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Further Results on the Deformation of Thin Shells *)
Résultats supplémentaires sur la déformation des coques minces

Weitere Resultate bei der Deformation diinner Schalen

PETER G. GLOCKNER

Professor, Department of Civil Engineering, The University of Calgary, Calgary,
Alberta, Canada

Introduction

In order to be able to describe approximately the deformation of a thin
shell by means of a two-dimensional mathematical model, the changes in
midsurface normal curvature and torsion, referred to as bending strains in
the shell literature, are required in addition to the midsurface in-plane (tan-
gential) strains. The definition of these bending strains has been the subject
of much discussion during the last ten years. In fact, the problem of the
definition of the bending strain tensor of linear shell theory remained an
unsettled issue until KoITER introduced his curvature change tensor [1,2, 3],
a tensor which was independently also arrived at by NacHuDpI (4, 5,6,7] and
which was subsequently shown to be a “‘best’’ definition [8].

Physical components of changes of curvature and torsion for the non-
orthogonal coordinate case were defined in terms of derivatives of the rotation
vector [9,10,11,12,13]. However, no general vectorial definition in terms of
the rotation vector has been given for the curvature change tensor, even
though the rotation vector has been defined in a general form [14, 15].

As long as the question of bending strains was an open issue, the form of
the compatibility equations of linear shell theory, equations first derived by
GOL’DENVEIZER [9], could not become a settled issue. This question has also
been finalized and agreed upon recently [3, 4, 5, 6].

*) The results presented in this paper were obtained in the course of research spon-
sored by the National Research Council of Canada, Grant No. A-2736, and the Defence
Research Board of Canada, Grant No. 6301-11.
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The purpose of this paper is to define the curvature change tensor in a
general vectorial form, using derivatives of the rotation vector. In analogy
with the definitions of unique symmetric and skew-symmetric tangential strain
components, where derivatives of the displacement vector are used, the
presently accepted curvature change tensor of linear shell theory is defined
as the unique symmetric bending strain tensor whereas the unique skew-
symmetric components are shown to be expressible in terms of the symmetric
tangential strain components. The results obtained are compared with those
of others, where possible, and with our earlier work [13, 16]. In particular, the
unsymmetric physical changes in torsion, discussed earlier [11,12,13], are
expressed directly in terms of the mixed components of the unsymmetric
bending strain tensor, and the difference between these torsion components is
expressed in terms of symmetric physical tangential and bending strain com-
ponents. The difference between the second fundamental tensors of the
deformed and undeformed midsurface, a quantity which is used by some
authors to define curvature changes in linear shell theory [15] and is now
generally accepted as the curvature change tensor of nonlinear shell theory
[17,18,19], is compared with the curvature change tensor of linear shell theory.

Using the partial mixed-derivatives of the displacement and rotation
vectors, the equations of compatibility of linear thin shell theory are obtained
and compared with the currently accepted form [3, 4, 5]. Finally, the tangential
strains of the parallel surface are written in a new form and compared with
previous results [16, 20].

Throughout the paper, emphasis is placed on the use of direct vector
notation and vector algebra. However, where required, the component form
of tensors is used with the usual summation convention and index notation
and with repeated Greek and Latin indices implying summation over the range
1, 2, and 1, 2, 3, respectively. Partial differentiation and the covariant deriva-
tive with respect to the metric of the undeformed midsurface are indicated
by a comma and a vertical stroke in front of a subscript, respectively. Where
a midsurface quantity is designated by a lower case letter, the corresponding
variable for the parallel surface is denoted by the same upper case letter, by
the same lower case letter with a superscript (z), or by a new lower case letter.
A bar above a quantity indicates a vector whereas a bar below two indices
denotes suspension of the summation convention for the underlined indices.
Parentheses around indices are used to designate physical components of a
tensor whereas a caret (~) and tilde (~) above a symbol denote unique symmetric
and skew-symmetric components of a tensor, respectively. Wherever the
symbol 1>2 appears next to an expression, a corresponding equation is
obtained by an interchange of the indices 1 and 2. The outward surface normal
is positive and the right-hand rule is used in defining the positive direction of
vectors resulting from cross products. All starred quantities refer to the de-
formed state and convected coordinates are used to describe the deformation
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of surfaces. For the sake of brevity, frequent reference will be made to previous
work presented elsewhere [13,16,21]. Symbols are defined where they first
appear in the text and are summarized for convenience under Notations.

I. Review of Geometry of Shell Space

Let 7=7(x*) denote the position vector of an arbitrary point, P, on the
midsurface of a shell of constant thickness, A, and 2*(x=1,2) be a set of
arbitrary (real) Gaussian surface coordinates. Then, the partial derivatives of
the position vector with respect to the surface coordinates are defined as the
covariant base vectors, a,=7 ,, which in turn are used to define the contra-
variant base vectors, a%, the covariant and contravariant unit tangent vectors,
i, and #*, the magnitudes of the base vectors, 4,=|a,|, the unit normal to the
midsurface, 7, the components of the permutation tensor of the midsurface,
&,p and &B, the surface metric components, ayp and a*f, the determinant
a=|aaﬁ[, and the Christoffel symbols of the second kind, I ;"3, r gﬁ, Fg‘ﬁ. The
components of the second fundamental tensor of the midsurface, byg and b%,
the components of the third fundamental tensor, c,g, the normal and tangen-
tial curvatures, «, and (k,),, the geodesic torsion, (7,),, as well as the radii of
normal curvatures and torsion B, and R,g, for the parametric lines are defined
as in [13,16,21]. The angle between the tangents to the surface coordinates
at their intersection and the infinitesimal distance along any curve, C, on the
midsurface are designated by ¢ and ds, respectively. The coordinate in the
surface normal direction is Cartesian and is denoted by z=23(—h/2=<2=<h/2).

As is well-known, an arbitrary vector, ¥, in 3 dimensions may be expressed
in terms of three linearly independent vectors and may therefore be written as

?=v%a,+ 03N = v a*+vyn = v®¢, + 0%, (1)

where v* and v, are the contravariant and covariant surface components,
v® = v, the surface normal components, and v@® and v® the physical components
of ©. Because of the special “normal’’ coordinate system used, v®=v;=v®.
The partial derivative of v is given by

Vo= (v/\[a_bclx\cv3)d)\+ (vsoc+b)\a’v/\)7_za
' o N\ = (2a,b)
= (v),!a_ba/\ ’03)0/ +(v3,a+brx ’t)')\)n,
where Ay = v + T ok Ve =00 — L V- (3a,b)
The partial derivatives of the base vectors
Oy p = F;‘ﬁﬁ,\—i-ba,g%; @y = —Fgﬁhbgﬁ; mo=—blay (4a.b,c)
are used to define the covariant derivatives
G =T aTATr = b o7 %l = at = b7
Ayig = Ay, B Faﬁa)‘ -—baﬁn, a“[B—a:"B+I‘§"\a —bgn. (5a,b)
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Use will be made of Riceci’s lemma i.e. the fact that the metric and permuta-
tion tensors are treated as constants in covariant differentiation, thus

aogn = 0%y = &g = €%F|) = 0. (6)

The position vector of a point @, defined by the intersection of the positive
surface normal and a parallel surface at a distance z from the midsurface, is
designated by R and is given by

R = R(@x*2) =F+27. (7)
Partial derivatives of R with respect to z* are defined as the base vectors of
the z surface, §a=ﬁ’ «> Which are used in defining [16,21] the contravariant
base vectors, g%, the metric components, g, and g*#, the determinant g = [gaﬁ| ,
the magnitudes of the base vectors H,=|g,|, and the covariant unit tangent
vectors of the z surface, 7,. The base vectors of the parallel surface are
expressible in terms of midsurface base vectors as

G = By —2b30) = pya), (8)
where u? is defined by [4]
o =8, —203, (9)

and where 82 is the Kroenecker delta. The determinant of u2 can be shown to
be [4]

p=|p{x\|=‘/&g—=l—2zﬂ+22]{, (10)

where H and K are the mean and Gaussian curvature of the midsurface,
respectively.

II. Deformation of Surface

2.1. Tangential Strains

During deformation, the point P moves to a new position P*. Let the
vector P P* be denoted by w and the position vector of P* by 7*, such that

(see Fig. 1)
7* =7 (%) +u(x%), (11)

where % is the displacement vector, expressed in terms of its contravariant,
covariant, and physical components by

U=uG,+un = u, @*+usn = UVl +wn. (12)

The base vectors of the deformed surface, a¥, are obtained from Eq. (11) as

Q|

kX _ »%k _ » a7 - Py
=T =Tytuy,=0a,+u,, (13)
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Fig. 1. Deformation of a Surface.

which, when using Eq. (2) to express % , in terms of its components, may be
written in the form
a¥ =1, Gy + @, =Gy +yr 0+ @u 7, : (14)

where the unsymmetric tensors, /A, and vy,, are defined by [17,4]

P, =8 +u -at =8 +ul|,—blw, (15a)
Ve = Uhla — D2 W (15b)
and Py =W +bluy. (15¢)

From Egs. (13) and (14) the derivative of the displacement vector is written as

U = VMLEA"‘—(P&%’ (16)
from which Voo = U, 0" g (17)

The unique symmetric and skew-symmetric components of this unsymmetric
strain tensor are defined by

:)\/cxﬁ = %(Vﬁa+yaﬁ) = %(ﬁ « —/3+EB C7’04) = %(ualﬁ_*_uﬁla)_baﬁw: (18a)
Yop = 5 Vpa—Vap) = § (U o Bg—1 g-0,) = § (ug, —uyp) = 3 (Ugy—Uyp). (18D)

From Egs. (18a,b), y,5 and y,g are easily recognized as the usual symmetric
tangential strain tensor and the skew-symmetric rotation tensor of linear shell
theory [2,4,11,12]

Yo = €af Yo = Wop- (18¢)

Using Egs. (18) the expression for % ,, Eq. (16), may be rewritten as

U = (Yar+Pud) O + @y = (€ +w,2) T+ @, 7 (19)
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and from a comparison of Eqgs. (15a, b) and (18), the following relation
established
Da = @t Y2a = Bad T €ad + @ - (20)

The physical extensional tangential strain components are related to the
tensorial components by [11,13]

D
|

€ = €y = AL €11 :_}_
= @11 (4,2 A, ox

g, 122, (21a)

whereas the total change in angle between the tangents drawn to the para-
metric lines, defined as the physical shear strain, is given by [11,12,13]

~ 2e€
Ya2 = Yo +Ye = TEIZ —cot i () + @) (21b)
1 ou - A, si
Where Yo = Z— a_‘;—&l. t2 = %l—lélzl 1 2 2. (21 C)
1 1

As is clear from Eq. (21c¢), the unsymmetric physical shear strain components
are expressible directly in terms of the mixed components of the unsymmetric
tangential strain tensor, lf"B, whereas the sum of these shear strain components
is given in terms of symmetric strain components, Eq. (21b). In closing this
section on tangential strains, it should be noted that €,z is comprised of the
linear terms in the expression %(a;"ﬁ — Qyp)-

2.2. Rotation Vector and Bending Strains

Since deformation of a body in the neighbourhood of a point is composed
of translation, rotation, and change in shape (straining) [22,23], it is not
surprising that in addition to displacements, described by the displacement
vector 7, rotations and the rotation vector, 2, are also required in the study
of the linear deformation of the midsurface of shells. The contravariant com-
ponents of the rotation vector, w?, are defined in terms of the components of
the skew-symmetric rotation tensor, w;;, of linear deformation theory by

w' =Ry = FEFuy;; wgj = § (U5 — Ugyg) (22)
where €% are the components of the permutation tensor in 3 space. Thus the
components of rotation w* and w3 for the midsurface are expressed as [11, 13, 16]

w* = = B3 wg,; w! = ———[uUgjp — Ug3]; w? = ———[ugy, —uy3], (23a
9 B3 9 l/a 3/2 2/3 9 ]/a 3l1 1!3] ( )
w? =183°‘Bw =18"‘Bw =——1——[u — Uy (23b)

2 aff p) off 9 ]/5 21 12d>

where £*£3 at the midsurface (z=0) become &*8. In a discussion of thin shell
theory based on the Kirchhoff-Love hypothesis, the transverse shear strain
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components, €,5, are assumed to be zero and thus
€x3 = %(ual3+u3la) = 0; o Uyz = —Ugjg - (24)

With this approximation, and using Eqgs. (3) and (15¢) together with the fact
that [24] F§‘3 = Iy = -—b%, Egs. (23a) become

w* = g*B [w’ﬁ—}-bg Uyl = S“BQDB. (25)

Using the three components of rotation thus derived from the skew-symmetric
rotation tensor, a vector of rotation, £2, was defined as [11,13,16]

Q = wo‘da—{—w?’ﬁ = —Q(2)51+Q(1)52+Q(3)%, (263:)

which may also be written in the form
Q = eBQylg+ Q7. (26b)

where the physical components of the rotation vector, £, and £, are defined
in terms of displacement components in [16], and where ¢*f are the com-
ponents of the permutation symbol related to the permutation tensor and
defined by

B = a,l:e"‘/g; el2 = 2l = 1; ell = 22 = (), (26¢)
Ya
Eq. (26b) suggests a form for writing the rotation vector in terms of its
covariant components, £, ,

Q= ebQ ug+2,7 (27)
a form which was also used in [15].

A comparison of Eqgs. (26) and (27) results in the following relations between
the various rotation components

w® = 83‘)‘523; w3 =.Q3 29(3) EQn EQ, (283:,b)
AB -
aﬁé T
}/Zi‘Q(oz) Va%
or Qy=—= (x#Ph); Qu=—"=2, (x#B). (286, 1)
Vagé Va

Also from Eqs. (25) and (28a) one finds
ro = _[w,(x‘i_bg\cu/\] = Py (29)

Using the definition for the vector of rotation, Eq. (27), the following relations
are easily obtained

Qx7=8Q,a%  Qxa,=wya"—2,7, (30a,b)
of which the latter is used in rewriting Eq. (19) in the form

a,cx = (eoc)t""woc/\) aA_F(PaT?’ = (eah+wa)\) a)\_‘Qaﬁ = Ga)\a)\—h{—jaa' (31)
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In analogy with the definition of ;7“3:50‘/3 and &aﬁ=waﬁ, the derivative of
the rotation vector is now used to define symmetric and skew-symmetric
bending strain components, ﬁuﬁ and ?;aﬁ. Through the use of Eq. (2), the
derivative of £2 is written as [15]

‘ga = & ’7/3a5/\+§x%a (32)
where Ny = Qﬁla—eﬁ)\b&\!) = Q}gm%—bé wyg = —[q),g,fa—kb(’x\ wg], (33a)
(o =8 ,+b,geM0). (33Db)

From Eq. (32), the following relations are easily established

‘(j,ocXﬁ = ’7/\065)\5 .. NBa Zgax’ﬁ"aﬁ' (34a’7b)
The unique symmetric and skew-symmetric components of this unsymmetric
bending strain tensor, 7g,, are defined by

;’}aﬁ = %(nﬁa+naﬁ) = %(QaXﬁ'aB'i_QBXﬁ'aa) =

= ‘%(‘Qﬂlu +‘rolﬁ+bé w/\ﬁ_f—béw/\a)z (352)
ﬁcxﬁ = %(nBa_T]ocﬁ) = l(QaXﬁ'aﬁ*‘é—,BXﬁ'aa) =

= %(‘Qﬁ{a_galﬁ_*_bé (")/\jg_bA w/\a)- (35b)

B

Upon recalling the definition of Koiter’s curvature change tensor of linear
shell theory, Pag [1,2,3], it is clear that

paB:_ﬁcxﬁ:_%[Q,axﬁ'aﬁ_l_gﬁX%.aa]' (36)

Thus the curvature change tensor of linear shell theory has been expressed in
a new, vectorial form in terms of derivatives of the rotation vector. The method
used in arriving at this definition is identical to that used in defining the
symmetric tangential strain tensor in terms of derivatives of the displacement
vector. To the best of the author’s knowledge, this form of the curvature
change tensor has not appeared in the literature heretofore, even though the
form of the rotation vector and its derivatives, as used here, were given by
CHERNYKH [15].

The skew-symmetric components, ﬁaﬁ, may be expressed in terms of the
components of the tangential strain tensor as

g = (B2 6;3,\—52 €a) s (37)

where the Codazzi-Mainardi relations, b2 8 =bgla> were used.

In order to compare these symmetric and skew-symmetric bending strain
components with the physical components of change in normal curvature and
torsion, ¥, and 7, we recall an expression for the cross product of the
derivative of the rotation vector and the unit normal given by [11, 16]

4, _
Q,xn = Sint& [£1 %)+ 2 (%) cOS 3 + Ty singh)] 12 2. (38)
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A comparison of Eqs. (34) and (38) results in
N1 = M = (A1) %) M = Va(Ty+xageoty) 122, (39a)
Me+ M9 = 2710 = Va [Ty + T +cotd (y+%e)] 122, (39D)
whereas from the definition of the components 7, [16] one obtains
Q,-a, =—(4,)21y 122. (40)

From Eq. (32) the following relation is derived

‘Q,(x'dﬁ = 8)\;3 7}.)\04 = 8)\}3 Mo = E'u/\a’)\,B o > (41)
which is used to write
A,sin , .
Ty = —Z-ATib‘fﬂ 1 =2, (42)
1

The vectorial definition of the skew-symmetric components of the bending
strain tensor, Eq. (35b), together with Eq. (38) leads to

- _Ya

M1z = _2“[T(l)‘T(z)+00tl/’(“(1)—%(2))] = — a1 (43a)

N1 = 7722 =0 (43Db)

relations which may also be obtained directly from Eqs. (35b) and (39a) and
from which, through the use of Eq. (37), one deduces

Ty—Tip =

] {6(2)—6(1)+1(1 1

(44)
Sin® ¢ R, E) [Vaz) + cot i (eq)+ G(z))]} + cot i (%) — #(y)) -

Rlz R21 2

Although an expression for the sum 7 =(74)+ 7(5) was given elsewhere [11, 13,
16], the difference between these unsymmetric physical components of change
in torsion was not expressed explicitly heretofore.

The unit normal to the deformed midsurface, 7*, is derived through the
use of Eqgs. (13), (19) and (31) and by neglecting nonlinear quantities [11,
13,16] as

n* =%e*aﬁa;xa§ =Qa+7 (45a)
from which, using Eq. (30a), one obtains
¥ —n = Q\at = QX7. (45b)
The derivatives of 7*, are given by
7% = (e —bon) A+ 32T = (), — by wup —by)) G+ D27 (46)

and are used to define the components of the second fundamental tensor of
the deformed midsurface, b;“B, as
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b;“ﬁ = —1 (% a*—l—nj‘g ay) =n*-afg=—nk -EE‘ = —ﬁ*ﬁ-ﬁ* =
= —%[-Q}g[a’f‘.galﬁ-f-b wAlg+bgw/\a—bA€A}g~b§€)\a Qb[xﬁ] (47a)

= bcxﬁ — NaB + b’g €l = bcxﬁ ~ MBax + bcx €A = bOtB - 770(;3 +3 2 (bé €8 + bg ea)\) .

Through the use of Eq. (45b), the expression for b;"B can also be written as
by = —FUQXT) o Gg+ (QXT), T+, o T g+, g o+, g + 70, g ) =
= (QXN) Gy g+ Go g+ g7 = —[(RXT) o Ag+ T g- T o +7 o Ug] = (47b)
= —[(RX7) gty +7 o7 g+7 g, ].

Some authors [15] define a curvature change tensor of linear shell theory in
the form

bzﬁ’baﬁ = '?aB ==

[(§Xn) aB+(.Q><n)Iga+u n,ﬁ+ﬂ’ﬁ-ﬁ’a]=
:_[7704,3 ( (48)

bA o €AB + b,\ E/\oc] - P(xﬁ + (bé 6/\/3 + bg 6/\05) .

This tensor is particularly useful in writing the z surface tangential strains in
terms of midsurface variables.

The components of the third fundamental tensor of the deformed mid-
surface, c;"ﬁ, are expressible in the form

c;ﬁ:ﬁ”’&-%:’k:ﬁ,aﬁﬂ-i-g XT-M g+ 0 gX WM o = Cug— b 1,5 — b,

= CoB — [bg 7,'},Bp + bB TNap + bc/J\z b:; €p T2 bA (bp €8 + blg a)\)]

Noa =
B (a9)

2.3. Compatibility Equations

For the sake of completeness, the compatibility equations of linear shell
theory are recorded. The mixed partial derivatives of the displacement and
rotation vectors must be equal if deformation is to be continuous. This fact is
used here, as it was used by others [9, 15, 25, 26], to derive the compatibility
equations, i.e.

77’,0:3 = ﬂ,ﬁa @ I uﬂa = & B’LL B = 0, (50&)

.Q’alg Z‘Q,ch .Q B—QB —S'BQ ,3—0 (50b)

Using the definition for the covariant derivative of mixed and covariant com-

ponents of second order tensors [24] as well as Eqs. (2), (3), (4), (6), (31), (32)
and (35), the above statements, Eqs. (50), may be rewritten as

&P g = P [(eanpt&a ACB)GA+(5’\ A+”f)a,3)n]—0 (51a)

gaBQ af = = ¢*f [(8” Nualp— ca bﬁ) ay+ (Za!ﬁ'*_b/\ﬁ er T]p.a) n] =0, (51D)

from—_whlch_the following equations result

&P (eangt+Enlp) = &P (eap—emly) =0, (52a)
S“B(ﬁaﬁbg ) =0 . 7,5 =%(b) 6,3,\—52 €x1) s (52b)
gh (E‘W\ NpalB — La bg) = 0; f (Calﬁ + b/\,B er TI,ux) =0. (563a,b)
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It is thus clear that Eq. (50a) leads to an identity, derived earlier (Eq. (37)),
as well as the following useful relations

(54a,b)

— o . — oA
Coc =& #ep.od)\ﬁ gtxlﬁ =¢& #ey.odAB'

With these relations and the identity (52b), Eqs. (53) are recast to read

&P [ (g + 3 VG € — 3V, €0p)ig — € b €] = 0, (55a)
&P &M [ —bag Mol = 0, (55b)

which are the compatibility equations of linear shell theory. Eqgs. (55) can be
shown to be in complete agreement with corresponding results of others [3, 6].
Although the method of derivation used here has been employed previously
in less general and/or physical component treatments [9, 15,26] as well as for
the derivation of the compatibility equations of a Cosserat surface [25], to
the best of the author’s knowledge, it has not been used in deriving the equa-
tions of compatibility in tensorial form and in terms of the now generally
accepted strain measures of thin shell theory.

II1. Deformation of Shell Space

The point ¢ on the parallel surface moves to the position @* during the
deformation process. Let the position vector of @* be denoted by R* and the
displacement vector @ @* by U (see Fig. 2), such that

R* = R*(a*,z) = R(a*2)+ U (a%,2) =F+20+ U =F+u+zn*, (56)

DEFORMED
/z - surface Z - SURFACE
Q(XG,Z) U (X“,Z) *Q“(x",z)
va ? VR ~ T.u
[ 2
‘ \\ < X2 \ d x2
T, \x! S«
' : D
’,m|dsurfuce _\.,?
A <
P(x2,0) G(x%) m
7 T2 - v‘ T;
. !D‘ X = \«l x2
oy 7 \DEFORMED
. ) ' N\x' MIDSURFACE
R(x%z2) )

(xa)

Fig. 2. Deformation of Shell Space.
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from which, through the use of Eq. (45b)
U=t+zm*—7) =u+2RQx7). (57)
The base vectors of the deformed parallel surface, g*, are written as
gf = R% = R+ U, =g,+9%_g"—im, (58)
where U, =95 "~ Q%7 = [ya+2 (M t B ))& — i 27 (59)
Thus the unsymmetric tangential strain tensor of the z surface, y2 8> is given by
Voo = U Gg= #2 [V2a+2206] = [aat2 (Mra+ 05 wp0) 1 (60)
and is used to define the unique symmetric components, % 8>
Vepg = Bap = 3 (g, +729) = 3 (U,a-Gp+ U g 7o) = 30,0 +2(RX7) ]G
+[u g+2(Qx7) gl g, = %Mg (Yaa+2920a) + 3 1d (ag+2R20) =

= %{/‘LB ['}//\a +2 (7})\0( + bp w/\p)] +lu’(x [’)’/\B +2 (7]/\;9 + v w)\p ]} = (61 )
a

= €8 +2 naB 9 (bcx €8p + bg €o(p) [bp b €3p + boz B8

+ bz ;}ch - % bg (bg €Bp + bg Gotp)] )
which, using the results obtained here, may be rewritten in various forms as

“ ~ 2 22

1 ~ 2
=§{#é[eﬁ/\"‘zVIﬁA+§(b§€Au_b};€5u)]+'“ﬁ[ A+z°7w\+ (b A~ bl)ffau)]}'

Asis known, E g is comprised of the linear terms in the expression (gaB Jap)>
i.e.

1 1
— (% — — (¥ _— -
Eaﬁ = 9 (gaﬂ gocﬁ) 9 (aaﬁ aaﬁ) z (b ocﬁ) + ( ™ ocﬂ) (61 C)

~

22
= eaﬁr-ZKaB—E(bgnPB-{—bgnpa) = €8 ZKocB+ (b)‘ )\B+bAK)\a_Qb b’ GAP)’
from which it is clear that [15]
g = D2 —bos = 5 |55 @ —ap)|_ (62)
af 2|02 "B,

The physical tangential strain components of the parallel surface are now
expressible in terms of symmetric midsurface physical strains as
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1 oU » By By 1 ®
Bo=groa =y, = @ror ~ 4r {e‘””["“’*Rl

“a)
+ 55— [Yay + cot i (ep — e )]]+z2[ @ 4 [T+ cot i (35— #q)] (63a)
SR, Y0 P (e —€q B, *2 Rlz (M) — %)

I (e €@ 1 1 1) ..
: — ; —— t ’ 122,
+ sin2 ¢, (R21 Ry, + 2 ¢in2 l/, R, Rl [Vao) + €O Sb (e + €(z))] <=

which is in complete agreement with corresponding expressions derived else-
where [11,16] and where /, are defined as in [16]. The off diagonal component
E,, is expressed in terms of midsurface physical quantities by

2K,
Ya

1 (e | €
= Yz + ot €1+ €g) +2 {T + cotif (%) + %) + SinZg ( 11 + .,

> 1
—H ['y(12) + cot ‘7[} (6(1) + €(2))] 4221 ___%(1) + _}.t_(g)_
sin? \Ry; Ry
(63b)

_ 1 (1 1\ eaw €
H [T +cot i (%) +#z) ] + S5ty (R2 Rl) (Rm ..

1 1 1\2 .
+ m (‘R—z - E) [Y12) + cot i (e + €(2))]} .

Conclusions

In analogy with the definitions of the tangential strain tensor and rotation
tensor of linear shell theory, derivatives of the rotation vector and the funda-
mental theorem of decomposition of tensor algebra are used to define unique
symmetric and skew-symmetric components of a curvature change tensor.
The symmetric components are shown to be Koiter’s curvature change tensor
of linear shell theory [2, 3], thus presenting the bending strain tensor in a new,
vectorial form. The physical components of this symmetric tensor are in
complete agreement with results presented elsewhere [13, 16]. The skew-sym-
metric components, on the other hand, are found to be expressible in terms
of tangential strains thus permitting the derivation of an expression for the
difference between the unsymmetric physical components of change in torsion
in terms of symmetric physical strains.

The difference between the second fundamental tensor of the deformed
and undeformed surface is expressed in terms of derivatives of the rotation
and displacement vectors and compared with the bending strain tensor. An
expression is also given for the third fundamental tensor of the deformed
surface in terms of the symmetric strain measures of linear shell theory.

The mixed partial derivatives of the displacement and rotation vectors are
used to obtain the compatibility equations from which the skew-symmetric
components of the curvature change tensor are eliminated by means of Eq. (37).
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Finally, the tangential strain tensor of a parallel surface is rewritten in several
new forms and the corresponding physical components expressed in terms of
symmetric physical strain measures. These results are useful in a general
description of the statics and energy principles of linear shell theory in terms
of physical components [27].

Notations
Ay, Qg5 A%, A3 covariant and contravariant base vectors of midsurface
Ao a*P components of first fundamental (metric) tensor
o L determinant of the matrix of a,g
A, ="Va,, magnitudes of a,
bag bg components of second fundamental tensor
Cof components of third fundamental tensor
C arbitrary curve on a surface
€ag eP components of permutation symbol defined by
erp=e2= —¢y, = —e2=1; e;=ell=¢,,=¢2=0
E extensional physical strain components of z surface
B components of symmetric tangential strain tensor of z surface
JaB> goh components of metric of z surface
Go> I* covariant and contravariant base vectors of z surface

h constant shell thickness

H mean curvature of midsurface

H,=Vgu Lame’s surface parameters; magnitudes of g,

K Gaussian curvature of midsurface

parameters associated with metric of z surface

unit surface normal vector

generic point on a surface

generic point on parallel surface

position vector of a point P on the midsurface of a shell

position vector of generic point @ on parallel surface

N radii of normal curvature for parametric lines of midsurface

o radii of torsion (twist) for the parametric lines

ds infinitesimal distance along a curve on the midsurface

£y, 1™ covariant and contravariant unit tangent vectors on the mid-
surface

T,, T~ covariant and contravariant unit tangent vectors on the z
surface

u displacement vector of a point on the midsurface

U displacement vector of a point on the z surface

u®, ud, u,, Us contravariant and covariant components of midsurface dis-
placement vector, u

oS~

R

A

= ~Vll~"



FURTHER RESULTS ON THE DEFORMATION OF THIN SHELLS 35

u(cx), w

v

v, 03, 0y, vy
Q)(‘X), 3

&%, 33=2

yi

z=x3

o, B

Y

YBa

Ya2 =Yw Yo
YaB = €ap

Yaf = @Pap

¥ B
Y

1—’%\‘0,;, Fgﬁ’ F§3

= Eong

2
o
z
o
B
€(w)

€xfB> €a3
80‘3’ 80‘/8
&lik

Lo

Nap s "7_033

i]ocﬁ = T Pap
Nap

physical components of displacement vector u
arbitrary vector in space

contravariant and covariant components of ¥

physical components of ¥

contravariant curvilinear “‘normal’’ coordinate system
fixed right-handed orthogonal Cartesian coordinates in

- Euclidean 3-space

coordinate in surface normal direction

indices

unsymmetric physical shear strain components

unsymmetric tangential strain tensor of midsurface

total linear shear strain between the 2! and x2 lines on a surface
symmetric tangential strain tensor of midsurface
skew-symmetric components of tangential strain tensor of
midsurface

components of symmetric tangential strain tensor of z surface
unsymmetric tangential strain tensor of z surface

Christoffel symbols of second kind for a surface

Kroenecker delta

linear physical extensional strain components for midsurface
components of linear tangential strain tensor for midsurface
components of skew-symmetric permutation tensor in 2 space
components of skew-symmetric permutation tensor in 3 space
parameters associated with bending strains

covariant and mixed components of unsymmetric curvature
change tensor

symmetric components of curvature change tensor
skew-symmetric components of curvature change tansor
normal curvatures of parametric curves at a point P on a
surface

modified curvature change tensor of linear shell theory
tangential curvatures for the parametric lines of a surface
linear physical bending strain components

components of a tensor relating midsurface and z surface
quantities

determinant of u%

Koiter’s curvature change tensor of linear shell theory
torsion of parametric lines on a surface

unsymmetric physical bending strain components

symmetric physical bending strain component

components of rotation vector

angle between curvilinear coordinates on a surface
components of rotation vector in 3 space
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w®, w3 contravariant components of rotation

Wy components of rotation tensor in 3 space

WoB = Vo8 components of skew-symmetric rotation tensor
0 rotation vector

2,,2,=02,=02 components of rotation vector

20> 525 physical components of rotation vector

1074 components of rotation of z surface
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Summary

Using derivatives of the rotation vector of linear thin shell theory, the
curvature change tensor is defined in a new, vectorial form. The unique sym-
metric components of this tensor and the corresponding physical components
are compared with previous results whereas the skew-symmetric components
are shown to be expressible in terms of the components of the symmetric
tangential strain tensor. The difference between the unsymmetric physical
components of change in torsion is derived in terms of symmetric physical
strain components. The compatibility equations of linear shell theory are
obtained by equating the partial mixed-derivatives of the displacement and
rotation vectors and are compared with results of others. Finally, the tangen-
tial strains of the parallel surface are expressed in a new form.
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Résumé

Moyennant 1'utilisation des dérivées du vecteur rotationnel on définit un
tenseur de variation de courbure sous une nouvelle forme vectorielle. La seule
partie symétrique de ce tenseur correspond au tenseur de variation de cour-
bure de la théorie linéaire des coques qui est reconnu partout aujourd’hui; la
partie de symétrie oblique est représentée par les termes du tenseur symétrique
de cisaillement. La différence entre les composantes physiques non-symétriques
de la variation de torsion est représentée a ’aide des termes de tension physique
symétrique. On obtient les équations de compatibilité en posant égales les
dérivées composées partielles du vecteur de translation et de rotation. Finale-
ment les tensions de cisaillement entre les surfaces paralléles de la coque sont
exprimées sous une nouvelle forme.

Zusammenfassung

Unter Verwendung von Ableitungen des Drehungsvektors wird ein Kriim-
mungsdnderungs-Tensor in einer neuen vektoriellen Form definiert. Dessen
einziger symmetrischer Teil erweist sich als der jetzt allgemein anerkannte
Kriimmungsidnderungs-Tensor der linearen Schalentheorie; der schiefsym-
metrische Teil wird durch Terme des symmetrischen Schubspannungstensors
ausgedriickt. Die Differenz zwischen den nichtsymmetrischen physikalischen
Komponenten der Torsionsdnderung wird mittels Termen der symmetrischen
physikalischen Spannung dargestellt. Durch Gleichsetzen der gemischten par-
tiellen Ableitungen des Verschiebungs- und des Drehungsvektors erhalt man
die Kompatibilitdts-Gleichungen. Schliesslich werden die Schubspannungen
des Schalenraumes in neuer Form ausgedriickt.
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