as the sectlon across the panel containing the points where - .
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the fillets and the stralght sides of the reduced part of the panel are
tangent (fig. 2). Baldwin SR-4 type A-1 strain gages were applied at

other cross sections (figs. 1 amd 2) to ascertain the uniformity of load

application.

Load and straln resdings were taken throughout each test at
successlve increments from zero load to a loasd which produced approxi-
mately 2 percent straln at the critical point.

RESULTS AND DISCUSSION

Elastlc Stress Concentration Factors

The stress concentration factor 1s defined in thils paper as the
ratio of the stress at the critical point Ucp to the average net
sectlon stress ogy. The elastic stress concentration factor Kgjggtic

is computed from measurements taken before plastic ylelding occurred in
the specimen. The value of Kela.stic thus obtained for each specimen

i1s presented 1n the second column of the table which follows:

K K Kelastic
elasgtic elastic
Panel (Determined
(Experimental) | (Calculated by | photoelastically by
Neuber's Method) Frocht)
N2 2.08 2.00 2.02 .
N .26 k.00 4,02 -
N6 6.41 6.00 6.00
F2 1.88 ceee
Fh 3.87 3.49
F6 5.4k 5.00.

The third columm of the table lists the elastic stress concentration
fagtors for the notched specimens as calculated by an anslytical method
presented by Neuber (reference 1) who, for reasons of mathematical
convenience, treated notches with a hyperbolic contour. The computed .
value of the stress concentration factor in each case 1s based on a
hyperbolic notch that has 1ts depth and minimum radlus of curvature
equal to the depth and radius of the corresponding experimentel notch.

The experimental notch contour rather than being hyperbolic, however,
is composed of a semlclrcular base wlth straight, parallél tangents, a
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shape which is somewhat sharper than the corresponding hyperbolic notch. = .
The experimental stress concentration factors, therefore, would be  ~- .~
expected to be somewlhat higher than those computed by Neuber's method. e
A comparison of.values shown in the preceding table indicates the o ST
difference to be from 4 to 7 percent. B

A photoelastic investigation of elastic stress concentration factors - =
for shapes geometrically similar to those used in this investigation T
was performed by Frocht under the sponsorship of the National Advisory
Committee. for Aeronautics (reference 10). The results of this investi- - -
gatlon are glven in the fourth columm of the preceding table. The U
results of the present investigation were found to be 4 to T percent .
higher for the notchéd specimens and 3 to 1Q percent higher for the -
filleted specimens than the Tactors obtained. photoelastically by Frocht.
Although Frocht's values are nearly equal to those determined by Neuber's
method, Frocht states that his values can be in error by as much as
10 percent for high stress concentration factors because of difficulties
in determining the maximum fringe value near the boundary of sherp notches.

A comparisan of elastic stress concentration factors determine

by the three methods is given in figures 4 and 5. T TR e

Plestic Stress Concentration Factors and a Suggested Formule

e

Figures 6 and T show the experimentelly determined stress concen- ST A
tration factors plotted ageinst average net-gection stress. The stress .
concentration fectors start to decresse as the load on a panel exceeds UL
e value sufficient.to cause plastic ylelding at the critical point. e S

I.‘I .
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Stowell (reference 12) presented a reletion to be used in calculating
the stress concentration factor in the plastic range for a circular hole o
in an infinite plate subjected to tension This relation states: that S
at any one instent in the loading ’ ' .

+2.8 . - - - (1)

where ' ' : fLo-e=

cp stress occurring at the point of mexjimum stress o . L

Ceo average stress at points -far removed from hole ’ e e

Eg . secent modulus of material at point of maximum stress . P

E, secant modulus of meterial at points far removed from hole - =

1
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For the cese when all stresses are elastic, the' formula yields the value
of 3, which is the theoretical elastlc stress concentration factor for
e circular hole in an infinite plate (reference 6). Predictions by
Pormila (1) agreed well (reference 12) .with the results of an experi- S
mental investigation reported by Griffith (reference 8) concerning the -
stress concentration factor for a clrcular hole in a flat sheet subjected

to tension.

By rewrlting formule (1) in a generalized form a relation between _.__ _.7 ...:
Kela.stic and K_pla.s‘bic mey be obtained: o

) : E
Kplagtic = 1 + (Ke1egtic — 1) ETS, - (2)

where K_pla.stic 1s the stress concentration factor in the plastic range.

This form suggests that the formuls might also be made applicable to
shapes other then round holes by ilmnserting a value for Kgj1ggtic T
correspond to the pa.rticular ghape being considered. The plastic stress
concentration factor for each of the specimens tested was computed by -
formula (2) with the "experimental Koiagtie &1iven in the preceding

table, and the curves in figures 6 and 7 show that the generalized . .
formule produced excellent agreement with the test results. A comparison .
between predictions by formuls (2) and experimental results obteined

by Box (reference 9) for other configurations i1s gilven in the appendix.

Strain and Stress Distributions

Strains measured by straln gages at four symmetrical locatlions on
the net sectlon of a panel were averaged to obtain the, strain at a single

statlon. These values are plotted for each of the six panels as the s

longitudinal strain distribution across half of the net section (parts "a",
figs. 8 to 13).

The apparent stresses corresponding to strains at Individual .
stetions were obtained by using the stress-streln curves for the mteria.l .
(fig. 3) and are plotted for each panel as the longitudinal stress )
distribution across half the net section (parts "b", figs. 8 to 13). _
The apparent stresses so determined are not the true stresses at any _ LT
stations other than those at the edges because stress conditioms in the
sheet are not unilaxisl.” The.illlustrated trends of the apparent stress
distributions, however, are representative of the actual stress
distributions.
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CONCLUDIRNG REMARKS

The elastic stress concentration factors were determined experi-
mentally for six different specimens and were found to be 4 to 7 percent
higher for the notched speclimens and 3 to 10 Percent higher for the ;
filleted specimens than the factors obtained photoelastically by Frocht
for shapes geometrically similar to those tested. The experimentally
determined factors are 4 to T percent higher than those predicted for
hyperbolic ‘notches by Neuber's analytical method.

The stress concentretion factors decreaséd as the strains at the
critical points. entered the plastic range and .were found to agree well
"wlth calculated results obtained from the following equation which 1s a
generalization of a reletion originally presented by Stowell for the
plastic stress concentration factor at a circular hole in an infinite

plate:

E

= - -}
Kplastic 1+ .(Kelastic 1) E
-]

vhere
Kpl_a.s tic stress’ tl:on_c_entration factor in plastic range
Kela.s tic stress concentration factor in elastic range
Eg secant modulus of meterial at point of maximum stress’
E,. secant modulus of meterial at points removed from hole

The generalized equation also checks well with experimental work done
by Box on stress concentration factors in the plastic range for several
additional configurations. .

Langley Aercnautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., September 7, 1951
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APPENDIX

COMPARTISON OF SUGGESTED FORMULA WITH ADDITIONAL DATA

Additional experimental data on the effect of plasticity on the
stress concentration factors for verious configurations have been reported
by Box (reference 9). 8Six flat sheet specimens were tested in tension:
one contalned semlcircular notches, one had two holes symmetrically )
spaced in one cross section, one had a single hole elongated in the
transverse direction, and three had single holes at various positions :
across the width of the specimens. The specimens, made of 24S~-T3 aluminum

alloy, were h% inches wide, and the radius of all holes was 1/2 inch.
The stress-strain curve for the material is reproduced as figure 1b.

Comparisone of these date and predictions by formula (2) are
presented in figures 15 to 20. Slnce the strain measuring technique ;
employed by Box gave inaccurate results for small stralns, but improved
in accuracy for higher strains, the calculations were based on an experi-
mental value of Kgjggtic Obtained near the high end of the elastic

range. The resulting predictions of K@lastic by formula (2) agree
well with the experimental results obtailned by Box.
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Figure 1.- Dimensions and instrumentation of notched specimens.

(A1l dimensions are in inches.)
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Tuckerman gage or

electromagnetic gage
SR-4 type A-l gage
SR-4 type A-D gdge

Note: Same gaging on

opposite side

Panet R, in.
F2 3,703
F4 656
F6 266

Figure 2.- Dimensions and instrumentation of filleted specimens.

(A1l dimensions ere in inches.)
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Figure 5.- Elastic stress concentration factors for fillleted specimens.
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Stress N4—/( + + +
concentration —
factor, K
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0 L R

(o} 0 20 30 40 . .
Average nef-section stress, oz, ksi . T

Figure 6.- Stress concentration factors for notched specimens.

6 . -
Fs—/ ©, 0, © Experiment 7] : -
. Formula (2) '
4 o — : —
Stress _
concentration Fq

factor, K . ' \\
2

(o] o} 20 30 40
Average net-section stress, oy, ksi

Figure 7.- Stress concentration factors for filleted specimens.
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FPigure 8.- Strain distribution and apparent stress distribution at the .
net section of specimen N2. , ) Ll
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Figure 10.- Strain distribution and epparent stress distribution at the .
net section of, specimen N6. B S
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Figure 11.- Strain distribution and apperent stress distribution at the

net section of specimen F2.
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Figure 13.- Strain distribution and epparent stress distribution at the
net section of specimen F6.
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S
o Experiment (ref. )

> ~Og — ‘Formula (2)
- Looo T
conceniration 1 |

A A
O —rl
o 20 40 ' 60
) Average net-section stress, oy, ksl
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i
—get

Figure 15.- Stress concentration factor for a flat plate with semi-
circular edge notches.

o Experiment (ref 9)
— Formula (2) .

Siress
concentration
factor, K

]
iy
{

R

o I B
0 20 40 €0
Average net-section stress, oy, kel

Figure 16.- Stress concentration factor for a flat plate with a single
central hole elongated in the transverse direction.
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Figure 17.- Stress concentration factor for a flat plate with two

Stress
concentration
factor, K

Figure 18.- Stress concentration factor for a flat plate with & circular

circular holes equelly spaced in one cross section.
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: X
O Experiment (ref 9)

° Q\\G — Formula (2)
2

Siress \

concentration . ,\o\

factor, K { —— o

o 20 40 60
Average net-section stress, oy, ksl

Figure 19.- Stress concentration factor for a flat plate with a clircular
hole located %w from the edge.

© o Experh:nent (ref. 9)
— Formula (2)

2
Stress
concentration \o\

factor, K :

A

o 20 40 60
Average net-section stress, og,, ksi

Figure 20.- Stress concentration factor for a flat plate with a single,
central, circular hole.
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