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Abstract

We discussthe non-linear theory of thin shellsexpressed in terms of displacements
of the shell reference surface asthe only independent field variables. Theformula
tion is based on the principle of virtual work postulated for the reference surface.
In our approach: 1) the vector equilibrium equations are represented through com-
ponents in the deformed contravariant surface base, and using the compatibility
conditions the resulting tangential equilibrium equations are additionally simpli-
fied, 2) at the shell boundary the new scalar function of displacement derivativesis
defined and new sets of four work-conjugate static and geometric boundary con-
ditionsare derived, aswell as 3) for prescribed shell geometry al non-linear shell
relations are generated automatically by two packages set up in M ariemarica. The
displacement boundary value problem (BVP) and associated homogeneous shell
buckling problem are generated exactly without using any additional approxima-
tions following from errors of the constitutive equations. Both problems are ex-
tremely complex and available only in the computer memory. Such an approach
allows us to account also for those a few supposedly small terms which may be
critical for finding the correct buckling load of shells sensitive to imperfections.
This approach is used in the accompanying paper by Opoka and Pietraszkiewicz
(2009, submitted to Int. J. Solids Str.) to perform the refined numerical analysis
of bifurcation buckling for the axially compressed circular cylinder.
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1. Introduction

The entirely Lagrangian non-linear theory of thin elastic shells, expressed in
terms of displacements u as the only independent field variables, was proposed
by Pietraszkiewicz and Szwabowicz (1981) and developed by Pietraszkiewicz
(1984), where references to earlier attemptsin the field were given. The formula-
tion was based on the principle of virtual work postulated for the shell reference
surface. The resulting vector equilibrium equations as well as work-conjugate ge-
ometric and static boundary conditions were represented in components relative
to the covariant base vectors a,, n of the undeformed reference surface. Un-
fortunately, the resulting three scalar equilibrium equations and two sets of four
work-conjugate scalar static and geometric boundary conditions of such a shell
theory became very complex and hardly manageable.

Based on the displacement formulation of Pietraszkiewicz (1984) the exten-
sivenumerical tests of axisymmetric defl ections and stability of thin shellsof revo-
lution undergoing large rotations were performed by Nolte (1983) and Nolte et al.
(1986) as well as of rubberlike shells undergoing large strains by Schieck et al.
(1992). In those papers the finite element method was applied with correspond-
ing C! elements. The analysis revealed that the important part of complexities of
such scalar equilibrium equations was associated with representing the covariant
base vectors a,, n of the deformed reference surface through those a,, n of the
undeformed reference surface and the displacement gradients u,,. Also the use
of scalar function n, of displacement derivatives at the shell boundary was found
to be inconvenient in those numerical applications because of square-root func-
tions of displacement derivatives appearing in denominators of static boundary
guantities. Those conclusions and our recent experience gained while writing two
reports by Opoka and Pietraszkiewicz (2004, 2009) allow usto proposein this pa-
per the following three modifications of the non-linear displacement formulation
of shell equations:

1. The vector equilibrium equations of Pietraszkiewicz (1984) are represented
through components in the contravariant base a*, n of the deformed refer-
ence surface, and the tangential scalar equilibrium equations are additionally
exactly simplified using the compatibility conditions.

2. Along the boundary contour of the reference surface the new scalar function
a rational with regard to displacement derivativesis defined and new sets of
four work-conjugate static and geometric boundary conditions are derived.

3. For any definite geometry of the reference surface parametrized by orthogo-
nal coordinates and for any of its boundaries, the displacement scalar equi-
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librium equations and boundary conditions as well as the corresponding in-
cremental displacement buckling shell equations and boundary conditions
are generated automatically by the use of two packages ShellGeom.m and
ShelIBVP.m set up in M ATHEMATICA.

The additional difference between our modified displacement shell BVP and
other ones known in the literature is that we do not ssmplify the shell relations
in the process of expressing the surface stress and strain measures in terms of
displacements. As aresult, the displacement BV P and associated buckling shell
problem become extremely complex and not tractable by hand transformations.
But thanks to the symbolic language of M atHematica the complex shell equations
become manageable as relations generated directly in the computer memory. The
idea behind such a seemingly absurdal approach has been the necessity to account
for those afew supposedly small termsin the buckling shell equations which may
be criticaly important for finding the correct buckling load of shell structures
sensitive to imperfections. In such problems small terms in the buckling shell
eguations play the role of some kind of imperfections.

The literature on the non-linear theory of shells provides many different sug-
gestions how to reasonably simplify the complex displacement BVP and the sta-
bility problem. For example, within the first-approximation geometrically non-
linear theory of thin, isotropic, elastic shells summarised by Pietraszkiewicz (1989)
the most popular approach is to use explicitly known errors of the constitutive
eguations. When the surface stress measures are eliminated from the BV P and the
stability problem, many supposedly small termsof the order of errorsin the consti-
tutive equations are omitted aswell, see for example Koiter and Simmonds (1973)
or Opoka and Pietraszkiewicz (2004). One can additionally restrict the order of
allowable rotations expressed in powers of the error of the constitutive equations,
and within various restricted versions of shell theory omit many other supposedly
small terms, see for example Pietraszkiewicz (1984). Additionally simplified re-
lations within the moderate rotation variant of shell equations were reviewed by
Schmidt and Pietraszkiewicz (1981). One can also use the asymptotic methods
relative to fractional powers of the error in the constitutive equations. Predicting
the asymptotic behaviour of solution of aspecial shell problem one can omit many
supposedly small terms as well and get very ssmple non-linear shell equations
modelling this special problem, see for example Tovstik and Smirnov (2001).

In al such heuristic type of simplifications mentioned above it is implicitly
assumed that omission of supposedly small terms in the shell equations does not
have a significant influence on their solutions. However, this argument may not be



correct when the non-linear shell relations are used to formulate and analyse the
stability problem of thin shells sensitive to imperfections. In such a case omission
of some supposedly small terms from the equilibrium equations may sometimes
lead to a significantly different buckling load. For example Koiter (1960, Ap-
pendix) discovered that in analysis of the axially compressed circular cylinder
with relaxed boundary conditionsin the circumferential direction the omission of
one supposedly small term in the linear equations of neutral equilibrium led to
the incorrect buckling load for short cylinders. Also Opoka and Pietraszkiewicz
(2009) explicitly show that omission in the non-inear BVP of al small terms
of the order of the error introduced by the constitutive equations leads to overesti-
mated buckling loads for long axially compressed cylinders. But we are not aware
of any general method how one might discover such a few supposedly small but
important terms and take them into account in a particular shell buckling problem,
omitting at the same time many other insignificant terms of comparable order.

The paper is organized as follows. In Section 2 we remind basic notation
and exact kinematic relations of the surface deformation. Modified equilibrium
eguations are derived in Section 3 by postulating the principle of virtual work
(PVW) for the shell reference surface. Then in Section 4 we derive modified
work-conjugate set of boundary conditions expressed through the new boundary
function a describing the rotational deformation of the shell lateral boundary sur-
face. The use of packages ShellGeom.m and ShellBVP.m for formulation of the
modified BV P and the corresponding shell buckling problem in terms of displace-
ment variablesis described in Section 5, where some remarks on stability analysis
are given.

2. Notation and kinematic relations

Let & be aregion of the three-dimensional Euclidean point space & occupied
by the shell in its undeformed configuration. In &7 we introduce the normal sys-
tem of curvilinear coordinates (6, 62, ¢) such that —h/2 < ¢ < h/2 isthe distance
from the middle surface .# to pointsin &2, and h is the undeformed shell thick-
ness assumed to be constant and small as compared with other shell dimensions
and with the smallest radius of curvature of .#. The surface .# is described by
the position vector r = r(6*) relativetoapoint O € &.

With each point M € .# we associate the natural covariant base vectors a, =
r.., where comma denotes partial differentiation with respect to 6%, the covariant
A, = &, - 3 and the contravariant a” = a* - & components of the surface metric
tensor a with a = det(a,s) > 0, the contravariant components &* of the surface
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permutation tensor & such that e? = — g2t = 1/+/a, &' = &2 = 0, the unit
normal vector n = 2s%a, x a; orienting .#, and the covariant components b,; =
—-a,, ‘N,z = N-a,,5 Of the surface curvature tensor b. The contravariant components
a” of asatisfyingtherelationsa®as, = ¢ are used toraiseindices of components
of the surface vectors and tensors. The natural connection on . is defined by the
surface Christoftel wmbolsrgﬁ =& Q..

The boundary contour d.# of .# consists of a finite number of piecewise
smooth curves given by r(s) = r[8(s)], where sisthe arc-length along 0.4 . With
each regular point Med.#Z we associate the unit tangent vector
T="r,s=dr/ds=1%a,, and the outward unit norma  vector
v=r, =dr/ds, =t xn=v"a,, where s, is the arc-length of the surface curve
perpendicular to the boundary contour in the outward normal direction. The cur-
vature properties of 9./ are described by the normal curvature o, = b,z7°7, the
geodesic  torsion 7, = —b,p 7P, and the geodesic curvature
Pr = Vo= TaVls 7 = —va7s 7, Where ()|, denotesthe covariant surface deriva-
tive with respect to curvilinear coordinates #*. The symbols o, = b,sv*V* and
Oy = 0= vaTs V¥ = =745 V# are the normal curvature and the geodesic cur-
vature, respectively, of the surface curve orthogonal to d.# in the outward nor-
mal direction. Physical components of surface tensors on 9.7 are defined as,
for example, N,, = N*Pv,vs, k.. = kosv*7?. For other geometric definitions and
relations we refer to Green and Zerna (1968), Chernykh (1964), Fligge (1972),
Pietraszkiewicz (1977) and Ciarlet (2005).

The deformed configuration .# of the surface .# is described by the position
vector r(6%) = r(6%)+u(6) relativeto the samepoint O € &, where 8* arethe same
surface curvilinear convected coordinates, and u = u®a, + un = u,a® + usn isthe
displacement field. In convected coordinates geometric quantities and relations
on the deformed surface .# are defined analogously as their counterparts in the
undeformed configuration; they will be marked here by an additional dash, for
example a,, a*, bys, N, ¥, ()l., €tc. All dashed fields on .# can be expressed
through analogous undashed fields defined on .# and the displacement field u,
see for example Pietraszkiewicz (1984, 1989). In particular, we have

8, = Lnal + @an, n= & ma'+m),

l/la = t+ u/l|a _b/lau3 » Yo = Uzse +biu/l P (1)
_ _1fje|B _ B

my = @al® — @il m=3(1215 - ¥ le) .

Components of the symmetric surface strain and bending measures of the
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Green type are defined by the relations
Yo = %(aaﬁ - aa,e) s Kap = — (t_)a - baﬁ) . (2

Their expressions in terms of displacements following from (1) and (2) take the
form

1, _ 1
Voo = 5 (B B~ Bp) = 5 (olip + ot — ) -
Kop = baﬁ -n- 5a|ﬁ = baﬁ - \/_%Xaﬁ >
Xop = m((p05|ﬁ + b/wl/la) +m (lﬂalﬁ - bg(poz) >

=1+2y2+2(v2s —¥2%s) -

3)

[VERSY

At the boundary contour 9.7 the physical components of (1), are
Ivv =1+ Uy,y +oyUr — oy U3z, |VT =U,s—p;U + U3, M, = SorlTv - SOVITT 5
ITT =1+ Ur,s +0-Uy — 0 U3, |TV = U,y —pyUy + 7:U3, M = Sovlvr - Sorlvv >

@y = Uz, to Uy — T U, $r = U3,s—7T:U, +0U, M= Ivvl‘r‘r - lvrl‘rv .
o @
The deformed surface base {a,, n} and the deformed boundary base {v, r, n} can
be represented in the undeformed boundary base {v, T, n} asfollows:

= VoV + ToT = LoV v + LTt + @,

L

V= _aaa = ai\/g_[ (ITTm_ QDTmr)V + (‘pTrnV - lVTm)T + (IVTmT - lTTrnV) n ] ’
()

At the boundary contour 9.7 thefields defined in (4) and (5) are again compl etely
described by the geometry of .# and the displacement components.
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The surface strain and bending measures cannot be arbitrary functions of the
surface coordinates. In order to represent deformation of the surface embedded
in the three-dimensional Euclidean space they have to satisfy three differentia
conditions derived from the Codazzi-Mainardi-Gauss conditions for .# and . .
These exact compatibility conditions of the surface deformation are, see Koiter
(1966),

gBg [Kﬁ,ﬂ,l +a” (bx/l - KK/l) ypﬁu] =0,
(6)

8aﬁ8/m [YQy|ﬁl - bozyKﬁ/l + % (Ka/.tKﬁ/l + akp')’mw')’pﬁxl)] + K7£ =0 )

where K isthe Gaussian curvature of .#, and y,s, = Vol +Ypuls =Vpulo -

3. Modified equilibrium equations

Under some kinematic assumptions summarised by Pietraszkiewicz (1989) for
the geometrically non-linear theory of elastic shellsand proposed by Schieck et al.
(1992) for the large-strain theory of rubber-like shells, or aternately under the
constitutive assumptions proposed by Libai and Simmonds (1998), the mechanical
behaviour of a thin shell is entirely described by stretching and bending of its
reference surface.

Let .# be the reference surface of the deformed shell in an equilibrium state
under the surface force p(6*) = p,a® + pn and couple c(6%) = n x c?a, Vectors,
both measured per unit area of the reference surface ., and under the boundary
forceN*(s) = Niv+ N7+ N*n and couple M *(s) = nx (M.v+ M:7) vectors, both
measured per unit length of the undeformed boundary contour 9.7 . Then, for al
kinematically admissible virtual displacements éu the equilibrium conditions for
./ are given by the principle of virtual work (PVW)

ff(N“ﬁéyaﬁ+M“B6Kaﬁ)dA:ff(p-6u+c-w)dA+f(N*-6U+M*-a)7)ds,
M M

OMs
(7)
where N*¥ and M are components of the symmetric surface stress resultants and
stress couples of the Kirchhoft type, 6y.s and o,z are virtual changes of the strain
measures y,; and k.5, While w and w. are the virtua rotation vectors at .# and
along 0./ , respectively.
The strain measures y,; and «,; can aso be represented in the hybrid form as

Yop = %(r_’a 'r_aﬁ _aflﬂ) s Kop = r_’d 'ﬁ’ﬁ +b‘1ﬁ : (8)
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Hence, the integrand on the left-hand side of (7) can be given in the form
N5y + MP6kos = (N, + MPR, ) - U +MPoN 52, . (9)
The virtual rotation vector w is defined by
1 _ _
w:E(a“x6a0+nx6ﬁ), (20)
and the virtual work performed by ¢ on w can equivalently be expressed as
c-w=h-6n, h=c"a,. (11)

The vector h isusually called the surface static moment.
Inside .#, a, - n = 0 which variated leads to

sh=-a(-ouy) . (12)

Introducing (8) and (12) into (7) and using the Stokes theorem in .#, after some
transformations we obtain

—ff[Tﬁlﬁ +p+(cBrT)|ﬁ]-6udA

(13)
+ f[(Tﬁ +¢n)vg - 6u + MPyga, - on| ds - f (N"-6u+M"-w;)ds=0,
on OMt
where _
T# = (N - biM¥) &, + (M, +&@y,,M¥) 1. (14)

From vanishing of the surface integral in (13) follows the known vector equilib-
rium equation
A +p + ()= 0 in. . (15)

The vector equation (15) can be represented in different surface basesto obtain
formally different but in fact equivalent sets of three scalar equilibrium equations
reviewed by Pietraszkiewicz (1989). In particular, the component forms of (15)
(without surface couple term (c¢®n)|s) in the deformed covariant base a,, n were
given aready by Chien (1944), Galimov (1951) and Danielson (1970). Different
but equivalent component forms of (15) (again without (¢n)|s) in the base a,,
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n given by Sanders (1963), Budiansky (1968) and Pietraszkiewicz (1974) were
associated with different definitions of the bending tensors. However, our recent
experience indicates that the simplest scalar equilibrium equations following from
(15) are obtained in the deformed contravariant base a%, n.

Taking into account differential rules of the deformed base vectors

a{zlﬁz t_)aﬁﬁ'i' 7/1(1,6’5/1 s aalﬁz bgﬁ_ aak)’mﬁa'l > rTaa = nla: __oz/la/l P (16)
from (15) in the base a*, n we obtain three scalar equilibrium equations
) Nwha + (27(le|[3 _)’/lﬁla) N — _(m|ﬁ MY — Zb_a/lM/wlﬂ
—a* (bak)/ﬂ/lﬁ - b/lK)’}l(l,B’) M¥ —b,.ct + P, =0,
M(Yﬁ|aﬁ +t_)aﬁN043 - aaﬂaa/lt_)ﬂﬁlvl/w + [5‘“‘ (27#/l|ﬁ —’)//w|ﬂ) M/LB]LY +Ca|a +p= 0.
(17)

But with the Codazzi-Mainardi relations bg,|,= bg,|, for .# the tangential com-
patibility conditions (6), can be written as

8_/1# (_t_)/wll-l +§kp6,1k’}/pﬂﬁ) =0 , (18)

or B B B B
baﬂlxl _b/lﬁla —-a* (bax%lw - b/lk)’uaﬁ) =0, (19)
so that the complex termsin (17), can be exactly replaced by much ssmpler ones:
a (t_)aky#ﬂﬁ - Bﬁkyyaﬁ) MY = (t_)aﬁl/l _b_/lﬁla) MY (20)

Unfortunately, a ssimilar procedure applied to some terms in the third equilibrium
equation (17), using the compatibility condition (6), leads to a more complicated
form of (17),. B

Expressing a,, and b, through y,, and «,, according to (3) and applying the
kinematic relation a® = %[(1 + 2yj) a™ — ny’”] and (20) we obtain three scalar
equilibrium equations expressed through the mixed components of the surface
stress and strain measures

NEls + 274Gl + (2x2ls =¥jlo) NG —2(b5 — 3) M7
+ (b5 = 3 )le =2(b8 = 3 )is| M5 — (b2 = }) €2+ pa = O,
21
M - (6 )N - 2(0 222) (5 - ) - 2 5 - ) (L - )L

{2 [(2+202) @rpt i) - 22 (20" i) M+l +p =0
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The equilibrium equations (21) are two-dimensionally exact for the shell ref-
erence surface in the sense that no approximations are introduced into them be-
yond those included in the initially postulated form (7) of the PVW. Notice that
the tangential equilibrium equations (21), are here even simpler than the analo-
gous approximate expressions in the refined intrinsic shell equations derived by
Pietraszkiewicz (1980), eq. (4.4.7). In fact, the modified equilibrium equations
(21) following exactly from the PVW (7) are possibly the simplest ones available
in the literature. We shall use them in Section 5 to generate the displacement form
of equilibrium equations.

4. Modified work-conjugate boundary conditions

The appropriate boundary and corner conditions to be used with the equilib-
rium equations (15) should follow from vanishing of the line integralsin (13).
Along d.# the virtual rotation vector w, isnow defined by

1 - -
wT:E(vx6v+T><6‘r+n><6r_1), (22)
and the virtual work performed by M * on w, can equivalently be expressed as
M* - w,=H"-6n, H' =My+MTr. (23)

The vector H can be called the boundary static moment.
Therelation (12) for sn, when written at 6.# reads

on = —ved (N-6u,,) — 158 (N dU,s) . (24)

The expression (24) might be substituted into the second term of the first line
integral of (13) and all terms containing n-su,s might be eliminated by integration
by parts. Unfortunately, the remaining term containing the differential one-form
of displacement derivativesn - 6u,, was proved by Makowski and Pietraszkiewicz
(1989) to be neither exact nor integrable in terms of displacement (or position)
derivativesaong d.# . This means that there is no function ¢(u,, , u,s) such that
un - éu,, = ¢, where u(u,, , U,s) isan integrating factor.

In order to derive appropriate work-conjugate sets of boundary conditions
one has to modify the relation (24) to make it expressible through variation of
ascalar function of displacement derivativesand n - u,s at .4 . Asit was found
by Makowski and Pietraszkiewicz (1989), there were three such scalar functions
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availablein theliterature: n, = n-v proposed by Pietraszkiewicz and Szwabowicz
(1981), ¢, = (N —n)-a,/a? proposed by Novozhilov and Shamina (1975), and the
angle w; of total rotation of the shell lateral boundary surface, see Pietraszkiewicz
(1993). Thefourth function 6 was proposed by Libai and Simmonds (1998). How-
ever, the functions n,, @, , 6 (or w;) generate at 0.# the static fields containing
the square-root (or trigonometric) functions of displacement derivativesin the de-
nominator. Such expressions of the static boundary conditions are inconvenient in
derivation of the stability problem and subsequent numerical analysis.

From our numerical experience gained in the recent report by Opoka and
Pietraszkiewicz (2009), in this paper weintroduce along 0.4 the new scalar func-
tion of displacement (or position) derivatives defined by

n _ mv _ (PTITV_Qavl‘rT

v
== = a(u,,,U,s) . 25
n m IvvlTT - IVTITV ( ' S) ( )

a =
The function « isrational one interms of displacement derivatives, it vanishesin
the undeformed state and upon linearization coincides with —p, = —n - u,,, which
istheinfinitesimal rotation about tangent to 0.4 used in the classical linear theory
of shells.
Along .7 the vector n satisfies two constraints

rsn=0, n-n=1. (26)
From (5), and (25) it follows that the constraint (26), leadsto the relation

1
% =~ 0). @7)
and then the constraint (26), allows one to represent m entirely in terms of @ and

U,s:

a ITT _ o
m== \/; JEQ+ad) +(hat o) @ the) =9

For rotations of the shell lateral boundary surface not exceeding +7/2 the + sign
should be taken in (28). Hence, the formulafor n in terms of « and u,s becomes

_ 1
m- \Em [afv — 2 e+ e+ (29)

|TT
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Let us variate the expression (25) to have
1 1 _ _
60’ = ﬁ(nﬁmv - m,,@m) = ﬁ[nﬁ(r’v ><r.’S) V- mva(r’v Xr’S) ' n]
1 _ _
= —{[rsx(v—an)] - 6u,, —[r,, x(v —an)] - 6u.s} (30)
1 _ _
= ﬁ(l‘rvm - 0U,s _l‘r‘rm : 5uav) s

where we have used the identity

1 1
I—(cxlw + @) = l—(cxlw +¢,) (31)

following from definitions (4). Calculating m - 6u,, from (30) and substituting it
into (24) we obtain the new relation for on at 6.4

m? I _
%—vﬁda - (11/3 + Tﬁ) n- 5u,5] . (32

|2 |+

on=2a

The expressions (32) and (23) can now be used in the second terms of the
lineintegralsin (13). After integration by parts and some transformations the line
integral becomes

f ([c*a, + DR - (N* - 8D, 7'F &, + F.sN)] - 6u

o.Ms
VB (M2 JEM)dafds 3 (7)ol @
Cied. #+ !
+f[(caaa + D) - 6u+ EEM,,0a]ds+ > Fn-ou “_o,
My Cied My G

where 0.4y = 0.4 \0.#+, C; are the corner points of 9.4, and
Ca :NQBVB — 50[#6#/1 (M/IBVB + T/l?) s

D =MPg v, + F s+ @y,sMPv, + v, ,

34
F =M+ M (39
* _i M* _ §|V7m—cp1-m‘, M*
T _aT( T \/; ITT V) :
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All fields present in the boundary conditions (33) and (34) are functions of the
arc-length coordinate s of 9.7 .
From (33) follow the natural static boundary and corner conditions

C“a, +Dn=N"- awb_/_[,lT/lT*gg + T*7Sﬁ, Mvv =ar \/—%M; on a%f > (35)

Fn=%F"n aeachcorner C, € 0.4 . (36)

Thevector N* —a*b,, 7' *a, + F*,s n can be called the effective Kirchhoff stress
resultant associated with the function .

From (33) it also follows that the geometric boundary conditions which are
work-conjugate to the static ones (35) are

u=u*, a(u, ,Us)=a" ono#y. (37)

The last term of (33) vanishesidentically at any corner C; € 9.4y, because de-
formation of the shell reference surface is assumed to be continuous everywhere
including corners of the boundary contour 9.7 .

It is apparent from (33) and (29) that the displacement vector u on.# iskine-
matically admissible if su = 6r = 0 and 6 = 0 on 6.#4. Hence, 6n = 0 on 4.4
aswell.

The vector static boundary and corner conditions (35) and (36) are direct and
exact implication of the PVW (7) as well as the choice of « for description of
rotation of the shell lateral boundary surface. Alternative vector static boundary
conditions associated with n, were given by Pietraszkiewicz (1984), those com-
patible with ¢, by Makowski and Pietraszkiewicz (1989), the ones compatible
with w, by Pietraszkiewicz (1993), and those associated with 6 by Libai and Sim-
monds (1998). Each of them may be more convenient than others in specific ap-
plications. In the refined numerical analysis of bifurcation buckling for the axially
compressed circular cylinder performed by Opoka and Pietraszkiewicz (2009) we
have found the choice of a with the corresponding boundary conditions (35)-(37)
to be more convenient than other possible choices.

When the shell equations are used in the numerical analysis, we have to rep-
resent the boundary conditions (35), (36) and (37) through components in the
undeformed boundary base {v, T, n}. The reason for this choiceisthat the geome-
try of 0.4 isthe only one known in advance. With this choiceit is also necessary
to express the corresponding compound fields C, = C*v,, C; = C%1,, D interms
of physical components of the strain and stress measures at 9.7 . Thus, after some
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transformations we obtain
a
Cy =N,, - 3[(1 + 2y )0y — k) + 2y, (70 + KW)] M,,

|7y
+ %[(1 + 2V2)(Tr + Kyr) + 2y (07 — KTT)](L M,, + ZMVT) ,

ITT

Cr =Nor + 2L+ 29)(re + Kir) + 203n(0r, = K00) | M,

|
- %[(1 + ZYVV)(O-T - KTT) + ZVVT(TT + er)](ﬂ Mvv + ZMVT) ’

|TT

1 |
D :Mvv’v +2MVT?$ +pT(Mvv - MTT) + ZPVMVT + _(lTVMVV)’S_EITT9S Mvv +C,

ITT

a
+ 3{ (1 + ZYTT)(yvvv Mvv + ZYVVT MVT + Ve MTT) - Zyvr (YTVV Mvv + ZYTVT MVT + Ve MTT)} P

(38)
where the physical components of y,,s at 0.4 in (38); are given by
Yo = YVvvoy +2pvyvr s Ywr = Yvev = Ywwss _ZpTYVT s
Yver = 271/1'75 Yoy +2pv7v1' + Zpr()/vv - ')’TT) s
(39)
Yoo = 27ym —Yvvss +2p1'7v1' - 2pv(va - ')’TT) B
Yovr = Yrov = Yoy _va’)/vr s Yrrr = Yross +2p1")’vr .
Substituting (39) into (38)3 the expression for D reads
1 ITV
Z) :Mvwv +2MVT7S +pT(Mvv - M‘r‘r) + ZPVMVT + I_(l‘rv Mvv)’s _|7|TT7S Mvv + Cv

a
+ a—{[(l + zyTT)YVV’V _271/1'(2')’\/7,1/ _’}/vws _pv(l + 271/\/) + ZPTYVT)] Mvv
+ 2[(1 + 2’}’TT)(7VV9S _ZPTYVT) - Zyvr(yﬂ'av _zpvyvr)] MVT

+ [(1 + 27#)(271/‘1',5 ~Yrrov +2pv7vr + 2pT()/VV - 7‘1’7)) - ZYVT()/TT7S +2p‘r')’vr)] MTT} .
(40)

Hence, the fina scalar forms of four work-conjugate static and geometric bound-
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ary conditionsalong 0.7 are

1,Cy +1:Cr + M, /2D = N} +1,,G; + |,.Gs + M, {/2F",s or u, =u;,
I Cy +1:Cr + my \/gﬂ = N: + lTvg\*; + |TTg;k' +me \/%7:*,5 or u,= Ui >
SOVCV-*-"DTCT +m\/—§'@: N*+50Vg:;+‘107'gi +m\/—§?*’s Or u3: Ug’
=a:\/3M; o a=a',
(41)
wherethe expressions G:, G, ¥ *,s containing the external boundary moments are
defined as follows:

._Lla . [al,m—pm,
gv _;Ta—[(l + 2yTT)(TT + KVT) + ZYVT(O-T KTT)](M \/;T Mv) >
., la . al,,m-¢.m,
G _;_[(1 + 2¥0)(Ker = 07) = 2y (T + KVT)](MT - \/;T MV) ’
1 % ’)/T‘HS * 1 a
F*e= a —Mi,s— = M — o alTT{(IWm gaTmV)Mv,s+[(lwm ®:M,),s
Yrrs |TT9 a *
- (lvrm Qa‘rmv)( ar S I > + 3[(1 + 2)’\/1/))‘1'775 +(1 + 2')/1'7)71/\/75 _4')/\/7')’\/7,5])]'\/'\,} .
(42)

The boundary conditions (41) are again two-dimensionally exact for the shell
reference surface, because no approximations are introduced into (41) besides
those included in the postulated form (7) of the PVW. First such sets of four
work-conjugate boundary conditions, associated with the function n, and the al-
ternative polynomial definition of the surface bending tensor, was proposed by
Pietraszkiewicz and Szwabowicz (1981).

Three static boundary conditions (41);_; are also extremely complex partly
as a result of decomposing C%a,, Dn, bgfﬁ?-’*aa, and ¥*,sn in the undeformed
boundary base {v, T, n}. Thisis an unavoidable consequence of the fact that only
the position vector r(s) of d.# isassumed to be known in advance, and the posi-
tion vector r(s) of 0.# isthe onewhich should be found from the analysis. But the
physical interpretation of the geometric boundary conditionsin (41) is straightfor-
ward and al thefieldsin (41) are well defined in the known base {v, r, n}.
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5. Maodified BVP and buckling shell problem in terms of displacements

To formulate the boundary value problem (BVP) in terms of displacements,
the stress measures N? and M? should be eliminated from (21) and (41) by the
constitutive equations, and then the strain measures y” and & should be expressed
through displacements using the strain-displacement relations (3). We briefly dis-
cuss below such BV Ps for three simple cases of constitutive equations.

Within the first-approximation theory of thin shells made of homogeneous,
isotropic, elastic material undergoing small strains, the strain energy density of
the shell is given by

h 2
2 = EHQ'B/UJ (’}/aﬁ’)//llJ + l_zKaﬁK/l/_l) + O(Ehnze) ’

5 (43)
Haﬁ/lu — ad aﬂu ap aB/l v af Adu
—2(1+V)(a + a +—1_Va a*],
and the corresponding constitutive equations are
)> Eh
N = 0 = > [(1 — )y 4+ Va“ﬁyﬁ] + O(Ehne) ,
8)/(43 1-v
, (44)
0x Eh

M = =
aKaﬁ 12(1 - V2)

[(1 - K + va"ﬁk’ﬂ + O(Ehzne) ,

where E and v denote respectively Young's modulus and Poisson’s ratio of the
elastic material. Here n denotes the maximal strain in the shell space and € de-
scribesformally the energetic error of thisshell theory (Koiter, 1960; John, 1965).
At any point M € .# the small parameter was described by Koiter (1960) to be

€ = max(ETh b VB \/ﬁ) where b is the distance of M from the lateral shell
boundary, | - the smallest wavelength of geometric patternsof .#, L - the smallest
wavelength of deformation patterns on ./, and R - the smallest radius of curva-
ture of .7 . If we substitute (44) into the BV P and reject the terms of the order of
error introduced by the constitutive equations (44), then only the underlined terms
in (21) and (34),, or (38) remain as the primary important terms.

Another example of the theory of shells based on the PVW (7) is the large-
strain bending theory of elastic rubber-like shells. Various versions of such athe-
ory were proposed for example by Chernykh (1980), Simmonds (1985), Schieck
et a. (1992), and Libai and Simmonds (1998). In particular, when the greater
eigenvalue y of y,; was additionally assumed to be at most moderate, so that
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the approximation 1 + y? ~ 1 holds, the strain energy density was proposed by
Pietraszkiewicz (2000) in possibly the simplest form

h3
T = hWo (o) + 52 Wy " (o) [Kapina (L = Y01 - (45)

where W) and W3 are the 3D strain energy density and its second derivative
relative to y,,, both taken at .#. Then the corresponding constitutive equations
follow from

0z MaB — 1)
87(1,6’ , 8’(@[3 .
Using the estimate for moderate surface strains and other assumptions made while
deriving (45), itisaso possibleto considerably simplify the equilibrium equations
(21) and boundary conditions (41) by omitting many supposedly small terms of
the same order, if necessary.

Still other examples of the theory of shells following from the PVW (7) are
simple versions of the Lagrangian theory of elasto-plastic shells formulated en-
tirely in terms of deformation of the reference surface, as discussed for example
by Sawczuk (1980), Duszek (1982), and Schieck and Stumpf (1993). In those
shell theories the equilibrium equations and boundary conditions corresponding
to (21) and (41) can aso be considerably simplified as well by omitting many
supposedly small terms.

However, in the present paper we take a radically different approach. Ac-
cepting our inability to reasonably select a few critically important small terms
in the shell equilibrium conditions among many other small terms which can be
ignored, we do not simplify the shell relations at all in the process of elimination
of the surface stress and strain measures. Due to enormous complexity of the re-
sulting displacement shell relations such a BV P and the associated shell buckling
problem cannot be derived just by hand transformations. In our approach this
goa has been achieved with the help of some features provided by the symbolic
language of Maruemarica. Within this programming language two packages have
been written: ShellGeom.m and ShellBVP.m.

The first package ShellGeom.m is responsible for generating all important
characteristics of the assumed geometry of the shell reference surface .# needed
in transforming tensorial BVP to that expressed in partial derivatives. For the
specified position vector r = r(6*) of the surface .# this package is capable to
generate analytic formulas for the local surface base on .#, itsdual base, compo-
nents of the first and second fundamental forms, Lame parameters, components

N =

(46)
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of permutation tensor, Christoffel symbols as well as the mean and Gaussian cur-
vatures. If the surface has a boundary contour §.# parameterized by the arc-
length parameter the package Shell Geom.m additionally generates severa bound-
ary characteristics such as the normal and geodesic curvatures and torsions of the
boundary curve and of orthogonal to it surface curve as well as the components of
boundary base vectorsy and .

The second package Shel|IBVP.m for the specified system of orthogonal coor-
dinates {6*, #?} derives the displacement equilibrium equations as well as the dis-
placement natural static and geometric boundary conditionsfor the first—approximation
geometrically non-inear theory of isotropic, elastic shells of the Kirchhof-Love
type based on the formul ation givenin this paper. It also derivesthe corresponding
shell buckling problem. In particular, this package performs the following steps:

e readsinthe characteristics of the assumed shell geometry derived by the use
of the package ShellGeom.m;

e introduces the constitutive equations (44) into (21) and (41) together with
(38) and (42);

® EXPresses Ky interms of y,; defined in (3)o;

e calculates covariant derivatives, performs summation over dummy indices
and substitutes the geometrical characteristics of the reference surface;

¢ transformsthe BVP to the equivalent non-dimensional form;

e multiplies the BVP by positive powers of \E in order to eliminate the
square roots \/g and then uses (3)4;

e introduces into the non-dimensional BV P the strain-displacement relations
transformed to the non-dimensional form;

e perturbates the BVP in displacements and derives the linearized homoge-
neous shell buckling equationstogether with corresponding work—conjugate
sets of boundary conditions.

The package ShellBVP.m has some routines which check the correctness of the
input arguments. Also the specified check points have been implemented into it to
assure validity and correctness of derivation of the BVP. For example, one of the
check points is the procedure which checks whether the compatibility conditions

18



vanish identically after substitution into them the strain-displacement relations. If
thisis not true the main procedure interrupts derivation of the BVP. This signif-
icantly raises the confidence to the obtained BV P for each specified geometry of
the shell. The output of this package is extremely large even for therelatively sim-
ple geometry of the cylinder, because no approximation is used during derivation
of the BVP. Therefore, the resulting explicit displacement BVP and the corre-
sponding shell buckling problem are available only in the computer memory and
are not explicitly presented in this paper.

Let us briefly remind after Opoka and Pietraszkiewicz (2004) that the compo-
nents of external loads p, ¢ and N*, M* may be specified entirely independently,
in genera, by ten dimensionless parameters p,, forming the vector p € R ¢ R,
Then the non-linear BVP for a thin shell generated by the package ShellBVP.m
from (21) and (41) with (44) and (3) can be presented symbolically as

f(u;p) =0, (47)

where the non-linear continuosly differentiable operator f is defined on the prod-
uct space ¢'(.#, R3) with values in the Banach space, where €' (.#,R3) is a set
of all components of u and its gradients up to the 4th order. In engineering appli-
cations, however, all the external loads are usually specified by a single common
parameter p e RC R, p > 0.

The solutions ug(p) of (47), which can be reached starting form p = 0 in the
undeformed state, form the primary equilibrium path. This path becomes unstable
if aninfinitesimally close adjacent equilibrium state u; (o) existsfor the samevalue
of p.

In the neighbourhood of critical values of p we can replace u;(p) by ug(o) + U,
where now u denotes the small increment of the displacements satisfying homo-
geneous boundary conditions. Substituting ug(o) + u into (47) we can linearize
it with regard to u and take into account that ug(p) should satisfy (47). Asare-
sult, we obtain the homogeneous linear shell buckling problem in terms of the
incremental displacements u written again symbolically as

g(u;p) =0. (48)

Non-trivial solutions of (48) can exist only at a discrete set of values of p, which
are eigenvalues of the linear problem (48). The lowest positive eigenvalue p; =
Porit Indicates thefirst bifurcation point at with the primary equilibrium path ue(p)
isintersected by a secondary equilibrium path u;(p).
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In the accompanying paper by Opoka and Pietraszkiewicz (2009, Appendix)
we present in more detail the derivation of the BVP (47) and the correspond-
ing buckling problem (48) for membrane prebuckling state in the special case of
axially compressed circular cylinder. We aso perform the extensive numerical
analysis of bifurcation buckling for a wide range of Iength-to-diameter ratios of
the cylinder under fourteen sets of work—conjugate boundary conditions.

6. Conclusions

We have formulated a new version of the Lagrangean non-inear theory of
thin shells expressed in terms of displacements of the shell reference surface as
the only independent field variables. The formulation has been based on the prin-
ciple of virtual work postulated for the reference surface. Both the equilibrium
eguations and the set of four work—conjugate static and geometric boundary con-
ditions are derived exactly from the PVW without using any kind of approxima-
tions. Elimination of the surface stress and strain measures in terms of displace-
ments is performed exactly as well without using the approximate nature of the
congtitutive equations to simplify the BVP. The latter steps have been performed
automatically with the help of two packages set up in Maraemarica. The final
BV P and the corresponding shell buckling problem are obviously extremely com-
plex. They are manageable only as the relations given in the computer memory,
not as those explicitly written on the paper. By taking into account all supposedly
small terms in the buckling shell equations we are sure that among them are also
those a few supposedly small terms which may appear to be critically important
onesin finding the correct buckling load of thin shells sensitive to imperfections.

The idea of the present report has grown from our experience gained in the
paper Opoka and Pietraszkiewicz (2009) while performing the refined analysis
of bifurcation buckling for the axially compressed circular cylinder, which is one
of the most imperfection—sensitive structural problems known in the literature.
We advise the reader to consult this accompanying paper to better understand the
reasons why the present paper has been written.

Currently the package ShellBVP.m generates the two-dimensionally exact dis-
placement BV P and the shell buckling problem only with the constitutive equa-
tions (44) valid for the first-approximation geometrically non-inear theory of
thin, isotropic elastic shells. Exactly the same approach can also be used with
any of the constitutive equations of large-strain theory of rubber-like shells. But
this type of approach may also be useful in formulating any two-dimensionally
exact version of the Lagrangian non-inear theory of elasto-plastic shells as well,
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if peculiar character of performing the analysis in the plastic range is taken into
account.
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