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THE PURPOSE of this paper is to construct a classification of asymptotic shell models
(inferred from the non linear three-dimensional elasticity) with respect to the applied
forces and to the geometrical data. To do this, we use a constructive approach based
on a dimensional analysis of the nonlinear three-dimensional equilibrium equations,
which naturally gives rise to the appearance of dimensionless numbers characterizing
the applied forces and the geometry of the shell. In order to limit our study to one-
scale problems, these dimensionless numbers are expressed in terms of the relative
thickness € of the shell, which is considered as the perturbation parameter. This leads,
on the one hand, to distinguish shallow shells from strongly curved shells which have
a different asymptotic behaviour, and on the other hand, to fix the applied force level.
For each of these two classes of shells, using the usual asymptotic method, we propose
a complete classification of two-dimensional shell models based on decreasing force
levels, from severe to low. In the first part of this paper, we present the classification
for shallow shells. We obtain successively the nonlinear membrane model, another
membrane model, Koiter’s non linear shallow shell model, and the linear Novozhilov-
Donnell one, respectively for severe, high, moderate and low forces.

1. Introduction

THE STUDY of thin shells is the subject of numerous works in mechanical struc-
ture area. The main goal of these works is to predict the behaviour of the shell,
when it is subjected to a known level of applied loads. To this end, many authors
have proposed two-dimensional shell models whose resolution is less difficult
than the classical three-dimensional equations. These two-dimensional models
may be obtained from the three-dimensional elasticity using essentially three
approaches!). The first one is a direct approach which consists in introducing a
priori assumptions in the three-dimensional Egs. [27][17]. The second one is a

DEven if other approaches exist
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direct or surfacic approach where the shell is modelled as a surface embedded in
R? [3]-[5][16][48][25]. Finally, the third possible approach is based on asymptotic
techniques. Contrary to the two first approaches, the asymptotic approaches,
based on mathematical techniques developed by J. L. LioNs [28] for problems
containing a small parameter, lead to a rigorous justification of two-dimensional
shell models.

In linear shell theory, H. S. RUTTEN [40] and A. L. GOLDENVEIZER [24] have
developed some ideas concerning the application of the asymptotic expansion
method to the shell theory. F. JOHN [26] has also proposed another approach
which is based on the estimation of the stresses and of their derivatives in the
interior of the domain.

However, the first rigorous results have been obtained by P. DESTUYNDER
[4][5] within the framework of linear elasticity. In these works, the author uses
an intrinsic variational approach which makes appear explicitly the curvature of
the shell middle surface. The application of the asymptotic expansion method
leads to the Novozhilov-Donnell model in the case of shallow shells and to the
linear membrane model in the case of strongly curved shells, also called general
shells by other authors.

Another approach using local coordinates has been developed in [11][21][22].
For “general shells”, the asymptotic expansion of linear three-dimensional vari-
ational equations leads to the classical linear membrane or to the pure bending
model [14][21], according to whether the middle surface of the shell admits or
not inextensional displacements. The importance of such inextensional displace-
ments in shell theory, which does not modify the metric of the middle surface,
is known since V. V. NovozHILov [17] and A. L. GOLDENVEIZER [9]. The
study of inextensional displacements in linear theory has been systematized by
P. DESTUYNDER [14], E. SANCHEZ-PALENCIA [19][20], G. GEYMONA et al. [8]
and D. CHOI [2].

These two asymptotic approaches have been extended to non-linear shell
theory. For shallow shells, the Koiter nonlinear shell model?) and the non-linear
Marguerre-von Kérman one have been deduced from three-dimensional non lin-
ear Egs. [7][19][10]. For general shells, the non linear membrane model has been
obtained whatever the geometric rigidity of the middle surface is [13]. The
nonlinear pure bending model has been deduced in the case of non-inhibited
shells® [11]. Let us cite also the works of W. Z. Chien [6] who tried to clas-
sify the geometrically two-dimensional nonlinear shell models by evaluating the
respective order of magnitude of the membrane and bending stress tensor con-
tribution in 2D general equations.

2)Which is also named Donnell-Mushtari-Vlasov model.
31n the nonlinear sense.
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However, on the one hand the these approaches generally use a priori scaling
assumptions on displacements which are unknowns of the problem. On the other
hand, the results obtained do not enable to deduce a general classification which
specifies the domain of validity of the two-dimensional shell models. In particu-
lar, the following paradox still subsists: when the nonlinear Koiter shallow shell
model and the linear Novozhilov-Donnell one are deduced, respectively from the
nonlinear and the linear elasticity, they are obtained for the same level of forces
and the same deflections. However, it is well known that these two models reflect
qualitatively different types of behaviour.

The aim of this paper is to present a constructive method of classification of
asymptotic shell models from the nonlinear three-dimensional elasticity, which
specifies the domain of validity of the obtained models. To do this, the asymptotic
models are deduced from the level of applied forces and from the geometric
properties of the middle surface of the shell.

In this approach, we use the following classical assumptions which enable to
simplify considerably the calculations :

e Shallow shells are assumed to be totally clammped on the lateral surface, to
avoid boundary layers. The study of these boundary layers is not the subject of
this paper®).

e The fields of applied forces and displacements are assumed not to vary rapidly,
in order to be able to use only one scale to characterize the displacements, and
only one scale to characterize the forces®). This is equivalent, as in [26][27][18],
to consider that the wave length of strain is of Lg order.

However, contrary to most of works on asymptotic justification of shell mod-
els, the scale of the displacements®) is not a data of the problem, but is deduced
from the scale of applied forces. It is in this sense that the expression “without
any a priori assumption” can be used to characterize the approach presented in
this paper. This approach has been already validated in nonlinear plate theory
[34] - [35], in linear shell theory [15] and extended to nonlinear shell theory [6].
Let us notice as well that our approach can be applied to elastic-plastic plate
and shells [36].

First, using geometrical and physical reference quantities, we write the three-
dimensional nonlinear equilibrium equations in a dimensionless form. This nat-
urally makes appear dimensionless numbers F and G characterizing the level of
body and surface forces, and two shape factors € and C, which characterize the

OThus we have no number characterizing the distance from a current point to the lateral
boundary, as in [26].

5 This assumption is not necessary and can be dropped. In this case, we have multi-scale
problems which are much more complicated. It is not the subject of this paper.

8 Which characterizes the order of magnitude of the displacements and is a priori an unknown
of the problem.
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thickness and the curvature of the shell. Then, to obtain a one-scale problem, the
dimensionless numbers F,G and C are linked to €. This leads to distinguish, as
in [4][5], shallow shells (where C = £2) from strongly curved shells (where C = ¢),
which have different asymptotic behaviours. For a given force level”, we make
the asymptotic expansion of equations with respect to the small parameter e.

Finally, to make out the classification of asymptotic shell models, we study
decreasing force levels, from severe to low. For each force level, the order of
magnitude of displacements and the corresponding two-dimensional model are
deduced from asymptotic expansion of three-dimensional nonlinear equations.
To each two-dimensional model that we obtain, we associate a minimization
problem. When we consider lower force levels, two cases are possible. If the
leading term of the expansion of the displacement is equal to zero, then we make
a new dimensional analysis of the displacement. If it is different from zero, we
continue the expansion of the three-dimensional equations. This constitutes the
original character of this approach. Indeed, the scalings on displacements are
progressively deduced from the level of applied forces.

For shallow shells, the classification leads to four kinds of models : a nonlinear
membrane model, another membrane model®, the non-linear Koiter shallow shell
model and the linear Novozhilov-Donnell model, obtained respectively for severe,
high, moderate and low force levels. These results can be summarized in the
following table:

Shell model In-plane Normal
surface forces surface forces
Nonlinear membrane model € €
Another membrane model g2 3
Koiter’s non linear model 3 el
Linear Novozhilov-Donnell model gn2t entl

In the case of strongly curved shells, the classification obtained is more complex.
It depends not only on the force levels, but also on the inhibited or not inhibited
character of the middle surface in the linear and nonlinear sense. The classifica-
tion of asymptotic shell models for strongly curved shells will not be presented
here. It will be the subject of the second part of this paper.

2. The three-dimensional problem

In what follows, we index by a star (*) all dimensional variables. On the other
hand, within the framework of large displacements, the reference and the current

") A force level corresponds to a relation between F, G and €?, which is chosen as the reference
scale.
8)Which has to our knowledge no equivalent in the literature.



CLASSIFICATION OF THIN SHELL MODELS. . . 139

configuration cannot be confused. So the reference configuration variables will
be indexed by (o).

Let w} be a connected surface embedded in R®, whose diameter is Lo, with
a “smooth enough” boundary 7;. We note Ny the unit normal to wy and Cj
its curvature operator. Let i;(.) be the identity mapping on wj, Twg the tangent
bundle of wg (the collection of all tangent spaces corresponding to all points pg
of wy), I; the identity on Twg , IIf the orthogonal projection onto Twg and Jg
the 7/2 rotation around Njp.

Let us consider a shell of 2hg thickness, whose middle surface is wg. The
shell itself occupies the domain § in its reference configuration where Qf =
wix] — ho, hol is an open set of R®. We denote g the generic point of g and
Fsi = wo*x{xho} the upper and lower faces of the shell. To simplify the problem
without loss of generality, we assume that the shell is clamped on all its lateral
surface I'y = g % [—ho, ho)-

We assume that the shell, subjected to applied body forces f* : ﬁ; - R3
and to surface forces g** : FE*R — R3, occupies the set Q" in its deformed
configuration. In what follows, we set f* = f; + f Ny (respectively g** = g} * 4
g:* Np), decomposition of f* (respectively of g**) onto Tw§ & RNy. Moreover
we consider only thin shells (such as hyp << Ly and hy||Cjllc << 1), subjected
to dead loads which are independent of the configuration.

The unknown of the problem is then the displacement U* : Qg — R3 (or the
mapping ¢* : ﬁ; — R3) such that if ¢f € ﬁa denotes the initial position of a
material point, its position in the deformed configuration is ¢*(q3) = ¢5+U*(g5)-

Fi1G. 1. Initial and final shell configuration.
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0 .
In this paper we will use the following notations: e and Div* denote re-
90
. 0
spectively the gradient and the divergence in the three-dimensional space, prd
Po

g and div* denote respectively the two-dimensional gradient, the covariant
Py
derivative and the two-dimensional divergence defined on wg. The overbar de-

notes the transposition operator with respect to the metric and TrA the trace
of the endomorphism A.

Within the framework of nonlinear elasticity, the displacement U *:Q—g—> R3
and the second Piola-Kirchhoff tensor ¥* solve the nonlinear equilibrium equa-
tions

Div*(Z*F") = —f* in QF,

(2.1) (F*T*)*.No = +¢**  on T§E,
U =0 on I,
where F* = 9¢"(45) =13+ il denotes the linear tangent map to the map-

g5 945
ping function ¢§ — ¢*(q5) = ¢5 + U*(qp). Limiting our study to Saint-Venant
Kirchhoff materials, the constitutive relation takes the following form :

T* = \ Te(E*)3 + 2uE*

where E* = (F"F* — I3)/2 denotes the nonlinear Green-Lagrange strain tensor,
I3 the identity of R®, A and x the Lamé constants of the material.

These equilibrium equations can be completed with the equation of continuity
p*detF* = p; where pj and p* denote respectively the voluminal mass of the
material in the reference and in the deformed configuration. In what follows, we
assume p* to be bounded, which can be written

(2.2) detF* = det 9¢"(ap) >a>0 in Q,
Jq;

where a > 0 is a constant independent of the geometry. This condition will be
used later.

In the case of thin shells, for all material point ¢j in QF, we have the unique
decomposition gy = py + 2* Ny where pj € w_(’; and z* € [—ho, ho] denote respec-
tively the orthogonal projection of gg onto w_6 and onto the normal Ny. It is then
possible to decompose the displacement U* onto Twg @ RNy as follows:

U*=V*+u*Ny
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where V* is a field of tangent vectors and u* a scalar field on wy.
In what follows, we set

G* = B—U*— and  H*=X*F*
dq;
Then, using the matrix notation, G* can be decomposed onto Twj @ RN) as:
Gt G
(23) G* = itk
Gs Gy

with

* éV* * Yk *—1 * av*
Gt_(@pa “Co)’ﬁo ) G; = Fyr

ou* ou*
1% __ x—1 *Y7* * __ il
Gs = Kg (COV + apz:)) ’ Gn - az*a

and k§ = Ip—2z*C§. As } is invertible®), we have : k™' = Ip+2*Cj+2*2C%+ ... .
In the same way, E* can be written :

E; E;
(2.4) E* = =i

E, E,
where

2 =G0 + 6, +G, + 61,
2E! = G,G: + GLG" + G + G",
2E; = G,G* + G2 + 2G=,.

Therefore, the second Piola-Kirchhoff tensor ¥* takes the following form:

DD I
(2.5) ¥ = a
X, X
with
St = A(Tx (Bf) + E;) + 2uE;, X} =2uE;,

Iy = ATr (Ef) + (A +2u)E;.
Finally, the matrix form of #* = £*F* becomes:

Hs, M5
(2.6) Hy=| _,
H's Hn

9 Because hol||C§||cc << 1 for a thin shell.
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with
HE = T¢ + DIG; + Z:G,, H: =T+ GLT: + BIG7,
H* = T* + Gk + TiGe, H: =Tk + GLTh + G, Tt

To finish, let us decompose the three-dimensional divergence onto Twy @& RNj.
Then the equilibrium Egs. (2.1) can be written in Twg & RNy as :

div* (k7' Hp) — div (sg7") Hf — Hikg 'Co — Tr(rky ' CHH',

THE

¥ dzk —fv

(2.7) B
div* (k§7IH3) — div* (s§7Y) Hi + Te(Hisg ' CF) — Tr(sy ' Co)H,,

oM, B .

o I

where we recall that div* denotes the two-dimensional divergence on wg. The
boundary conditions on the upper and lower faces I‘ai become:

(2.8) HIrt =29  and HE =1g'E
The boundary conditions on the lateral surface I'j are given by:

(2.9) V=0 and u' =0

3. Dimensional analysis of equations
3.1. The dimensionless numbers governing shell problems

Let us define the following dimensionless physical data and dimensionless
unknowns of the problem :

o z* Cs | % u*
= T 2= 75 C=_a V:_a U= —,
= e ' TG v, r
o _ Ja _9 _ 9n
fn__a n — ) gn = —, t— T
fir for gtr 9nr
where the variables indexed by r are the reference ones. The new variables which
appear without a star are dimensionless. In particular, C, = ||C§||, denotes the

maximum curvature of the shell in its reference configuration.

To avoid any assumption on the order of magnitude of the normal and the
tangential displacement components, the reference scales V; and u, are first as-
sumed to be equal to Ly. Thus we allow a priori large displacements. If necessary,
it will be always possible to define new reference scales for the displacements.
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In what follows, to simplify the calculations, we set:

2 3
(32) G= ¢G*, E=¢*E’, T = %' and H=—H".
p p
The so defined dimensionless variables naturally depend on ¢. However, it is
important to notice that this definition does not constitute any assumption on
the order of magnitude of G*, E*, ¥* or H*. It only enables to use dimensionless
quantities which will be more practical for the asymptotic expansion of equations.
According to the previous notation, the dimensionless components of G are
given by:

Gy = <€QZ —uCC()) nal, Gs = 8_V,

0, 0 0z
(3.3) ’
ou ou
P -1 ou _vu
G, = Ky (CCOV+eap0) , Gn EPE
where

ko=1Ip—CzCo  and k5" =Io+2CCo+2"C*C + ...

This dimensional analysis naturally makes appear the dimensionless numbers
e = ho/Lg and C = hoC, which characterize the geometry of the shell:

i) The first one, € = hg/Ly, ratio of the initial half-thickness of the shell to
the diameter of the middle surface wg is a known parameter of the problem.

ii) The second one, C = hoC,, product of the half-thickness by the reference
curvature of the shell, is as well a known parameter of the problem. For thin
shells, € and C are small parameters.

On the other hand, the dimensionless components of E are given by:
2E; = Fth + G;a;'f' 6(@ + Gt),
(3.4) 2E; = G1Gs + GnG's + (G + Gy),
2E, = GG + G2 + 2¢Gy,

and the dimensionless components of ¥ become:

(3.5)
Xn = BTr(Et) + (B + 2)En,
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A
where 8 = ; Finally, the dimensionless components of ‘H are given by:

Hy = e + BiGi + 2G5, Hs = X5 + GuZs + TG,
(3.6)
H. = €Xs + Gi1Zs + ZnGs, Hn =eZn + GpZpn + GLZ,.

Accordingly, the equilibrium Eq. (2.7) can be written in Q¢ = wox] — 1,+1[ in
the dimensionless form:

e (div (kg M) — div (kg ') He) — C (Hskg ' Co + Tr(ky ' Co)H's)

H _
+% = _53'7:ft7
(3.7) 4
e (div (kg1 Hs) — div (kg ') Hs) + C (Tr(Herg ' Co) — Tr(rg ' Co)Hn)
b —E3F fn.
0z

The dimensionless boundary conditions (2.8) on the upper and lower faces r: =
wo X {1} are given by:

(3.8) HE = +e3GgF  and  HE =+%GgE
and the boundary conditions (2.9) on the lateral surface I'g =y x[—1,1] lead to:
(3.9 V=0 and u=0.

Thus the dimensional analysis of equations makes appear the other dimensionless
numbers, already obtained in [33]-[35], which characterize the applied forces:

h A :
(310) ‘7:t = Oftra ]:n o M) gt = &' and gn = g”’l‘
p p u

m

Indeed, the numbers F; and F, (respectively G; and G,) represent the ratio
of the resultant on the thickness of the body forces (respectively the ratio of
the surface forces) to u considered as a reference stress. These numbers only
depend on known physical quantities and must be considered as known data of
the problem.

3.2. Reduction to a one-scale problem

To obtain a one-scale problem, ¢ is chosen as the reference parameter. There-
fore the other dimensionless numbers must be linked to €.



CLASSIFICATION OF THIN SHELL MODELS. . . 145

On one hand, C must be linked to €. This leads to distinguish shallow shells
where C = €2 (whose middle surface is close to a plate) from strongly curved
shells where C = ¢. These two shell families have different asymptotic behaviours
which have been already studied in the linear case [4][5]. In the first part of this
paper, we will limit our study to shallow shells. On the other hand, the force
ratios Fi, Fn, G: and G,, must be linked to the powers of € as well. This determines
the level of applied forces. To make out a general classification for all the force
levels, we should consider all the combinations F; = €™, F, = €, G; = P and
G, = €9, for m, I, p and ¢ strictly positive integers. However, such a tiresome work
is not necessary because the different two-dimensional shell models obtained are
essentially determined by the first member of equilibrium equations. Hence, the
study of all the combinations of force levels can be reduced to some particular
ones. Let us define

(311) = Max(]:t,fn’gtagn)

which will determine the corresponding two-dimensional model. If 7= €, we
will say that the force level is of €? order. The classification will be deduced with
respect to decreasing values of 7, from 7= ¢ (severe force level) to T=¢", n > 4
(low force level).
e For severe applied forces we will consider the same level of normal and
tangential forces F; = G = F, = G, = €.
e For high to low applied forces, we will consider a level of tangential forces
more important than the level of normal forces : F; = G; = €™ and F,, =
Gn = €™t for m > 2. This gap which naturally appears is due to the fact
that the tangential and the normal direction do not play a symmetrical
role for shallow shells. Once reduced to a one-scale problem, we make the
asymptotic expansion of Egs. (3.7)—(3.9) for decreasing force levels.

4. The nonlinear membrane model
4.1. Asymptotic expansion of 3D equilibrium equations

Let us consider in this section a shallow shell where C = €2, subjected to a
severe force level G; = F; = € and G, = F,, = €. Thus problem (3.7)—(3.9) is
now reduced to a one-scale problem with € as the small parameter. The standard
asymptotic expansion method leads to write the dimensionless solution (V,u) as
a formal expansion with respect to ¢:

(41) V=V'4eV+2VvZiq . and u=ul+elu! +%u? +
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The expansion (4.1) of (V,u) implies an expansion of G, E, ¥ and H :
G=G"+eG'+e2G?*+ ... E=E+eE'+E°+

(4.2)
T=S04e8 42824+ . HO=HO+eH! +2HE+

To simplify the presentation, the expressions of G°, G! ..., E°, E' ... £° %! .

and H°, H! ... will be detailed later when necessary. We only recall that, for
shallow shells where C = €2, the dimensional components (3.3) of G become :

Gi=¢ (d—v & 5uC’0> LI .

dpo 0z’
(4.3)
ou ou
e | ou o
Gs = €Ky (ECov + apo) Gn 92’
where kg = Iy — €22Cy and nal = Iy +€22Cy + €*(2Cp)? + ... . Then we have

the following result:

RESULT 1.

For a severe force level G; = F; = € and G, = F, = ¢, the leading term
(V0,40 of the asymptotic expansion of (V,u) only depends on pg and solves the
following non-linear membrane problem:

———Avo
div ( n? (IO + %) ) = —p; in  wp,
o 0

div <n2i> = —Dn in wo,

(VO’UO) = (070)7 on Yo

where n{ = 5—4% Tr(A?) Io + 4A?,

Vo Ve VO av° B ou
dpo  Opo  Opo Opo  Opo Opo’
+1

+1
pe=g +9; +/ftdz and p, =g +g, +/fnd2~
-1 -1

2AY =
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P r o o f. The proof of this result is decomposed into 3 steps from i) to iii)

i) (V9 u%) depends only on pg
We replace H by its expansion in the dimensionless equilibrium Egs. (3.7) -
(3.9) where the dimensionless numbers have been replaced by C = €2, G; =
Gn = F; = Fn = €. We then obtain a chain of coupled problems P°, P!,
P? ..., corresponding respectively to the cancellation of the factor of €°,
T T
Using (3.4) - (3.6) and (4.3), let us write explicitely the expressions of G,
E% %0 and H°. We have:

oV

GI=0, GI=%—, @)=0, G = d;;,

2E? =0, 2E?=0, 2E2 = G_QGS +6%,
= ﬁEg IOa Eg e 07 (:3 oK 2) no

H0=0, H'=0, H?=a%0, Hg =G0%0.

The cancellation of the factor of €2 in the expansion of dimensionless equa-
tions (3.7) - (3.9) leads to problem P°:

oH"° oMY !
5% =0 and —(,;—z——O in Qp,

0+
=0 and NTEASE on TR

So we have

H?=0 and HS=0 in Q.
Using the expression (4.4) of #'% and H2, we obtain:

(150 + (52)) B =0 wa (1551

which leads to

2 0
e s
Bz 0z

in QO

ov?o ou’ :
—a—z——O and E——O mn QO

and implies that
(4.5) VO =V%py) and u®=u’(po).
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Hence we get H® = H! = H2 = 0, and problems P! and P? are trivially
satisfied.

ii) Expression of (V!,ul)
The cancellation of the factor of €3 in Eqgs. (3.7) - (3.9) leads to the problem
P
OH2 O3
= = i Q
0z 8z sk

+ +
HIF =H3"=0 on I,

where the expression of H? is obtained from (3.4) - (3.6) and (4.3) as fol-

lows:
13 =52(Gl + Ip) +22GL, M} =3%(GL+1) + 3G,
HB = (G} + )T+ Glx2, H3=(G:+1)x2 + Gl
2} = B(Tx(E}) + EX)Io + 2E7,
»2 = 2E2,
(46) = BTx(E}) + (B+2)Ex

2E} = G]G} + G + G| + GG,
2E? = G]GL + G1,GY + G} + Gy,
2E;, = GIG, + (Gn)” + 2Gh,

ove | ov! G,l_ﬁ i

. o HEER _ o aw
Gy = Opo’ 870 P’ S 9py’ " 0z

Problem P3 then gives us :
H3=H2=0 in Qo
Replacing H'? et H3 by their expressions (4.6), we get:
47) (Gl +10)22+ G2 =0 and GIE2+(GL+1)T2=0 in
or equivalently, using matrix notations :

22

S
(4.8) (I3 + GY) =0 in .
22

n
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Now, let us use of the equation of continuity (2.2)
detF* >a>0

where a is independent of the geometry, hence independent of € = hq/Ly.
As GO = 0, the expansion of G becomes

G=eG'+£2G* + ..
According to (3.2), the expansion of F* = I3 + G* reduces to
F*=(I3+G') +eG? + - --
and the equation of continuity leads to:
det (I3 + G') >0
So I3 4+ G! is invertible and Eq. (4.8) then implies that:
¥ =0 and: 2 =1

Hence, using the expressions (4.6) of ¥2 and 2, we get:

p

E? =0 and Eg = _mTr(EtQ)
So we have :
_26 Vo
E} =4}, XTi= o 2’I‘r(A?)IO FOAD s s (Io e 8—p0> ,
(4.9)
dud av'!
3% s 22_ 3 _ _22 i
Hs tapoa HS az n and Hn 07
V0 A0 AV HVO  Bud du°
where 2AY = ov 1t ov 4 ovo ov oud Ou

fLoEl e
dpo  Opo  Opo Opo  Opo Opo

Now, let us define the mapping ¢! = V! + (u! + 2)Np to simplify the
expressions. Then Eq. (4.7) can be written with matricial notations :

pllig L AR o) ov!
Vo oud 0z — ¢}
2FE? = |[y+ — — =Iy(l3 + G') = =0,
[0 dpo apo} oul s 0z
(4.10) W_i_l
2F2 — Qﬂﬁ 2—1——£’I‘r(E2)
L - B+2 2
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iii)

where Il denotes the orthogonal projection onto Twy.
In the first above equation I3 + G is invertible in R3, so Ip(I3 + G1) is
an operator of rank 2. On the other hand, we have :
e Vo oud
My(I3 + GY) = |[p + — —
o(l3 +G) [0+ il

So we deduce that ITy(I3 + G1) is independent of z. Accordingly, the image

of R® by this operator is a plane independent of z. Then the relation
R gl ot
Iy (I3 + Gl)aa% = 0 implies that gL = OgN, 6y € R, where N denotes
z
the normal to the plane image of R? by the application (I3 + G*)I.
WO AV HVO HVO 5,0 94O
i + cad + il s @— is independent of z, the

As 2E? = i
Y 8py  Opo  Opo Opo  Opo Opo

second Eq. (4.10) then implies that i 1-— 2—'B—Tr (E%) is
e 2 oz || B+2 t
independent of z as well. So we have :
(4.11) ¢' = U'(po) + 260N
: 2B
with 902 1~mT‘I‘(Et2),

where N is an unit vector such as Ilg(I3 + G')N = 0, and where U!
depends only on pg

Nonlinear membrane equations
The cancellation of the factor of e* in the expansion of Eqgs. (3.7) - (3.9)
leads to problem P*:

4 S

div (H3) + a;is =—ft in HYE =+gf on TF
4

div (Hi) + a;i" =—fn in M = igti on Ff)t

Using (4.9), an integration from —1 to 1 with respect to z of the above
equations leads to the equilibrium equations of Result 1.

The boundary conditions on <y are obtained by assuming that the leading
term (V°,u%) of the expansion of (V,u) satisfies the clamped condition

on 7.
g
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4.2. Comparison with existing models

In the literature, the two-dimensional shell models are generally obtained in
a weak formulation. So the nonlinear membrane model obtained in Result 1 in a
local formulation must be written in a weak formulation to be compared to other
existing ones. To do this, let us define the space of admissible displacements :

V(wg) = {U = (V,u) : wp — R, “smooth”, (V,u) = (0,0) on 'yo}

where V' and u denote the tangential and normal components of the displacement
U. Then, the two-dimensional membrane equations of Result 1 can be written
in the following weak formulation:

RESULT 2.

For applied forces such as G; = G, = F; = Fp, = ¢, the leading term (V°,u0) of
the expansion of the displacement is solution of the weak problem :

Find (V°,4%) € V(wp) such that:

(4.12) / Tr (26 A%) duwp = / POV + prou®)dwy  V(SVP,0u0) € V(wp)

with :
43 Vo HV0  HVO HVO  Hud Hug
nd = —— Tr(ANI +4AY and 2AY = + + + — —
LT 2+ (A0 : 7 dpy  pog  9po Opo  Opo Opo

where JA? denotes the variation of A? due to the virtual displacements
(6V0,6u®) associated to (V0,u?).

The proof of this result is classical and uses the Stokes theorem. It will not
be discussed here.

Thus, for a severe force level, we obtain a nonlinear membrane model whose
weak formulation of Result 2 is different from the one obtained in [13] for “gen-
eral shells”'?). However, it seems to be a generalization to shallow shells of the
nonlinear membrane model obtained for plates in [21][34].

4.3. Back to physical variables
The return to physical variables in equations of Result 1 leads to define :

VO =v,v0 =L,vO and u*® = ufu® = Lou"

191n the papers using a description of the shell with local coordinates, the “general shells”
corresponds for us to strongly curved shells. In the second part of this paper, where the strongly
curved shells are studied, we will see that we obtain the same nonlinear membrane model as
in [13] for a severe force level.
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We then have the following result:

REsuLT 3.
For applied forces f* and g* such as G; = G, = F; = F,, = ¢, the displacement
(V*0,4*?) depends only on p§ and verifies the following nonlinear membrane

problem :
6‘/*0 e
ho div Iy + = —p} in wp,
au*O
h d * *0 - . *,
o div (nt = ) p, in wp
V®=0 and v =0 on,
where:
. 4Ap " "
nt0 = iy 2u’I‘r(At0) Io + 4pA}°

oy *0 s v *0 i HV*0 jy*o 2 V0 Hy 0
op} Opg dopy  Opg opy  Op;

oA =

p2‘=g*?+g*{+/f£‘d2* and p2=g*,f+g*;+/f?§d2*-
—ho —ho

Proof. Let us define n}® = un?, p; = g*; +g*t_+—/ftdz and

—ho

pl=g'T+g"- + = / fadz*. Going back to the physical variables in Result 1,
—-ho

i v*0 1 . x
Lo d1v< <Io+ o ) ) G —p; in  wp,

*0 1
Lo div* ( O%UF) :—g—p;, in Wy,
n

we get :

0
V*=0 and w=0 on, .
O

According to the force level considered here, we obtain the equations of Result 3.
In what follows, to save space, we won’t give the dimensional equations associated
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to the other dimensionless models. However, it would be possible to obtain them
in the same way.

5. Another membrane model

In this section, we assume that the shell is subjected to a high force level
Gi = F =€?and G, = F, = €. First we show that the displacement (V°,u°)
which is a solution of the Result 1 is equal to zero. This proves that the reference
scales of the displacement V, = u, = L have been not properly chosen and we
will make a new dimensional analysis of equilibrium equations with V. = u, = hyg.
We then show that the new asymptotic expansion of equations leads to another
membrane model.

5.1. Determination of the reference scales of the displacement

For a force level such as G; = F; = €2 and G, = Fp, = €3, following the proof
of Results 1 and 2, we obtain the same weak formulation without a right side,
whose associated minimization problem is the following one :

Find (V9,u®) € V(wg) which minimizes on V(wg) the functional J = /adwo

wo

where a =

23 2 2
ﬂ+2_[_’1:r(A,)] +2E—(-At )s
Vv OV  HV OV Bu Ou
d 2A(Vu) o= oo i
- (Vu) Opg  Opy Opo Opo  Opo Opo

It is easy to show that the displacement (V°,u°) which minimizes the func-
tional J defined above is solution of Result 2.

As the density of energy « is positive and is equal to zero if and only if
A; = 0, this minimization problem implies that A;(V? u®) = 0. We now have
to use the following lemma to prove that (V°,4°) = (0,0):

LEMMA 1. In V(wy), the solution of the equation
dpo  Opo  Opo Opo  Opo Ipo

is (V°,u4%) = (0,0) in wp
Proof. Let us explain /Tr (At)dwg. We have :

wo

VA 1OV oty
T} =T {2 et Sl o
(&) (3100) 2 (apo 3?0) 2)

51; 2

dpo
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As V =0 on 7y, using the Stokes formula, we get:

[ (61) P
apo
wo

So we have:

5 = 112
1 avV 9V du
Tr (Ay)dw =—/ Tr | — — | + ’— dwy.
/ (B)den 2 ( (3:00 3?0) ‘3100 ) £
wo wo

Thus the equation A¢(V,u) = 0 implies that / Tr(A;)dwy = 0 and we have:

wo
2
Jam =0

[ (v o v | Z
Opo Opo Opo
wo

25 A — 5D
ov oV ou
As Tr | — — | +||=—1|| Iis positive, we obtain:
(3170 3Po) ’ Opo E
N = D
oV oV ou
Tr | — —=— ] =0 and —| =0 in w
(81)0 apo) l Jpo 0
which leads to :
v du
— =0 and — =0 in  wp.
dpo Opo 4
Finally we have:
] ) du .
—=2V—=0 and — =0 in w
Opo dpo Opo 0

which proves that ||V|| and u are constant in wy. As V and u are zero on the

boundary 7y, they are equal to zero in all wy. This ends the proof of Lemma 1.
d

Remarking that since (V,u%) = (0, 0), the expressions (4.11) of 6y and N reduce
to p =1 and N = Ny. So we get:

(5.1) Vi=Vpy) and u!=ul(pp).
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As we have proved that (V?,u%) = (0,0), we get

Vr e
V=—=——:8V1+62V2+---
Vr Ly
* *
u=Z—=Z——5u1+52u2+
T 0
which is equivalent to :
~  V*  y* ) o o
Ve =h—=V1+£V2+--~=V0+5V1+62V2+---
% 0
5 u* * L %l SO
u:gu :Z_:ul+€U2+"'=U0+€’U,1+82U2+"'
P 0

Accordingly we have proved that for the level forces considered here, the reference
scales of the displacement V; = u, = Lo have not been properly chosen. For the
leading term of the expansion of the displacement to be of the order of one unit,
the reference scales of the displacement must verify (V;,u,) = (ho, ho). Therefore
the dimensionless equilibrium equations must be written again with V; = hg and
u, = ho as the new reference scales. The new dimensionless displacements will
still be denoted V = V*/V, and u = u*/u,.

5.2. The associated asymptotic model

With these new reference scales of the displacement (V;.,u,) = (ho, ho), which
are directly deduced from the force level considered, we make a new dimensional
analysis of equilibrium Egs. (2.7) - (2.9). We obtain the same dimensionless Egs.
(3.7)-(3.9) where V and u must be changed into €V and eu in the expression
(4.3) of G. Thus we have with these new reference scales of the displacement :

G, =¢? (G_V — ue:C'o) Al Gy = EQ-‘—/-

Opo 0z’
(5.2)
ou ou
G/ 2 -1 CoV G, =
S (6 4 Opo)’ 5T oy

The new expressions of E, ¥ and H can be obtained from (3.4) - (3.6) and (5.2).

On the other hand, the asymptotic expansion of equations enables to write
again the new dimensionless solution (V,u) of the new dimensionless problem
as a formal expansion with respect to €. This is equivalent to changing (V?,u?)
into (V*~!,4i"!) for 4 > 1 in the previous results. In particular, relation (5.1)

becomes:
VO =V%py) and u®=u’(py)
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Then, we have the following result:
RESULT 4.

For a force level such as G; = F; = €2 and G, = F,, = €3, the leading term
(V9,u?) of the expansion of (V, u) depends only on pg and satisfies the membrane
equations

div (n?) = —D¢ i wg,
o 3 : :
(5.3) div [ n? — = + Tr (n;Cy) = —pp — div(My) in  wy,
VO=0 and u’=0 n Yo,
46 Vo Hvo
h 0 = Tr (AD) Ip + 440, 2A) = — 4 —
VR Tiamep Al bivdn: St e

1 1
pt:g?+gt_+/ftdza Mt=gt+—9t_+/zftdz and pn:g;’1_+g;+/fndz
s 21 1

Proof.
i) Expression of (V! u!)

According to the new dimensional analysis (5.2), we have:

Vo e V! b,  dul

2. L = /2 ey i i
& Opo’ g dy G ~ Opo’ noogz?
dvo by vl Bl aul
2E3 = —_— 3 = — — E3 = 2—
F ST iy Opo’ ol 0z M Opo’ . 0z’

23 = B(Tx(E}) + E3)Io + 2E3, %3 =2E3,
= BTx(E}) + (B +2)E3
4

Hy=%f, He=3% H, =3 Hi=12}

The cancellation of the factor of e* in the new expansion of Eqgs. (3.7) - (3.9)
leads to problem P*:

14 4
2 R T U () R s

4% +
5% 5 =0 and H,” =0 on Ij
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which implies that
Hyf=0 and Hp=0 in €
Using (5.5), we get:

B
(5.5) E3=0 and 2E’= —m%(E?)

which can be written in terms of displacements :

vl 9l oul B

—_— = —_— e T Ty in @
0z Ipo g 0z B+2 (B B
and leads to
ul =ul -2 ] Tr (AD)
= B+2 :
(5.6)
Aul
Vi=yl ——
b dpo

where the fields of tangent vectors V! and of scalars u! depend only on py.
On the other hand, we have according to (5.4):

1
(5.7) B =Al Sl=Hl- ing and’ H =HE=1)

where the expressions of n? and A are those of Result 4.
ii) First membrane equation

The first equation of problem P5 then reduces to :

gy HP 7 5+ & &
div (H{) + as =—ft in Q HE =4g | o 'IT,
2
(5.8)
5
% =0 in Qg 'Hf,i =0 on T,
z

Using (5.7), an integration upon the thickness (from —1 to 1 with respect to z)
of the first above equation leads to the first equation of Result 4:

div(n{) = —p¢

1
where p; =g +g; +/ft dz.
23
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On the other hand, an integration of Eq. (5.8) with respect to z enables to
calculate H% and H3. We obtain :

1 z
1 i
’r'-l;5=§ zpt+gt+—gt +/f¢dz —/ftdz ,
z —1

H3 = 0.
Moreover Egs. (3.4) - (3.6) and (5.2), lead to :

5 4 3 0u’ 15 4
'Hszﬁs-}-ﬁta—po and HS :Es
which implies that:
1 1 f aud
u
6:9) M= (merar—g+ [nde [ias| +miE
2 (9[)0
z -1

iii) Second membrane equation

The second equation of problem P® reduces to :

ous _
0z

div(H3) + Tr (H{Co) + —f, in 9,

'Hgizztg,j; on TI%.

Using (5.7) and (5.9), an integration upon the thickness leads to the second
equation of Result 4:

92,0
div (n?gi) + Tr(n?Cp) = —pn — div(My) in wp
Po
1 1
with p, = g + g7 +/fndz and M; =g} —g; +/z ft dz. Let us notice that
-1 -1

we have used the relation :

/_11 /lftdz —/zftdz dz=2/12f¢dz.
2 -1
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The expansion of the clamped condition U = 0 on I'y leads at the first order to :
(VO’UO) 51 (Oa 0) on 9o

which concludes the proof of Result 4.

5.3. A few comments

The membrane model obtained in Result 4 for a high force level has to our
knowledge no equivalent in the literature. If we set Cy = 0, it is different from the
FOPPL plate model [20] given also in [46]. There is no nonlinear term coupling the
deflection u® to the tangential displacement in the expression of the membrane
strain, as in the von Karman model.

On the contrary, the model obtained here is linear in the sense explained
later. It can be split into two linear problems verified by V? and %, as the
simplified version of the FOPPL model given by H. M. BERGER!D [1].

Indeed the first equation of Result 4:

div(n)) = -p¢ in wy,
VO=0 on 7,

4B ovo  Hvo

h 0= ——Tr(A}) I + 4A] and 2A) = — + —
where nj 51 5 (A7) Ip + 4A7 an : 8p0+3p0
which depends only on the tangential displacement V°. To prove that this prob-
lem has unique solution V? in [H} (wg)]?, let us write the above equations in the

following weak formulation:

, is a linear equation

Find V° € [H} (wo)]? such as

(5.10) [ (b} = [Fiovidsn oV € ()l

wo wo

where the expressions of nY and AY are those of Result 4.
It is possible to prove (see [4][5]) that the mapping

1/2
Vel - { [ (@l

IDH. M. BERGER [1] used the Féppl-von Kérmén theory to formulate the strain energy
density of a deformed plate. He then made the simplifying (but irrational) assumption of
ignoring the term containing the second invariant of strain (relative to the first invariant of
strain). This leads to a set of two uncoupled problems. For further comments see also [25].
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is a norm on [H}(wp)]? equivalent to the usual one, provided that the Christoffel
symbols of the middle surface are small enough. Therefore the first term of the
weak formulation is elliptic in [H}(wo)]?. Then if the forces are smooth enough
(L%(wy)), this problem has an unique solution in [H{ (wo)]?.

Once V? and nY determined, the second equation of Result 4 becomes a linear
second order equation with respect to the normal displacement 0.

Therefore, in the case of shallow shells and for a high level of surface forces,
this asymptotic approach enables to construct a membrane model which is in fact
linear, but which cannot be deduced from the linear three-dimensional elasticity.

6. The Koiter’s nonlinear shallow shell model
6.1. New reference scales of the displacements

In this section, we consider a shallow shell subjected to a moderate force level
such as G, = F;, = €3 and G, = F, = €*. Then, for this force level, following
the proof of Result 4, it is possible to prove that the tangential displacement
VY is solution of (5.3); without a right side. As this equation has an unique
solution provided that V© is smooth enough, we have V0 = 0. Let us notice
that the second equation of Result 4 is then trivially satisfied and the normal
displacement u° is undetermined.

Therefore, as V? = 0 for the force level considered here, the reference scale
of the tangential displacement V. = hg is still not properly chosen. We have
to consider V, = ehg for V? to be different from zero. Thus the dimensionless
equilibrium equations must be written again with V, = ehy and u, = hg as
reference scales. The dimensionless components of the displacements will still be
denoted V' and u. As previously, the new dimensionless equations so obtained
from (2.7)-(2.9) are the same as (3.7)-(3.9) where V must be changed into eV in
the expression (5.2) of G. Thus we have :

Gy =¢3 (g—v—uCo) kL G3=62C{;—‘Z/,
(6.1) 4 5
ou ou
v _ 2,12 b
G, =&k (e COV+—8PO>, G gc')z'

The new expressions of E, ¥ and H are then deduced from (3.4) - (3.6) and (6.1).

6.2. The asymptotic model

We write again the new tangential displacement V of the new dimensionless
problem obtained with V. = ehg as a formal expansion with respect to €. This is
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equivalent to change V* into V*~! for 4 > 1 in the results of the previous section.
Thus relation (5.6) becomes :

(6.2) W =Cm), V°=(po) - 252 and u! = ul(pg)

and implies that (V°,u?) is a Kirchhoff-Love displacement. Then, the new asymp-
totic expansion of equilibrium equations leads to the following result:

REsuLT 5.

For glven applied forces such as G; = F; = €3 and G, = F,, = €*, the leading
term (V°,u%) of the expansion of (V,u) is a Kirchhoff-Love dlsplacement which
satisfies:

BCn

i) u'=¢Ypo) and VO =¢? (Po)—za—po-

i) ¢%=(¢?,¢Y) is a solution of the following equations :

div (nf) = —p; in  wg,

div(div m?) + div <nt 81()”) + Tr (n?Co) = —pp — div(M;) in  wy,
0
%

0 _
Cn—al/()

=0 and (=0 on 7o,

where 1y denotes the unit external normal to 7y and where

48 dcd B¢ Do Ao
0 _ 0 0 0, St t n no. 0
nd = —2+ﬁ’I‘r(At) Iy + 442, 2A¢ =5 - B +_ap0 Fia 2¢90%,
48 4 d a¢o
O—_— RO —RO RO: S L
mt = 3(2+ﬁ)'1‘1'( t)I()+3 t) t 6p0 apo

1
pt=9£F+9t—+/ftdZ, Mtzg:r—gt“+/zftdz
)

+1

and pn=g,‘f+g;+/fndz.
bt
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Proof. The proof of this result is similar to the previous ones. Let us just
give the main steps.

i) Problem Pjs leads to the following expression of 4! and V! which will be
used later :

' = Ul(Po)

(6.3) 37T
Vi=yl- z—aﬁ—

Opo

where V! and u? only depend on py.

ii) On the other hand, using (3.4) - (3.6), (6.1) and (6.2), we get:

1
(6.4) Ef =AY +2K], M =Zi= g(n? + 3zm?)

where the expressions of nf, m{ A? and K} are those of Result 5.

iii) After a few calculations, the first equation of problem Pg leads to

6_1 2)—- 00C3
H; = 3 | 2Pt +gt —g; + ftdz — ftdz + 2 ———~div(m?) + T} == o
Finally, the integration upon the thickness of the first equation of problem Pg
and of the second equation of problem P7 leads to the equations of the Koiter’s
nonlinear shallow shell model of the Result 5.

6.3. Comments

Accordingly, the nonlinear Koiter’s shallow shell model has been rigorously
justified by asymptotic expansion, without any a priori assumption. On the con-
trary, the order of magnitude of the displacements has been directly deduced
from the force level considered. We so justify the scaling assumptions on the
displacements generally made in the literature [11][19].

Let us notice that the existence of a unique solution of Koiter’s shallow shell
model has been proved in [2] when the applied forces are weak enough.

We recall that there exists two other shallow shell models, the Marguerre-
von Karmén and the Marguerre one, which are very close to the Koiter’s one.
These two models, which only differ by the boundary conditions on the lateral
surface, have been obtained by asymptotic expansion in the case of a particular
description of the middle surface in local coordinates [10][7].
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At last, let us notice that Koiter’s shallow shell model is a generalization to
shallow shells of the usual nonlinear plate model whose justification by asymp-
totic expansions can be found in [9][21][34].

7. The linear Novozhilov-Donnell model

The Novozhilov-Donnell model is generally obtained from the linear three-
dimensional elasticity by making a priori assumptions (Kirchhoff-Love assump-
tions) and neglecting the terms of second order with respect to the curvature [17].
Later, many authors have tried to justify rigorously this model by asymptotic
expansion of the linear three-dimensional equations. One finds a justification in
[11] for a particular parametrization of the middle surface in local coordinates,
in [4][5] by using an intrinsic variational formulation and in [15][17] from the
local equilibrium equations. In this section, we propose to justify rigorously the
linear Novozhilov-Donnell model from asymptotic expansion of the nonlinear
equilibrium equations. This will enable us to determine precisely its domain of
validity.

7.1. Order of magnitude of displacements

For a low force level such as G; = F; = ¢* and G, = Fp, = €%, we obtain the
same equations as in Result 5 without a right side. The associated minimization
problem implies that AY = K? = 0 and then that (¢?,¢2%) = (0,0) (see [6]).

Since we have proved that (V°,u%) = (0,0), the reference scales of the dis-
placements V, = hoe and u, = hg don’t correspond to the low force level consid-
ered here. We have to make a new dimensional analysis of equilibrium equations
(2.7) - (2.9) with V, = €2hy and u, = ehg as the new reference scales. We then
obtain the same dimensionless Egs. (3.7) - (3.9) where V and u must be changed
into eV and eu in the previous expression (6.1) of the components of G. Hence

we have now:
G, =¢t Q/——uCo k! G3:538—V,
Opo 0z

(7.1)

Jdu ou
r__ 3,.-1 2 ARl
G, =¢k (e CoV + Bp()) Gn=c¢ 92’

and the new expressions of F, ¥ and H will be calculated using (3.4) - (3.6).

7.2. The associated linear asymptotic model

The asymptotic expansion method enables to write again the new dimension-
less solution (V,u) corresponding to V; = €2hg and u, = ehy as a formal expan-
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sion with respect to €. This is equivalent to the change (V,4?) into (V*~1,u'"!)
for 7 > 1 in the results of the previous section. In particular (6.3) becomes

(7.2) u® = ¢2po), V°=¢(po) — ZE
n ) t 8})0

which proves that (V°,u%) is still a Kirchhoff-Love displacement. On the other
hand, according to (3.4) - (3.6) and (7.1), the first non-zero terms of the expan-
sion of G, E, ¥ and H are now given by:

IH? = 2?7 HS i Eg’ ng = E?, Hg = Efw
2? = B(Tx(E}) + E3) I + 2B}, X% =2E},

25 = BTx(E}) + (B+2)E]

avo  Hvo
IE = = 4+ — — 270y,
7 8po | Opo g
vl  oul
(7.3) PE =
. 0z T Opo’
ov?
5; v
2E° =2 P
vl vl
4 _ CL T 4 _
G; = —6p0 u Cy, G R
G,4 3u 4 a'll,2
g ap(), * 0z i

We then have the following result:
RESULT 6.

For a low force level such as G; = F; = €* and G, = F,, = €°, the leading
term (V°,u%) of the expansion of (V,u) is a Kirchhoff-Love displacement which
verifies :

g

i) u’=¢po) and VO =¢P(po) — % e
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i) ¢%=(¢?,¢D) is solution of the dimensionless Novozhilov-Donnell model:
div (n?) = —D; in  w,

div(divm?) + Tr(ndCo) = —pn, — div(M;) in  wy,

Co—a—Cg

"= g =0 and (P=10 on 7o,

where v denotes the unit external normal along 7o and where

48 1 (8¢ 8¢
0 _ 0 0 05 u t t _os0
0= ﬁﬂ(At) L+44), Al=3 <_6p0 * B 208wk
43 4 d a¢o
0 oot rpergey e, o+ S0 e n
AR SRR e

1

1
ptzgt++gt—+/ftdzv Mtzgi—g[+/zftdz
== =1

1
and pnzgn++g;+/fndz.
—1

Proof. The proof of this result is similar to the previous ones and is left
to the reader.

Contrary to the existing justifications of the Novozhilov-Donnell model, the
approach explained here enables us to deduce it directly from the nonlinear
three-dimensional elasticity. This result is fundamental because it specifies its
domain of validity.

Indeed, the linear Novozhilov-Donnell model is proved to be valid for weaker
force levels as the nonlinear Koiter’s shallow shell one. These forces lead to
deflections of ehg order and not of hgy order, as we could think according to the
existing justifications of the Novozhilov-Donnell model from the linear elasticity
[5][15].

On the other hand, let us notice that the so obtained Novozhilov-Donnell
model is an extension of the linear Kirchhoff-Love plate model. Indeed, if the
curvature operator Cy takes the value zero, we find again the classical linear
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Kirchhoff-Love model, which has been already justified by asymptotic expansion
from the linear three-dimensional elasticity in [8][4][33]. One finds also in [12][35]
a justification from the nonlinear three-dimensional elasticity. At least, we recall
that the existence and the unicity of the solution of the Novozhilov-Donnell
model has been proved in [4] for shallow shells.

7.3. Domain of validity of the Novozhilov-Donnell model

We have proved that the linear Novozhilov-Donnell model is valid for a low
force level G, = F; = €* and G,, = F,, = €® which leads to deflections of ehg order.
In fact, the linear Novozhilov-Donnell is valid for lower force levels G; = F; = €P
and G, = Fn, = €Pt! p > 5. These force levels lead to deflections of eP~3hy
order.

Indeed, for a force level G; = F; = ¢? and G, = F, = P, p > 5, we
obtain the Novozhilov-Donnell model of Result 6 without a right side, whose
unique solution is (V4% = (0,0). Therefore according to the same argument
as previously, the reference scales (V,,u,) of the displacement must be chosen
equal to (hoeP~2,hoeP3). A new dimensional analysis of the equations with
V, = hoeP~2, u, = hoeP™3 and a new asymptotic expansion lead again to the
Novozhilov-Donnell model of Result 6.

It is important to notice that for sufficiently weak force levels (of eP order
with p > 4), the problem becomes linear with respect to the displacements and
the asymptotic model that we obtain is the Novozhilov-Donnell one. This result
means that the linear Novozhilov-Donnell model can be used for sufficiently
weak force levels of P24 order, where the dimensionless numbers G;, F;, Gn, Fn
are known quantities of the problem.

8. Conclusion

The method of classification of asymptotic shell models developed in this
paper is constructive. It leads to a classification from the level of applied forces
without any a priori assumption'?). On the contrary, the order of magnitude
of the displacements (characterized by the reference scales V, and u,) and the
corresponding two-dimensional model are directly deduced from the force levels.
These force levels are characterized by the dimensionless numbers F;, F,, Gi,Gn
which are known data of the problem.

In this paper, we have studied only a combination of (F;, Fp, Gi, Gn) for each
value of 7 = Max(F;, Fn, Gt, Gn). However, the study of the other combinations
is not fundamental; it would lead to the same two-dimensional models with a

12)In the sense defined in the Introduction.



CLASSIFICATION OF THIN SHELL MODELS. ..

167

different right side. The following table resumes the so obtained classification
with respect to 7:

T (Vr,ur) Shell model A? K?
non linear membrane model
: e 249 = 4vo vty
7 (s lo) i (nl‘) (IO ) 8V°/6po)) TR 3vo av"?pzr 3u(?p¢(9)u
div (no W) e Bpo Bpo ' Bpo dpo
Vi’Yo IE u0|'70 =D
another membrane model
div(n) = —p 5v0 0
A0 — V0 o oV~
e? (ho, ho) div ( du®/dp° ) a3 Tr(n?Co) t dpo 8po
= —pn — div(M;)
Vlvo = u’ o =0
non linear Koiter’s shallow
shell model
3( C
SRD = S e
. div(nf) = —p; _a?n_ 3_?:0 2;’2
€ (€ho, ho) dlv(d]v m?) + div (nt a¢9/0p° ) Gro Opg ek
+Tr(nfCo) = —pn — div(M;) el B 8¢0
t — " dpo Bpo
(?l‘ro = <2|‘70 = a,,o I"ro =0
linear Novozhilov-Donnell model
209 = 8 | o
>4 -2 3 div(nf) = —p 350 T 2o
eP=* | ho(eP™%,€P77) div(div m?) + Tr(n?Co) —2¢9 o
= —pn — div(Mt) i
8¢0
Ctl‘vo—Cn|’70= 5‘,0l =0 K?:_aiﬁ
43 40 4
where n? = ———Tr(A%) I + 4A? and mQ = ———Tr(K?)Ip + - K?.
t [8+2 ( t)o t t 3(ﬂ+2) ( t)O 3 t

On the other hand, the classification deduced from the three-dimensional
nonlinear elasticity enables us to specify the domain of validity of the obtained
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two-dimensional shell models, thanks to the dimensionless numbers naturally
introduced.

In particular we have proved that the usual linear Novozhilov-Donnell model
is valid for applied force levels weaker than the ones for which the nonlinear
Koiter’s shallow shell model is obtained.

These forces lead to deflections of ehg order and not of hg order. This result is
important and underlines the pathology of the results obtained from asymptotic
expansion of linear three-dimensional equilibrium equations, which are already
an “expansion at the first order” of nonlinear equilibrium equations. Indeed,
when the linear Novozhilov-Donnell model is deduced from the linear three-
dimensional [32], it seems to have the same domain of validity as the nonlinear
Koiter’s shallow shell model (deflections of hg order).

Finally, let us notice the constructive character of this approach. Indeed an-
other membrane model, which has to our knowledge no equivalent in the liter-
ature, has been put in a prominent position for high force levels. This model
cannot be obtained from the linear elasticity.

In the second part of this paper, we will study the strongly curved shells
which have a different asymptotic behaviour. In this case, the classification is
more complex : it depends not only on the force levels, but also on the existence
of inextensional displacements which keep invariant the metric of the middle
surface of the shell.

Appendix A. Intrinsic formalism of surface theory

We recall here the principal notations of the intrinsic formalism of surface
theory used in this paper. It is inspired from the works of J.M. Souriau [45], R.
Valid [47][48](25], J. Breuneval [3][4][5] and P. Destuynder [4][5].

Parametrized surface

Let U be an open set of R? and
f U — R3
z = (u,v) —p=f(z)
an embedding in R3 (see Fig.2). Then w = f(U) is called a surface embedded

in R® and U the open set of reference of the system of local coordinates (f,U).
We assume here that f is smooth enough (C?(U)).

Local basis of w

. 0 0
The independent vectors a; = —f and a9 = 8_5 span a vectorial space called

U
tangent space at p = f(z) to w and denoted T,w. We denote (a1, az) the natural
or the local basis of T,w and S the matrix defined by S = (a1, a2).
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a) N\ az
| @y Aag |
vector W of R® can be split into

Finally we define N = the unit normal at p to w. Therefore, each

W =0W + NNW =V +uN

where V = IIW and u denote respectively the orthogonal projection of W onto
Tpw and the normal N, the overbar the operator of transposition.

P,

X % U

Fi1G. 2. Parametrization of the surface w.

First fundamental form.

At each point p of w, the scalar product of R® implies a scalar product on Tpw :
dpV = dz(SS)Y

where dp = Sdz and V = SY denote two tangent vectors of T,w. We can so
define, when p varies on w, a field of covariant tensors g € Tyw ® Tyw where Tjw
denotes the dual space of Tpw.

DEFINITION 1. The field of quadratic forms associated to g is called the first
fundamental form of the surface w. In the local or natural basis, it is represented

. _Opop 4
by the matriz: G = 9% B2 SS.

Covariant derivative of a field of tangent vectors

Let p — dp = Sdz and p — V = SY be two fields of tangent vectors at p
to w. The derivative dV of the vector field V in the direction dp is not generally
tangent to w.
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DEFINITION 2. We define on w a derivation V for which the derivative of a
tangent vector field is tangent :

V ! TuxTw — Thw,
dp,V) = VeV ¥ v,

VapV s the covariant derivative of the tangent vector field V in the direction
dp, denoted also dV . In the local basis, we have:

VgV = S[dY + '(dz,Y)).

I is the Christoffel operator whose components in the local basis are the Christof-
fel symbols foﬂ and II the orthogonal projection onto Tpw.

Second fundamental form

The normal part of the derivative dV in the direction dp of the tangent vector
field p — V can be represented in the local basis by the bilinear symmetric form
F such as NdV = dzFY. We have

__ONop _ 09poN
~ 9z 0z Oz Oz

N
where %; : R? — R® denotes the linear tangent mapping to the field z +— N.

DEFINITION 3. The quadratic form associated to F is called the second fun-
damental form of the surface w.

Curvature operator

N ON
The linear tangent mapping %p_ :dp — dN = %dp of the field p — N(p)
defines an endomorphism of the tangent plane Tpw. Indeed, as NN =1, we have
NdN = 0 which implies that dN € T,w.

ON
DEFINITION 4. The endomorphism C = 5 s called curvature operator
P

of the surface w. It is symmetric with respect to the scalar product.

Let us notice that in the local basis associated to the system of local co-
ordinates (f,U), the operator C is represented by the matrix G~!F. Indeed,
we have:

F= @C@ =S8CS and S71CS = (§8)"18CS = G'F.
oz Oz
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Derivative of a field of tangent vectors

Let p — dp and p — V be two tangent vector fields. Then the derivative dV
of the tangent vector field V' in the direction dp can be written in the intrinsic
form :

dV =dV + (dpCV)N

5 |4
where C' denotes the curvature operator and dV = 5}; dp — the covariant deriva-
tive of V' in the direction dp. We have also :
gy . e
—=—+NVC
Jdp Op W

Derivative of a vector field of R?* defined on a surface

Let p— W =V + uN be a vector field defined in w which takes its values
in R? and p — dp a field of tangent vectors. We then define the derivative dW
of the vector field p — W in the direction dp as : dW = dV + duN + udN. The
associated tangent linear mapping

38_2/ Thw — R3,
dp +— a—I/Vdp = dW,
op
can be written: N
191%4 oV B ou
oA B 416 N NIV A
Op [Bp uC]+ [ C+8p]’

Classical two-dimensional divergence

The divergence of a tangent vector field V defined on a surface w is given by:

. oV
div(V) = Tr (3;;>

0 :  Jichs
where Tr denotes the trace operator and o the covariant derivative on w.
4

The divergence of a field of endomorphisms A; of the tangent plane Tpw can
be defined as follows

le(At)V = le(AtV) e 'I‘I'(At%)

for all tangent vector field V' defined on w.
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Particular divergence divs

It is possible to generalize the classical two-dimensional divergence of a field

of endomorphisms of Tpw to a field of operators Ay, : w — L(R3?, Tpw), denoted
div, as follows (see [47][49)]) :

for

: : oV
dive, (A )W = div(A, W) — Tr(AtB—p>

all vector field W:w — R3of w.

The divergence div;, enables to write equations in a more compact form and
to simplify the calculations. However, it can be linked to the classical two-
dimensional divergence as follows:

LEMMA 2. Let A3 be a field of operator defined on w which takes its values

in L(R3, T,w). Then the field A can be split as follows: Ay = A; + AsN where

Ay

= All is a field of endomorphisms of Tpw and A; = A3 N a field of tangent

vectors to w. Moreover, it can be proved that:

divt3(At3) = div (At) = ZS-C + (le (Ab) + Tr (AtC)) W
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