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AN ANALYTIC METHOD FOR ELASTIC-PLASTIC SOLUTIONS

I. S. TuBa

Mechanics Department, Westinghouse Research Laboratories, Pittsburgh, Pennsylvania

Abstract—The general three dimensional elastic—plastic problem is formulated in terms of the total displacements
and the plastic strain components. The resulting governing equations are applicable to arbitrary orthogonal
curvilinear coordinate systems and to arbitrary theories of plasticity. A method is developed for the solution of
two dimensional problems, and it is used for the analysis of a circular hole in a flat plate under uniaxial tension.
The same method could be generalized for three dimensions.

The purpose of the paper is to illustrate that a straightforward, simple approach can be used to formulate
and solve otherwise very complicated and mostly unsolved elastic—plastic problems.

NOTATION
€ total strain components
€ elastic strain components
€ plastic strain components
T stress components
u; .
wr. w} displacement components
E modulus of elasticity
v Poisson’s ratio
Ev

(1 -;:v)(l - ) Lamé constants
=50+
o coefficient of thermal expansion
B (344 2u)
T temperature
8 Kronecker delta
® strain invariant
F, component of body force
P density of material
f loading function, yield condition or yield function
C a scalar which may depend on stress, strain and their history
8ij metric coefficients
h; distortion coefficients
X4y X2, X3 curvilinear coordinates
Ci; variable coefficient of du;/0x’ term in the differential equation
#;,b; constants defined in the Appendix
w over-relaxation factor
Oy yield strength of an actual stress-strain curve when set equal to the proportional limit
do yield strength for bilinear representation of stress-strain curves (see Fig. 2)
Fora,r,,mn M,N,r,, dr,.dé, @, see Fig. Bl.
K,. K, stress and strain concentration factors

1. INTRODUCTION

PLANE elastic—plastic problems have been formulated in terms of an elastic—plastic stress
function and the plastic strains by the writer [1,2]. Similar formulations have been con-
sidered also by Roberts and Mendelson [ 3] for thermal stress problems. The method is very
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convenient for the solution of plane, singly connected regions. It can also be used for
multiply connected regions but the determination of the linear part of the elastic—plastic
stress function becomes quite complicated.

The purpose of the present paper is to formulate three dimensional and plane problems
in terms of the total displacements and plastic strain components. Solutions will have
the same degree of complexity for singly or doubly connected regions.

A method of solution of the governing equations is illustrated on the problem of a
circular hole in a unidirectionally stressed flat plate. It is believed that the same method
can be used also for the solution of some three dimensional problems.

2. FORMULATION OF GOVERNING RELATIONS

For convenience the general three dimensional problem is discussed with the use of
tensor notations.

Consider the following basic equations:
Strain-displacement relations

€ = %(ui,j+uj,i) = €;+ ‘:/J (1)
Elastic stress—strain relations
T = ’{gij®,+2/l€t"j'ﬂTgij 2
where
0 = gij‘;'j = €§i . (3)
Equilibrium equations
gjk‘fij,k‘*'Fi = pi; )

Substitute equation (2) into equation (4)

e oT .
g* Agijgxhk'*_z.u‘ij,k_pgijgg +F; = pij; (5
or
00’ . aT
il ke B~ 4+ F. = pii.. 6
iax; +2,ug €U.k ﬂax,+ i pul ( )

But from equation (1)

. 1 . .
k _r — k, gk
g€ = 58’ (U i+ 40— 8" €k

1, 10

= igj ui,jk+_2' ﬁxi_g €ijke (7

Since

gjkuj’ik = uk, ki aﬂd uk,k = @ (8)
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Note that because of the incompressibility of the plastic part of the material ®” = 0,
therefore ’

O =0. 9)
Substitute equation (7) into equation (6)
0 . ) oT .
(j'+#)_é;i+“g\lkui,jk_2”g\lk€;f},k_ﬂﬁ'*'Fi = pU;. (10
But
gjkui,jk = VZ“;',
therefore
00 . oT .
(/1+N)5;+#V2“i = P“i‘ﬂ*’ﬂ&‘f*‘zﬂgﬂfu,k« (11)

The governing relation as given in equation (11) must be accompanied by the initial and
boundary conditions. It should be noted that for continuous and singly valued displace-
ments, the conditions of compatibility are automatically satisfied.

Plastic strain components depend on the past history of the deformation

“ =J 1 9 (12)
where
d¢;=C o .aid'r,d when loading
ot Ot (13)
def; =0 when unloading

and LP indicates loading path.

References [1-3] discuss the methods of computing plastic strain components. The
methods are not discussed in the present paper in detail. Expression (11) is a tensor equa-
tion. Since our prime interest is elastic—plastic stress and strain concentration it is neces-
sary to expand equation (11) for various orthogonal curvilinear coordinates. The results
are given in the appendix for the general case in terms of the distortion coefficients. Inertia
and body forces are not included and uniform temperature is assumed. As an example, a
polar coordinate system is considered.

For equilibrium in the r direction let x, =r, x, =0, u; = u, u, = v, h; = 1 and
h, = rin equations (A1) and (A3) of the Appendix.

For equilibrium in the # direction take x, =6, x, =r, u; = v, u, = u, h; = r and
h, = 1. After some rearrangements the following two equations are obtained

ﬁlﬁ(r) +i l—va_u_3—vi+1+v@ _c'?e;’+1—v - deg
arlror’”| 62" 0 2 2 2 or] o r T o
(14a)
1—v 1—v 3y}

”

©t " 0
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1—v£1£( ) +£ 3—v1+1+v6_u+ia_v _Xae;'+1aeg
2 arlrar | a8l 2 2T or 200l T rae r o0

(14b)
L=y oy 1-v,

2 ey

Of course these equations could be derived in polar coordinates without the use of equa-
tion (Al), but a corresponding development for other coordinate systems could be very
involved by a direct formulation.

3. EXAMPLE: CIRCULAR HOLE IN A UNIDIRECTIONALLY STRESSED
FLAT PLATE

A flat plate of infinite extension is considered which is stretched in the x direction by a
known one directional stress ¢, at infinity. A circular hole is located in the plate with its
center placed at the origin. It is convenient to use the polar coordinate system shown in
Fig. 1. The loading is such that the portion of the plate around the hole is stressed beyond
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P — P

F1G. 1. IHustration of the geometry.

the elastic limit of the material. The usual plane stress assumptions are used. The elastic
solution [4] to this problem is well known and will not be repeated here. It is only noted
that the maximum tangential stress and strain concentration factors are at r = a and
6= +n/2

K,=28 _K =% -3 (15)
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The effective stress and strain concentration factors are also equal to three.

Review of previous work

Since in [1] of this paper the writer reviewed in detail the recent state of both theoretical
and experimental elastic-plastic analysis, here only a brief account is given for the example
in consideration.

Stowell [7] formulated the problem in terms of the secant modulus. Approximate
stress distribution was adjusted to minimize the mean square of the error in satisfying the
equilibrium equations. There were no considerations given to compatibility of strains.
Although Stowell’s procedure is questionable in several respects, it is still commendable
for two reasons: It is the first attempt known to the writer to solve a two dimensional
elastic—plastic problem for arbitrary stress—strain curves; furthermore it is simple to use
by a trial and error method.

The work of Budiansky and Vidensek [8] is considerably more sophisticated. The solu-
tion for the final stress components is obtained by adding a corrective solution to the
elastic solution of the corresponding problem. The stress—strain curve used is that of
Ramberg and Osgood [9]. The solution is based on the simple deformation theory of
plasticity and is found by application of a variational principle in conjunction with the
Rayleigh—Ritz procedure.

The formulation is very lengthy and involved. The approximate solution is possible
by computers using numerical techniques. The method of Budiansky and Vidensek could
be applied to other geometries but as presented in [8] it is applicable only to the circular
hole problem. For small loads and low strain hardening the results agree fairly well with
the results of Stowell, but for high loads and considerable strain hardening the disagree-
ment is pronounced.

Griffith [10] experimentally investigated the case of a circular hole in flat 24S-T
aluminum panels using electromagnetic strain gages.

The same material was used by Box {11] but the strain measurements were made by
measuring the distance between gage marks with an optical slide comparator which read
directly to 0-00005 of an inch.

A photoelastic coating technique was used by Dixon [12] on flat aluminum bars.

An experimental determination of the elastic—plastic stress and strain distribution by
the Moiré method is given by Durelli and Sciammarella [13]. ,

Fried and Shoup [14] found that the photoelastic effect in polyethylene varies linearly
with principal strain difference well beyond the range of stress—strain linearity for this
material. The nondimensional stress—strain curve for polyethylene over the range of strain
rates employed was found to be similar to that of 3.S aluminum.

Frocht and Thomson [15] used thin models of cellulose nitrate to extend the photo-
elastic method to the plastic state.

A quantitative comparison of the results of these investigations seems very difficult if
not impossible because of the numerous variables involved.

Since the stress—strain curves of Theocaris and Marketos [5] and Johnson [6] are used
in the present work, some of their results will be reported in Section 5.

This brief review is concluded with the appropriate remark of Budiansky and Viden-
sek [8]: “The theoretical solution presented for the stresses in the plastic range around a
circular hole in a plate subjected to uniaxial tension is very far from a final answer to the
problem considered.”
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The present paper cannot offer that final answer either. On the other hand it presents
a very simple formulation readily applied to a wide variety of geometries and either to the
deformation or to the incremental theories of plasticity.

Method of solution
Consider equations (14) written in a symbolic form as
D11u+D12U=(D (163)
Dy u+Dyv =Y (16b)

where the D’s are the given differential operators, and ® and ¥ represent the right sides.

The elastic solution, given in [4], satisfies equations (16) if ® = ¥ = 0. This solution
can be denoted by u, ¢ and v, . In what follows the first subscript of u and v will denote
how many times the right sides have been reestimated and the second subscript the number
of iterations applied to the displacement components for a given estimate of the right
side. From this elastic solution, which will contain stresses above the elastic limit, the
elastic—plastic problem is attacked by the procedure described in the next paragraph.

From the elastic solution estimate an initial value of the plastic strain components by
subtracting the elastic strains from the total strains derived from u, ¢ and v, o. The proce-
dure for doing this is given in [1-3].

Compute the corresponding right sides and denote them by ®, and ¥,. Closed form
solution of this problem seems impossible, but the equations can be put into finite dif-
ference form and solved by relaxation or other techniques. For example, equations (16)
can be solved by the following iteration sequence :

Dyjuyi=®o—Dyvy ;-4 (17a)
Dyyvy; = WYo—Dyyuy ;. (17b)

The iteration can be stopped when the solution stabilizes. Based on the new solution the
right sides are recomputed and the sequence is repeated until the plastic strains stabilize.
For the pth iteration on the plastic strains and the ith iteration on the displacement,
equations (16) take the form

Dyyupi =@y 1 —Dy20p- (18a)
Dyyvpi =Wy 1 — Dy, (18b)

The above outlined method can be adopted equally well for the total or deformation
theories and for the incremental theories of plasticity, and can be used for arbitrary non-
linear strain hardening materials including the elastic perfectly plastic condition as a limit-
ing case. It is postulated that there is a relationship between the effective stress and the
effective plastic strain which, in general, need not be an explicit function, but for practical
reasons in most cases, it is displayed in the form of the usual stress—strain curves.

An alternate to the sequence of iterations given by equations (18) can be performed as
follows : Continuously compare the relative residuals of the two equations to each other,
and resolve the one which has the larger relative residual. Relative residuals are defined
as the ratio of the maximum present residual to the maximum residual for the exact elastic
solution.
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In numerical solutions infinite regions cannot be used. Instead an outer boundary
with a large radius is considered. Radial and shear stresses are maintained on this boundary
which are the same as given by the corresponding elastic solution for that circle. Of course
the displacements could be specified at the boundaries instead of the load just as well.

Because of symmetry only one fourth of the region is used.

From equations (1) and (2) the following conditions are obtained:

Atr=aandr =r,

du o%1—1?) v[ 0v:| [ jl
hied - r 4 7 bl " ” 19a
5 y — 5 u+60 p,i_1+ € +vep - (19a)
ov % 1] ou
o _ e 1] _ou " 19b
ol G +r|:" ae],,,,.”"’ ot (19b)
At0 =0and 6 = ;—‘
v,; =0 (19¢)
ou
a . 19d
30|, (15d)

These conditions are sufficient for the solution of the problem.

Establishment of the quantities ® and ¥ near the elastic—plastic boundary requires
special attention in certain cases. The governing equations (14) apply equally well for the
elastic region where the right side is zero, and for the plastic region where the right side
depends on the plastic strains. For many real materials, elastic—plastic boundaries are very
difficult to define because the transition is very smooth. On the other hand when an idealized
material is assumed, with well defined yield point, there are discontinuities in the derivatives
of the stresses and plastic strains at the elastic—plastic interface. Fortunately this causes no
more difficulty in the computations than a real boundary. Simply, when derivatives are
evaluated the appropriate forward or backward difference equations are used.

The writer cannot offer proof of uniqueness of the solution. In any problems considered
the resulting displacements were continuous.

Since the above description of the method of solution is very symbolic a somewhat
more detailed discussion on a numerical method of solution is presented in Appendix B.

4. DISCUSSION OF RESULTS

The method of solution as described in the previous section, and in the Appendix,
provides the stress, strain and displacement components at every node point of a curvilinear
network. Due to space limitations it is not possible to give these data. The following is
restricted mostly to the illustrations of the development of the elastic—plastic boundaries
and of the maximum stress and strain concentration factors. In the calculations which
have been performed by the present method, actual stress—strain curves have been used.
These stress-strain curves were taken from such references which already consider some
form of analysis for the circular hole problem.
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There are no experimental results available which correspond exactly to the infinite
plate assumptions. Some experimental results have been published for perforated strips,
therefore the comparison which follows will be more qualitative than quantitative.

In the examples, a circular hole of unit radius is considered.

Although it is known that incremental theories give more realistic solutions the present
examples are worked out for a deformation theory based on the von Mises flow criteria.
The method is applicable to both theories but the deformation theory requires less work
than the incremental theory.
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The maximum stress and strain concentration factors, in each case discussed, apply to

the pointsr =a, 68 = ig, and they are defined as

K, = =K, =< (20a)
Oy, Oeff, o0
K, == ad K, =2 (20b)
“ € ‘ €eff, 0

Normalized steel

Peterson [16] applied Stowel’s [7] method to the stress—strain curve of SAE 4130
normalized steel (see curve A of Fig. 2). Stowel’s method produces the concentration factors
which are shown by the dashed lines on Fig. 3.

ST T T T LENE M ) —T
———— Present Method
———Stowel's Method /

4 —

Concentration Factors

w

F1G. 3. Comparison of stress and strain concentration factors for SAE 4130 annealed steel for Stowel’s
and the present method.

The same stress—strain curve has been used also by the writer in the present study.
The resulting concentration factors are shown by the solid lines in Fig. 3. Since at r = a;
8 = +n/2 the only stress component is g,, the effective and tangential stress concentra-
tion factors are the same. At the same point in addition to the tangential strain there also
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exists a radial strain, therefore the tangential and the effective strain concentration factors
have different values. The shape of the elastic-plastic boundaries are shown on Fig. 4,
for several stages of loading.

Fi1G. 4. Elastic-plastic boundaries for SAE 4130 normalized steel.

Aluminum alloy

Theocaris and Marketos [5] have used AA5357 (57S) aluminum alloy (curve B of
Fig. 2) in their study of narrow perforated strips applying the birefringent coating method.
The largest width to hole diameter ratio they used was three. Both the elastic and the elastic—
plastic stress and strain concentration factors have two different values depending on what
is used for the basis of comparison. The results of Theocaris and Marketos are shown in
Fig. 5, with dashed lines. Following the notation of Theocaris and Marketos the subscript
refers to the case when the whole width of the strip is used for basis of comparison and
subscript u to the case when the comparison is based on the minimum cross section. The
equal effective stress lines which correspond to o = o, of the Theocaris-Marketos
solution are given on Fig. 6. These lines would correspond to the elastic—plastic boundaries
if the stress—strain curve would be approximated by the bilinear curve as shown in Fig. 2.

The actual stress—strain curve of Theocaris and Marketos was also used by the writer
in the solution of the infinite plate problem. The resulting concentration factors are plotted
in Fig. 7, and also in Fig. 5 with solid lines.

On Fig. 8 two sets of equal stress lines are shown, both of which are the results of the
present solution. The dashed lines are for o = 0, These could be considered as elastic—
plastic boundaries for a bilinear representation of the stress—strain curve. The other set,
with solid lines, represent oy = 0y, where oy is the highest stress still on the linear part
of the actual stress—strain curve. Since the results of Theocaris and Marketos apply to
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Fi1a. 8. Elastic-plastic boundaries for aluminum alloy AA5357 (57S).

the narrow strip and the present solution is for an infinite plate, any comparison of the
two must be qualitative only. Due to the different nature of these problems it was not
possible to use a common loading factor, therefore the loading stages do not correspond.
It is important to note that the shape and size of the plastic region in the initial stages of
yielding depend a great deal on the assumptions made concerning the transition part of
the stress—strain curve.

Annealed aluminum

Johnson [6] used AA 1100 commercially pure annealed aluminum for perforated
tensile panel specimen. The panel width to hole diameter ratio was six. The stress-strain
curve of the material is plotted on Fig. 2. using two different scales. The scale on left should
be used for curve C and the scale on the right for curve C',

Johnson used strain gages to measure the strain along the minimum cross section.
The actual stress—strain curve of Johnson has been used by the writer for the infinite
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plate and a comparison of results is carried out in Fig. 9. Since the load o, of the infinite
plate cannot be compared directly either to the applied load o, or to the average stress
64, both of these are indicated on the figure. Actually o, should correspond to some
stress between oy, and o,. The obtained results agree fairly well if we consider o, close
to o,,. This can be justified on the basis that the strip is wide as compared to the diameter
of the hole.
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F16. 9. Comparison of tangential total strains to Johnson's experimental results {6].
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Whether any quantitative comparisons would be justified or not, based on the above
results, it can be concluded that the analytical solutions as obtained by the method pre-
sented here are reasonable.

5. CONCLUSIONS AND GENERALIZATION

Elastic—plastic problems are formulated in terms of the displacements and the plastic
strain components. The equations are given in terms of arbitrary orthogonal curvilinear
coordinates for three dimensional, plane strain and plane stress conditions.

The formulation can be used for plane singly connected regions. Its advantage is more
outstanding for multiply connected regions where the nonhomogeneous biharmonic
equation method in terms of an elastic—plastic stress function leads to complications.

The present formulation can be used equally well both with the deformation theories
and with the incremental theories of plasticity for arbitrary nonlinear stress—strain
relations. Deformation theories require less work, but the incremental theories yield more
accurate results.

The practicality of the formulation is illustrated for the problem of a circular hole in
a unidirectionally stressed flat plate. An iterative method is presented for the solution of
the two simultaneous second order nonhomogeneous partial differential equations.

It is noted that the same method can be generalized for three dimensional problems.

For three dimensional case, equation (A1) can be rewritten as

D‘xu+D‘ZU+D‘3W = ® (213)
D21u+D220+D23W = "P (21b)
D31u+D32U+D33W = Q (21C)

A generalization of the method successfully used on the corresponding two dimensional
problem (equations 10) would be the following double iterative procedure (see equations 18)

Dllup,i = q)p—l —DIZUp,i—l_Dl3wp,i—1 (22a)
D22Up,i = le—l —Dzlup,i“Dzawp,i—l (22b)
D33wp.i = Qp_ 1 —D31up,,-—D321’p,,-. (220)

It is the intention of the writer to pursue the present approach for three dimensional
problems in the future and possibly include the effects of large deformations.
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APPENDIX A

EXPANSIONS OF THE GOVERNING EQUATION

1. Arbitrary three dimensional orthogonal curvilinear coordinate system

The equilibrium equation for coordinate direction x, is

0%u %u %u ou, ou, ou,
C1;11§%+C1;22‘ax_§1+cl;335x—§1+cl 1%, +Cy; 25 +C1 350 3+C1“1
62u2 0u2 5u2 62u3
C C,—=+C,y,—+C Cy i3y
+ 22355 2+ 2'1(3x1+ 2’26x2+ 2z + 31330 ax,
Ous Ou,

+Cy.—+C3:3—+C;u
3‘10x1 3’36x3 373

O€} 0€, 0y’ 0y13
=Ciyi— +C22;1_£+C122 +C133
ox, 0x, Ox,
+C11€11 +Car65,+Ca3653+ C1ay12+ Cisvia (A1)
where
h,h
Ciny = (A+2p)—=2>2 (A2a)
1
h,h
Craz=p ;‘ 2 (A2b)
2
h,h,

Ciaz=p—" W, (A2c)
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hyhy -6_hl+h_3 ah2+@ (7h3)
ht ox, h, éx, h, ox,

Ci= (/1*'2#)(—

oo | O o D O
Lz = H h% aXZ hz 5x2 hz axz

| hyhy 0hy  hy 0hy  hy Ohy
Cris = "( WD Oxs  hy Oxs By 3%,
c, — A[h3 %h, h, 62h3:| _#[hz 3*hy +h3 P*hy  hy

hy ox2 " h, ox? hy 0x2 " h, 0x2 ' hh,

0x,

1 6hy 6hy 1 0&hy éhy hy Ohy Ohy  hy Ohy Oh,

+E 0x5 0xy  hy 0x3 Ox3 h3 8x3 Ox3 h2 0x, 0%,

| s O Ohy By Ohy Chs} oo o) B[Ok
112 9%, ax, 12 ax, ox, AR

Cyiz = (A4 ph;
. hy 0hy Ohy
= 3u)— —+(4 —=
Cr =4+ ,U)hl ax2+( +H)5x2

\ hy 0h,

Cra = —(A+3N)E'a
hy *h, hy ok, éhy, 1 8hy Ohy
“‘“”4Eaﬁrmaﬁzﬁw;a;

hy oh, dhy 1 &h, 6h3] ?h,

_u+‘u)|:hih_26~x2 0xl+E x4 Ox, +/16x16x2

[h3 ohy éhy hy 0%h, L2 oh, E?hﬂ

tH h% 0x, 0x, h, 0x,0x, h, dx, dx,
Cs3 = (A+uh,

h, oh, oh,
Csy = (/1+3u)h1 5;3+(i+max3
hy o,
Cis = —(A43p)2 3
33 l’t h3 axl
by @hy by dhy ok, 1 Oy b
€ =42 )[hl Gxi0xs B2 Ox, 3xs h, 0%, 0%,

—u #)[ hy Chy Ohy 1 Ohy ahz}H &h,

hihy Oxy 0%, hy 0, 0x3 ) 0x;0x3

|ih2 ohy éhy h, &%hy, 2 oh 8h2}
Wi st 7

h% 6X1 6X3 h3 5x,5x3 hl 53(3 5x1
Ciiy = 2uhyhy

'+

hy

o]
J
)Z

iy

0x;

ahy
ox,

(A2d)
{A2e)

(A2f)

)z
] e

(AZh)

(A2i)

(A2))

(A20)

(A2p)
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Cizpy = phyhy (A2q)
Cis;s = phih, {A2r)
| Oh, 55:2)
_ s 2 2
Cy, 2y{k2§xl+h3ax1 {A2s}
dh
Cay = ~2uh35;f (A2t)
Oh
Css = ——2;zk2—5;5- (A2u)
ch ch
Ci= ﬂ(’ﬁg‘“g Zhaﬁ_x;:) (A2v)
h ch
Ciz= su(kia 2+2ﬁ2—&—j (A2w)
Ci24 =0 (A2x)

The corresponding equations for the other coordinate directions can be obtained by
cyclic rotation of the subscripts 1, 2, 3.

2. Plane strain

The above equations also hold for two dimensional plane strain conditions. In that
case

Uy = C‘, k3 =1
and furthermore all derivatives with respect to x5 are zero.

3. Plane stress
For plane stress conditions the coeflicients in equation (A1) take the forms:

k.,
C1;11 = ;f {A3a)
i
I—-vh
Cyaz = S ;l‘;“ (A3b)
_Afon, h, 3&,}
Ciy = gz{ﬁ_x:ufh 7x, {A3c)
I—v 1|oh, h, oh
Cuz = 2 hy\0x, hy 0x, (A3d)
O Y L
1 &1 5X;; kl axl §xi hihz 5361
BYSTUANE X RN N
3 i \ox,| TR ax, 0%, hy 0x3 (A3e)
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1+v
Ci1z = -5 (A3f)

3—V 1 ahl 1—v ahz

Cz =5 h—la‘x—z*‘ Iy Ox, (A3g)
3—v 1 0h,
Con = _TEE’X—I (A3h)
c _ 1 *hy 1 0hy Ohy 1-v[1 Ohy 3k, 1 *hy
27 hy 0x,0x; hPox, 0x, 2 \h20x, 0x, h, 0x,0x,
1+v 1 8h, oh, .
-_— A
2 hghy 0x, 0x, (A3)
C11;1 = hz (A3j)
1—v
Cizo= Thl (A3k)
Ci = (1—")'6‘}6—1 (A3])
oh
Cyy = —(1—-v)22 (A3m)
0x,
ch
Ciz=(1—-v)— (A3n)
X2
C22;1 =Vv. h2 (ASO)

All other coefficients are zero.

APPENDIX B

DESCRIPTION OF A NUMERICAL METHOD OF SOLUTION

Due to symmetry only one-fourth of the actual region needs to be considered. This
quarter is divided into curvilinear network of squares, as shown on Fig. B1. The angle d6
is m/2N, so that 8, = nn/2N. From geometrical relations the radius can be expressed as
rm = E" " la, where & = (2+d0)/(2—d0). Similarly dr,, = ({—1)f™ 2a. The derivatives
of some function ¢ at radius r,, with respect to r can be obtained as

d 1
d-(f =r[xl¢m+1+¢m_x2¢m—l] (Bla)
d? 1
Hr_(zb— =ﬁ{%3¢m+l_x4¢m+%5¢m—l} (B]b)
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n dr

0123
ol m ome] -1
r M1 M M

FiG. Bi. Hilustration for the numerical solution.

where the » — s are constants

S S SR 2%
e Treor BUE-nery
26 262 (Bz)
“EECE BT ey
Derivatives with respect to 0 can be written as
d
E;_S = xﬁ((f)n«i‘ 1 —‘d)n— 1) (338.)
d2
d-é?%_ = x7(¢n+1_2¢n+¢n-l) (B3b)
where
Xe L Ky = ! (B4)
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Define the following constants for convenience

bl =
bz =
b3 =

b4_

b,

%1+%2 bs = 2‘~v
1—v
— x4 —(1—v)x, by =2v—1 bys =T(%5”%2)
Hs— U bio =
5 2 10 = V¥ bie = 2%
1- b y=—
= vx6 H 4 b7 = vxe
2 - [—-v [—v
= (1—v)peg 127 T big = 5% > (BS)
1+v 1—v
Ll = -
5 %1% bis “2—‘(%14‘%3) by = — 2"%2
1+v 11—
= —2_%2%6 b14 = ’—Tv%4—2%7 b20 = %(l_v)

At any stage of the computations, when the displacements u,v and the plastic strain com-
ponents €/, €, Ve, are substituted into the governing equations, they will not be satisfied
identically. The error at the point (m, n) in finite difference form can be written as

R

Um,n

1
Um,n = ;f’:blum+ 1,n+b2um,n+b3um— l,n+b4(um,n+ 1 + um,n~ 1)+b5(l7m,n- 1 —Um,n+ 1)

m

+ bV + Ln+1 — Ut .0 1)+ Do{U,_ tn—1""Um— 10+ 1)j|

m+1,n m-1,n

1
" " ”
| #1€ +b8€rm,n“%25 +b10€g,,.+1‘,.

m

+bgsz.","+bnezm1.n+bu(y:em,ml—y:om_n_,)}- (B6a)

1
= ) b130ms 1ntbialmntbystn- 1,n+%7(vm,n+ 1 F Omn- 1)+ 16(Umns 1 — Unp—1)

m

+ bt + tn+1  Um+1n— Rz tn—1"Up— 1,0+ 1)}

1
" " ” ”"
—'r— bl 7(Erm,,.+1 - srm,n~1)+x6(eam,n+l T €6, n- 1)

m

byl A bistn . +bzov;'om,,,] , (B6b)

Note that subscripts here denote locations as shown on Fig. B1. After these preliminaries
the numerical solutions can be outlined as follows.

First, the known elastic solution [4] is used. The displacements are calculated for every
point (m, n) and the plastic strains are set equal to zero. Thus equations (14) are satisfied
identically. When the displacements of the exact elastic solution are substituted into the
equations (B6) small residuals are obtained because of the finite difference representation
of the differential equations. Name these residuals R¥ and R} . Later in the computa-
tions these residuals will serve as limits of convergence.

Based on the elastic solution the plastic strains are estimated. This process is described
in [1-3] in detail and only a brief review is given here for the deformation theory. From the
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uniaxial stress-strain curve an effective total strain, effective plastic strain relation is
deduced. The instantaneous effective total strain is assumed to be correct and the corres-
ponding effective plastic strain is computed from the known relation between them.
Denote their ratio as ¥,,, = €, /€tr,, .- Lhe estimates for the plastic strains will now
be

G;:m_" = %wm,n(zfr — € — €z)m,na (B7a)
Egm,n = %wm,n(zeﬂ -6 €z)m,m (B7b)
?"r/o,,.,,. = l//m,n'yrom.,. ’ (B7C)

and due to the incompressibility of the plastic part of the material

€& = —(€+€ghnn (B7d)

Zm,n

Of course at the start the plastic strains will be different from zero only where the effective
stress of the elastic solution is larger than oy.

Next the estimated plastic strain components are substituted into equations (B6)
which now have to be solved for the displacements u and v, so that the residuals R, and
R, will be lower or equal to R¥ and R, furthermore the appropriate boundary conditions
will be satisfied.

Some questions may arise concerning how the various derivatives of the plastic strain
can be evaluated at the neighborhood of the instantaneous elastic—plastic boundary. It
was found that for stress—strain curves of the type which are shown on Fig. 2 the transition
from elastic to elastic—plastic region is very smooth, therefore, no special considerations
are needed ; equations (B6) can be used without modifications. When bilinear stress—strain
curves are used with very low strain hardening, the change is quite abrupt and the use of
appropriate forward or backward finite difference equations is advisable.

For the estimated plastic strain distribution equations (B6) are solved for u and v by a
simultaneous over-relaxation method. When operating on (B6a) the displacements v are
fixed and displacements u are replaced

unew = yold — — tmn (B8a)
b,
where w is an over-relaxation factor obtained by trial and error. When operating on (B6b)
the displacements u are fixed and v are replaced

2
wR, r
new __ ,.old Um,n' M
Um,: = Umn— bm (ng)
14

Which of the two equations to operate on is decided on the basis of the maximum relative
deviation of R, from R} and R, from R*.

In numerical solutions infinite regions cannot be really achieved. Instead an outer
boundary with a large radius, r . is used. On this boundary the radial and shear stresses
are maintained the same as given by the elastic solution, and this distribution is considered
as an external load.

Instead of using special forward and backward operators at the boundaries, it is
convenient to use some fictitious points outside of the actual region and set the values at
these points of the displacements always so, that the boundary conditions be satisfied
at any time.
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Once equations (B6) are satisfied, a first approximation for the elastic—plastic problem
is known. The results however are not correct as yet and must be improved by computing
new plastic strain components on the basis of the latest effective total strains. During this
process not only the magnitudes of the plastic strains change but also the boundaries of
the plastic region, since certain points may move in or out of the instantaneous plastic
region. For the new plastic strains, equations (B6) are resolved again.

This process must be followed until the effective stresses and effective total strains
fall on or sufficiently close to the effective stress, effective strain curve.

The number of loops required depends mainly on the shape of the stress—strain curve,
and the degree of loading. In the examples given in the paper an average of twenty loops
gave sufficiently accurate answers.

In order to establish the effect of mesh size on the results, the most sensitive strain
concentration factors were plotted against variable mesh sizes used. It was found that
the factor is increasing for increasing number of mesh points but it also levels off and the
limiting value is quite easily predictable. The examples presented are on the basis of
M =30, N =20 (r, = 9765). In most cases the computed and the predicted limiting
concentration factors are within a fraction of one percent. At the highest loads the deviation
is in the order of one per cent.

(Received 15 December 1965 ; revised 31 May 1966)

Résumé—Le probléme général élastique—plastique 4 trois dimensions est formulé en termes des déplacements
totaux et des composantes de déformation plastique. Les équations gouvernantes résultant sont applicable a des
systémes arbitraires orthogonaux curvilinéaires coordinés et a des théories arbitraires de plasticité. Une méthode a
été développée pour la solution de deux problémes dimensionnels et est employée pour I'analyse d’un trou
circulaire dans une plaque plate sous une tension uniaxiale. La méme méthode pourrait étre généralisée pour trois
dimensions.

L’objet du rapport est d’illustrer qu’une approche simple et directe peut étre employée pour formuler et
résoudre des problémes élastiques plastiques autrement trés compliqués et non résolus pour la plupart.

Zusammenfassung—Das allgemeine dreidimensionale elastisch—plastische Problem wird durch Totalverschie-
bungen und durch plastische Verzerrungskomponenten ausgedriickt. Die resultierenden Gleichungen kdnnen
angewendet werden in willkiirlichen, orthogonalen, krummlinigen Koordinatensystemen sowie in willkiirlichen
Theorien der Plastizitit. Eine Methode fiir die Losung zweidimensionaler Probleme wird entwickelt und zur
Analyse einer ringformigen Offnung in einer flachen Platte bei einachsiger Spannung angewendet.

Dieselbe Methode kénnte auch fiir drei Dimensionen verallgemeinert werden.

Es ist der Zweck der Arbeit eine einfache und direkte Methode zu finden um elastisch-plastische Probleme,
die sonst sehr kompliziert und oft ungeldst sind entsprechend zu formulieren und zu 16sen.

AGcTpakT—O61as TpEXMepHas ynpyro-mnacTuieckas npobuema GopMyUPyeTCs C TOUKH 3PEHHA IOJIHBIX
CMELIEHUH M COCTABHBIX YacTel nnacTuyeckoi nedpopmanun. [Tonyvaloliuecs B pe3ynbTaTe ynpasisoliye
ypaBHEHHs UPHMEHHMBI IJIi CHCTEM IPOH3BONBHOM OPTOTOHabHON KPHBOJMHEHHON KOODAMHATHI H B
MPOM3BOIbHBIX TEOPHAX IUTACTHYHOCTH. Pa3paboTaH MeToa ANA pelICHAS OBYMEPHBIX Npo6ieM, KOTOpbIit
MPHMEHAETCA Ul @HAM3a KPYTOBOTO OTBEPCTHS B ILIOCKOM IUIACTUHE MOJ OOHOOCHBIM HaNPSKCHHEM.
DTOT %€E caMblif METOA MOXeT ObITh 0600IEH I TPEX pa3MepHOCTeH.

lenp craTbu- MOACHHTB TO, YTO HEMOCPEACTBEHHBIN NPOCTOM NOAXOA MOXET NPUMEHATHCH AIA
$GopMyNHPOBKH U PELIEHHA OYEHB CIIOXHBIX ¥ B GONBLUIMHCTBE clyyaeB HHBIM CrocoBom Hepa3pemHMBIX
IUTACTHYECKHMX TIpobseM.



