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SUMMARY

We show that although no actual mathematical shell model is explicitly used in ‘general shell element’ formu-
lations, we can identify an implicit shell model underlying these finite element procedures. This ‘underlying
model’ compares well with classical shell models since it displays the same asymptotic behaviours—when the
thickness of the shell becomes very small—as, for example, the Naghdi model. Moreover, we substantiate the
connection between general shell element procedures and this underlying model by mathematically proving
a convergence result from the finite element solution to the solution of the model. Copyright © 2000 John
Wiley & Sons, Ltd.
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1. INTRODUCTION

Since the early development of practical finite element analysis procedures, a primary objective
was to analyse complex shell structures [1-4]. In today’s practice, of course, shell structures are
abundantly solved in many industries, including the automotive, aircraft and civil engineering
environments. However, although shell analyses are widely conducted, the quest for improved
analysis procedures continues. To formulate shell finite element discretizations, in essence, three
different approaches can be followed [1-4].

In the first approach, the shell behaviour is seen as a superposition of membrane and plate
bending actions. Finite elements are constructed by simply combining plate bending and plane
stress stiffness matrices. The resulting shell elements, however, are of low performance in accuracy
because curvature effects are not included and the plate bending and membrane behaviour is only
coupled at the nodal points. Much more effective finite element shell analysis procedures are now
available.
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The second approach is based on using a specific shell theory and discretizing the corresponding
variational formulation. If the shell theory contains high-order derivatives, the finite element dis-
cretization requires corresponding nodal point variables beyond the usual nodal point displacements
and rotations. This requirement results in difficulties when more complex shell structures, that for
example include beam stiffeners, need be modelled. Another disadvantage of such an approach is
that if the shell theory is only applicable to certain shell geometries or analysis conditions, the
finite element formulation is, of course, subject to the same restrictions.

In practice, a very general finite element formulation that can be used for the analysis of virtually
any thin or moderately thick shell and in linear or non-linear analysis conditions is most attractive.
The basis of such a formulation is provided by the approach of degenerating the three-dimensional
continuum to shell behaviour. In this approach, the mid-surface of the three-dimensional continuum
is identified and the basic assumptions are that fibres straight and normal to the mid-surface prior
to the deformation remain straight during the deformation, and that the stress normal to the shell
mid-surface is zero throughout the shell motion. With these assumptions, the construction of a
displacement-based finite element discretization is straightforward. While this formulation is only
directly effective in very restrictive cases [2, 5], the formulation does provide the basis for mixed
finite element methods which are effective for general shell analyses [1, 2, 6, 7]. Specifically, the
complete range of membrane and bending-dominated shell structures can be solved with these
methods.

In order to reach more effective shell finite element discretization procedures, it is paramount
to perform thorough mathematical analyses of the discretization schemes. If the finite element
method has been derived based upon a specific shell theory, clearly, the mathematical analysis is
concerned with the issues of consistency, stability and convergence measured using that theory.
However, in the general approach described above, the shell finite element analysis procedure
is obtained directly from three-dimensional discretization subject to the kinematic and stress as-
sumptions mentioned, without the use of a specific shell theory. Since the shell theory is not
known, a complete mathematical analysis is difficult to perform and a comparison with other shell
mathematical models cannot be directly achieved.

The objective of this paper is to identify the two-dimensional mathematical shell model under-
lying the general three-dimensional shell analysis approach, to analyse this mathematical model,
to compare the model with other well-known shell models, and finally give convergence results
of the displacement-based finite element discretization scheme to the solution of the model. The
main results were already announced by the authors in Reference [8], and are now fully developed
and substantiated in the present paper.

The paper is organized in the following way. In Section 2, we give some definitions and notation
regarding the shell geometry and deformations. Then in Section 3, we derive ‘the underlying two-
dimensional mathematical model’ of the general three-dimensional shell analysis approach. This
derivation is followed in Section 4 by mathematical analyses of the model, specifically, with respect
to membrane and bending-dominated behaviours, and with respect to the asymptotic behaviour as
the thickness of the shell domain becomes very small. In particular, we conclude that the underlying
two-dimensional shell model displays the same asymptotic behaviour as the Naghdi shell model. In
Section 5, we then show that the general three-dimensional shell element procedure converges to
the solution of the underlying two-dimensional model as the mesh is refined. Finally, in Section 6,
we present our conclusions regarding this work.
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2. GEOMETRY AND NOTATION

In what follows, we assume that the shell mid-surface, &, can be defined by a single chart ¢,
which is a one-to-one smooth mapping from € into R3, where Q denotes an open domain of R2
called ‘reference domain’ and thus & = ¢(2), see Figure 1 (2 denotes the closure of ©, i.e. the
union of € and its boundary 0€2). We now briefly recall the classical definitions and notation of
differential geometry that we need for our purposes, see References [3, 9] for more details. We use
the Einstein convention on the summation of repeated indices, with the values of indices ranging
in {1,2} for Greek symbols and in {1,2,3} for Roman symbols. Let the covariant base vectors
of the tangential plane be defined by

def 0P(&1,$2)
a, = ———=
0%y
with the contravariant base vectors (of the tangential plane) given by
a,-af =of
where 6 denotes the Kronecker symbol. The unit normal vector is

a; X ap

3= —m
a1 > 2|

The first fundamental form of the surface is given by
def
Aup = a - aﬁ
or alternatively in contravariant form by
af & a* . ab
The second fundamental form is defined by
def
ba/} = a3 -a,p

and the third fundamental form by

def , )
Cop = bybig

) T Y
S

& e

Figure 1. Definition of the mid-surface by a chart.
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where we recall that b} dgaﬂ;'bm. The following symbol appears in surface measures:

adéf Hal X a2||2 =andax — (a12)2
and indeed we denote
dS e Vadé dé

The covariant differentiation on the mid-surface is denoted by a vertical bar (like in ‘v,p°, see
Reference [9]).

The geometry of the shell is defined by its mid-surface and a parameter representing the thick-
ness of the three-dimensional medium lying around this surface. For simplicity of discussion we
henceforth consider shells of constant thickness, denoted by . We define the z-dependent domain

AEQx]— 12,12

The geometry of the shell can then be described by the chart ®, the mapping from A, into R3
defined by

D(E1,8,8) = 0(E1,6) + GHas(éh, )
This parametrization defines a system of curvilinear co-ordinates. We can therefore introduce the
three-dimensional covariant base vectors
o, & 0P
e

which immediately gives

(1)

g3 = a3

{ g, = (0% — &b))a;

From this we can obtain the expression of the components of the three-dimensional metric tensor

Gop = 8o " 8 = Aop — 2€3baﬁ + é%cx/f
Yo3 = 8283 =10 (2)
g3 =838 =1
The contravariant three-dimensional base vectors are defined by
gi-g/ =5
hence
g.-g' =]
g =a
The definition of the twice-contravariant components of the metric tensor

ijd;fgf.gj

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 2000; 48:289-313



THE MATHEMATICAL SHELL MODEL UNDERLYING GENERAL SHELL ELEMENTS 293
gives, in particular,
o3
g°=0
3)
{ 3 _
Finally, the volume measure is expressed as

4V /gdé dé dés

with
def y
9= (g1 X &) &) = a(l — 2HE + K&G)

where H and K, respectively, denote the mean and Gaussian curvature of the surface (i.e. the
mean and the product, respectively, of the principal curvatures). We note here that the mapping
® is well defined (hence so is the system of curvilinear co-ordinates) provided that the expression
1 — 2HE; + K& is always strictly positive. This is clearly equivalent to requiring that

t<2 inf _ |Rmin(&1, &) @
(é1,62)e

where Ruyin(&1, &) is the radius of curvature of smallest modulus of the surface at point ¢(&;, &),
We henceforth suppose that condition (4) is satisfied.

3. DERIVATION OF THE ‘UNDERLYING 2D-MODEL’

General shell element procedures are inferred from three-dimensional formulations using two basic
assumptions [1, 2, 4]:

A-1. The displacements considered are such that, at nodes, the material line normal to the
mid-surface in the original configuration remains straight and unstretched during the de-
formations (kinematical assumption).

A-2. The stresses in the direction normal to the mid-surface are assumed to be zero.

Of course, in practice, using assumption A-1, interpolation is employed between nodal points and,
when enforcing assumption A-2, the normal direction used (at the numerical integration points)
is given by the interpolation of the nodal normal vectors, see Section 5 for more details on the
interpolation.

We henceforth consider an isotropic linear elastic material and we use a constitutive law inferred
from assumption A-2. The three-dimensional (3D) variational formulation reads

ACP(U; V) = FEP(V), vV (5)

The bilinear form 4GP denotes the virtual work of internal forces. Using the curvilinear coordinate
system, it can be written

AU V) E / [CPe,p(U)esu(V) + D e (U)egs (V)] dV

1
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where the e;;’s denote the components of the linearized elastic strains and

E ; s 2y ,
Cac/?iydéf ol o A oaff Ap
2T \d 9 T
2E
Dc{/)’d;f ofs
1+vg

Note that the e;3 component of the strain tensors does not appear because of assumption A-2.
The linear form FGP) represents the virtual work of external forces and reads

F<3D>(V)"éf/ F-VdV

where F denotes the applied body forces.

Equation (5) characterizes the solution of this 3D-elasticity problem for a body that is contained
within the same geometrical bounds as the shell that we want to consider. The displacements
U and V above are general 3D displacement vectors defined over the domain A; (they must,
of course, satisfy some boundary conditions). Clearly, a general shell element procedure does not
really approximate the solution of the 3D problem, i.e. we do not expect that, when / (a parameter
characteristic of the mesh size) tends to zero, the solution of the finite element procedure converges
to the solution of Equation (5). Instead, a good candidate problem for the limit of the finite element
solution is obtained by enforcing the kinematical assumption stated in assumption A-1 above in
the whole domain (and not only at nodes). We therefore introduce in Equation (5) the assumption
that U and V have the special form

U(&1, 6, E) =u(é, &) + E0,(E1,&)a (&, &) (6)
V(&1L 6, 8) = V(&L &) + Eni(én, E)a(é, &) @)

The quantities 0, and 1, are the covariant components of the first-order tensors 8 and n. They are
defined in the tangent plane and correspond to the rotations of fibres normal to the mid-surface in
the original configuration. We get the modified variational formulation

A(w,0;v,m) = F(v,n), V(v,n) ()

where 4 and F are directly inferred from 4GP and FGP) by setting

def

A(w,0;v,m) = AP (u + &0a%; v + Enja’)

Fv,n) & FOO(y + &ypya%)

Although the integrals involved in 4 and F are three-dimensional, Equation (8) characterizes a
two-dimensional (2D) problem since the variational unknowns and test functions are defined on
the mid-surface only. We call this problem the underlying 2D shell model. Indeed, the dependence
on the &;3-variable of all the terms under the integral signs can be made fully explicit. In particular,
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we have

eus(vV + Emia”) = 7,5(V) + E3xp(v.m) — Ercyp(n) 9)

(v + &nat) = (v, m) (10)

where

def
7up(V) = $(Uyp + vp10) — baprs
def
Lap(V ) = 20 + Nppe — bf;lf;,m — biusip) + Capts

def 2 3
Kap() = 3(Dfn200 + D)

def 2
LV S 30 + v + biv;)

Note that the terms 7,4, x»s and {, are, respectively, the components of the classical membrane,
bending and shear strain tensors that appear in the Naghdi shell model [10]. Also, the unknowns
involved in the underlying model are the same—namely, a displacement vector and a rotation
tensor—as in the Naghdi model. However, the underlying model is clearly different from the
Naghdi model, and it is also different from shell models obtained by truncating Taylor expansions
of the three-dimensional formulation (see, e.g., Reference [11]).

4. ANALYSIS OF THE UNDERLYING MODEL

We first need to recast Problem (8) in a rigorous mathematical context. We suppose that the shell
is fully clamped on a part of its lateral boundary given by ®(T'y x [—#/2,¢/2]) where Ty is a part
of 0€). We define the space of admissible ‘displacements’ by

= {(v,n) € [H'(Q)F x [H' QP v|r, = 0, nlr, = 0}

Then the following proposition shows that Problem (8) is well-posed on % (see the appendix for
the proof).

Proposition 4.1. Suppose F € L*(A\,). There exists a unique (u,0) in U such that Equation (8)
is satisfied for any (v,m) in %. Furthermore, we have

[[u,8][1 <C||Fllo (11)

We now want to perform the asymptotic analysis of the underlying model, i.e. the analysis
of the behaviour of the solution of Problem (8) when the thickness parameter ¢ becomes very
small (and in the limit approaches zero). To that purpose, we need to make some assumptions
on the loading. In particular, the applied body force must be scaled by some power of ¢ in order
for the solution of the problem to remain both bounded and non-vanishing when ¢ tends to zero.

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 2000; 48:289-313
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Therefore, we suppose
F=¢L (12)

where L is a ‘force field’ independent of t. The quantity ” can be seen as the relevant order of
magnitude of body forces that can be applied to the shell. The choice of p is addressed below.
Furthermore, we suppose that L is smooth enough to have

L(&1, &, &) =10(¢1, &) + EL(E, &) + EB(ErL &, &) (13)

where 1y and 1; are in L2(Q2), while B is a bounded function.
Like for the Naghdi model, we now introduce the subspace of ‘pure bending displacements’:

o= {(v,n) €U

2 =0, a, f=1,2, (v, ) =0, x=1,2}
and we say that pure bending is inhibited if
o ={(0,0)} (14)

We proceed to demonstrate that the asymptotic behaviour of the underlying model is similar to
that of the Naghdi model. We recall the bilinear forms which appear in the Naghdi formulation:

AP0y )™ [ w0 + 50 ) 85
Q

with the membrane and shear strain terms, where

C‘,“/MH def E (awia[}y + a(x;za/}i + 2v aa/ﬁ’alu>
1

2(14v) —
Daﬁdif 2E aa/j
I1+v
and
def 1 <o,
Ao [ M0 ds
Q

which contains the bending strains.

4.1. The case of non-inhibited pure bending

We suppose that %, contains non-zero elements. Then, as is justified by the convergence result
below, the appropriate scaling of the force is obtained by setting p =2. The problem sequence in
consideration is then

Find (u9,0) in % such that, for all (v,n) in %,

A(uo),Q(r);V’ﬂ):ﬁ/ L-(v+ &nat)dy (15)

t

We now introduce a problem posed in the subspace %.

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 2000; 48:289-313
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Find (w©,0%) in %y such that, for all (v.m) in %o,
AP0 v = [ 1o-vds (16)
- Q

We can then show the following convergence result (see the appendix).

Proposition 4.2. When t tends to zero, (u(’),ﬂm), the solution of (15) converges to (u(o),ﬂ(o)),
the solution of (16), for the norm of U.

4.2. The case of inhibited pure bending

We now suppose that pure bending is inhibited. In this case, the relevant scaling corresponds to
p=0. The problem sequence is thus
Find u®,0) in % such that, for all (v,m) in %,

A0, 00 v,m) = / L. (v +&nalydr (17)

A

For the limit problem, we need to define the norm obtained from the membrane and shear energy
terms of the Naghdi formulation:

def

1V, 0|ty = AT (v, v, )]V

and we define ¥~ as the space obtained by completion of % by this norm. We then introduce a
variational problem posed on ¥:
Find (u®,0") in " such that, for all (v,n) in V",

AP0 v = [ 1o-vas (18)
- Q

and we have the following convergence result (see the appendix).

Proposition 4.3. Suppose ly is in V", the dual space of V. Then, when t tends to zero,
®,0"), the solution of (17), converges to (uV,0"), the solution of (18), for the norm
1 lemes)-

4.3. Conclusions on the asymptotic analysis

We conclude that the underlying 2D-model of the general shell finite element formulation displays
the same asymptotic behaviour as the following Naghdi shell problem:

AT, 00 v ) + £ AV D, 0 v,m) = ! / lo-vdS (19)
- - Q

Note that the surface load of the Naghdi problem is set as the integral over the thickness of the
first term of the Taylor expansion of the body forces.

Hence, the solution of the underlying 2D-model (Equation (8), with the loading set as in (12))
converges to the same limit solutions as problem (19) when the thickness parameter ¢ tends to zero,
with the same subspace of pure bending displacements that determines the asymptotic behaviour.
Namely, when pure bending is not inhibited, the solution converges to the solution of the bending

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 2000; 48:289-313



298 D. CHAPELLE AND K. J. BATHE

problem as defined in (16). By contrast, when pure bending is inhibited, the solution converges
to that of the membrane problem (18), provided that the loading satisfies the condition ly € ¥
(see Reference [5] for more details on this condition). It is the geometry of the mid-surface and
the boundary conditions that decide whether or not pure bending is inhibited, hence into which
category the shell falls. This issue is discussed in Reference [5].

Note also that, as a consequence, the underlying model is asymptotically equivalent to the model
of linear three-dimensional elasticity, since this model features asymptotic behaviours similar to
those of the Naghdi model when the thickness tends to zero (see Reference [12] and the references
therein).

5. CONVERGENCE OF THE GENERAL SHELL ELEMENT DISCRETIZATION

The aim of this section is to show that the solution of the ‘general shell element’ procedure
converges to the solution of the underlying 2D-model when the mesh is refined.

We consider a 2D-mesh defined on the midsurface by a set of nodes, elements, and shape
functions (corresponding to Lagrange degrees of freedom). We call / the largest diameter of all
elements in the mesh. According to Section 3, a general shell element procedure amounts to solving

~3D) ~(3D)

AU v)=F v, wv (20)

where U, and V have the special form, on each element & of the mesh

Uy, = S 2u(&r, E) ) + &1l (21)

i

V=3 5i(&, &) + &) (22)

Here, 4; denotes the shape function attached to the ith node of the element, uzi) and v\ the

nodal displacements, and tﬁf) and ) the nodal rotations (i.e. vectors tangent to the mid-surface).

. . . 3D . ~(3D . e
In addition, the tilde symbol in AP and in £°°) means that all the geometric quantities involved
are computed from the isoparametric approximation of the geometry

B(E1,6.8)]e =2 46, &)@ + Eal) (23)

where ¢ and agi), respectively, denote the position of the mid-surface and the unit normal vector
at node i. Namely,

D=7(¢)+ &S (as) (24)

where .# denotes the interpolation operator (in €2) corresponding to the finite element method
considered. Note that we assume that a; is known exactly at all nodes and is not obtained from
the isoparametric approximation of the mid-surface geometry.

In order to establish the connection between the general shell element procedure and the under-
lying 2D-model, we first note that the formulation of the latter is equivalent to finding (u,t) in
the space

AE () € HN QP | b-a3 =0, V], =0, Y|, =0}
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such that, for all (v,{) in %,
At v ) =F(v,¥) (25)

where

A, v, ) EACP (u+ & v+ E)

def

Fv ) S FOP(v + &)

The equivalence between (8) and (25) is indeed straightforward by the relations
t=0a" & 0,=1-a, (26)

We observe that definitions (21) and (22) are not compatible with (6) and (7), since the interpola-
tion of vectors which are tangent to the mid-surface at the nodes is not tangent inside the elements.
In order to still obtain a formulation of the finite element procedure as an internal approximation
of the underlying 2D-model, we define the discrete space

B L ] 6, o= S e =11 S0 | 0 a0—0}

where II denotes the operator which projects a vector of R onto the plane tangent to the mid-
surface. Note that, by definition,

Mog(W)=V (27)

The general shell element procedure defined above can now be re-stated in the alternative manner:
Find (uy,t,) €U, such that, for all (v,\p) € Uy,

Ay, s v, ) = F (v, ) (28)

where

défAﬁD)

Ay, T v, ) (wy + &I (1); v+ EI (V)

def F(3D)

Fa(v, ) (v+&I70)

In the form (28), we can see that the general shell element procedure is an approximation of
(25) based on an approximate bilinear form 4, and an approximate linear form £,. Furthermore,
comparing the definitions of AA;, and F' » with those of A and F , we observe that the consistency
error for this approximation scheme has two sources: the approximation of the geometry and the
presence of the interpolation operator. We now state our final result (see the appendix).

Proposition 5.1. Problem (28) has a unique solution. Furthermore, assuming that the solution
of Problem (25) is smooth and that the mapping & is also smooth, we have the following error
estimate:

lu—wy,t — 1)1 <Ch (29)
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In Equation (29), C is a constant independent of the parameter 4. This shows that the solution
of the general shell element procedure converges to the solution of the underlying 2D-model.

6. GENERAL CONCLUSIONS

In this paper, we have shown that, although no shell model is explicitly used in the formulation
of general shell elements [1, 4], we can construct a shell model by using the static and kinematic
assumptions made in these finite element procedures. We called this model the underlying 2D-
model.

This underlying 2D-model compares well with classical shell models since it can be shown to
feature the same asymptotic behaviour as, for example, the Naghdi model when the thickness of
the shell becomes very small.

Furthermore, the connection between the underlying 2D-model and the general shell elements
was mathematically substantiated by establishing a convergence result of the finite element solution
to the solution of the 2D-model.

The results given in the paper are valuable for the evaluation and design of improved shell finite
element discretization schemes. At least two observations are important.

Firstly, the results show that numerical convergence studies of general shell element formulations
can be designed using the Naghdi shell theory [5], but differences in the numerical results to
closed-form Naghdi shell theory must be expected [6]. For shells that are not very thin, analytical
solutions to the underlying mathematical model given in this paper should ideally be used in the
convergence studies.

Secondly, the numerical and mathematical analyses of mixed shell element discretizations that
are based on degenerating 3D continuum to shell behaviour should, ideally also, be conducted
using the mathematical model established and analysed in this paper.

APPENDIX

From now on, we choose an upper bound #,,x for the range of values of the thickness that we
want to consider, such that

tmax <2 ll’lf _ ‘Rmin(éla 52)‘ (Al)
(€1,62)EQ

Lemma A.1. There exist two strictly positive constants ¢ and C such that, for any (£1,&,,E3) €
Al ax ?

eva(éy, &)<V, 6, )< CVa(é, &) (A.2)

Proof. Directly inferred from
V= Va(l —2HE + KE) (A3)
and Equation (A.1). O
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Lemma A.2. There exist two strictly positive constants ¢ and C such that, for any (&1,&,,83) €

Tmax

caP(&1, &) X, Xp < (61,6, &) X Xp<CaP (81, E) XXy, V(X1 X) € R? (A4)
Proof. Consider the function

g*P(&1, &, E3) X Xp
a*b(&1, &) X, Xp

(X1, X3 61,60, 8) €6 x A,

where % is the unit circle of R2. This function is well defined (since the first fundamental form
is positive definite over ) and clearly continuous. Therefore, since it is defined over a compact
set, it admits a minimum and a maximum value that we denote by ¢ and C, respectively. The
minimum value (in particular) is reached, hence it is strictly positive because ¢ is positive definite
over J_Xtmax. Equation (A.4) follows with the same two constants ¢ and C. O

Lemma A.3. There exist two strictly positive constants ¢ and C such that, for any (£1,&,,&3) €
A,

g (&1, &2, E3)gM(E1, €2, E) Yup Yy

ca™(&1,E)aM (&1, &)Y opY iy <
< Ca™(&,E)a" (&1, E)YopY V(1. Yio, Y1, Yoo ) € RY (ALS)

Proof. Similar to that of Lemma A.2. O

Lemma A.4. The bilinear form A is continuous and coercive over the space U, i.e. there exist
two strictly positive constants ¢ and C such that, for any (v,n) in %,

cllv.nllf <A m;v,m)<C|lv.nf} (A.6)

Proof. To make the notation shorter in this proof, we write e;; instead of e;;(v + 531113)'), and
Vaps Kaps Kop and {y instead of yyp(V), yup(V,M), Kzp(M) and (v, M), respectively.

(i) Coercivity: Using Lemmas A.2 and A.3 we have
AV, m;v,m) = C/ [ g espesn + g esseps]dV
A

=>C [a‘“aﬁ"e“ﬁew + a“ﬁeag.e,g] dv (A7)

since g“ﬂg}"‘eal;ew :(g“/}ea/;)ZZO. We now use Equation (A.2) and integrate (A.7) through the
thickness to obtain

A v ) > Cr /
- - Q

3 = 2 tt ;
[a iaﬁu <Va<,5‘7/1/4 + EXaﬂXiu - g?aﬁ’@ly + %’%/ﬂﬁu) +a '[;CxC/)’:| ds (AS)

Applying the Cauchy—Schwarz inequality on a symmetric positive-definite form, we have

2

o 1 g t*
ga“ aPr < Ea“ aPr (nyxﬁy;,u + ;Kxﬁkf;_‘u (A9)

Vapop
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for any strictly positive . Choosing # =10, we obtain from (A.8)

AV vm) = C / [ P i + Toupin + Kuptisn) + aP L, L51dS
Q

>c / @ gron + Lo ton) + A CL51dS (A.10)
Q

The coercivity now directly follows from that of the Naghdi model [3].
(ii) Continuity: Using a similar (although simpler) reasoning, we obtain

A, m;v,m)<C / (@™ @ (papyin + Tupdin + Koptizg) + a*P L0451 dS (A.11)
Q

and the continuity follows from the boundedness of the geometric coefficients. O
Proof of Proposition 4.1. Since F € L*(A,), using (A.2) we get
[F(v, ) < C[[Flo., [Iv.mllo (A.12)

Hence, recalling (A.6), the variational problem is well-posed, i.e. there is a unique solution and
Equation (11) holds. U

Proof of Proposition 4.2. We need to adapt the strategy used for standard penalized problems
(see, e.g., Reference [13]). We divide our proof into 4 steps.

(1) Uniform bound on the solution: We start by noting that, in the proof of Lemma A.4, up
to Equation (A.9) all constants are in fact independent of ¢. Therefore, we can obtain, instead
of (A.10),

A(v, v, ) > Ct / [ aP (ayip + C gt + aPCalp) dS (A.13)
0
where C is independent of ¢. From now on, unless otherwise stated, all quantities denoted by C
will be constants independent of ¢. Then,

A(v,m;v,m) = Ct3/

, 1 1
|:ama/)’,u (Xocﬁx},ﬂ + tzh/f“/m) + tzaa/}CxC/}:| ds
Q

, 1 1
= Cts/ |:ao</va/f,u (Xuﬂ%).y + tz—yocﬁ'})/ly) + 2 aa/;C1Cﬁ:| ds
Q

max max

> CP|lv,nl} (A.14)

using again the coercivity of the Naghdi formulation.
On the other hand, using Equations (13) and (A.2), and integrating the right-hand side of (15)
through the thickness, we have

ﬂ/ L (v+ &mat)dv| <Ce(|lollol[vllo + ¢[[v.nllo) (A.15)
A
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Hence, choosing (v,ﬂ):(u(”,ﬂ([)) in (15) and combining (A.14) and (A.15), we get the uniform
bound

[u®, 0V, <C (A.16)

(ii) Weak convergence: Since the sequence (u(’),Q(t)) is uniformly bounded, we can extract a
subsequence that converges weakly to (u(W),Q(W)), an element of %.

Let us rewrite the expression of A by using Equations (9) and (10), and making the change of
variable &3 =t&. We get

Au®,0;v,n)

12 .
=t / / [CFH(p,pD) + 15,5, 01)) — £2E1c,5(0)))
- Q

12
X (V) + €0V, M) — 2 E ()
+DP, (", 0 p(v. )]G d&y dé; dé (A.17)

Assuming sufficient smoothness of the midsurface, we can write Taylor expansions of all geomet-
rically related quantities at {3 =0. In particular, in addition to Equation (A.3), we write

Cocﬁ/lu(él’ &8 = é“/ﬁ"u(fl, &)+ 536‘“/“#(51’ £,83) (A.18)

D&, 8. 8) =D&, &) + EDP (81, 6. E) (A.19)

where O are D™ are bounded over A,,... Therefore, using the weak convergence of (u“ ),01)
to (u™),0™) and the uniform bound (A.16), we have

l - ~ /. 2 w 4
AW, 00y, m) =3 / [CPH ™ yp3(¥) + DL, 0 (v Vadér dey - (A20)
Q

Then, since

1/2

1
L4005 =

/ L-(v+ &mat)y/gdé dédé =20 (A.21)
—12 JQ

we get
/ [,y (V) + DP L, 0N (v, )IVadé de, =0, Yvmy e % (A22)
Q
so that, choosing (v,n):(u(w),ﬂ(w)), we infer

Eﬁum(u(“)llé,g + 216, 0" 2o =0 (A.23)
o, o

Hence, we have proved that (u™,0™)) € %,.
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(iii) Characterization of (u™,0™)): We now take (v.n) € %,. According to Equation (A.17),
we have

12

1 1
ﬁA(u(t)HQ(t); V’ﬂ) = 7 /

/ CHPH (7,50 + 7,5 ®,00) — 2E1,5(0)))
—1/2 JQ

X(Exau(vsm) — 182155, (M))y/g A& dE dE (A.24)

We use the expansions in Equations (A.3), (A.18) and (A.19) to develop this quantity in powers
of ¢. The only term in 1/¢ is

1 1/2 .
- / / ECPHy ) (vo M)V a déy dEy dé
— Q

1/2
which is zero because of the integration on £. Next, all zero-order terms containing yw(u(’ )) tend

to zero when ¢ tends to zero, because u") converges weakly to u™) which is in %,. The only
zero-order term without 7,5(u®) is

12 §
/ / 2y (0,00 (v WV Ay A A&
—12 Ja

12

=55 [ CP @0 (v Va déy 4 =4, 0% v, m) (A.25)
Q

and, of course, all higher-order terms tend to zero with z. Therefore,

t—0

1
73/1(11(’),9(”; v,n) 5 AP @™, 0™; v, 1) (A.26)

Furthermore, using Equations (13) and (A.3), we obtain

1 1 —
;/ L-(v+£3ma‘)dVﬁ>/lo-vdS (A.27)
A, Q

Hence, combining (A.26) and (A.27), we have shown that (u(W),Q(W)) satisfies

AP @™, 0™ v, ) = / lp-vdS (A.28)
- Q

for any (v,n) in %,. Therefore,
(@™, 0™) =, 0 (A29)
and, of course, the whole sequence (u”,0)) converges weakly to (u®,0®) in %.
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(iv) Strong convergence: Using Equation (A.14), we have

[u® — u©@, 9" — g2 < %A(um —u®@,90 — g0,y _ y(© g _ )
(e ; 0 -0 0" -0

C
_ ?3[14(“([),9(0; u) — u(o),Q(’) _ Q(O))

—Au®,0; u® — u® 9" — g (A.30)
We first consider the second term on the right-hand side of this equation, i.e.
M= L Au®, 00y — 4© g0 _ g®)
t3 s 2 b » = —_

and we expand it in powers of ¢, using again Equations (A.3), (A.18) and (A.19). Since (u®,8®)
is in %y, the expansion is similar to that performed in Step (iii). The only term in 1/¢ gives zero.
Here, all the zero-order terms tend to zero because (u) — u©®, 9 — Q(O)) converges weakly to
zero. Of course, all higher-order terms tend to zero also. Hence, II tends to zero.

We then treat the first term using the equilibrium equation (15). We get

1 1
1= EA(U(I),QU);UU) _ u(o),ﬂ(” _ 9(0)) _ - / L. [u(’) —u® 4 53(95_” . 020))21/1] dv (A31)

t

Using Equations (13) and (A.3) to perform an expansion, it is again easy to see that all terms
tend to zero.

Finally, from Equation (A.30), it follows that |[u® — u®,0" —0”|, tends to zero, hence
(u(’),ﬂ(t)) converges strongly to (u(o),ﬂ(o)). O

Proof of Proposition 4.3. We follow and adapt the main steps of the classical proof of con-
vergence for singular perturbation problems (see Reference [14]). We divide this proof into 3
parts.

(1) Uniform bound on the solution: We start like in the proof of Proposition 4.2 and, from
(A.13), we directly infer

AV v, ) = Cr([[vo Gy + 2 lvamlD) (A32)

On the other hand, using Equations (13) and (A.3), we perform an expansion of the right-hand
side of (17) and we obtain

/ L-(v+53ma'1)dvzt/10-vds+R (A.33)
1 Q

where, since all first-order terms in &; vanish due to the integration through the thickness, the
remainder R is bounded as

IRI<CP v, mllo (A.34)

Hence, since ly is in ¥/ we have

/ L. (v+ &nat)dV | <Ct(||v,nl|m+s) + [v.mllo) (A35)
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Then, taking (v,ﬂ):(u(”,ﬂ(’)) and combining Equations (17), (A.32) and (A.35), we get
I, 8 sy + 1,871 <C (A.36)

(ii) Weak convergence: Since the sequence (u”),0)) is uniformly bounded in the norms ||- Il (m-ts)
and ¢||-||;, we can extract a subsequence that converges weakly in 7~ to (u®™),0™). Of course
this subsequence remains bounded in the norm #||-||;.

We now suppose that the geometry is sufficiently regular to allow a second-order Taylor
expansion of the coefficients C**** and D/, i.e.

i =ofAu . . =opA ~ofAu .
CPE e, &) = ML ) + &CTM L) + &M G e s (A37)
D &) =D (L) + DL a) + 8D (L &) (A38)
where &7 and D™ are bounded over Q, while ¢ and D are bounded over A,

Using the same change of variable ({3 =) as in Equation (A.17), then Equations (A.3), (A.37)
and (A.38) to perform a Taylor expansion, we obtain

1
;A(u(’),ﬁ(’); v, ) =A"w®,0; v, ) + R (A.39)
with
IR < C{[u®, 0|1 | v, ml|y (A.40)

because, again, all the first-order terms of the expansion vanish with the integral through the
thickness. Keeping (v,n) fixed and making ¢ tend to zero in (A.39), we have

t—0

AT, 0% v, 1) =5 AT @™, 0 v, m) (A41)

and R tends to zero since #[u,0")||; remains bounded in (A.40). Thus,

t—0

1
SA®, 05 v,m) =5 4™ @™, 0™; v, ) (A.42)
On the other hand, using (A.33) and (A.34) we have

1 1 —
;/ L-(v+&nat)ydy =3 [ 1p-vdS (A.43)
A, JQ

Therefore, (u(w),ﬂ(w)) is the element of ¥~ that satisfies

AT @, 0™y, q) = / lp-vds (A.44)
o Q
for any (v,n) in %. Hence
(®,0%) = u®,0) (A45)

and we conclude that the whole sequence (u®”,0")) converges weakly to (u®,8®).
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(iii) Strong convergence: Define

A w,0;v,m) = % / [CP1p)5(¥) + DL (0, 0) (v, m)] AV (A-46)

A

The limit (u®,8") is in 7", hence the limit membrane and shear deformation strains 7,5(u") and
Ca(u(l),ﬂ(l)) are in L*(Q). Therefore, we can define the quantity

—(m+s)

T=A™9 @O — g0 g0 _ gW y® _ 40 90 _ g (A47)

and we have
T=A™® —y® g — g0y — y» 9O — g0y 4 R (A.48)

where R is the remainder of the Taylor expansion obtained by using Equations (A.3), (A.37) and
(A.38). Of course, R tends to zero with ¢, hence (u”),0")) converges strongly in 7~ to (u,0")
if and only if / tends to zero, which we proceed to show.

We develop [ into

1= @®,00;u®,00) + 4™ @®,00;u®, 0"y — 24 ™ P (®,00;u,00)  (A49)
Clearly,
A0, 00:u0,00) 0 A w0000 = [ 10 u ds (A50)
Q

and, because of the weak convergence of (u(’),Q(')), we also have

AT ®,00;u0,00) =2 4 @®, g0, 00) = / I -u® ds (A51)

Q

We now focus on the first term of the right-hand side of Equation (A.49). Since it only concerns
(u(’),ﬂ(” ), we omit repeating it in the expression of the strains in the following derivation. We
have

A‘(m“)(u(’), Qm; u®, Q@)

1 1
= A0 0,0 + - / C gy 4V

t

1 o P
- / CPH (g + Estap — Eop) Vi + E3tan — Ercip) dV

t

1 2
Lt ey =2 [ e, - Gidr

A

1
1 [ P~ S — By (A52)

t
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From Equations (A.33) and (A.34), recalling that (u),8")) converges weakly to (u",0") in 7,
that ly is in "~ and that ¢[ju),0")||; is bounded, we infer

1 —
. / L. +&0Vahdr =2 [ 1 u®ds (A.53)
A, Q

For the second term of the right-hand side of (A.52), we perfom a Taylor expansion using (A.3)
and (A.37). The first-order terms vanish and we get, by the Cauchy—Schwarz inequality,

t

2 o —0
); / CP (st = Srci) AV ‘ <cr (Z ||Vo<ﬁ||0> [, == 0 (A.54)
%p

since the membrane strains remain bounded in L2(Q2) and ¢[ju®,0"|, is bounded.
Furthermore, we have

1 ,
R R T Y LU (A55)
A

since C*** defines a positive-definite bilinear form on second-order tensors.
Finally, combining Equations (A.49)—(A.55), we see that / is the sum of

(1) a group of terms with definite limits when # tends to zero, the combination of which yields
Zero;
(2) a negative term.

Since I is positive due to the positive-definite characters of C*/* and D*/, it follows that / tends
to zero with ¢, which proves the strong convergence result. O

We now proceed to establish the result stated in Proposition 5.1, i.e. we analyse the convergence
of the finite element procedure when /4 tends to zero for a fixed ¢. In the forthcoming arguments,
we thus allow bounding constants to incorporate a dependence on ¢. The following lemma is
crucial for the consistency estimate.

Lemma A.5. Consider a continuous vector field \y tangent to the mid-surface at all points (i.e.
Va3 =0), and let e be the vector field obtained by interpolating \ using the finite element
shape functions. Then

[Wine - a3][1 < Ch|[Wincl[1 (A.56)
[ Wine - 3|0 < CH2 || Win | (A.57)

Proof. We denote by .# the ‘piecewise-mean’ operator. Namely, on each element &,

W=z [wes

where |&| is the area of the surface comprised within &.
Define now

Vo & ot/ (Wine)
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We have

\llint saz = (‘l’int - \I’m) -as
= Wine — I (Um)) - a3 + (S (Ym) — Um) - a3 (A.58)

We start by bounding the second term of the above right-hand side. Standard interpolation
estimates give

17 (Wim) — W16 SCHGT Wil 1.6, 1=0,1 (A.59)

where /¢ is the diameter of element & and £ is the order of approximation of the finite element
shape functions. Furthermore, recalling that .# () is constant over & and that, for any vector
field v

II(v)=v—(v-a3)a3 (A.60)
we have, assuming that the chart is sufficiently regular
[Winlirr.6 SCVIE] [l (W) (A.61)
By the Cauchy—Schwarz inequality, we have
b= g | [ s < < rlvdos (A62)
Hence, combining (A.59)—(A.62), we obtain
1S Wm) — ) - 831115 < CHE Wil logs 1=0, 1 (A.63)

We then focus on the first term of the right-hand side of Equation (A.58),
(Wint =7 (W) - a3|s = 30 (W) — W) - a3 =3 20y, — W) - (a3 —al”) (A.64)
1 1

We tackle this expression by first bounding the Euclidean norm of (\|1-(i) — \j/f,’;)). We write

nt

e = W< I — Q)|+ |2 Qo) = 3| (A.65)
Using standard scaling arguments, we get
sup [0} — 2 (Vi) || < C|Wiae 1.5 (A.66)

For the second term of Equation (A.65), we have

[ (Win) = W | = [ (Yine) - a(l)l_ |&] ‘/"’mt agl)dS’

< g ([ ] | [ - a0 - s

\/@(H\th azllo,¢ + he|[Wintllo, &) (A.67)
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since
a5 — a3]|1o<(s) < Chs (A.68)
Therefore, combining Equations (A.65)—(A.67), we get
up Wit — Wil < CChg " -3 oo+ i 1.6) (A.69)

We now use Equation (A.64) twice consecutively to obtain first (A.57), then (A.56). We directly
bound the right-hand side of Equation (A.64) by using (A.68) and (A.69). We first get

[(Wine = 7 (Im)) - asl0.6 < CV/]6] Sll}p(lliille(f)ll\llfQ — U [[a5” = as|z=(s))
< Clhg|[Wint - aslo.6 + 25 [ Wint [l 1.6) (A.70)
Combining this bound with Equations (A.58) and (A.63), we have
[ Wine - a3]l0.6 < C s | Wine - A3l0.6 + Az || Wint 1.6 (A.71)
Hence, for # small enough,
[[Wine - a3lo,6 < ChZ || Winc1, 6 (A.72)

and, squaring this inequality and summing over all elements, we get (A.57).
We then use (A.64) again to bound the H' semi-norm.

(Wit — I (Um)) - 231,
<CV/|&]sup [[Wis) — W (1|2l oo 25" — a3l zoe ey + [ illos e | [l s))
1

<Chg(hg " |Wine - asllo,s + [[Winell1,6) (g ' X hs + 1% 1)
SC(|Wine - a3lo,6 + he||Wintll1,6)
< Chel|Wintl1.6 (A.73)

using Equation (A.72). Finally, combining (A.73) with (A.58) and (A.63) we obtain

[Wine - 23] 1,6 < Che ||Wine| 1,6 (A.74)

and Equation (A.56) immediately follows. O

Remark. It is easy to convince oneself, by considering specific examples where Vs, is a nodal
shape function on a curved surface, that the estimates in Equations (A.66) and (A.67) are optimal.

Lemma A.6 (Consistency error). For any ((v,\),(w,8)) € (%)),

|AY, 5 W,8) — Ay(v, W5 w,8)| < Chl|v, || ]|w, 3], (A.75)
|, ) = Fy(v. )| < CR*||v, W] (A.76)
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Proof. From the definitions of 4 and A; we have

AV, 3 W, 8) — Ay(v, 05 W, 8)|
=ACD) (v + & w + E38) — ACP (v + I (), w + E.7(8))|
<[ACP (Y + Gl w + E38) — AP (v + G (), W+ &.7(3)))|
APV + EI ), W + &I(3) — APV + GI() W+ E.5(8)| (ATT)

We now proceed to bound the two terms of the right-hand side separately,

JACPIV + Er, w4 E38) — ACPI(V + &I (W), w + E3.7(8)))|

=4°PU(v + &, &8 — F(8))) + ACPNE(W — I (), W + E.5(D))|
<CUv V(118 =21 + [V — 2|1 ]|w, Z(8)]1) (A.78)

due to the boundedness of 4P). Of course, the interpolation operator is continuous in H'(Q2), so
that

731 <Cl|3]]s (A.79)
Furthermore, recalling (27), we have
16 — A (®)[[1 =[ILo.7(8) — A (8)[|1 =||.#(8) - as||s < Ch||3]|s (A.80)
from Lemma A.5, and the same holds for . Combining (A.78)—(A.80) we thus get
APV + &0, w + £38) — APV + G (W), W+ &S (@) <Chllv. Wl [w. 8] (A81)

The second term on the right-hand side of Equation (A.77) represents the error due to the inter-
polation of the geometry. Note that the integrals involved in AP and A®P) are taken over the
same domains, so that the only difference between the two expressions consists in using ¢*# and
g in AP, instead of g*# and g in ACP), where the quantities with tilde signs are computed using
the interpolated geometry given in Equation (23). Assuming sufficient regularity of the chart we
have

16— F (D). 0y < CH* (A.82)
a3 *1(33)||W1~00(Q)<Chk (A.83)
Hence
g’ =g’ + o)) (A.84)
Vi =g+ O(h") (A.85)
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Therefore

APV + G I (), W+ E.7(8)) — AP (v + &I (), W+ E.7(9)))
<CH||v, W) W, £ (8|

<CH[|v, [ [|w. 8|, (A.86)

Finally, combining (A.81) and (A.86), we get (A.75).
Similar arguments lead to Equation (A.76). The quadratic estimate is obtained from (A.57) since
the expressions of F' and Fj do not contain the derivatives of the displacements. O

Remark. The consistency error appears to be governed by the term in Equation (A.81), which
is in O(h) instead of the order of the finite element shape functions. To circumvent this difficulty,
one can consider the shell finite element method obtained by dropping the interpolation operator
in Equation (28). This amounts to using discrete displacements of the type

Uy = > A&, &y + &I (Z A&, 52)T§,i)) (A.87)
V=34, &)W + &I <Z VA(SHS) )\I/"')> (A.88)

instead of those given in Equations (21) and (22). The consistency estimate for this modified
procedure is then optimal.
Lemma A.7 (Interpolation estimate). Assume (u,t) € [H(Q)1°, then

lu— #(u),t— o7 ()|} <Ch||u, |11 (A.89)

Proof. For u, standard interpolation estimates directly give

lu— 7 (w)||; < Ch*|[ulfs1, (A.90)

For © we have
[t — o7 (v)||; =|TI(x) — o S (v)|| = [(r — L)1 <Cl|t — F ()]s <ChF||t]lis1 O
(A.91)

We can now prove the final result of the paper.

Proof of Proposition 5.1 Note that A directly inherits the coercive and continuous character of
A. Therefore, the consistency estimate (A.75) implies that A, is continuous, and also coercive for
h sufficiently small. Hence problem (28) is well-posed and has a unique solution.
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Then, from the coercivity of AA, we have

lup — S (u), 7 — Io.#(0)||}
<CA(u, — F(a),1, — o (1);u;, — F(u),t;, — o I (1))
=C[A(u— F(u),t — oS (1);u, — F(u), 1, — [Lo.7(1))
+ A(uy, T w, — I (u), 1 — o7 (1) — A(w,w, — I (u), 1 — o7 (1))]
=C[A(u— F(u),t — o J(1); w, — (), 1, — o.7(1))
+ A(up, i wy — S (w), v — o (1) — Ap(wst; wy — F(w), 7, — o 7 (1))
+ Fy(uy, — J(), 1, — Mo S (1)) — F(uh — J(u), 1, — o J(1))] (A.92)

using Equations (25) and (28) with (v, ) = (u;,—.#(u), t,—Il o .#(t)). Hence, using the consistency
estin}ates (A.75) and (A.76) together with the interpolation estimate (A.89) and the boundedness
of A4, we get

|y, — £ (u), 1, — Do ()| <CH|Jw, t||xr1 + Allws i + 22)|lwy — £(u), 1, — Io.2(1)];
(A.93)

The well-posedness of problem (28) implies that ||uy,t;|/; is uniformly bounded. Hence, simpli-
fying (A.93) yields

oy — F (), 1, — o I(2)|s <Ch (A.94)

and a triangle inequality concludes the proof. O
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