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ELASTIC-PLASTIC STRESS-STRAIN BEHAVIOUR
OF MONOTONIC AND CYCLIC LOADED NOTCHED PLATES

T. Seeger, A. Beste and H. Amstutz*

INTRODUCTION

been developed.
determined by the local Stress strain history of the material element at
the notch root. Figure 1 shows the scheme of these pProcedures based on
three fundamentals: load-notch strain relations, Sstress-strain laws as
well as damage and failure laws of the material.

diction often occur, which seem to be a consequence of these adaption
methods. The comparison of measured and calculated fatigue 1ife yields
many possibilities for adapting the three fundamentals, It is un-

likely to find out the accurate method, For a development of anp effective
life prediction procedure it js fnecessary to check the three fundamentals
independently from each other and independently from the final results as
far as possible. This paper deals with the first of the fundamentals
mentioned in Figure 1.

APPROXIMATION FORMULAS FOR LOAD-NOTCH STRAIN-RELATIONS

Accurate calculations of the notch strains and stresses within the elastic-
plastic range, €.g. with FE-methods, are Very extensive, especially in

the case of Ccyclic loaded structures. Therefore approximation formulas

are mostly used for 1jife prediction [1 - 5]. Until the pPresent time,

very limited data has been available to test these formulas which can he
written in a general form:

Ki/]‘\'0 = F<Kt/KO;KP) (1)

The definitions of the concentration factors K¢» Kg and K. are listed in
Table 1, column 4. The limit load factor Kp describes the ratio of the
ultimate load to the yield initiation load both regarding an elastic-
perfectly plastic material law. The factor Kp is independent from the

yield stress Oy and the nominal Stress definition. The nominal ultimate
stress Sp necessary for determining the limit load factor Kp is calcul-
ated from the Stress distribution at the Cross-section area governing the
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e dapproximation formulas using concentration factors as variables are

bisted in Table {, column 2. If the variables are replaced as mentioned
n ‘u}umn } the formulas for the load-notch strain curves (yield curves)
re obtained under consideration of material laws with hardening. For

mennu{ stresses beyond the nominal ultimate stress Sp the notch strains
're intluenced by cross-section vielding. To take into account this effect

ot load range S > Sp the nominal stresses are related to the cross-section
tred poverning the fully plastic state. The new nominal stress S* is
lefined in such a manner that the new ultimate stress Sx equals the yield
tress 0, of the material. P (

I'he typlcal shape of the yield curves in the case of elastic-perfectly
plastic material is outlined in column 3. It can be recognized that the
.Fuber gnd the ASME-Code formula are independent from Kp. When reaching
the ultimate stress they bend into a parallel to the strain axis. The
other three functions depend on Kp and the yield curves asymptotically
tpproach the ultimate load. Contrary to the Neuber and Stowell
Hardrath, Ohman formula the yield curves of the other formulas ;how a
tangential transition from the elastic into the elastic-plastic range.

A METHOD TO DEVELOP INDIVIDUAL APPROXIMATION FORMULAS BASE THE
; £ ) ASED ON S
DUGDALE - BARENBLATT-MODEL e

Ihe approximation formulas listed in Table 1, line 2 to S, have the prin-
cipal Weakness that alj notch cases with the same limit load factor K. | d
to thg Same yield curve independent of geometry and load confiéuruiioﬁ. o
Yheretgre a method is suggested to develop individual approximation formu-
las which are more adjusted to the special notch cases.

N}th ;his a given notch problem is transformed into a crack problem by
cnanglng the notch radius O to zero. The load and all the other geo-
metrlcal_dimensions are held constant. Based on the Dugdale-Bareﬁblatt—
yodel using elastic-perfectly plastic material law the general relation
for the crack tip displacement vy is: )

"‘Vai/ay = <K/0y>2,q<s;5p) (2)

For each crack problem the stress intensity factor K and the function q
daccounting for large scale yielding must be calculated. One obtains the
loaq-notch strain function shown in Table 1, line 6, by using the Creager-
Paris relation K = KeS- vmp/2 for slender notches [6], the relation
betw?en notch strains and crack tip displacements 2v, = €-T-p/4, consider-
ing rurEher the higher yield initiation point Sy of a notch compared to a
cragk (by = 0) by transformation of the variable S to S-S and finally
addlng a4 simple additional function (1 - Kt/Kj)-(Kt/KO)‘nyfor tangential
transition from the elastic into the elastic-plastic range.

?S an §§ample for the development of an individual approximation formula
“he infinite p}ate with an elliptical hole under constant tensile stresses
» Will be considered. For this case the crack tip displacement is [7]:

_’va/E'v = <8/ﬂ>.a.ln-sec<WS/20y> (3)
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Hence it follows with K = S-ym-a the equation mentioned in Table 1, line

Individual formulas for other notch cases will be developed. In the
meantime we suggest using the special formula from Table 1, line 7, also
for other notch cases.

VIELD CURVES FOR APPROXIMATION FORMULAS, FE-CALCULATIONS AND EXPERIMENTS

Figures 2 and 3 show a comparison of yield curves calculated by the FE-
method and approximation formulas. The characteristics of the FE-programme
used are: plane stress problems, constant-strain-elements, initial stress
method, Mises yield function, isotropic hardening, arbitrary material laws.
fn the elastic range the FE-results deviate about 1.5% from results pub-
lished by Tada [8]. The following conclusions can be drawn generalized
only for tension loaded plates with holes:

L. The FE-yield curves show a tangential transition from the elastic into
the elastic-plastic range. Using the variables S/Sy and €/€y the Kp-
values do not influence the transition behaviour. The yield curves
reach the ultimate loads at finite notch strains.

Ihe ASME-Code formula gives notch strains which in all cases are lower
than those from FE-calculations. The differences increase in the
upper load range.

5. The Dietmann/Saal formula shows a tangential transition. Therefore
it gives suitable results for low notch strains (e < 3-ey). Near
the ultimate load and for high Kp-values also in the medium load
range the formula gives too high notch strains.

b. The Stowell/Hardrath/Ohman formula yields good agreement with ['E-
solutions for Kp-values within the range of Kp = 2.5 to 4.0, except
near the ultimate load. For increasing Kp-values this formula tends
to the ASME-Code formula and gives too low strains. For all cases of
decreasing Kp—values the estimated notch strains are too high.

5. The Kp-independent Neuber formula gives similar characteristic as the
FE-calculations. [t gives about 30% higher notch strains. This
result follows from the non-tangential transition bchaviour of the
yield curves.

0. The new formula developed for infinite plates with ciliptical holes
gives suitable results for the whole Kp-range, except near the ultimate

load as a consequence of finite specimen width.

Figures 4 and 5 show a comparison of yield curves measured by the companion-

specimen-method and calculated by the approximation formulas, These re-
sults demonstrate the influence of material and loading type (monotonic
and cyclic). The following conclusions can be drawn:

1. The ASME-Code formula gives notch strains which in all cases are lower
than those from static and cyclic experiments.

The other formulas give nominal stresses 5 which deviate from experi-
mental results in a range of *15%. There is no formula with best
prediction behaviour. The prediction accuracy depends upon material,
load level and loading type.
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For t
Wwithin the Tange below and above the net yield stress is the same. Table 1 List of Approximation Formulas

For cyclic loading the dccuracy below the cyclic net yield stress is

better than above. In the high load range an improvement of accuracy R

can be reached if the estimatonn o carried out with cyclic gonnois ;}_m
TOor constant number of Cycles instead of Stabilized cyclic 0-g-laws., 1 . e ot By w”mmﬂW‘“V“mcw",‘ il f

S5y 1Kt =g/ S Ibeoretical Stress
] . Concentration Factor
217 .
P / Kes e/e Strain Concentration Factor
3 w14
i
i

1 K
Ko Ko Se:E  if SaSp
Se=s%" if S=5p Kg=0/S Stress Concentration Factor

measured for Stg-70 material shows a tangential transition from the

clastic into the elastic-plastic range. For St37-material the tendency [s%By  Limit Load Factor

|

4. Contrary to the monotonic yield curve the cyclic yield curve ’
| |

f % Notch Stress from Theory ‘

[

|

is similar but not so dominant. Therefore in the transition range the I of Elasticity
‘pproximation formulas with tangential transitions are better for |2 [ Noteh, Siress
cyclic loads while the others are better for monotonic loads. !< f’””‘ :t;j::ﬂsm”
5 : : | Ke  Kp-1 X | I:‘ = vx:, o/ Yield Strain
2. For monotonic loaded notched plates the experimental net section yield | o TR Rk g | y Is Nominal Siress of Free

f Ss=.
us‘/.s A ;Ss: Nominal Strain

Neminal Stress for Notch Root
Yield Initiation

/Sp Nominal Ultimate Stress
Calculated by Eiastic -Rerfectly

Stresses are 3% and 5% lower than those from the approximation formulas )
whlch give net section yield stresses identical with the material
Yield stress. Therefore the notch Strain predictions in this load
range are very inaccurate,

|

|Sy=oy /Ky

Plastic Material Law

5':5-Ky /Kp Nominal Stress Related to the

|5 7
I Crass - Section Area Governing
- = \F\ the Fully Plastic State
X
REFE RENCES *=9(5% Nomrful Strain Related
= | r s
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Figure 2 Comparison of Yield Curves for Monotonic Loaded Notched Plates
Calculated by Approximation Formulas and FE-Method with
Elastic-Perfectly-Plastic Material
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Comparison of Yield Curves for Monotonic Loaded Notched Plates
Calculated by Approximation Formulas and FE-Method with
Elastic-Perfectly-Plastic Material
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Figure 4 Comparison of Yield Curves for Monotonic Loaded Notch Plates
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Figure 5 Comparison of Yield Curves for Cyclic Loaded Notched Plates
Experimentally Determined and Calculated by Approximation
Formulas
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