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ABSTRACT

Various authors have proposed methods for predicting the plastic behavior at
the root of a notch under monotonic loading. Among thcse is a method by Neuber,
which was originally developed for shear hut which haz been empirically applied,
at Neuber's suggestion, to tension and compression loading. There has been only
a limited confirmation of Neuber's method in tests of notched specimens. Addi-
tional confirmation is given in this report for a range of notch geometry,

The basis of the Neuber approach is the suggested rule that the geometric
»an of the stress and strain concentration factors, when the root of the notch
is plastic, is given by the theoretical elastic concentration factor:

1 =
(KK, /2 - K,

The Neuber rule is evaluated using an appropriate analytic representation
of the stress-strain curve of AISI 4340 steel and predictions of maximum notch
strain versus nominal net section stress are developed, The theoretical results,
when compared with test data from flat notched specimens of the same material
with a range of initial elastic concentration factors, show agreement within 5%.
It is shown that the limitations of the strain gages in measuring the notch root
strains can account for a major part of the discrepancy.
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1.LIST OF SYMBOLS

not section area, in.?

exponent

notch specimen half gross-width; b = w/2, in.

= peneral coefficient, strain-stress x strain power law

>
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Cp = coefficient; C = Cp in plastic region
Ct = coefficient; C = Cy in transition region
D = coefficient, strain-stress power law
d = notch specimen net-section width, in.
E = modulus of elasticity, psi
K, = theoretical elastic concentration factor
K, = strain concentration factor, slastic or plastic
K, = stress concentration factor, elagtic or plastic
K. = elastic concentration factor for a notched semi-infinite plate
5. = notch length, in.
m = exponent; p = m in transition region
n = exponent; p = n in plastic region
P = spplied load, 1b.
p = general cxponent, strain-stress x strain power law
q ~ exponent, strain-stress power law
r = notch root radius, in.
t = specimen thickness, in.
w = notch specimen gross width, in.
a = exponent
f = exponent
¢ = strain, in./in.
£e = elastic strain, in./in.
€n = maximum notch strain, in./in,
€ " nominal net-section strein, in./in.
. € = plastic strain, in./in. (See Eq 8)
.. €pl * proportional limit strainm, in./in.
- ¢t = transit:onal strain, in./in. (See Eq 7)
€y = 0.1% offset yield strain, in./in.
o = siress, psi
Ge " elastic stress, psi
Op ™ Maximum notch stress, psi
og = nominal net-section stress, psi; oo = P/Apet
op ® plastic stress, psi (See Eq B)
o¢ = transitional stress, psi (See Eq 7)




INTRODUCTION

Mathnde nf nradicting the plastic behavior in notches and other discontinu-
ities under cyclic loading have been developed by adopting static prediction
methods for low cycle fatigue. A study by Stowell,! of the plastic concentration
factors around a hole in a plaile under static loading, wan generzlized by Hardrath
and Ohman? to include various other geometric discontinuities and then applied by
Crews and Hardrath? to cyclic loading. Kuhn and Figge,“ analogously building on
earlier work of Neuber,5 were also able to arrive at a scheme for predicting the
strength of notched parts under cyclic loading. As another example of this pruc-
ess, Wetzel,® using e later formulation of Neuber’ on plastic concentration
factors under monotonic loading, was able to develop a method for relating the
conditions in a smooth specimen to those in a notched specimen under cyclic load-
ing. The aforementioned examples are not meent to be an exhaustive survey of the
field but have been presented as illustrative examples of a particular approach
to cyclic, plastic behavior of elements with stress concentrations. These ap-
proaches have in comaon a particular sequence of analysis:

a, Modification of the conventional, monotonic loading elastic concentration
factor to take into account plastic behavior in the notch or other discontinuity.

b. Experimental verification of the derived plastic concentration factor
under monotonic loading conditions.

c. Modification of the plastic concentration factor for cyclic loading to
obtain fatigue concentration factors.

d. Experimental verification of the values of the fatigue reduction factors.

A crucial step in this described sequence is the development of a well-
founded method of predicting plastic concentration factors under monotonic loading
for later application to low cycle fatigue. In monotonic loading, the plastic
concentration factor formulation is evaluated using the virgin stress-strain curve
of the material. This formulation then becomes the basis for fatigue behavior
predictions when the cyclic stress-strain curve is substituted for the virgin
stress-strain curve to develop the analytic results.

The method developed by Neuber’ for predicting plastic concentration factors
is attractive since it can easily be adapted to machine computation. Because it
has had only limited experimental confirmation, the study described here was
undertaken to assess its predictive value for monotonic loading, prior to applying
the theory in low cycle fatigue. This report describes a combined analytical and
experimental investigation with the following major objectives:

a. To refine the procedure of plastic concentration factor prediction for
monotonic loading using an appropriate analytic representation of the virgin
stre~~-strain curve of AISI 4340 steel,

To perform experiments on notched tension specimens of AISI 4340 steel
with a range of initial elastic concentration factors for comparison with theoret-
ical prediction of the plastic concentration factors resulting from monotonic
loading.
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NEUBER FORMULATION

The basis of Neuber's approach is the suggested rule that the geometric
mean of the stress and strain concentration factors is the theoretical elastic
concentration factor:

(Kch)l/Z = K¢ 89)]

where K = o og and k_ = cn/co for plane stress.

n

Although the original formulation of Neuber's rule was developed for mono-
tonic loading in shear, Neuber has suggested and there has been some experimental
evidence to show that it may also apply to tension or compression loading.
Krempl® presented plastic strain and stress concentration factors for notched
specimens (nominal K¢ = 3) of carbon steel, 2.5 Cr-1 Mo alloy steel, and type 304
stainless steel from which geometric means could be computed. The calculated
discrepancy between the geometric mean of the plastic stress and strain concen-
tration factors and the theoretical elastic concentration factor averaged less
than approximately * 5%, These results shou'd not be considered conclusive since
the precise values of Kt for each of the individual specimens was not reported
and data points were taken from charts. Nevertheless, Krempl's results were suf-
ficiently gond to warrant further pursuit of the Neuber approach.

It is possible to rewrite Equation 1 by applying the definition of strain
and stress concentration factors referred to the nominal net section stress and

strain as
/2 o
(oncnlooco) - K, (2)
2
or (ooco)Kt (cnen). (3)
The left-hand side of Equation 3 refers to the nominal net section stress and

strain (subscript 0) while the right-hand side yefers to conditions at the root
of the notch (subscript n). In order to determine K_ or K from Equation 3, it
is necessary that the equation be expressed in terms of stfess for the former or

in terms of strain for the latter. This is most easily done by the use of a
power law of stress-strain behavior such as

¢ = Do4, (4)

It is shown later in this report that calculations ure facilitated if Equation 4
is transformed into

€ = C(og)P (5)
where C = D[l(q + 1] and p = q/(q + 1).

In the next section of this report, the stress-strain properties of heat-
treated AISI 4340 steel are given in the form of Equation 5 by using a curve-
fitting procedure on test data.
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ANALYTIC STRESS-STRAIN RELATIONS FOR AISI 4340 STEEL

A granh of o varsus {x2) for heat treat 0 5tgel pluiied on luga-
rithmic coordinates reveals two linecar region: tion to the elastic region
as shown schematically in the upper graph of Figure 1. The linear region between
the proportional limit strain ¢,y and the 0.1% offsct yield strain ¢y has been
designated here as the trangitional region and corresponds to the knee of the con-
ventional stress-strain curve shown in the lower graph of Figure 1. The region
where strains are in excess of this yield strain has been designated here as the
plaatic region.

i
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Figure 1. Log stress-log stress-strain and stress-strain curves for AISI 4340 steel (schematic)

All three regions can be represented by equations of the form given in (5):

. - 1/2 1/2 r
Elastic €q (1/E) (cece) (6)
. . m
Transitional €y Ct (ctst) €))
n
lasti = C . 8
Plastic € p(opap) (8)

A typical log e versus log (ve) plot for one heat of heat-treated AISI steel
is shown in Figure 2. An automated data reduction procedure using a least-squares
analysis was applied to obtain the coefficients and exponents shown in the figure.
This procedure involved a number of steps: (1) autographic recording of the engi-
neering stress-strain curve; (2) automatic analog to digital conversion of the
data on punched tape; (3) tape to card conversion; (4) computer data reduction
using a specially written program which included linear and logarithmic least-
squares analyses.

NOTCH STRESS AND STRAIN ANALYSIS

Referring to Equation 3, it should first be noted that the oy and ey are nom-
inal values referring to the net section. The net section conditions are defined
as follows: o4 = P/Anet and €5 1s given by an equation of the form of Equation S.
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Strain, €, in./in.

©» Data Points in Transitional
and Plastic Regions
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lastic Region
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X

g ¢ Transitional Region
€= 1.30x 107*(ce)°-*4?
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Stress x Strain, (0€), psi

Figura 2. Log stress-long stress-strain data for one heat of heat treated AISI 4340 steel
showing material constants for three regions

The net section strain conditions will depend upon whether the net section

stress is elastic, transitional, or plastic.

Referring to (3), it is possible to

recognize six cases of net section (right-hand side) and notch (left-hand side)
conditions for any given notch geometry as determined by the value of the elastic

concentration factor K.

Case | Net Section Notch
No. Condition Condition
1 Elastic Elastic
2 Elastic Transitional
ki Elastic Plastic
4 Transitional | Transitional
5 Transitional | Plastic
6 Plastic Plastic
cases as it is loaded to fracture.
tured
and 3 only.
Other
4

These are enumerated below:

A. Analytic Formulations

A given specimen with a predetermined value
of the elastic concentration factor will pro-
gress through a number of cases as it is loaded
monotunically to failure. The actual progres-
sion will depend on the magnitude of K, and on
the toughness of the test material. A partic-
ular specimen need not progress through ¢11 the

For example, a specimen with high K{ manufac-

of a material with only moderate toughness may progress through cases 1, 2,

With higher toughness the progress may be through 1, 2, 3, 5, and 6.

combinations of toughness and K¢ would lead to different progressions.

WMWWuM.MMMM
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Case 1: The elustic conditions of case 1 follow the familiar stress concentration
factor relations where:

a) KU = KG = Kt;

b) o, = Ktoo and 2 tho.

In the subsoquent development of cases 2 through 6, the notch struin and
stress values will be obtained by suitable substitutions of relations (6), (7),
or (8), into (3). Then the appropriate plastic strain and stress concentration
factors will be given. Each of the cases is considered separately below.

Case 2: Elastic Net Section - Transitional Notch (co<gp1; cn<sy)

a) Notch strain: Since the nominal net section is elastic the righc-hand
side of (3) may be expressed in terms of strain and the elastic modulus:

Oy = (ESE)K%. (%)

Now (9) can be combined with (7) and solved for e
- 2k2py™
€L Ct(:OKtE) . (10)

b) Notch Stress: The right-hand side of (3) may be expressed in terms of
stress and the elastic modulus since:

€ = g /E (11)
0 0
then

o (02/E)K2 :
TnEn (GO/E)Kt. (12)
The right-hand side of (10) may also be expressed in terms of stress
= 5 My 2m
€n Ct(oo/h) Kt ] (13)
Now (13) is substituted into (12) and solved for %
- 2/py(1-m)g (2-2m)
o = (1/¢,)(03/E) ¢ (14)

¢) Strain Concentration Factor:

By definition the strain concentration factor is given by




substitution of (10) intuv {i3) 1=sults in

- 2 . - 2
K_ = C (KZE)'eg . (16)

d) Stress Concontration Factor:
Analogously to (15) the stress concentration form 1is
Kc = on/ao. (17)

Substitution of (14) into (17) results in

-2m)

K, = (/e /B ™ ¢ (18)

Case 3: Elastic Net Sec*ion - Plastic Notch (e <ap1; cn>ey)
0

This case is directly analagous to case 2; however, the material properties
for the notch are described by (8). The equations can be written by inspection
using (10), (14), (16), and (18) as guides.

a) Notch strain (analogous to (10)):

2k g0 i
€, " CP(COKtE) . (i9)

b) Notch Stress (analogous to (14)):

- cq2/E) (1-M)g (2-2n)
% (l/Cp)(GO/E) Kt . (20)

¢) Strain Concentration Factor {analogous to (16)):
(2n-1)

(n)
k_= CP(K%E) < (21)
d) Stress Concentration Factor (anaiogous to (18)}:
(1-n) 1-
K, = (1/C,) (KE/E) (o) (1-20), (22)

Case 4: Transitional Net Section - Transitional Notch (ep1<eo<enfey)

a) Notch Strain: This is quite simply obtained by substitution of (7) into
both sides of (3), resulting in

(e /CI /™ = K2(s,/C MM (23)




: which can he reduced to

€ = K%m €

; » (24)

0°

b) Notch Stress: Substitutions of (24) into (3) reaults n an expression
for notch stress:

o g2-2Mm
9, Kt Uy (25)
¢} Strain Concentration Factor: This is obtained Jdirectly “rom (24):
- g2l
K_ = KZm, (26)

d) Stress Concentration Factor: This is obtained directly from {25):

= y2-2m N
K, = K272, (275

Case 5: Transitional Net Section - Plastic Notch (sp1<eofcy; cy<en)

a) Notch Strain: Determination of notch strain in this case is made by
substitution of (7) into the right-hand side of (3) and (8) into the left-hand
side. The result, after simplification is:

. n/m
G K%HLP(EO/Ct) (28)

b) Notch Stress:

By suitable algebraic manipulation of (7) and (8) and subsequent sub-
stitution into (28), the strain factors can be transformed to stress with the
following result:

= kK2-1 a a
% Kt (l/Cp)Cto0 (29)
where a = (1-n)/(1-m}.

¢) Strain Concentration Factor: Substitution of (28) into (15) results in

= k2 n/m (n-m)/m
Ke Kt“Cp(llct) £ . (30}
& d) Stress Concentraticn Factor: Substitution of (29) into {17) results in
! (2—2n) ~ Qa (a-l) £y
; KG - Kt (I/CpJ(Ct)UO . (31)

Case 6: Plastic Net Section - Plastic Notch (ey<ao<cn)




This case is directly analogous to case 4 and the various relations can be
wrililen Uy inajpection using the appropriats material const

range.
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a) Notch Strain:

€ K%" Eq (32)
b) Notch Stress:

a = K%’mco. (33)
c¢) Strain Concentration Factor:

K = KIn, (34)
d) Stress Concentration Factor:

K, = K%‘Z“. (35)

B. Calculation of Theoretical Resuits

Laborious computations are required to evaluate the stres; and strain history
of a particular specimen as it is monotonically loaded and progresses through the
various cases. A computer program was developed to perform the calcuiations for
any specimens of a given K¢ value, which properly discriminates the correct pre-
gression through the various cases and eliminates those which are unnecessary.

The program yields the notch stress and strain values as a function of net sec-
tion stress and strain, the plastic concentration factors, and the required loads
for a given net section mrea. A listing of the program and a typical printout
are given in Appendix A.

As an added convenience, a program for computing the elastic concentration
factur Ky can also be developed and combined with the plastic program. Such a
progrem for a flat tension specimen with semicircular notch ends was developed
using separate formulations for deep and shallow notches given subsequently in
this paper in (43-46). The combined program is alsc given in Appendix A.

In the experiments, described in the next section of this report, notched
tension specimens were loaded and an autographic record of net section stress ver-
sus maximum notch strain was obtained. The theoretical values of the two param-
eters were obtained from the computer program directly without the necessity of
using an explicit relation between notch strain and net section stress of the
form:

O = f(en). (36)
For completeness, however, the explicit relations between net section stress
and notch strain have been developed for each of the six cases and they are listed
below in (37-42).

8

AN IO GRRN i 14 g




Case 1: a, = (E/Kt)nn. (37)
Case 2: o, = EV/%(e /CK )/ for ey%e j<c <e . (38)
Lase 51 o, = El/z(nn/CpKt)7/7“ for Eoshp15n>ky (39)
Case 41 o = (1/Kt(?‘2m)cé/m)unfl-m)/m fox ) <kyur <t (40)
Case 5: o = (cn/xg“cpcﬁ)(l-m)/m for £ <egTe ty (41)
where 8 = [1-n(1-m)]/m(1-m)

Case 6: o = (1/Kt(2'2“))(g(l“")/cpul/" for ¢ <eq<r, (42)

EXPERIMENTAL PROCEDURE

Externally notched flat tension specimens with the notch configurations shown
in Figure 3 were fabricated from two lots of AISI 4340 steel plate. These were

K

0.600 1.000 1.60

iy NI
R = 0.395  0.002

NS |

0.800 1.000 1.59

—F 7 |
R =0.32 £ 0,002

NV
_(_J._GFCE ! (iQO 2.00

R = 0.169 % 0.002

Figure 3. Notch config irations and notch dimensions
of 0.1-inch thick flat nozied specimens.

given identical heat treatments before

. specimen fabrication. Electrical resist-

ance strain gages were installed at the
roots of the notches and the specimens
were monotonically loaded to fracture. The
nominal net section stress [converted from
applied load) and the notch maximum strain
were autographically recorded up to approx-
imately 2% strain. Monotonic loading was
continued until fracture and the fracture
load was recorded. Stress-strain proper-
ties were obtained from standard flat
tension specimens using strain gages and
clip-on extensometers. The stress-strain
data were recorded autogrephically and the
antographic records were analyzed using an
automated dats reduction process. The de-
tails of the procedure are described in
this section; comparison of the experimen-
tal results with the theoretical predic-
tions is given in the next section.

A. Material

Material properties specimens and
notched specimens were fabricated from two
separate heats of AISI 4340 steel plate,
received in the annealed condition. Lot
No. 1, used for one notched specimen and
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one smooth tension hpeCINEU was received as G.0-inch-thick plovte whi
2 was received as 0.75-inch-thick plate. Thé chemical analyses
given helnw together with the heat treatment details:

Chemical Analyses (wt %)
C Mn P S Si Ni Cr Mo Fe

Lot No. i, 0.40 0.74 0.003 0.004 0,22 1.88 0.87 0.25 Remainder
Heat 3931362
Lot No. 2, 0.39 0.80 0.005 0.006 0.23 1.77 0.78 0.26 Remainder
Heat 3830298

Heat Treatment (Applied Mechanics Research Laboratory Designation: A-16)

Austenitize at 2300 F, 1 Hr; Furnace Cool to 1550 F
0il Quench to R. T.; Hold 15 min.

Double Normalize in Salt at 1650 F, 1 hr; Air Cool
Reaustenitize in Salt at 1550 F, 1 hr

0il Quench to R.T.; Hold 15 min.

Quench to Liquid Nitrogen Temperature

Temper in Salt at 920 F, 1 hr

Water Quench to R.T.

The as-received materisl was cut into blanks from which one or more specimens
could later be prepared and heat treated in its full thickness., The thickness was
then reduced to 0.10 inch for specimen preparation.

B. Stress-Strain Tests

Standard flat + tension specimens (2-inch gage length, 0.50-inch wide, and
0.10-inch thick) were tested to obtain stress-strain properties of the heat
treated material. These were loaded in a Tinius Olsen hydrsulic testing machine
and strains were measured either by electrical resistance strain gages or by a
clip-on extensometer. The data were recorded autographically on a X-Y recorder
whose axes were calibreted for each specimen to read strain and stress directly
(rather than load and extension). The resulting stress-strain data were auto-
matically converted to digital form and subsequently were analyzed by computer
using least-squares analyses: Linear, in the elastic region to obtain F; and
linear-logarithmic in the nonelastic regions to obtain the material constants and
exponents required for the experimental approximation of the stress-strain
properties.

C. Notch Specimen Preparation and Testing

For the design of the notched specimen shown in Figure 3 with K¢ values of
1.5, 1.59, and 2,00, the following relations, empirically derived by Heywood,®

were employed:

= [(/1)/(1.55[w/d]-1.3)]® (43)

10
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where
8- fwid - 1« 0. 800/ 21/Tw/d) - 1+ [0/ 7] (44)
(See Figure 4 for identification of notch parameters.)
These relations were incorporated into a computer program. In the interest
of completeness, a formulation for specimens where K¢>2 was also included in the

program. Baratta and Neall® using a prior formulation of Bowiell showed that the
following relations are appropriate for deeper U notches:

Ky = [1 +0.182(s/b) - 1.071(/b)? + 1.727(%/B)31[1 - (/b)]K_ (45)

where
K_ = 0.775 + 2.243(s/1)V/2. (46)
After manufacture, the specimens were carefully measured and the actual
stress concentration factors for the notches were re-evaluated using the appro-

priate formulas. Because of manufacturing tolerances the values of K computed
from actual dimensions could depart from the nominal values by several percent.

The basic notch specimen design is

r
shown in Figurs 5 for one notch configura- { !
tion. This basic design was used for all G \JL}
the notches shown in Figure 3. Specimen T AR 44}
blanks were cut from the as-received mate- d w=2b
rial, heat treated, and then reduced in i A
thickness to 0.10-inch by machining equal JARLE
amounts of material from each surface. L] r
The verious holes and contours were ma-
chined into the final thickness blank. Figure 4. Identification of notch parameters
+0.010
— X - -
$0.005 8.00 10.001
—pi 400 ——— H0.006| 0,100
—— 21/8 — +1/32 jr
T I
£0.002
1.1T
RO e Tl
800 . §e
©000
A S SE
- 40,006 —
' 2.500
Figure 5. Notch specimen design and dimensions.
Notch configuration dimension given in Figure 3.
11
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Strain gages, BLH iype FAF-G3-12, C.040 inch long and 0 05-inch wide. were
cemented at the notch roots, one in each notch in individual specimens. These
were electrically connected in series so that bending cowponents of strain were
eliminated and so that the longitudinal strain reading obtained was ihe average
for the two notches in each specimen. The specimen pages formed one arm of a
Wheatstone bridge with compensating gages on & dummy specimen forming an opposite
arm. The remainder of the bridge consisted of precision resistors. The unbalance
bridge voltage was recorded on a Hewlett-Packard X-Y recorder calibrated to rcad

0.001-in./in. strain per one-half inch of pen displacement along the recorder
X-axis.

The bridge energizing voltage was held tao approximately two vults. This Jim-
ited the power dissipation of the gages to less than 5 watts/sq in., a sufficient-
ly small value suo that excessive heating of the specimen in the notch ront was
avoided.

Loads were recorded on the Y-axis of the recorder. By taking the specimen
area into account it was possible to calibrate the recorder to read net section
stress directly on a scale where 10 ksi was the equivalent of one-half inch of
pen displacement. The resulting autographic recording showed net section stress
as a function of notch strain.

EXPERIMENTAL AND THEORETICAL RESULTS

In a test of a notched specimen it is possible to measure the maximum strain
at the root of the notch and to determine the net section stress from the net sec-
tion area and the applied load. Theoretical values of these two parameters can
also be developed. It is assumed that a comparison of the theoretical and experi-
mental values of the two parameters will constitute a valid test of Neuber's
hypothesis although the hypothesis itself is stated in slightly different terms.

A. Mechanical Property Data

The reduced material property data for the two separate heats of material
used for specimen manufucture are given in Table I. The constants given for tran-
sition and plastic regions of the stress-strain curve are those applicable to
Equstions 7 and 8.

Table 1. STRESS-STRAIN DATA FOR TWO HEATS OF HEAT-TREATED AISI 4340
STEEL OBTAINED FROM A LEAST-SQUARES, CURVE-FITTING ANALYSIS

Elastic

Heat Modulus, Epl ey Transition-Region Plastic-Region
No. 10°% psi % L1 Ce m Cp n
1 30.0 0.47 0.60 1.39x10-“ 0.542 7.52x10-¢ 0.962
2 29.6 0.53 0.65 0.65x10-* 0.655 7.50x10-6 0.962

The values of en] and cy were calculated from the fitted curves. The propor-
tional limit strain ey has been taken at the intersection of the elastic line
with the curve repxesgnting the transition region. The yield strain value, ey,
represents the intersection of the transition region curve with the plastic region
curve,
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B. Notch Specimen Data : —
Experimental and theoretical net - opecimen Li-gi-Z
scctionpstress and notch strain data for a K= 18 \ e
tynical specimen ars given in Figure 6, " /\ Stiain
The figure shows fairly good agreement be- ¥ gg? | _ Limit
tween experiment and theory up to approxi- &° n Maximum| 0 014 in./in.
mately 1.4% strain which is typical for § - Theory - 2:2;?“”°V
all specimens tested. A summary of the s i '
comparison between experiment and theory g Experiment
for all the tests is given in Table II 5
below. The agrcement in the elastic re- 3
gion was within two percent. g
In each case the experimental values
of notch stress for a given notch strain
were greater ~han the theoretically pre- 10 1 Lo 1t a1l |
dicted values. Beyond thz indicated 107 1072
strain limit values shown in the table Maximum Notch Strain, €_, in./in
there was a much larger discrepancy which
is interpreted as an effect of multiaxial Figure 6. Typical experimental and theoretical data

stress and resulting notch strengthening. forK, = 1.5

It is not altogether clear whether the

discrepancies shown in Table II are also a result of multiaxial stress effects
or result from inevitable variations in heat treating in the separate batches
which were used in the program. With the exception of one specimen, the theory
appears to be conservative by approximately 5% up to about 1.5% notch strain.
However, certain possible errors, discussed below, could account for the
discrepancy.

C. Experimental Accuracy

Load errors (and hence net section stress e:rors) were neglible since the
testing machine was calibrated just prior to the testing program using proving
rings whose own calibration was traceable to the Bureau of Standards.

Table II. COMPARISON BETWEEN EXPERIMENTAL AND
PREDICTED NET SECTIUN STRESS-NOTCH STRAIN DATA

Specimen| Heat| K¢ | Discrepancy |[Strain Limit
No. No. Exp. vs Theory| in./in.
A-1-1 1 {1.59 <1% 0.0200
D1-21-4 | 2 |1.50 +4.0% 0.0140
D1-21-2 | 2 |1.50 +2.5% 0.014¢0
D13-12-9| 2 1.50 +4.8% 0.0140
D1-31-1 2 2.00 +6.5% 0.0140
D13-13-5] 2 |2.0 +5.5% 0.0160
D13-13-91 2 2.0 +4.,5% 0.015
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Major sourtes of error in the strain measurements resulted from the following:
1. The manufacturer's stated 13% uncertainty in the value of the gage factor.

2. The presence of a strain gradient at the notch root with the maximum
strain value confined in an area smaller than that of the strain gage.

3. An estimated possible #0.01 inch deviation of the position of the center
line of the gage from the center of the notch root.

The magnitude of the latter two sources of error is not known, however, both
would tend to produce strain readings which were less than the actual maximum

strain in the notch.

Some uncertainty in the results arises from the fact that it was not possible
to heat treat the stress-strain specimens and the notch specimens a2il in the same
batch because of the limited capacity of the heat-treating facllities. Tests indi-
cated that there could be a variation in the computed notch strains of *1% based
upon scatter of the material properties.

CONCLUSIONS

The major conclusions of this study are as follows:

1., Predictions of plastic notch strain and notch stress can be developed
using Neuber's rule and an analytic representation of the stress-strain curve in
three regions: elastic, transitional, and plastic.

2. Theoretical predictions of net section stress versus plastic notch maxi-
mum strain are within 5%, on the average, of experimentally observed values for
notched specimens of heat-treated AISI 4340 steel up to a maximum notch strain
value of approximately 0.015 in./in.
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ADDENDIY 8 .. COMPUTER PROGRAMS
The programs are written as Fortran I
1. Program No. 1. Plastic stress und strain in notched tension specimens with a

given value of the elastic concentration factor and given material properties.
The input data required are given helow:

Parameter Fortran Designation
Elastic Concentration Factow, K¢ X
Modulus of Elasticity, E, psi E
Transitional Exponent, m Q1
Plastic Exponent, n Q2
Transitional Coefficient, Cy C1
Piastic Coefficient, C C2
Proportional Limit Strain, Epl. percent . EPL,
G.1% Offset Yield Strain, £y, percent EY
Program Cut-Off Notch Strain, percent EMAX
Specimen Net-Section Area, sq in. AREA

Specimen number is entered using up to 11 alphanumeric characters.

A listing of the program is given on page 17.

2. Typical Output of Program No. 1. A typical output run of Program No. 1 for
a specimen of AISI 4340 steel with and elastic concentration factor, Ki=1.5, is
given on page 19.

3. Program No. 2. Elastic concentration factor and plastic stress and strain
in notched tension specimens with given notch dimensions and given material
properties.

This program combines a program for computing the elastic concentration
factoi using either of two methods (Heywood method for shallow semicircular
notches or Bowie methcd for deep semicircular notches) with Program No. 1.

In eddition to the material property parameters listed as input for Program
No. 1, the following inpui data are required for the combined program:

Paramster Fortran Designation
Specimen Width, w, in. W
Length of Notch No. 1, £, in. Al
Length of Notch No. 2, 22, in. A2
Radius of Netch No. 1, 7, in. R1
Radius of Notch No. 2, T3, in. R2
Specimen Thickness, t, in. T

The method of computation is designated by the entry of NN in the 4th state-
ment of the prograr lists given on page 20. For NN = 00, the Heywood method is
used; for NN = 91, the Bowie method is used. The words '"Heywood" or "Bowie" are
entered in the same statement. The cpecimen - .mber is entered as described pre-
viously for Program No. 1.
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i

80 COLUMN PRINTOUT OF PROGRAM NO. 1

__READ T77.11ESTaN1P24PYeP4P5,P6,P74P8,FT,PIQIP]]
1F Vi tesy A A A ENENATS
PRINT T8,y PL P2 PRI PUPYIPLPTPRGFIPLIONPLI
READ BBEY,Q1a02,C1C2oEPLEYaEMARGF
READ 101 X» AREA
PRINT 102384t PLsL v EMAX
PRINT 103,C14Q15C2402
PRINT 1123XsAREA
PRINT 13
PRINT l&
PRINT 1%
PRINT 18
PRINY 202
5020000,
EmEa¢i0.#80)
FO=g0 /F
ENsxebD
IFIEN~ERL) LB 1DB,300
SH=X* 50
PeaSO®AREA
SO0Pe50/1000.
EQPEQ® 100,
SMPeSN/ UG,
ENPIEN®]10UC.,

e PRINY_222+P2EQP S0P L APy GNP [

300
301

5050+ 10000,

GO 1 17

PRINT 302

SOnEOSE
ENsCLlO((xw82 )3 (EQ8s2)8E)000)
JF(EN-EY) 19,19,400

19

SNu(X882)8(LONR2)SL/EN
XSaSN /S0

XE=ENZEQ

PuSOAREA

50P=50/1000.
EQP=£0*]100,

»00

SNPeSN/10004

ENPSEN®] 00,

PRINT 222+PyEOP s SOPLENP o SMP s XS e XE
EOsEQ+ 020001

IF(EQ-EPL) 301.301.500

PRINT 40¢

601

26

~5300

SOSEQWE - - T
ENRC2o({{XNEQ)E#2inL) 802
IF(EN-EMAX) 20,2041
SN={ [ XSEO1%82)8E /EN
X$*5M /S0
_ RE“EN/EQ e -
P eSO AREA
$0P=50/1000,
EOP=E0%100.
SHP=5N/1009,
ENPEN# 100,
PRINT 2224PoEOP 4 SOPsENP « SHP 4 XS o AE
EQeEQ+0,000]
IFIEO-CPL} #01,401,4600
PRINT %02

501

21

SOs{({EQ/Ciliwm{],/01)7/EO
ENsEORYR@{2,901)
TFIEN-EY) 21215600
SNe({EQuSOI#Xe82) /EN
XSa3M/SO

XE=EN/EO

P«SOWAREA
$0P=50/1000,
ECP-ETF1 0T,
SNPu3N/1000,
“ERP=ER 100,
PRINT 222¢P EOPsS50PsENP 1 SNPOXSXE

.
IFIEQ=EY) 501,301,700
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600 PRINT 402

601 EN=CRBIXRB (2,802} )8{EQC1 )80 G270
LF (E4~EMAX) 2242241

42 suwtiEgsCiiswiiesaiii g le
SN={(EQeSOI8XaN2) JEN
BN /50
KbwkN/EU
PujS08AREA
SDPas0 /1000,
ENPEN®{QO.
EOPEO¥ 100,
SHPaSN/1000.
PRINY 222PoEOP 509 0 i NPy SNP o XS o X
EO=EQ+0.0002
1FTEO~EYI60] 46014700

I PRINT 702

0l ENSEQEXes i 2, ¥Q/ 0\

TF(EN~ERAN) 234231

i3 SOw(tEQ/C2108(1.7Q2)) /EQ
SNy (EQuSO)exan2) JEN
XSuSN /50
_KEwEM/ED
PaSOMAREA
S0Pvs0/1000.
EQOPREO* U0,
SNPu SN/ 1300,
ENPREN®100,
PRINTY 22249 E0P 4 SOM ENPaSNP A XS XE . -
tO=E0+0,0002

e B i B

i ey e

SR

G0 10 701
13 FORMAT(24R26HPREDICTED NOTCH PROPERTIES//)
1a FOAMATIEX RADPL (ED X3 HOM s TXIHHUM o THIVMAX s TAIRAN A 98X IHK
1 TX1HK]

FORMAT LEXUHLOAD ; 5REMSTRAIN: 4X6HSTRESS 1 SXOHSTRAIN AXOHIT RESS s __

1%
TTTARIHSUB A XIHE U
16 FORMA T (SX6HPOUNDS + b X THPERCENT 1 3X3HKS 1 ¢ TXTHPERCERT o IXIHK S 10 OX1HYS 4

I IXINE~//)
_10l FORMAT{2F9s%
102 FORMAT( /743K ¢ 2HEW JFBa2 o @HU 10086, 3% JAHEPL® o FEa by AKX JHEYw 4 FBa s 3N

1 5MEMAXs o FBeboe// )
TITY T T FORBATISNYHCT= mr! VIR IAHL e o FT T S TR 26 E1 a3, Sy THHE = o F 7.8,

177 7 e

T{LOMAHK-AVE=1F 98 g A\QUPHRET AREA®LFPoR21X0MSQ [Nyrd) .

12 FORMAT{
202 FORMAT {/ 2 20X 15HELAST IC~ELASTIC /)
2d2 FORMAT{F12:40F10a3,F9:¢1sF10u8sFTalydXsFlado2XsFTos)

] .

§ S¢2 FORMAT [ /920X 20MELASTIC-TRANS | TIOMAL 4 /)

s .t 402 FORMAT{/ 4 20K1SHELASTIC-PLASTIC /)

i 502 FORMAT( /920K 25HTRANSTT IOMAL~TRANSI TIONAL /)

d 802 FOMMAT{ /20 RZQHTHANSITIONAL-PLASTICY/) . . -
y 702 FORMAT (/¢ 20K 15HPLASTIC-PLASTIC, /)

: 177 FORMATII1s11A1)

T7e FORMAT(//,5X43RELASTICs TRANSITIONs AND PLASTIC ANALYSIS OF
L LIHSSECIHEN NOv11lALe//)
09 FORMAY (2FT4342ELlL1e%43FTshoFba)
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: END
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TYPICAL QUTPUT OF PFROGRAM NO. 1

CLASYIC . TRANSTYIONS AHN PLASTLL amag “STS 0f AR cInfn g DI-F) - n

£: 2%.40¢ 10008 oL .0n%Y00 Fy. ,onason faay. 02000
[ 4 3 Y LR L] a1: .6%%00 [ 4 1807008 az: .arna
R-A¥E: 1.%000N0 Nyl ARFA. JEENOD E I

FPEEDICTIFD NCTrW VRAPERTIES

r—

i A

APPLLED LT-1] LT.1] LI1] MAX L X
(T 1] 1TRALN AL S STRpIN SIRf s e SUN
POUNCS PERCFNT w5t pENETNY [£3] L3 [ ]
ELaASTIC-ELARTYIC
1200.0000 13434 W.n «10) 3% 0.0
1800, 0000 .0 «ih203 s5.0
2399.99% L1 ] 20270 €0.0
soon. 0oQoQ 1L 0.0 +23338 5.0
1829.0000 20270 e0.n < 30uns 0.r
4]199.953y 23689 a.r «JhaTy IDYM.0
s800.0000 «22Y AD.D ~A0°a}) 120.0
3395, « 3040% s.n ~4%h0A  118.0
3999, . 317an 100.0 «ANRTC 1%0.0
CLASTIC- TRRNSITIONAL
€599, 99% 37182 119.0 «S6770 1&2.0 1.4772% 1.5276
LT17.59%%8 I 113.0 <SATAD  LARY.0 1.%:08 1.%4070
695%5%.19%r <3182 118, ~60806 168.0 I.uay) 1.%%27
AREIRALTY NOER2 118.9 «h2ouP  170.9 AT [T IY ]
P10, 3995 «alle2 121.0 «6N3NGE 17" 18209 V.hT760
FLASTIZ-PLASHIT
Tasl.99%}) «N21K2 1318,.8 «~673%7 1788 1.1%18 1,609
Te6%,.%9%) 8362 127.0 «70%88  174,0 [ ] bebun?
78831992 Jenig2 110.7 STal AR 1 TS,.0 1.7198 1.47928
aarn, ¥e9) w162 1337 ERALLY AR RL N ) 1.2 L.705%0
182 116.4 «20TR% L7507 T.2R87
[RRATE LI} w712 1319.% FLLIR T B 7Y 1.240% 1.70%0
[33APRL L) 8162 107.6 «AMeRE ) TR.2 AETALS ] 1.4200
S751. 1987 89162 188, PR IR LN b t. 213 1.8549
6904, 798% =30162 a0.5% «%aTNl  116.8 ). )07 I.88%7
L] L] 51162 1%1.8 «NNED 1701 1.1592 19245
12619900 nS2182 1%, 0 1.0019% 172, IERLE. L] 1.9%92
1R ANSE TIONAL -PLASTTY
<5187 1565 1.0%008 177.% PR RLL
« 55182 159.¢ 111328 171,98 lallo® 2.M8)
736 1742 87182 2.6 l.1ve2 178,13 1.19% 2.0%21
41s,5088 5912 135, F 1.213718 17,6 1.1Tay 2.085%
\0110.D086 «&I162 168.5% 14298%% 170 L0222 2.1182
10202.812% -63182 1. & 1-35R72 1791} 1.08638 2.1%0a
ASYIC-wLASTIC
f0681.555) «&SIF2 e, 2 [ELF LU L M 1.0%43 2.1837
13360.0%29 8182 [RLPY ] NP8 1790 1.031% 2.1817
69102 1Te.% J.30893 14&0.1% 1.n¥13 21017
aTle2 e R 134236 180,75 ten3 L} 2.0 817
«73182 1rs.n 1.59420 100.% 1.N313 ERIE TR
« 15182 1715.2 163903 180.7 1.0113 2817
10971.512 217102 [RLTR) lebN3Ng  1RO.N 1.053% 2.i817
1ns32.2129 « 19182 8.8 173710 11,0 b.0313 ESR IR
10547,.590% 81162 11%.7 171973 inl.2 1.1313
19552, 7e0% «AJ162 1715.% 1.05113
10%62.63722 «8Y182 Is.r 1.001Y
10572, I8 AT 1. 1.%016% 101.7 1.031%
10881, 8200 LN Y 1.s 1.9%427 161.9 .03}
10591.0%481 «91162 1 ALY ) 1.0313
10600, 3793 «91162 1767 2.0375% 1,013
1060%. 0750 «98)62 176.0 2.07517° 1.031}
10617. 7971} «37162 mnm.n 2:=11%81 1.0313
10628, 3880 « 9182 1717.1 Zolb3an 1.0111
106 38, 7309 L.01)62 171.2 Z.2U704 1.011}%
10642.9%8) L.03162 117.8 2423071 1.0v1%
1265%1.0337 1.08162 rr.s 2,285 34 1.9213)
10658.9632 1.0T182 177.4 21110 1.031}%
10648. 7813 1.09162 117, 210187 1.0}
104762004 1-11162 11T 2.878%28  183.% 1.0113
106 81. 3230 helJ162 118.0 290808 183, 1.0319
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80 COLUMN PRINTQUT OF PROGRAM NQ. 2

READ TTYLITERT o PP 2P Yo Pu o ke P B T Pa P AP )
TFAT TIPSV ) 99%90999,2

i

PRINT TV, PLaP2:P3:Pe Pty PP 79P0 P PIOPL)
REAT RAG NN o IZ2e 750 7% o 7TSe TR a2 Ta 7R 2% IR0
PRINT 90N 2213078428076 TeY8s1%e 20
READ 00wy &) ohZ MisR2,T

ROAD 8831110021 CHaC20EPLeEVoFMAT,F
B:zv/ 2.
AR)zZAL/R
AN2:A2/8

ARVC-AL/®™)

AR A /R"
Nh(R-Alber,
N2 IR-42142,
PY):-Dt/v
Nw2:-u2sv
N:w-d}-A2

TFINNIE of 4]

W1 -NVL e 5¢0VIaSERT (AR I /781, -0VisDWLeSORYVIRRL)}

.t INW AR 20}, 50=1.33DNW ) Yeny]

1.-D¥70 ,Se0U2sSORTIARZIN /() . =DV Ze0NZeSQRT AR}
B2:0.000V2e k270,581, 3000070080y

oo YO N

NINF - Da?8 + 2,20385007120])
AEz01ee0.1820A01-5070ARI #2221, 727¢aR10o3)al) ~A0])eXiNF
YINF2: D78 +2.20305007 140 7)

122 1] eN J020a02-1. 0750824021, 77 7048200 j0i],~-ART)eNINF2
¥:1tieu2i72. )

ARCA:Te]

PRINE 10y ARL AR} DV IaX]

PRINT 11y ARZIARZ,DW2,1Y

PAIAT | 2.xsARER

PAINTY |}

PRINY )& ’

PRINY S .
SRINT 16
PRINT 202

50: 20600,

Fefollbavrir}

ra.gos

INZWefU

IFIPN-FD )18, 100

SNiE NS

r:sn«ars

Pt

FOF Qe inrn,

ALERR Y A L+

FN® -[Ne RO,

PRINT 2I2:2,L0P S0P THP,SNP

£0:50¢ 100G,

60 oTn v}

PEINTY 307

SO0-F0e

FuzCisitdeo2)vilQredioliondl

IFEEM=FY) 19:19:000

SRz (e dT1oifDee?}sF/[N

¥5:SH/80

w0

PoSOARED -

spe-sozima.

[oP oM, )
SNPZ N/ I0ND.

NP -fNeifO,

PRINT 222+P:(OPSOP TP SHP XS IT

fo-€0e 0.NUOI

IF4F0-CPL) 108 3Q1+300

PRINY 802

30:=CUeE

(M-C2o (LI sEDYw o2V o) on ] ,
IF{CN-FRAYE 20.200)

ENZLiIRoENY e 2D oC/EN
A32EN7 Y0

¥oCH/e0
P:T0AREA

soP:-30/1000.

coP (g inn,

KNP =S 200,

CNh=quaIn0, . _. e e

CRINT 222:P¢LOP VSO0 INP NP AT IT

ozEpen, Aol .. . .

IFIEG-TPLY 401 801600
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K0?
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‘wqyq

reiIN ur

SO:{IFQ/CLIeet 70000 /80

FH:FOs Nasi2,e0))

IFUFN-CY) 21421600

NHIIITEE AN e R AT

X4 :8N750

XF_FN/CO

PoSONARER

s0k:50/|NN0,

for-go=10n.

MR SN/ LDNO,

TNP-[Ne DN,

PRINY 272.PEOPSOP, (NP, SNP. TS, T

FOZEQHD,. NS

IFIFO-TY) 501:%Q) 700

PRINY 407

EMHzC2a 1Xnn (. 002) Do {LDICYVI0102701)

1 (EN-ERAXD 222241

SO HICO/CAIsegl QLI /E0

SH:{iCOs FloNoe2) /N

S =SN/50

X .-FR/CO

L ZA LY LIg]

S0P % /71000,

(MP-fNejCn,

(oP:TOe N0,

SNPISN/IMD.. L.

PRINT 223:,R,F0PSOPFNPSNP VS, XT

fo:fro«a.nU2

1FLEO-CY)ROLsGDY s TON

PRINT POI?

IN:TOs st 2,002}

1FUEN-FRAYY 23e2Ys}

SOz LIEO/C2 100t /7020 /€0

SNZ((EDeSNboNee2? /LK

RSN/ SO
R 834 {22

PCSreARES

L{LIR L FAT '

FOPI[OeInN,

R LR PR

FuP-INeln™,

POTNY 220:PoT 0P S0P T WP, SxPa XSRS

T0:£0e2,7002

60 YA 700

FOONAT (S vbm L /ZRIZoT A, SOSURML /7002 eFB.5+3T5MB)/0:¢F Q.50
L3R LI RALES LY ML IV 4 )

FAGUAT I SIFRHLZ/B2Z oF B, v EGHLY /RS TR S oS NINDI/B2eF RS
SYRUK-Ut -z fFBe8 0l

FORPAT { INYuhU-AVE oF 9, % JOYONNTY AREA:FI .S ) NSNS [N //)
FORPAT( ZOX2EMPRENICTIO NOTCH PROPFRYICSa/7)

FOCMAT (SYPAPPLIF A IR SHNORP s TE YNGR s TEISANAN o TREPIAN o SV L Hil o
7% huv)

FORMAT (GUQMLOAD e SXAHSTRATN A RBHSTATSS QRGN TRAININRENS TRLSS .
SYIUSUR,SY IRSUR)

FORMAT I SUEHPOUNDS oS THPERCPNT s IN WM S Lo TR TPLRCENT o JXIMNL I o BN INS,

1 iMe, 221

FOPMAT 2427 R)SWELASYIC~ELASYEC )

POMMAT 1F 12 usF 1080 9 1ol 105 PV 1 o3R:F7,0020eF7.8)
FORMATLZo2 V20MELASTIC-TRANSE T TONEL o)

FOPRRYV /7 7Ox EHEL RSV TE ML IS 70 ¢, 70

FORMAT (/7>208 29K TPANST YIONAL-VRANSTVECHAL +/ )

FORMAT (/220K 200TRANST TIONAL -PLASTICY /)

FAMBAT (/732N IBHPL AT TC~PLASTIC, /)

FOWMMT ( /Re SRUSHFLASTIC, TRAWSITIONs &NC PLASTIC AnALYS IS oF [}
1INSPCCINEY ROV 1181477}

rORRAY ([1o0a01

FORMAT 16FR.4)

FOPMAY (2F7.5:0F11.5e3F 7. 00F8,2}

FORMAT 1 1NXWANELASTIC CONCENTPATION FACTGR CALCAATED AY THE.
AT BHRETHOO. /T

FORRAT ([Vodjan)

<Ynw T

rap
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