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Abstract

A large class of plasticity problems can be reduced to the solution of a system of multidimensional
singular integral equations. Hence, it is of interest to solve numerically these systems of integral
equations of the respective boundary value problem, instead of the problem itself. These numerical
techniques discretize the domain of the problem under consideration into a number of elements or
cells. The governing equations of the problem are then approximated over the region by functions
which fully or partially satisfy the boundary conditions. By the present paper the following non-
linear plasticity problems are investigated: Two-dimensional plasticity problems, three-dimensional
plasticity problems and three-dimensional thermoelastoplastic stress analysis.
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1. Introduction

The theory of multidimensional singular integral equations, with a wide field of applications in
mathematical physics and engineering mechanics, such as thermoelastoplasticity, viscoelasticity
and fracture mechanics theory, has developed comparatively slowly over a rather long period.
Recently however, interest has increased sharply.

Additionally, a large class of plasticity problems can be reduced to the solution of
multidimensional singular integral equations. Consequently, should be solved numerically these
singular integral equations of the respective boundary value problem, instead of the problem itself.
Such numerical evaluation methods discretize the domain of the problem under consideration into a
number of elements or cells.

Over the past years, some papers have been published on the application of the method of
formulation of plasticity problems, by using systems of singular integral equations. J.L.Swedlow
and T.A.Cruse [1], S.Mukherjee [2], A.Mendelson [3], H.D.Bui [4], and J.C.F.Telles and
C.A.Brebbia [5] have studied some plasticity problems by using the Boundary Integral Equation
Method (B.l.E.M.), while E.G.Ladopoulos [6] - [10] has introduced and investigated the Singular
Integral Operators Method (S.1.0.M.) for solving some basic plasticity problems.

On the contrary, many scientists have studied plasticity problems following theoretical or
numerical classical lines, like finite-elements, etc. Among them we shall mention the following
authors: O.C.Zienkiewicz et al. [11], G.C.Nayak and O.C.Zienkiewicz [12], W.F.Chen [13],
Y.Yamada et al. [14], P.V.Marcal and I.P.King [15], R.Hill [16], O.Hoffman and G.Sachs [17],
P.G.Hodge and G.N.White [18], W.T.Koiter [19], D.C.Drucker and W.Prager [20], W.Prager [21],
D.N.Allen and R.V.Southwell [22], W.Johnson and P.B.Mellor [23], W.D. Liam Finn [24], Z.Mroz
[25], J.N.Goodier and P.G.Hodge [26], J.H.Argyris [27], G.G.Pope [28], R.von Mises [29], J.Casey
and P.M.Naghdi [30] - [32], P.M.Naghdi and J.A.Trapp [33], P.V.Lade [34], P.J.Yoder and
W.D.Iwan [35], J.H.Prevost [36], and P.K.Banerjee and A.S.Stipho [37].

The aim of the present study is to include an extensive generalization of the theory of plastic
flow, to study its mathematical character, to articulate a reciprocal theorem for quasi-linear
behaviour and to assemble the foregoing into an extended form of Somigliana's identity, giving the
displacement rate in terms of the traction, where the displacement rate on the boundary involves
plastic strain rate.
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Complex stress plasticity problems are better formulated by using singular integral equation
methods, rather than domain techniques. A simple recursive relation is presented relating the
stresses to the initial elastic solution and the plastic strains.

By foundation is meant the proof of the convergence of approximate solutions to the exact, the
examination of the stability of solutions, an examination of their rate of convergence and the
determination of using a practical method of error estimation.

So, by the current investigation are studied the following plasticity problems: Two-dimensional
plastic stress analysis of isotropic solids, three-dimensional plasticity of isotropic solids and three-
dimensional thermoelastoplastic stress analysis of isotropic solids.

2. 2-D Plastic Stress Analysis of Isotropic Solids
Consider the expression between the total strain rate ¢, and the displacement rate i, :

.1 :

éy ZE(”’*J +ii,,) (2.1)
Furthermore, the total strain rate is represented by the formula:

gy =& +EN (2.2)

inwhich &7 and &7 are the elastic and plastic components of the strain rate tensor.

By applying Hooke's law to the elastic part of the strain rates, then the stress rates o, reduce to
the following form [1], [5], [8]:

6, =26, +i,, )+—2 iy S, —2G&! (2.3)

in which v is Poisson's ratio and G the shear modulus.

From (2.1), (2.2) and (2.3) the stress rate tensor is assumed to be represented by:

G, =2G(e, — &7 )+ 12_%(3,, —ép s, (2.4)

i i i
By inserting the plastic stress components & in (2.4), then we have:

. ) 2Gv . .
Gij :2Ggi,j +E<S'H5ij —675

(2.5)

where:
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. ) 2Gv .

as is easily seen from (2.4) and (2.5).

Besides, consider the equilibrium conditions in the interior of the body:
G, +&;=0 2.7

where g, are the body force rates per unit volume.

On the boundary of the body, the equilibrium conditions are:

D _d-ij’;lj =0 (2.8)

in which p, is the traction rate tensor per unit volume and » the outward normal to the boundary
of the body.

Navier's equation for the two-dimensional problem is given by the following formula, after
combining egs. (2.1), (2.2), (2.4), (2.7) and (2.8):

—&-‘r 2(5’” +

. 1% . ..
Euw = G i -2y 815{JJ, (l;]yk,l=1,2) (29)

A solution of Navier's equation (2.9) for the two-dimensional problem has the following form:
i, (v) = j v (0, 02, () = T, (v, )i () JaT,
+jU,.,(y,x)g'j(x)de +IZGUv'ké§{(x)de (2.10)
B B
(4 j,k=12)

where B is the area of cross-section of the body, I the boundary of B, t; the traction vector, X
and Y are surface points and x and y are interior points.

Additionally, consider the formula of symmetry of the plastic strain rate tensor:
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2GU, &5 = ZG[%(UW +U, j)}é;;{ (2.12)

g

Recalling Kelvin's solution, then (2.11) takes the form:

1

4r(L-v)r [(1_2v)(5”r’k T Our )T Ot +2r,ir,j’”,k] (212)

kit

S . =2GU,, =-

where:
r:|x—y| (2.13)

By using (2.12), then (2.10) becomes:
i) = [[U; (0 02,00 = T, (v, X0, (0)Jar,
+ [U; (0,02, (0d B, 4[24 (n,0)é 0 (1) d B, (2.14)

(i, j,k=12)

The singular fundamental solutions corresponding to unit loads may be written as: [7]

1
U, = —m[(s—zw) ()5, -1, | (2.15)

1 Sr
T, = —m{[(l—Zv)@j +2r,r; ]E-'_ A-2v)(r ;n, —ryinj)} (2.16)

in which n is the outward normal to the boundary of the body.

By differentiating (2.14), then we obtain the stress rate tensor:

6,00 = [[F =4 0 102, (0~ 1,0 (v, D0t (0O Ja,
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+ 2L 00l (0 d B, -2667 () +jz,,k, (DL (dB  (217)

B

where:

Zl :——[(1 2V)(5 }"k +5 +5jkr,i)+2r,ir,jr,k:| (218)

T ar@-v

klj

which is Kelvin's solution:

Z;’k! = Zijkl w [4\/7’ 2V5ij5kl (219)

where:

[2@-20)(8, iy + Sy )+ 20 vy + 5 i +

ikl =

2r (1 v)r?
(2.20)
+Ouryr; + 0,1 1) =8rr rir, + (L=2v)(6, 0, +6,40,) —(1—-4v)6,6,]
3. 3-D Plastic Stress Analysis of Isotropic Solids
The total strain rate:
gy =€+ & (3.2)

consists of the sum of &7 and &7 that represent, respectively, the elastic and plastic

components of the strain rate. The total strain rate and the displacement rate u, are related as:
. 1. .
g, ZE(ui’j +uj'l.) (3.2)

By application of the Hooke’s law for the elastic part of the strain rate tensor, the following
expression for the stress rates is obtained:

ZGV 8, —2GE! (3.3)
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in which G is the shear modulus and v the Poisson's ratio.
Making use of egs (3.1) and (3.2), then (3.3) takes the form:
G, =26z, — & )+ 12GV

ij ij ij ——ZV (‘é‘ll - élﬁc )511 (34)

In terms of the plastic stress components &/, the above result becomes:

)

G, =2Gé, ; +12_i2vél,5i. -o/ (3.5)
where the &7 is given by:
Gl =2Ge] +12_%é,§{5,.j (3.6)
The conditions of equilibrium are: [1], [5]
Gy +a; =0 (3.7)

where a, stand for the body force rates per unit volume. On the boundary of the body, the
equilibrium conditions are: [5]

b —6yn, =0 (3.8)

where n; are components of the outward unit normal vector applied to the boundary of the body
and p, are the traction rates per unit area.

From egs. (3.1), (3.2), (3.4), (3.7) and (3.8) the Navier's equations in three-dimensions are found:

i 1 . a; p Voo,
Ujn +E”1,1j =_E+2 Eiji +E€kk,j (3.9)

a solution of which is: [4]
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i, () = [[U; 0, 07, (0 - 7, (v, 001, (0)Ja s,

+ [U; 000, (1) AV, +[2 (002 (k) dV, (3.10)

in which S is the surface, 7 the volume, z; the traction vector, X and Y are surface points and
x and y are interior points. By differentiating (3.10) at a load point and by using (3.3), the
following formula for the stress rates is obtained:

65 () = [ |- 25 0 02, () = Ty (3, X (0)]d S,

. G(8-10v) . .
B TR R (ORI AU DG L
In (3.11), X% are given by:
G

[3(1—2\»)(54.,.(,( Fp O )+

ikl =

Ar(l—v)r®

+3v(5,ir]jr‘k +O 1+ Oy +5ﬂr'l.r‘k)

~15r 7 77y A (L= 20)(8, 8, +8 4, 8,) — L= 4)5,5, | (3.12)

where:
Ty = Zypem, (3.13)
r= |x—y| (3.14)

Fundamental solutions

In accordance with the method in [41] for the elliptic systems of linear partial differential
equations, the delta function for scalars can be introduced:
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an=—4%ﬂyjarodwg (3.15)
8 E

with Ay being the Laplacean with respect to y;. With the aid of (3.15), a fundamental solution is
found such that:

1
Uylon) =554, [V rode; (3.16)
=1
where V;(x,y,¢) isgiven by:
(e, p, ) =A, - ,(x=y)-¢>0
V, (6, p.0) = uy (x, 3, &) =A4;(O)x, =y )65, (x=y)- &> (3.17)
‘ 0, (x-y)-¢<0
in which:
1
E gimngjrser (g)Qns (év)
A.(0) = 3.18
i () Y (3.18)
and:
By (g)zcyklgjgz (3-19)
From egs. (3.16) and (3.17), a fundamental solution of the form:
1
Uy =258, [4;() - y,)¢, do, (3.20)
T
r-¢=0
is obtained. Here, the Laplacean 4, is given by:
A r=2 (3.21)
i r

Thus, egs. (3.20) and (3.21) lead to:

19



E.G. Ladopoulos

U,(x,y)= i (3.22)
"¢
where ds is an element of arc length.
For the special case for an isotropic solid, c;y is given by:
2Gv
Ui =gy D1 +G(6,6,+5,5,) (3.23)
Additionally, egs. (3.18), (3.19) and (3.23) can be used to yield:
1 1
A, ==—|6, ————— .. |d 3.24
’ G[ : 2(1_v)§,4,} s (3.24)
Consider further the direction cosines of r to be denoted by S;. These result:
¢ =Py, (3.25)

where /; is the new axes, so that the plane A3 = 0 is perpendicular to the vector r. By the use of
(3.24), then (3.22) becomes:

1
U.(x,y)= S — 3.26
() sﬁzGrf_l[ o0 )44 429
Further reduction as a result of (3.25) renders:
U, (x )—#TS—;ﬂﬂnn d (3.27)
TASIR4 8ﬂ2Gr0 ij 2(1-v) Pl 0@ .

where:

n, =C0S¢, n, =sing and ny; =0

Consequently, (3.27) can be integrated to give:
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1 1 1
Yi = 8aor KZ B 2(1—V)J§ij TS 3} 429

The three-dimensional fundamental solution finally takes the form:

1

Uy=————|B-)5, +r,r, 399
! 167r(1—v)Gr[( v, +rr, ] (3.29)

where:
6, = BBy (3.30)

The corresponding boundary tractions of (3.27) are:

Ty = CgaUmun (3.31)
By means of (3.23), then (3.31) becomes:
2Gv

P =2y Upani +GU +Uy; )y (3.32)

Inserting (3.29) into (3.32) yields the relation:

1-2 3
T; =—ﬁ{[% L EIY (1-2v) 13ﬁ/3]ﬂk3nk +Bisn; — B sn; (3.33)

This is the expression for the boundary tractions in three dimensions.

4. 3-D Thermoelastoplastic Stress Analysis of Isotropic Solids
Let us consider the total strain rate ¢, which is the sum of the elastic £, the plastic ¢/ and
T

the thermal ¢; strains: [10]

£y =& +8p+8 i,j=123 4.2)

i

where:

21



E.G. Ladopoulos

&) =aTs,; (4.2)

/

and a is the coefficient of linear thermal expansion, 7' the temperature and J; Kronecker’s delta.

By assuming the plastic strains & to be deviatoric we have:

N P P
el =€l +ep, +e5 =0 4.3)

Furthermore, the relation between the total strains &y and displacements u; is valid as:

gy =, +i,, )2 (4.4)

By combining egs. (4.1) - (4.4), Hooke’s law and the equations of equilibrium, we obtain
Navier’s equation for the three-dimensional thermoelastoplastic problem:

. 1. B, .., 201+v) .
u; . +———iiy ; =——+2&8  +——aT, 45
LI 12y k. ki G iit 192y i (4.5)

in which v denotes Poisson’s ratio, G the shear modulus and B; the prescribed body force per

unit volume.

A solution of the Navier’s equation (4.5) is given by the Somigliana identity: [2],[4]

i, (x) = j v, 12, () =T, (x, VY, (X)]d S,

U, (0B, 0)AV, + 2 el )+ 8,0 W]dr,  (48)
Vv vV
where ¥ denotes the volume of the body, S its surface, X and Y are surface points, x and y
interior points and 7; the traction vector:
i =0,m, (4.7)

with &, the stress rate tensor and m; the outward unit normal to the surface S.

Ineq. (4.6) U, (x, y) denotes the Kelvin-Somigliana tensor:
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1 (x; =yi)x; - ;)
U.(x,y) =——"——108-4)5, +—F—L = 4.8
L e e {( V)3, - (48)
T 4 (x,») isthe stress tensor corresponding to U, (x, y):
(1—2v)(5jk 89” 15, 5” 5, 89’" ]+
) =————y Yoo WY (4.9)
’ 87[(1—\/')}’ +3i Sr i
Sy, Sy, dy;
and T the traction vector correspondingto X ;:
T, =2 ;,my (4.10)
with 7 the distance between the points x, y:
r=lx—) (4.11)
Moreover, the stress rate tensor dl.j is valid as:
. . . 2Gv . . 1+v ) -
G, = G(”i,_/ +u_/’[)+muk1k§[j —Z(Gei‘/’.’ +G(1—2vjaT5”J (4.12)
i,j, k=123
By differentiating Somigliana's identity (4.6) at a load point and using (4.12) one obtains:
65 () ==[[25 (. )2 () + T (V)i ()]d 5,
S
25 (. )B () AV, +2GE] (x)+ 3KaT ()5,
Vv
e WL o)+ 8,adMdv,, ijkn=123 (4.13)
Vv

where K denotes the bulk modulus and X~ is valid as:

ijkn
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G 3 [3(1—2v)(5l.jrykr’n+5 roro )+

ijkn _m kn"i",j

3V(5m’r,jr,k + 5jkr,nr,i + 5ikr,nr,j + 5jnr,ir,k) _15”,i”,j”,k”,n + (4.14)

A-20)(6, 8,y + 8 18,.) — (L-4v)3,;5,, ]
i, j,ky,n=123

Ineq. (4.13) 7, denotes the traction vector correspondingto X, :

Ty =% i, (4.15)

ijkn

in which m, is the outward unit normal to the surface S.

Finally, the stress tensor (4.13) gives the complete three-dimensional thermoelastoplastic stress
analysis for every isotropic body.

5. Conclusions

From the previous described analysis, it is clear that plasticity and non-linearity provide great
numerical difficulties. Consequently, the stress field for the two — and three — dimensional
plasticity has been reduced to a system of multidimensional singular integral equations.

Additionally, an extensive report of the three — dimensional thermoelastoplastic stress analysis
was presented by using Navier’s equation and Somigliana identities.
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