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Abstract—A constitutive relation for a viscous material subject to small strains but finite
rotations is postulated and associated variational theorems are formulated. These are similar
to the principle of minimum of potential energy and the Hellinger-Reissner theorem of an
elastic solid. The derivation of strain—-displacement relations for thin shells subject to small
strains but moderately large rotations are given. On this basis a mixed variational principle for
thin viscous shells is developed. For the problem of creep collapse of long cylindrical shells under
external pressure it is demonstrated that the mixed variational principle may be advantageous
compared to other variational theorems. A comparison with the creep collapse theory of Hoff
et al. is given,

1. INTRODUCTION

Most engineering studies of creep in structural members apply either one of the two con-
stitutive equations: In the first case it is assumed that the total strain rate is obtained by
combining an elastic strain rate, a creep rate and a thermal strain rate in an additive manner,
Here the creep rate may contain secondary and/or primary creep. This constitutive equation
relates the total strain rate to the stress and the stress rate (and possibly other variables
which describe the hardening of the material). The second constitutive relation relates the
(total) strain rate to the stress (and possibly other variables describing the hardening of the
material); an important example in this class of constitutive relations is the case of secon-
dary creep according to Odqvist’s invariant theory[1].

We will restrict attention to those problems where the elastic strain may be safely
neglected, i.e. the second class of constitutive equations. These equations together with the
strain—displacement relations, the quasistatic equilibrium equations, the boundary and
initial conditions represent an initial-boundary value problem. For generality it will be
assumed that these equations are formulated for small strains but finite rotations and
material coordinates will be used. If one assumes that the displacements are given at some
instant ¢, then the field equations and boundary conditions represent a boundary value
problem for the stresses and displacement rates.

For infinitesimal displacement gradients variational theorems are well known which
apply to this boundary value problem (see, e.g. Refs. [2, 3]). They are analogous to the
principles of mimimum of potential or complementary energy. In this paper several varia-
tional theorems will be presented which are more general than those mentioned above.
They are formulated for small strains but finite rotations and are similar to the principle of
minimum of potential energy and the Hellinger~Reissner theorem in elasticity{4-6].
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1138 T. MALMBERG

The condition of small strains but large rotations is sometimes typical for problems in
thin plates or shells especially if creep collapse is involved. Therefore a mixed variational
principle for thin shells is developed where stress resultants and displacement rates are to
be varied independently. This shell theory is within the frame of the Kirchhoff-Love
hypothesis and is restricted to small strains and a small rotation around the normal but to
moderately large rotations of the normal. For the case of infinitesimal rotations this prin-
ciple can be reduced to that given by Rabotnov[7] and Grigoliuk and Lipovtsev[8] for a
cylindrical shell under axisymmetric loading.

Finally a relatively simple example is used to demonstrate the fact that the application
of the mixed variational principle may lead in certain cases to a quasilinear system of
differential equations. This is a definite advantage compared to the other variational
theorems. The problem considered is the creep collapse of a cylindrical shell under external
uniform pressure. It has been discussed by various authors, e.g. Hoff et 2l.[9]. A discussion
of some of these theories can be found in Ref. [10]. In recent years this problem had some
significance for the design of fuel element claddings in steam or gas cooled Fast Breeder
Reactors.

The general theorems and analysis presented in this paper can be extended to a non-
linear viscoelastic material, i.e. the first constitutive relation[10, 11].

2. THE BOUNDARY VALUE PROBLEM

Since finite displacement gradients will be considered it is essential to distinguish between
the material and spatial description of the flow of matter. In this study only material
(Lagrangian) coordinates x* (k = 1, 2, 3) will be used. Let u, and #* be co- and contra-
variant components of the displacement vector u with respect to a reference coordinate
system in the undeformed body. Then the Lagrangian strain tensor and the strain rate
tensor are defined as

e = Fug + Uy + U ) ¢y
. 0 ;
€ = E e (x', 1)

=3ty + Uy 4 8 gty + U g ly) @)

The usual summation convention for upper and lower indices will be used and the semi-
colon denotes covariant differentiation using the metric of the undeformed body. The com-
ponents of the displacement rate are

) 0
ly = u (X", 1).

In terms of the symmetric Piola—Kirchhoff stress tensor of the second kind
skl — slk
the equilibrium conditions read (&%, is the unit tensor)
[$4(5™, + u" 14 =O. ®

Here volume and inertia forces have been neglected.
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One of the most frequently used multiaxial creep relations is the invariant theory of
Odquist[1, 2] which is usually formulated for infinitesimal displacement gradients. Naturally,
there is no unique way to generalize this law for large displacement gradients. However, it is
possible to conceive two formal procedures for this generalization. Using a spatial reference
system one can exchange the infinitesimal strain rate tensor and the deformation rate
tensor, and the stress tensor has to be interpreted as Cauchy’s stress tensor. Such a relation
between the deformation rate tensor and Cauchy’s stress tensor definitely satisfies the
principle of material objectivity. The material so defined belongs to the class of the incom-
pressible non-Newtonian fluids.

On the other hand if a material reference system is used one may exchange the infinite-
simal strain rate tensor by the Lagrange strain rate tensor and the stress may be interpreted
by the Piola-Kirchhoff stress tensor of the second kind. Again this relation satisfies the
principle of material objectivity. For the following the second approach has been chosen.
However, it should be noted that these two generalized constitutive relations do not define
the same material if displacement gradients are large. The first relation will satisfy the
condition of incompressibility and a hydrostatic pressure will not affect the deformation
rate. This does not hold for the second relation. However, if strains but not necessarily the
rotations are small, then one can show that the two constitutive relations are equivalent to a
first approximation.

The proposed relation reads:

€ = 1D oS- 4
Here
oSkt = Sk — 3" mgu

is the deviatoric Kirchhoff stress, and g,, are the covariant components of the metric
tensor. The term

_1 ok
Jir=%05"105%

is the second invariant of the deviatoric Kirchhoff stress, and f'is a scalar-valued function
of J;, temperature, and possibly the invariants of the Lagrangian strain tensor if strain
hardening is included.

Equation (4) can be transformed to read

. OW,
ekl=5()T]¢1 ®

where

W, = f ékzdoskl = ff(-]n) dJ;r.

According to equation (4)
e, =0; (©6)

consequently equation (5) can be written in the form

3 6 ij m i
€1 = PRl W(s — 4s™,.g"). )
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Conversely we can write
d , ;
oskl = gm We(eij)’ ekk =0 ®)

where W, is given by
W(éy)) = osMéy — W, ®
From equations (4 and 9) it follows that W, can be formulated as a function of the second

invariant
Ir=1% Oéij Oéji
of the deviatoric strain rate tensor
0fiy = €;; — 3€"ni;-
With equation (6) this yields
Oéij = éij'
Finally the boundary conditions on the surface O = Oy + O will be stated. On part Oy
of the surface the velocity field is prescribed and on the remainder Oy the tractions are
prescribed. Thus the boundary conditions are
Tk =s™(%, + v*,)n,=T* onOy. an
The right-hand sides of equations (10 and 11) are prescribed quantities, and the », are
the covariant components of the unit normal vector in the undeformed configuration.
The boundary value problem is now defined as follows: Assuming that the displace-
ments are given at some instant ¢, then the equations (2, 3, 7 or 8), and the boundary con-

ditions (10 and 11) represent a boundary value problem for the displacement rates and
stresses. For this problem associated variational principles will be formulated.

3. VARIATIONAL PRINCIPLES

At the instant ¢ the displacement field u, is assumed to be known. Beside the actual
velocity field #, we consider an adjacent one

1}: = t"‘k + 51’“;6
which satisfies equation (6) (condition of incompressibility for small strains) and the

boundary conditions on Oy equation (10). Thus the virtual velocities di, are subject to the
conditions
(6dk);k + (5ak);k um:lg'nl = O (12)
on, =0 on Oy. (13)
The variation of the dissipation potential W, is then
oW,
W, = ——= 86, = os" 8¢y, = sM 8¢, (14)
0é,,
where

éékl = '21[(52215} Hi + (5122) ik + (6&”1) sk am;! —+ um;k(éﬁm) ;1}‘
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The integration of equation (14) over the volume V of the body then yields

[ oW.av = [ s466,dv = [ 8™ + ™) Stbpy AV
14 14 14
= [ 1Om + wmy) Bity] 4 AV
14

— [ M@+ )] Gt AV (15)
1 4

Using the equilibrium equation (3) and applying the Green—Gauss divergence theorem
equation (15) reduces to

5 f W,dV = f SM(S™, + u™ )y, Sty O,
14 o

With the boundary conditions equations (10 and 11) we obtain

5jW,,dV— T* 5i, dO = 0.
\ 4 Or
If the surface tractions T* are independent of the velocity field the existence of a functional
®: =f w,dv — [ T, do (16)
| 4 Or

can be noted. ® takes a stationary value for the actual velocity field such that
0P =0. a”n

This variational principle is subject to the subsidary conditions equations (6 and 10). If
we consider the strain rates as new variables, then we get a further subsidiary condition
equation (2). Using Lagrange’s multiplier method this principle may be transformed such
that the three subsidiary conditions become Euler-Lagrange equations. The somewhat
lengthy calculation is not given here but can be found in Ref. [10]. In view of the boundary
value problem described in Chap. 2 one finds that the multipliers can be interpreted as the
stress tensor, the hydrostatic pressure, and the surface tractions on Q. Consequently the
transformed functional reads as follows

O = [ W~ 3¢"mgu) = (% + 20"
+ Skl%(dk;l + al;k + I'.4m;k um;l + um;kam;l)] dV
— T, d0 — ™, — 1i,,) dO. (18)
Or Oy
This functional will be stationary
b, =0 19

for independent variations of 1, é, s*, p and possibly T™ (see equation 11).

From this general theorem further variational theorems are derived. This is done using
the general principle that natural conditions may be added as constraints without changing
the stationary property of the functional equation (18).
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Assuming that the strain rates é,, satisfy the approximate equation of incompressibility
we express the strain rates by the stresses according to equations (7 and 9). This leads to the
functional

R TP . o )
@ = fys gy + tyye + 0" gty + 4" g Uy)

s(skl - %smmgkl)] dav - Tmam do

Or
- f (i, — #,) dO. (19)
Oy

Here s*, &, and possibly T™ are to be varied independently to vield the stationary condition
50, =0, (20)

It should be noted that the displacement rates do not need to satisfy the approximate in-
compressibility equation. This principle has a structure similar to the Hellinger-Reissner
theorem[4, 6] for an elastic solid or the theorem of Sanders et al.[12] for a viscoelastic
material.

Another variant can be derived from the functional equation (19) if it is assumed that
the stresses do satisfy the equilibrium- and static-boundary conditions equations (3 and 11)
respectively. This results in a variational principle for stresses only. However, this variational
principle seems to be of limited value and will not be given here.

Finally, expressing the strain rates in equation (I8) by the displacement rates (and
displacements) we obtain a further variant

Orrpi = [ Wl = 3¢ g) = (@ "ty 01 AV

~ [ T4,do-{ 1@,-a,)do. [e3))

Ot Oy

For the displacement rate principle equation (17) it is possible to derive a sufficient condition
for a relative minimum of the functional ®@. Let #, and s* be the solution of the boundary
value problem. Assume that d4, satisfies equations (12 and 13).

The Taylor expansion of ®(i) vields

Q) = O@iy) + 6O + 1 52 + -+
which reduces to
Ou*) =) + 120 + -+
here
5P = j 6622’“ 3¢, 06, dV.
Since W, is a function of I; we get

W, _ Wy, OV

0¢é;; 68}; 5],; oly;

ik i

gg-
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Thus
We gy s
52@ = f [ T ©(3I)? + oI SeM 5%] av
where
5]11 = é” 6é‘]
The sign of 62® is controlled by the sign of the two derivatives of W,. If
ow, oW,
—<>0
oIy, ol
then evidently 62® is positive if only dé,; # 0.
Now consider the case
ow, 3w, <0

Using the Schwarz inequality
@I, = (67 6¢,))* < (¢8,)) (66+ 6¢,.)

we get
520 > j R 5™ 36, dV
14
where
3w, ow,
R=75 e+ T (22)

Thus R > 0 (and 6é,; # 0) is a sufficient condition for a relative minimum of ®. The case
0é,, = 0 means that the virtual displacement rates produce only a rigid body motion. The
case
ow, 2w,
<0 and 5
ol olyy
is of no interest for real materials because the first condition indicates that a specimen
under uniaxial tension will reduce its length.
Assume that the constitutive relation reduces to Norton’s creep law in the case of infini-
tesimal deformations and uniaxial stress

>0

é = K{(s)
where K and r are temperature dependent material constants. Then we get
f= %K(3Jn)(r_ iz

K
W, = ) @I err 23)

r

We = R G
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Application of the requirement R > 0 results in the condition r > 0 for the creep exponent.
This is generally satisfied by most real materials.

Some remarks will be made concerning the application of the variational principle
equation (20). If this principle and the Ritz-method is nsed to develop an approximate
solution, then the dependence of the stress, displacements and consequently displacement
rates on the material coordinates have to be suitably represented. After integration of the
volume and surface integrals the subsequent variation with respect to the time dependent
parameters of the stress-field and the displacement rates (but not displacement parameters)
will generally yield a system of nonlinear algebraic equations for these parameters. This is
due to the fact that W, is generally not a quadratic form. However, assume that these equa-
tions can be solved for the stress parameters such that the stress parameters can be expressed
only by the displacement parameters {(but not the time derivatives of the displacement
parameters). Consequently the displacement rate parameters, i.c. the time derivatives of
the displacement parameters, can be represented as functions of the displacement para-
meters only. Hence we get a quasilinear system of ordinary differential equation of first
order which then has to be integrated with respect to time. For this to be the case the
assumed stress and displacement distribution should only linearly depend on their para-
meters and the number of stress parameters should equal that of the displacement para-
meters. Unfortunately, these two criteria do not seem to be sufficiently rigorous to assure
the reduction of the problem to the solution of a quasilinear differential system of first
order. However, the application of the variational theorems equations (17 or 21) will not
result in a quasilinear system of ordinary differential equations, since W, is generally not a
quadratic form. It is evident that the solution of such a system needs a considerable numeri-
cal effort. Therefore the variational principle equation (20} in some cases may have advan-
tages compared with the theorems equations (17 and 21). For a relatively simple example
this will be demonstrated in Chap. 6.

4. KINEMATICS OF THE SHELL DEFORMATION
The theory for a viscous shell to be presented is subject to the following restrictions:

(D) the Kirchhoff-Love hypothesis is assumed to be applicable,
(IT) strains are small but rotations are moderately large,
(III) the rotation around the normal to the middle surface is assumed to be small com-
pared to the other two rotations,
(IV) the wall thickness is small compared to the minimum radius of curvature so that in
conjunction with the other approximations the metric of the shell space can be approxi-
mated by the metric of the middle surface.

The notation will closely follow that of Green and Zerna[13]. Greek indices take the values
1or2.
Let r denote the position vector in the undeformed configuration

r =[p(0!, 0% + 10a,(®!, 8] —1<O<i (24)

Here p is the dimensionless position vector of the middle surface; a, is the unit normal of
the middle surface, and © is the dimensionless coordinate associated with the unit vector
a;. The quantities / and 4 are the minimum radius of curvature and the dimensionless
thickness of the shell.
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Then the covariant base vectors of the shell space in the reference configuration are given
by

g, =lla,, a=1,2

8; =lla, (25)

My =0, —A®b;, g =det(g;).
Here a, are the base vectors of the middle surface

4G =Pe-
The covariant components of the first and second fundamental form are given by
Gup =2, " B
by =a,by=2a;3"a,;.

The comma (), denotes partial differentiation with respects to @* If R is the position
vector in the deformed configuration then the displacement is given by

u=R-r.

According to the Kirchhoff-Love hypothesis the displacement vector can be represented
by

u=1I+A0(A; — ajy)
v =v"a, + wa;. (26)

The quantity A; denotes the unit normal vector of the deformed middle surface.
If one pictures the coordinate lines ®* = const. to be convected then the covariant base
vectors of the deformed middle surface are given by

1
Aa = 7 (R,a)®=0 = aaz + v,a

= (3] + 0", — whDa, — w,a,. Q7

The covariant derivative of the surface vector v? is defined as

where I}, is a Christoffel symbol with respect to the surface ® =0
00, =3a"%(ag, o + Gpa p — Gy p)-
The surface tensor w, is defined as
Wy = —(W, + by, v"). (28)
The unit normal A; of the deformed middle surface is now given by

1
A, = zA1 x A, (29)

where c is the magnitude of the vector product A; x A,.
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From the kinematics of shells under infinitesimal displacement gradients it is well known,
that the two rotations of the normal of the middle surface are represented by w,; further,
the rigid body rotation of a middle surface element around the normal a; is given by

orz — 02) ﬁ a = det(ayy)

and the infinitesimal strains of the middie surface are defined by
%(va;ﬁ + Ugig — 2Wbaﬂ)'

In view of somewhat similar arguments due to Sanders[14] we will assume that these
kinematic quantities are subject to certain order of magnitude restrictions. Without loss of
generality we consider the case that the coordinates @° represent the arc length divided by
I such that ©" are dimensionless. Thus w,, v,.5 and b, will be dimensionless. Then the order
of magnitude restrictions will be as follows:

w,~ A <1
Yup = 03,0 ~ (A (30)
H0uip + Vpia = 2Wbyg) ~ ()2
From the last two conditions it follows that
Ugip — Whyg ~ ().

Calculating now the vector product in (29) and dropping all terms of the order of (1) or
less we get

Ay x Ay ™ \/ a(a; + w'a,).
Hence to a first approximation A; will become
A, ~a, + wha,. 31
Note that A, is a unit vector except for an error of the order of (4)>. Combining equations
(26 and 31) then gives
u = f(v™ + 10wa, + wa,]. (32)

This approximate displacement field is equal to that of the engineering shell theories under
infinitesimal displacement gradients{13].
The covariant components of the Lagrangian strain tensor e, in the shell space are now
given by
eaﬁ = %(ga N u,ﬁ + gﬂ . u,a + u,a " “,ﬁ)' (33)

Equation (33) can be evaluated using equations (25 and 32). Assuming that the covariant
derivative w,., is of the order of A and dropping all terms of*the order of (%)? and less we
obtain finally

eag = (J)Z{agﬁ -+ 2@ wgﬂ)
Cap = 3 (Vs + Vpio — 2Whyg + Wy W) (34)

wa:ﬁ = %(wa:;ﬁ + w&;a)‘
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The surface tensor a,, is of the order of (A)%; it describes the strain in the middle surface.
The surface tensor w,, is of the order of 4; it defines the curvature changes of the middle
surface. Both quantities are not influenced by the rotation around the normal due to
assumption equation (30).

It should be noted that the left hand side of equation (34), is not a surface tensor, i.e. the
indices should be raised or lowered with the contra- or covariant components of the metric
tensor

gt =g-¢
Gap = 8a" 8-

However, if only terms of the order of (1)? are retained in this procedure then this is equi-
valent to the approximation

H = 05
such that

2
9.~ (D%a, and g%~ (%) a*f 3%

g~ (D%A)’a.

For the following one should keep in mind that the raising and lowering of indices of
the surface tensors a,g, Wy, vy, W,, etc. is done with the metric a*f and a,g; but that of the
strain and stress tensors e,z and s*/ is done with the metric equation (35). Within the above
approximations the factors (/)2 and (*/I)? are only due to the introduction of a dimensionless
position vector p of the reference middle surface.

5. A VARIATIONAL PRINCIPLE FOR A THIN VISCOUS SHELL

The basis for the following derivations will be the mixed variational principle equation
(20). The displacements in the shell space and the strains will be given by equations (32
and 34) respectively. In view of the Kirchhoff-Love hypothesis the shear stresses and the
direct stress normal to the middle surface will not be considered in the constitutive relations.
This means that terms which contain these stress components will be dropped in the volume
integral of the functional ®; equation (19). Assuming that

6“ - 0 on OU
then equation (19) reads

Oy = [ [0 — Wils™ — 359" AV — jo T 4d0

where
dv =./gd@' de? de ~ Alde df.
The surface element df of the middle surface is given by

df = ()% /a d@' de2
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Using equation (34) we get
QII = J‘ (napdaﬂ + maﬁd)ap il W/s*) df— T ‘ ﬂ do.
I Or
Here we have introduced the definitions

+1/2
= a0 [ s de = o
-1/2

+1/2
mP = [ PO d0 =am! (36)

-1/2
+1/2
WE: =il f W,(s* — 35°,9%) d©.
—1/2

The rate tensors d,; and @, are given by
g = $(Ug;p + Vg0 — 2Whep + Wy Wy + W, Wp)
Do = 3(Wap + Wpio) (37
W, = —(W , — by, 9%).

The surface integral on Oy is approximately equal to an integral on the middle surface and
integrals along the edge C. It is assumed that the loading of the middle surface is due to
a hydrostatic pressure p.

Then

dF

df

where dF is the element of the deformed middle surface. For small strains we may approxi-
mate this using equation (31) by

T = —pA,

T ~ — p(a; + waj).

A more accurate analysis is given in Ref. [10]. If we define the edge loading to be

12 _
ﬁ“:=,1lf T-a,dO
—-1/2

1/2 _
et =W)2[  T-2,0d0

-1/2
1/2

q:z(/l)zlf T a,do®

-1/2

then the surface integral is given by
Il = —f Pl + w, o) df + lf (R*, + W, + gw) dC
S c

where C denotes the arc length along the edge of the reference middle surface. The term
m*w, can be partially integrated using

Wy = —l(V, W, — €5 VPW ) — B1D,.
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Here ¢, is the permutation tensor and v denotes the arc length along the outer unit normal
vector

— 1,
v == v"a,

of the edge C. The final result for the functional ®;; is

O, = f, (7 day + m*Pgg — WP + plO¥ + w, )] df

—1 fc [(7* — AB)0, — (W, 1 + *h] dC (38)

where g* is the ersatz-shear force at the edge
g* =g — (M) c.

Generally for most metals the stress distribution across the shell is nonlinear. Thus if the
stresses are of primary interest and the principle equation (20} is used to obtain an approxi-
mate solution then a series development of the stresses in @ or a multi-zone concept has to
be used. However if deformations are primarily considered then a linear variation of the
stresses across the shell can be assumed, or the double-membrane concept may be used to
give sufficiently accurate results. In these cases the stresses s are completely determined
by the moments and membrane forces such that the function W, can be expressed by the
stress resultants. The further discussion will be restricted to these cases. The independent
variation of the displacement rates 6,, w and the stress resultants #*), m*® and the use of
the Green—-Gauss theorem then results in the following necessary conditions for the
stationarity of the functional equation (38):

constitutive relations:

oW * A

. o s . _ s
eb = oneb Vet = P

equilibrium conditions:
nP g+ nPPw, b5 — m*  bs — plw* =0
ntby — (Pw) y +m? , —pl=0
boundary conditions:
n* — m'b — n*fvy + mPPbgv, =0
or ¥, prescribed,
vy — m*Pv, v =0
or w , prescribed,
q* + nfw,vy —m™® g — I, 8,5V%) ¢ =0
or w prescribed.

The equilibrium and boundary conditions and the strain-displacement relations are
equivalent to those given by Sanders[14] (equations 89-96} if shear forces are eliminated.
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6. APPLICATION TO THE CREEP COLLAPSE OF A CYLINDRICAL
SHELL UNDER UNIFORM HYDROSTATIC PRESSURE

The problem is characterized by the fact that initial deviations of the perfect circular
geometry (e.g. ovality) will induce circumferential bending moments which then produce a
progressive increase of the deviations (ovality) due to nonuniform creep. We will assyme
that the geometry and loading does not change along the length of the shell and that the
middle surface is given by (Fig. 1):

p = (1 + x cos 2¢)(cos de, + sin de;) + xe, . (39)

The term « cos 2¢ indicates that the cross-section is assumed to be quasi-elliptic where
o <€ 1 is a measure of the ovality.

Fig. 1. Coordinate system of the quasi-elliptic cylinder.

In the following we will formulate all equations using physical components of the tensors;
the relevant physical components are given by

u=0, v =v%/ay,
1 2
n,=n;, ng = ny
1 1 1 2
I??x=—g—m1, m‘ﬁ:’;mz

where 7 denotes the average radius of the shell.

From equation (39) the relevant geometric and kinematic quantities can be calculated
using a series development with respect to . If only terms linear in « are retained then the
physical components of the strain and the change of curvature in the circumferential
direction are given by

ap =03 = v 4(1 —acos 2¢) + w(l + 3a cos 2¢)
+ 3(@)*(1 + 6o cos 2¢)
— w4 v(1 + 20 cos 2¢)

+ 3w o)*(1 — 2¢ cos 2¢) (40)
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Wy = w3 = —[w 44(1 — 20 cOs 29)) + W 42 sin 2¢
— v 4(1 + 20 cos 2¢) + v6a sin 2¢)].

Further the element of the reference middle surface for unit axial length is given by

df =L/ad¢ ~ I(1 + acos 2¢) do.

For the constitutive equation it will be assumed that equation (4) reduces to Norton’s
creep law in the case of infinitesimal deformation and uniaxial stresses. The multiaxial con-
stitutive relation is defined by equation (23).

Assuming that the axial creep rate é! vanishes it follows from equation (4) that

2

1 __1
1 =252

s
such that
Ju= %(s%)z
_ k 21r+1
W, = T+l s3]
k — K(%)(r+ l)/2.

For reasons of simplicity we will use the well known double membrane concept (Fig. 2).

7777/ 1A
L

Aol ol

Fig. 2. Geometry of the double membrane.

The physical components of the circumferential stresses in the inner and outer membrane
are then given by

S¢+ Ry + my h—/z- :
=2 = = * —_—
S¢ =53 i 1 2d
5o hy — Mg b2
Hence it follows
1/2 k d r+1 r+1
Wr=nh W,d® = —— ——— 2o _ )
s 172 s r+1 (2d)r+1 [ ng + hs/z + Ry hs/2 (41)

The functional equation (38) may then be represented by

2n
1
@, =f0 {n¢d¢+7m¢cb¢— WX + pllw + (1 + 3« cos 2¢)

— 0w 4(1 — « cos 2(1))]}[(1 + acos 2¢)do (42)
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Considering the symmetry properties of the shell the first terms of a series development
of the relevant stress resultants and displacements are

ny = n(t) + ny(t)cos 2¢

my = my(t)cos 2¢ (43)
w = wi(t) + wy()cos 2¢
D o= vn(t)sin 2¢

where n;, nyyp, My and wy, wyp, vy are the time dependent parameters. It should be noted
that the bending moment mz, does not depend on a constant term. This is suggested by the
corresponding solution of a linear viscous shell or ring. As a consequence the number of
displacement parameters equals that of the stress resultants. This approximation may be
further simplified if one neglects the variation of membrane force along the circumference;
thus

Nyy = 0.

As a consequence of this the strains of the middle surface should not vary in the circum-
ferential direction. To a first approximation we thus find from equation (40)

vpr > —iwyy.

With these simplifications again the number of the displacement parameters equals that of
the stress resultants. The integration of the functional equation (42) then gives

3, . \
Oy =mnl {”1{2Wf + Wr(do + Jwi)] + myy 7 Wrr — W + pl[2voy + Wpy(e — %Wn)}}- 44)
Here

2n
W =f WX(1 + o cos 2¢) dop
0

k I r+1 mr\’
—_ 2d)"" 41 ( )A r+1—v(__[_1_)
P (2d) "(sgnny) v=0,§2:,4... N W1 72
where

1 2n
A, ==[ (cos2¢)d$, v=012...r+1
Yo

Ay =2
v—1
A =4, _ , v=2,4,...
v v—2 2
A, =0, v=1,3,...

This result is restricted to integer creep exponents such that

S fr+ 1, rodd }.
"=\ r even
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If the creep exponent r is an even number then this result is further restricted by the con-
dition
Myy
ny hs/ 2

The independent variation of n;, m,,, w; and w,, then yield four necessary equations for
the stationary condition of ®;:

<L

oD, o0,
on; 0 omy 0
0By 0P
={) =0.

The first two equations represent the averaged constitutive relations and the last represent
the averaged equation of equilibrium. The first equation is a quasilinear differential equation
for the function w; and will not be given here. The others are

3, k2d  [sgnn ™t & r+1 rrenfmMir)" !
IW”—(r+1)hs/2[ 2d ] =;( v )Avv(”’) (7{75) =0
2n;+2pl =0 (45)

3
n{da + Fwy) + my; 7 + pl(a — 3wy =0.

Thus
ny=—pl, myp = p(1)*(@ + wyp)
and defining
pr=v-—1
. 2my, 21
X -—“ﬁ;;: =+ Wu)z;

r—1, reven

o {r, r odd}

we get from equation (45), with p >0
4 (IN® [(pl\T r
. =_{_ s i
t=3(0) <(&) & () Am0on (46

21
wr=0 or X=o5

5

The initial condition is

Hence the result is a quasilinear differential equation of first order which describes the
change of the ovality. It is interesting to note that the application of the theorem equation
(17) would have led to a system of nonlinear equations for w; and wy,. For the problem
considered this clearly shows the advantage of the mixed variational theorem.

The character of the solution of equation (46) is well known[9]. For exponents r > 1 a
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critical time ¢, exists where the deformation y theoretically increases beyond limits. For
r =1 the deformation increases exponentially but there exists no asymptotic time ..

A comparison with the theory of Hoff e al.[9] shows that the main difference between
the two theories lies in the terms A4, ;. If (4,,,)y denotes the value derived by Hoff et
al. then the ratios for p =1, 3, 5, 7, 9 are as follows:

Au+l
(Au+ I)H

This indicates that the rate of deformation is somewhat larger in the theory presented here.
The difference is due to the fact that the weighting factor in the variational averaging
procedure is different from that of the continuous collocation method of Hoff et al. How-
ever, in view of the uncertainties of the creep parameters this difference is not significant.
Although the approach of Hoff et a/. is much simpler from the mathematical standpoint
the author thinks that the mechanical interpretation of the method of Hoff et al. is somewhat
difficult because an explicit distinction between spatial and material coordinates is not made.
On the other hand the continuous collocation method used in Ref. [9] does not lend itself
to further improved solutions; it is applicable to approximate deformation processes with
only one degree of freedom.

=10, 1-127, 1-172, 1-193, 1-211.
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o0

A6cTpakT — TTocTynupyeTca KOHCTMTYTHBHAA 3aBHCHMOCTh IUIA BA3KOro MarepHana, rnofn-
BEPXKEHHOTO AEHCTBHIO MabIX Aedopmalmii, HO KOoHeYyHHX Bpamiennil. [arorcst dopmynsl.
[T CBA3AHHBIX BAPHALMOHHBIX TeopeM. OHM NONOGHEI K MPHHUMITYY MAHHMYMa HOTEHUHANb-
HOM 3Hepruy # Teopemnb! ['ennuHrepa — PeficcHepa st ynpyroro reepgoro tena. Jdarotcs
BBIBOZBI 3aBUCHMOCTEH nehopMalus — MepeMeEIieHHe I TOHKHX 060J109€K, NOJBEPAEHHBIX
AedCTBHIO MAILIX aedopmanmil, Ho yMepeHHO bonbimux Bpatiennii. Ha sTol ocHoBe onpene-
JISIETCA CMEIIAHHBIN BAPHAIMOHHBIA MPUHUMI IJIA TOHKHX BS3HBIX 000JIOYeK. YkasbIBacTCsA
IUIA 3a0adYd pa3pyIIeHHs BCJICACTBHE IOJ3YYECTH MIMHHBIX UMJIAHAPHYECKMX OOOJIOYEK,
MOABEPXCHHBIX ACHCTBHK) BHCIOHETO OABICHHUS, MTO CMEIIAHHBIH BapWalMOHHBLIA IPHHLMIT
MOXHO CpABHHTH, KaK IPHCOCAMHEHHBIH K IPYTHM BapMalHOHHBIM TeopemaM. Haercs,
TakXke, CPaBHEHHE C TEOPHEH pa3pylIeHHs BCICACTBHE MOM3YYeCTH, npeioxerHoi XoddomM,
IxacmeHoM ¥ Hax6apom.



