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1 Introduction

The largest class of problems that are numerically solved in industrial FE analyses in the U.S.
are linear, static problems for solids, and among these, again a major part is taken by thin
structures, such as beams, plates and shells [3]. Owing to the singular perturbation character
of these problems, it was found early [8] that conventional FEM do not converge satisfactorily
due to locking effects. A large body of literature has been devoted to this phenomenon and
to possible remedies. In the case of plate bending, there are by now methodologies (such as
the “MITC” reduced shear elements of Bathe and Dvorkin [8]) which allow to resolve plate
bending problems satisfactorily, even at small values of the plate thickness .

In the case of shells, the locking phenomena are much more complex and to date there is
no mathematically validated approach for the complete removal of shear and/ or membrane
locking that works equally well in bending or membrane dominated cases. Worse, there is
evidence that this cannot be overcome [6].

In special situations, of course, there are ways to alleviate/ reduce membrane locking by
methodologies similar to those that are successful in the plate bending case and which are
based on modifications of the variational principle (mixed methods; “reduced integration”,
etc). These remarks refer to the h-version FEM where convergence is achieved by letting the
meshwidth A tend to zero to achieve convergence.

In the last decade, the p- and hp-versions of the FEM have emerged [1]. Here convergence
is achieved by increasing the polynomial degree rather than by mesh-refinement. It has been
shown in a series of papers by J. Pitkdranta and co-workers ([10], [11] and the references there)
that h-FEM based on the standard displacement variational principle and high polynomial
degree appear to be either free of or substantially less susceptible to membrane locking, even
without special changes of the variational principle.

At present, the development of a commercial hp-shell implementation for general surfaces
and also for laminated shells is under way at ESRD Res. Corp.*) and several other major
FE-software vendors are including p and hp-capabilities into their codes.

The purpose of the present paper is to analyse the performance of the hp-FEM for a class
of benchmark problems for a shell model of Naghdi -type, i.e. including shear deformation ')
computationally as well as theoretically. Our main theoretical result shows that the hp-FEM
based on the principle of virtual work in the displacements, increasing polynomial degree and
on boundary layer resolution via anisotropic meshes leads to exponential rates of convergence,

i.e. the relative FE-error in the shell energy norm ||| - ||| satisfies
~ hp
U =T ]| B~
——— < Ct’e P, (1.1)
||

where C, 8 are independent of h, p and the thickness ¢, and where t#?, -1 < 8 < 0 is a
locking factor. The estimate (1.1) is not robust, i.e. the convergence rate depends on ¢, but
due to the exponential term e~ we expect that for increasing p the t-sensitivity is practically

'We do not address here the dimension-reduction error; for these issues, we refer to [4] and the references
there.



negligible; this is indeed the case in the practical range of ¢ and p, as we show in numerical
experiments: relative energy errors below 1% are easily achievable, even for ¢ as small as 1073.
We demonstrate this in detail for the cylindrical shell benchmark problems of [11]; although
here the geometry is relatively simple, these problems exhibit a wide range of behaviours, from
membrane to bending dominated. The explicitly available solution of the benchmark problems
allows a complete analysis of the hp-FEM, resulting in (1.1). We also show in numerical
experiments the relative insensitivity of hp-FEM with regard to the mesh design: comparable
numerical results are obtained for both, triangular and quadrilateral elements, for aligned or
general meshes.

This leads us to the conjecture that the exponential rate (1.1) can be achieved for general
shells as well; in fact, our computer-implementation can handle such cases easily; the proof of
(1.1) in complete generality requires new results on the asymptotics of shells that are not yet
available, however.

The outline of the paper is as follows: Section 2 presents the shell problem, the shell model
and the hp-FEM. The regularity and the asymptotics of the exact solution of the shell model
are discussed in detail. Section 3 is devoted to the proof of the error estimate (1.1). Section
4 gives a description and numerical results of our hp-FEM for general shells, while Section 5
contains conclusions and perspectives for further research.

2 The hp-FEM and the problem of membrane locking

2.1 The shell model

In this section we will introduce the 3-D shell model and explain how the dimensionally reduced
2-D model is deduced. In the cylindrical coordinate system (z,c, z) the shell occupies the
region:

t
O = {(w,a,z) ER: (r,0) Cw, |2] < 5},

where w = (—1,1) x (0,27] is the parametrization domain of the midsurface. The shell is
assumed to be loaded on its outer surface by a normal pressure distribution f = fjcoska,
which is constant with respect to the axial variable z, such that the oscillating factor k is a
bounded integer (for all numerical computations k = 2).

The strain tensor corresponding to a displacement field V3P is defined as e(V3P) = {e;; }?7]»:1,
which in the 3-D model of linearized, homogeneous and isotropic elasticity takes the form:

eln = 0V, ez = X(0.V2+V3),
€12 = % (Xaa‘/l + am‘/Q) 5 €23 = % (az‘/Q + X (aa‘/?; - VYQ)) s
eis = 3(0:Vi+0.V3), es3 = 0.Vs.



In the above notation the components V; refer to the local orthonormal basis that corresponds
to the curvilinear coordinate system, and x = 1/(1 + z). We introduce the bilinear form

3
AP, vEP) = D7 | At e(@P)re(V3P) + 1 Y ey (UP)eyy (V3P) }x ! dwdavds,
Qi

ij=1
where A and p are Lamé-constants depending on the Young modulus £ > 0 and the Poisson
ratio v, and D is a scaling factor:

‘o Ev E E
B

= D=——.
1+v’ 12(1 — v2)

According to this three-dimensional model, the total energy to be minimized takes the form
J,—_-3D(Q3D) — %ABD(Q?,D’Q?)D) . QSD(Q?’D),
where ; ;
QP (U3P) = D_l/ f(a)-Us (x,a, 5) . (1 + 5) dzx da.

The dimensionally reduced shell models to be considered are derived by constraining the com-
ponents of the displacement field, expressed in terms of the curvilinear coordinates (x, «, z), to
be quadratic polynomials with respect to z for each (z,a) € w, and by asymptotic expansion
and simplification of the resulting energy functional, as shown in [9], Section 3.

2.2 The dimensionally reduced shell model

The shell model is given by the dimensionally reduced shell energy functional

" 2
Fr(U) = §/w{’/(511+ﬁ22)2+(1—u) Z ﬁfj}da:doz

ij=1

t° 2 - 2 21
+ %) {1/(/@11 +r2) 4+ (1-v) i]zzjl f%} dx da (2.1)
1 _ b

over the space of admissible displacements

U = {U=(UV,W,0,d)c [H'(w)]’, satisfying the kinematical constraints at z = +1 and
the orthogonality condition: / U-Rdxda =0, for any R € R},

w

where R = {U € [Hl(w)f) : Ar(U,U) = 0} is the set of rigid body motions.
Here we denoted by 3;; the membrane strains, x;; the bending strains, p; the transverse shear



strains, 1 < 4,7 < 2, and w = (—1,1) x (0,27] is the parametrization domain of the middle
surface of the shell:

/811 = axU7 512 = %(BQU—F@CV), /822 = BaV—i—T/V,
Kiio= 0,0, ri2 = 500 +0:2-0,V), k= 0u®,
po= —0+W,  p = —2-0W-V.

We assume for our shell model the following homogeneous boundary conditions:

Case 1: clamped-clamped, (U(£1, ) = 0),

Case 2: free-free, (no kinematical constraints),

Case 3: simple sliding support at the ends of the cylinder, (W (%1, a) = 0).

Let us denote by ||| - ||| the energy norm of the shell defined as |[|U||| = Agr(U,U)"?, where
Agr(U,U)/2 represents the quadratic part of the energy functional (2.1). Then for every ¢t > 0

and every load f such that / fWdxda =0V R e R, there exists a unique minimizer U € U
of Fr(U). i

2.3 Regularity of the solution of the shell model
2.3.1 Separation of variables

Because of the cylindrical geometry of the domain and of the load we may assume for the
displacement field U the following tensor-product Ansatz:

U(z,a) = u(r) @ v(a), (2.2)
where
u = u(x)=(u,v,w,0,¢)(x),
v = wv(a) = (coska,sin ka, cos ka, cos ka, sin ka).

The displacement field u(z) = (u,v,w, 6, ¢)(x) minimizes the dimensionally reduced energy
functional

t [t 2
Fr(u) = 5/1 [V(ﬁll + B2+ (1-v) Y 512]} dx
- ij=1
t3 1 2
+ogg ) [ e 4 =) 3 | do =
_ ij—1
L—v (b 5 v
+ th_l(pﬁpa)dw—fo /_1?““77

where the bending and membrane strain-tensor 5, x and the shear vector p are defined in
terms of the one-dimensional unknown u(z) as follows:

fui = o, Bz = F(—ku+v), fo2 = kv+w,
ki = 0, ki2 = 3(—k0+¢ —v), ko2 = ko, (2.4)
ppo= -0+, p2 = —¢—kw—w.



By || - |le = a(u,u)'? we denote the energy norm corresponding to the reduced 1-D model,

a(u,u)/2 being the total deformation energy with respect to the displacement field w.
The minimizer of the reduced energy functional (2.3) solves the following two point boundary
value problem

1
0 = u”—i—y(kv'—i-w)—i-T( k2u+kv)
2

t

0 = —vku — k%—kw—l—T( ku' +v)—ﬂ(1—u)(—kz9'—i—¢”—v")

1—

+ o (—e—kw—v),

fo = twu+kv+w)— Vt(—9’+w"—k¢—k2w—kv), (2.5)
0 = ﬁ<9”+uk¢+ ( k20 4+ k¢ — )>+—( 0+ w'),

12

t / 2 v ’ no_.n l-v
0 = - vk —k (—k0' +¢" —2") | — 5 (¢ +kw+v),

and satisfies in each of the three cases the corresponding boundary conditions at z € {—1,1}:
Case 1 (clamped edges):

Case 2 (free edges):

u'(z) +v(kv+w) () = 0,

2
(~hu+0)(@) = (ko +d — o)) = O
—0(z) +w'(z) = 0,
0 (x) +vke(z) = 0,
—kb(z) + ¢'(z) —v'(z) = 0,

Case 3 (sliding support)

u'(z) +v(kv+w)(x) = 0,

2
(~hutv)(@) = 15(~k0+ ¢ — o)) = 0,
w(z) = 0,
0 (x) +vke(z) = 0,
k() + ¢(x) —/(x) = 0.

2.3.2 Decomposition into smooth components and edge effects
The solution of the dimensionally reduced shell model u admits the following decomposition

u=u’ +uy+u,

5



where u® is the smooth part, u® the ¢t-length scale boundary layer part and glz/i the v/t-length
scale boundary layer part.

This means that for the Naghdi, or R-model (2.1) of the cylindrical shell, the displacement
field displays a short ¢t-length boundary layer due to the shear deformation (analogous to the
layer in the Reissner-Mindlin plate model), and a longer v/¢-length boundary layer, related to
the so-called “simple edge effect”. This property will ultimately decide the choice of the hp-FE
spaces, since we want to resolve these layers.

At this point we can be more precise about these components, namely

8
v o= '+ adeM”,
=5
u = agc’e + ayceMo?,

4
b _ AT
ug = 5 a;c'e".
i=1
Here

0 Jfo 1 3—V. 99 > 1 s 24 (2, 1-v
= 221, — K22 4+12), ———— [t —k
t £3 {0’ k(1 — k2)2 <1—y + (1 — k2)2 T R T ’

12
0, m] (2.6)

is a particular solution of the Euler-Lagrange equations (2.5), \;(¢) are the eigenvalues and ¢ ()
the corresponding eigenvectors constituting a fundamental system of (2.5). The coefficients a;
are in each case determined by the boundary conditions.

Lemma 2.1 Let k = 2. Then the roots of the characteristic polynomial which correspond to
(2.5) admit expansions in Puiseuz series with respect to the thickness variable t:

A= (1+i)43(1—v2)t‘1/2+i(i7_i)(43(1—y2))3(%+§) £1/2

1+02 8
1+i 5 5 1 21) 4/ 5/
T af31 2y (=2 —v— =) B2 Lowd
e VB ”)( 2V TV T3 +O(E"),
Ao = =1, A3 = A1, A= A,

3 1 3 \%*
o= (i VQtl/Z——z‘—l)( 2) B2 4 O(85/2),

X = —As, A= Xs5, As = —Ns,

2/3
Xg = 2\/§t_1+T\/_t+O(t3),



‘ H H Case 1 H Case 2 H Case 3 ‘

U 3 3/2 1
v 2 1/2 0
K || w 4 5/2 2
0 1 -1/2 -1
[0} 0 —3/2 -2
U -1/2 —3/2 —3/2
v 0 -1 -1
L || w -1 -2 -2
0 —3/2 —5/2 —5/2
10} -1 -2 -2
U —5/2 -2 —7/2
v -3 —5/2 —4
M || w -3 —5/2 —4
0 —5/2 —2 —7/2
[0} -3 —5/2 —4

Table 1: Exponent d in the asymptotics of K (t), L(t), M(t)=0(t%)

For the proof of this lemma we refer to Appendix.

Because we assume homogeneous boundary conditions we get symmetry of the solution with
respect to the axial variable x, and therefore the components of the displacement field w can
be more compactly written as

u' = u’+2Re (a5g5(-)(e)‘5x ¥ e_/\”)) ,
ui’ _ aggg(_)e,\g (e>\91' - e*)\gm) 7

le/z = 2Re (a1§1(-)(e’\1x F e_)‘lx)) ,

where the — corresponds to the components u and 6, (odd functions with respect to x), and
+ corresponds to v,w and ¢, (even functions of x). Let us now define the coefficients

M(t) = a5g5(-),
K(t) = aggg(-)e)‘9,
L(t) = aic'(-)eM.

In Table 1 we present the asymptotic behaviour of these coefficients O(t%), i.e. the order § of
their expansions as Puiseux series with respect to t, for each of the benchmark problems and
for each component of the displacement field for the dimensionally reduced shell model.



Remark 2.2 At this point we should remark that the regularity of the eigenvalues \; =
Ai(t;v, k), i = 1,..10, with respect to ¢, (which means their order as Puiseux expansions in ¢ ),
does not depend on the Poisson ratio v € [0,1/2] and on the parameter k, which we assume
to be a bounded integer.

This can be easily deduced from the fact that the entries of the matrix which corresponds to
the two-point boundary value problem (2.5), as rational functions of ¢, have coefficients which
are bounded and bounded away from 0 with respect to v € [0,1/2] and k. The same argument
is available for the eigenvectors ¢! and the coefficients a;, which depend also on t, v, and k,
but do not depend on the coordinate x.

2.3.3 Classification of Deformation states

The deformation energy &(wo;U) = Ag(wo;U,U) = tAn(wo; U,U) + t3Ay(wo; U, U) corre-
sponding to a subdomain wy C w consists of the membrane energy &,,(wo; U) = t Ay, (wo; U, U)
and of the bending energy & (wo;U) = t3Ap(wo; U, U), where

1 2
An(osUU) = 5 [ [p(Bu+ )P+ (1=0) 3 8 ] deda
0 i.j=1
1—
+ V/ (07 + p3) dz da,
4 Juo
2
Ap(wo; U, U) = —4/w K11+/€22 (1-v) Z: }dmda

A displacement field U is called membrane dominated in wy C w, and the corresponding
asymptotic deformation is referred to as membrane state, if its membrane energy over wy
dominates asymptotically, i.e.

Ep(wo; U)/E(wp; U) — 0 as t — 0.

Then U is called bending dominated in wy, and the asymptotic deformation state is referred
to as inextensional state, if the bending part of the energy over wy dominates asymptotically,
ie. if

Em(wo; U)/E(wo; U) —> 0 as t — 0.
If wg = w, we call the shell bending or membrane dominated.
When neither the membrane nor the bending part of the energy dominates asymptotically
then we refer the corresponding states as to intermediate states. Based on the explicit form
(2.2) of the solution, it can be shown [11] that asymptotically, i.e., as ¢ — 0, the deformation
states are globally
Case 1: membrane dominated,
Case 2: bending dominated,
Case 3: intermediate states.
The global characterization is, however, crude in a sense, since the solution may locally, i.e.
over wy C w behave differently. As an example, let us consider Case 1, which is most interesting



in applications, and the boundary-layer region wg = (1—rp//12(1 — v2)V/t,1)x (0, 27), with &
a constant, p = (p+1)/2. In this case the deformation field U is globally membrane dominated,
the boundary-layer component U? is globally bending dominated, while the smooth component
U® is bending dominated in the O(y/t)-layer, even though it is globally membrane dominated.

Indeed, let ¢ := kp//12(1 — v?). The assertion that the smooth component U? is in the
layer region wy bending dominated is equivalent to [[u|l, 1_.71) ~ t3/2Hys\\17(176\/z71), where
by [|*[|¢,(1—cyz,1) We denote the dimensionally reduced energy norm corresponding to (1—cv/t,1).
Now by the definitions of the energy norm || - || and the membrane, bending and shear strain
tensors 8%, k® and p°® of u® we get the following estimate:

2 2
HQSHE,@_C\/ZJ) < c'? (Z ||ij‘|o,(1_c\/i71) + Z sz$||o7(1_c\/i,1))
1=1

ij=1
2
3/2
+ ct? Z ||'L{z$j||07(1—c\/i71) .
ij=1
Our assertion follows, if we show that
1/2 3/2 .
tY H/Bz‘sto,@_c\/ZJ) < Ct / HQSHLQ_C\/EJ), Vi, j=1,2,
1/2 3/2 .
t'/ pruo,@_c\/m) < Y HQSHLQ_C\/EJ), Vi=1,2.
Let us first verify this for the membrane strain tensor components 3;;. Indeed, we have that

||5f1||o7(1_c\/i,1) = t1/2|us|1,(1—6\/i71)
= t'2|2Re (M(t))\S(t) (e/\5(t)(') + e_)‘5(t)(')))

1172

0,(1—cv/%,1)
< ORI 24 < Ct3/2Hu8”17(lfcx/ﬂl)’

since the H'-norm of u® in the layer region is of order t 3¢1/4, and ||e*s (1) £e=As(O() lo (I—cvi1) =
O(t'/*) in the case with 4, and O(t3/*) in the case with —. Analogously,

t1/2|| — ku® + USI||07(1_C\/E71)

2Re ((—kM(£)(1) + X5 (t) M (t)(2)) (>0 -

e_/\S(t)(.))) Ho,(1—0\/i,1)
OtY/24=5/243/4

t1/2||5f2”o,(1_c\/i,1) =
_ t1/2’

VARVA

Ct3/2||ﬂs||1,(1—c\/i,1)-

To get the desired estimate for the membrane strain tensor component 35, let us first notice
that

By = kv®+w®= ko + w°
+ 2Re ((kM(t)(Q) + M(t)(3)) (e/\5(t)(') + e_)‘5(t)('))) ,

9



and kv® +w® = O(t~1). Further, making use of the homogeneous Euler-Lagrange equations
corresponding to (2.5), we get that

kvs+ws_(kv0+w0) _ V(—HS/—{—U}S//)

2
_ kﬁ V]{?HS, (¢ (bO) ( 08/ ¢s " sl/) )
Hence
e T t1/2ukv + 0l 1evin) + IR = 00) + w0t =0l o _ovi
< t3/2Hu H1 1-cVi,1)
For the shear strain tensor components p;, ¢ = 1,2, we proceed exactly as before:
tl/QHPTHQ,(pc\/ZJ) = t1/2|| —0°+ U}S/HO J(1—cV/t,1)
2
_ t1/21 12 (93//_|_ king/—i— ( k‘293—{—k3¢3/ kUS/))
o 0,(1—cv/t,1)
< Ct1/2t2(t—5/2tt3/4+t—2t1/2t3/4+t—5/2t3/4)
< t3/2||ﬂs||1,(1—c\/i,1),
21105 1l0.1—evin) 2] = ¢* — kw® —v®llg 1 _evin
< V2 = g0 —ku’ - UOHo7(1—C\/i,1)
+ 2 = (0" = 0%) — k(w® —w’) = (v° = )l ey
< O/
+ PR = vk — k(¢ — ) + — L (k8 + " " Mo,1-evi
< Ct?’/QHMSHl,(lfc\/m)-

2.4 hp-Finite Element Method. Main result.

In each of the three benchmark problems we will prove the existence of a FE approximation

U e of the exact solution of our minimization problem, with respect to a particular grid of
the parametrization domain w, such that the relative error in the energy norm ||| - ||| decays
exponentially with respect to the polynomial degree p.

The hp-FE spaces U™ C U consist of all kinematically admissible displacements U € U which
are tensor product polynomials of degree at most 2p in (z,«) on each element of a special
triangulation 7 of the domain w shown in Figure 1. The FE-solution minimizes the energy

10
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Figure 1: The triangulation T of the domain w.

functional over the hp-FE space U":

th = arg{ min Fr(V)},
veuhr

and the relative error satisfies N
~hp
o -u™|
U]

where C, 1 > 0 are positive constants independent of the thickness ¢ of the shell, -1 < 3 <0
is a locking factor, and p denotes the polynomial degree of the discrete approximation.

< Ctﬁe—np’

Theorem 2.3 There hold the following convergence estimates :

~h
Iz — o™il
il -
< Ctlem, in the last two cases. (2.8)

Ct=3/e™, in the first case, and (2.7)

Corollary 2.4 Let 71 be the mesh obtained from the mesh T in Figure 1 by bisecting the
elements along a diagonal into two triangles, and let VP be the space of continuous, piecewise
polynomials of degree p on Ti, subject to the kinematical constraints. Then the FEM based on
VP satisfies the same error estimates as in Theorem 2.3, with 1 replaced with /2.

Proof. Since V"' > UM with p’ = 2p, the corollary follows. 0

Remark 2.5 In our convergence analysis below, we prove in fact more detailed error estimates
for each of the solution components u®, gg’, yi’/i; they indicate that even in the (membrane

11



dominated) Case 1 we encounter membrane locking due to the boundary layer le/i (which

unlike the overall problem is bending dominated). In each case, the v/#-layer is dominant and

causes the membrane locking. It is therefore essential in practice to resolve this length scale.

In contrast, the ¢-layer u? caused by the shear deformation does not contribute to the energy

convergence; it does, however, influence pointwise stresses near dw.

3 Proof of Theorem 2.3

3.1 Definition of the hp-Interpolant U™

Because of the product structure of the exact solution U(z, o) = u(z) ® v(a), we will look for
an approximative solution with separated variables

U™ (z,0) = u"(z) @ vP(a), (z,0) € (=1,1) x (0,27). (3.1)

In what follows vP will be a piecewise polynomial of degree p on a uniform mesh on [0, 27],
interpolating v = (cos ka, sin ko, cos ka, cos ko, sin k), an entire function of «, on each interval
in the mapped Chebyshev points. We have that

HQ - qul,[072ﬂ'] S Cnoe_n0p7 VTIO > 07 p= 172737

where the constants C,,, 79 > 0 do not depend on the polynomial degree p, the thickness
variable ¢, or on the parameter k, as long as k remains bounded as in our hypothesis.
Then we still need to construct «"?; we will obtain it in the form

hp __ s,hp b,hp b,hp
u = u + uy +Q\/Z s

where
us,hp = 4%+ 2Re (M(t)(s1F 1)),
w' = K()(v F O), 3.2)

ﬂ%p = 2Re (L(t)(v\/i :Ff)\/g)) .

To define the hp-Interpolant we still have to explain the choice of s, §1, v, Uf, v Vi Uz We
start with the approximations s; and 51 of the smooth part.

As we have seen, the expansions in t of A; = \;(t), i =5, ..,8 consist only of rational, positive
powers of the thickness parameter ¢ € [0, ¢g] in a bounded, closed interval. This means that the
domains of analyticity of the exponential functions e*®?* ¢~ analytic with respect to the
axial variable z, do not depend on ¢ € [0,¢y] and v € [0,1/2]. Therefore we can approximate
them uniformly with respect to ¢ € [0, tg] with polynomials of degree p, which interpolate them
in the Chebyshev points, such that the absolute error in the H!'-norm is

e 0 — s10)[, -1,y < Ce™P,
e (M0 — 51()hy—1,y < Cem™MP,

12



for some positive constants C, n; > 0, which do not depend on ¢ € [0, ty] and the Poisson ratio
v e[0,1/2].
The t-length scale boundary layer component has the form

ug::}((t)(efkgﬁxlfm)q;e*A9@X1*$))

and we split

WO AERE)

where the principal part

Ao(t) = @t +0(t?)

is analytic with respect to t € [0,¢p]. Then we have the following decomposition

“o(t)(1
e MDD = 4y -y,

into a boundary-layer and a smooth part, respectively, given by

—V13/t) (%)

Uy = el . Ugy 1= e Mo®(ED)

We define now the hp-interpolants in analogous fashion, i.e.

. hp  p ~ ., hp D
Vg = Uy Uy, Up = Ul Uy,

1+x)

where ulfi are hp-interpolants of the boundary-layer functions w1+ = e(=v12/t)( with re-

spect to a three-element mesh
Kpt Kpt }
To=4-1,—14+ 228 P 4L
’ { V2l V12
The two small elements at the ends of the length interval (—1,1) are of order O(pt), since p =

(p+1)/2. The robust exponential rate of convergence for these boundary-layer approximations
is given in [12]. For the convenience of the reader we will restate this result here:

Lemma 3.1 Let uy.(z) = exp(—A(z+1)/¢), z € (=1,1) withe >0, A= a+ib, a®> +b*> = 1.
Let (A, p) be such that for some k independent of p, € satisfying 0 < ko < k < 4/e,

7= {1}, A = {-1,-1+«pe1} if Kpe < 2, 53
7 = {r}h A = {-11} if wpe > 2.
Then there exists u, € {u € CV(—1,1) : uls; € Pyy (L), Ij € A}, satisfying
up(£1) = uy (£1)
and the error estimate
N T o

[ure —upht < C’e_l/Qqﬁ.
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Here, the constants are independent of p and € but depend on kg and g < 1 is given by

[ e/2pe if kpe > 2
77\ max{re/d,e"2"=}  otherwise

with 6 > (Inp)/2p arbitrary.

With the same arguments that we used to approximate the smooth components eFrs (7 et
us take ub, as the interpolants of the components usy. Then we have that for some positive
constants C' and n; > O:

uox — ubylly,(—1,1) < Ce™™P.

Now, with our special choice of the mesh and of the FE interpolants ulfi,

Ctl/Qe_mp,

IN

h
Jur+ — uli”@,(—m)
Ctil/Qefmp,

IN

h
lur+ — uyt ]y (-1,

for some C,ny > 0.
Analogously, let us next define v vz and v ;7. We separate as before the expansion with respect
to t of the first eigenvalue A\ (¢) in its singular and principal parts

M) = @+ —r2) 24 R(0),

Xo(t) = % (4 3(1 — ,,2))3 (2_”4 n g) £1/2
1 21

I1+7 5 o )32 5/2
T w312 (22 22 B2 o/
12 V3 ”)( 2 T’ 3 +O(E"),

and notice that the coefficient of the singular part has its real part bounded and bounded away
from O:

Re {(1 +i) 31— y2)] >0,

uniformly with respect to v € [0,1/2]. Then the boundary-layer function is correspondingly
splitted in

()1
e M DIED) =y yuyy,

where now

Ul = ef(lﬂ')4/3(1—y2)t—1/2(1im)’ Usy 1= 675\0(1&)(1:!:3:)‘

Then, as before, Lemma 3.1 implies the use of a three-element mesh, such that the two small
elements at the ends of the interval (—1,1) are now of length O(pv/t),

S T .
' ’ V20— Y120 - 0?)
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and of Ap-interpolants u;ﬁ of w1+ with respect to this mesh, such that

lure — R lo 11y < CtYie P,

hp —1/4 _—
luie —uphli -1y < Ct [Ae=mp,

for some positive constants C, 72 > 0, which do not depend on v € [0,1/2], ¢t € (0,%o] and the
polynomial degree p. Then take v sz : = ulfﬁ Uy, Dg = u}ff -ub_ with u}fi specified before,
and ub_ as interpolants of ugy in the mapped Chebychev points on each element of 71 , such
that the absolute error in the H'-norm is bounded by :

Jugx — uby |1 (—11) < Ce ™MP,

3.2 Energy norm error estimates

The relative error in the shell energy norm can be estimated in terms of the relative error of
the smooth and boundary-layer components of the displacement field as follows:

g —umy) |, e —uey - ph 55
i == e ST T |
where the amplitudes Ay, Ay are given by
leAdll TN s
AT~ A g 30
in Cases 1, 2, and
Ay~ Ay~ 1, (3.7)
in Case 3. With our definitions,
U° = v ®u, Ushe = ush @ P,
U = v’®uo, ubhr = ybhe @ P,
uo= wbtub,,  u = )"

t b
where 4", u>" and ul\”/}gp are defined in (3.2).

Lemma 3.2 For all ng > 0 there exist positive constants C, Cy,, such that the absolute errors
in the energy norm ||| - ||| of the smooth and boundary-layer parts can be estimated as follows

I =gl < OO |Gl = Pl 1™ + = 2 v
+ Gl ane ™).

|\ —ubhv)|| < ot? {Cno lu® = w1 1 ye” ™ + flu — uP Pl )

+ Ol e

15



Proof. Let us observe that the definitions of the hp-FEM interpolants and simple triangle
inequalities imply that

IU® - U < Ct'P|U° - US|y = CHP |’ @ v — u*™ @ 0|1
< 2 {HMS - Ms’hp||1,(f1,1)HQPHL(O,%) + w1, lle — Qp||1,(0,27r)}
< ot [lut = w ol = 0P gom)
+ e’ — Qsﬁpul,(fl,l)HQHI,(O,Qw) + w1, =1y lle — Qp”L(o,zw)} )
b —ub|| < ct Ut - U = CHP’ @ v — uPP @ 0P|y
b bh b
< Ct'/? [Hg — u""P||y 1 l[2P ] 0,2m) + Il ”1,(—1,1)”9_QPHL(O,ZW)}
< 2 {Hub - Qb’hpul,(fl,l) lu — 2”[|1,(0,27)
+ flu’ - Mb’hp||1,(—1,1)\|Q||1,(0,27r) + ||Mb\|1,(—1,1)||2 - Qp”l,(0,27r)} )

and the proof of the lemma follows now easily because of the estimates [|v — v”[|1 (0,2r) <
Choe™™P and [|zl1,0,20) < C.

Moreover, we notice that up to some constants which depend on the parameter k the following
equivalences hold:

NZe(ll ~ lwlle, T~ llu®e-
Therefore the hp-approximation problem is reduced to a one-dimensional one.

Lemma 3.3 There exist constants C and m > 0 independent of t € (0,t0], v € [0, 3] and the
polynomial degree p, such that ||u® _Qs’thL(—l,l) < C||M(t)|[e=™P. Here we denote by || M(t)||
the 12-norm in R® of the vector-valued coefficient M(t).

Proof. Indeed, taking into account the definitions of ||u®|| and ||u*"?||
u® = u’ + 2Re (M(t)(e’\5(t)(') T e*&(t)(')) , o uwP ="t 2Re<M(t)(51 = 53)),
we find that

Ju® — Qs’thl,(le)

IN

M @) (1*O0 — 1t Y+ 1e 200 — 318,11 )
Ol () e,

A

with constants C' and n; independent of ¢ € (0, to], v € [0, %] and the polynomial degree p.

Lemma 3.4 There ezist constants C and 8 > 0, independent of t € (0,to], v € [0, 3] and the
polynomaal degree p, such that

I = w10y < C (1K@ + L@ ) e,

16



Proof. Let us first recall that
W= by = K(t) (e 00 o000
2Re (L(t) (e MO0 e~ M00)))
b,hp

WPt = P uPIP = K (8) (00 F 0) + 2Re (L) (v, FO)) -

This implies the following estimate for the absolute error of the boundary-layer component in
the H'-norm

IN

b bh b bh b b,h
lw” — w1, 1,1 lluf — uy p||1,(71,1) + Hu\/z - M\/ngl,(fm)

e R R R W

+ 2[L@)] (He_h(t)(l_') - ”\/EHL(_M) * He_h(t)(lﬂ a 6”“1,(—1,1)) '

(3.8)
To complete the proof we need the following

Lemma 3.5 For j = 0,1 and some positive constants C and S > 0, independent of t €
(0,t9], v € [0,1/2] and the polynomial degree p, the following estimates hold:

|,e—A9(t)(1—~) _ Ut”j7(—1,1) < Ctl/Q_je_Bp,
||6—A9(t)(1+~) _ 5t||j7(_1’1) < Ctl/Q_je_Bp,
e M ®O0=) _ vl < Ctt/A=/2¢=Pp
Je MO0 g < ORI,
These estimates and (3.8) conclude now the proof of Lemma 3.4. 0

Proof of Lemma 3.5. We will prove only the last two estimates, the others can be deduced
analogously. Recall that we splitted:

M) = ()0 ) Y (),

- i— S /v

hot) = 2D (i) (g +3) 0
141 1 21

5
T VI ) (mpr g g + O,

which means that

e~ MO (4z) — o= (14+0) 3/3(1-v2)t =12 (14a) .= Ao () (1+z)

Let us now define

u = e—(1+i)\4/3(1—1/2)15*1/2(1—&—@‘)

s e—Z\o(t)(1+m)’

17



and observe that Re ((1 +i)v/3(1 — 1/2)) > 0 is bounded and bounded away from 0 uniformly
with respect to v € [0,1/2].
Then, Lemma 3.1 implies that there exist u?p (1) = u3(£1), piecewise polynomials of degree

p on the mesh
gy VL mVE
’ Vi1 =02 Y120 —v?) |’

such that
Jur — u?pHO,(—l,l) < Clftemmp,

and
h —1/4 —
luy — wiP|y g0y < Ct/AeTmP

for some constants C' and 7, > 0 independent of ¢ € (0,tp], p and v € [0,1/2]. Here again
p=p+1)/2.
As explained in the previous section, the smooth component us can be approximated by a
piecewise polynomial with respect to z, ub € P,([—1,1]), interpolating us at the end points,
ub(£1) = uz(41), such that the absolute error in the H'-norm has an exponential rate of
convergence

|uz — ublly (—1,1) < Ce™™P,

for some positive constants C' and 7; independent of ¢t € (0,t], p and v € [0,1/2]. This implies
immediately that

_ h h
e OO — o Publlo C1ay = lurus — utPublo 1)

IN

h h
Jur — U1pH0,(71,1)HU2Hoo + HU1pH0,(71,1)HU2 - UgHoo
Ctl/temr 4 Ot/ me
Ct1/4e—5p7

IN A

with 8 := min{n;,n2} > 0 and C a positive constant.
In order to deduce these estimates, let us first notice that

1 1/2 1 . 5, _1/2 1/
Uy B _ up(z de — 6—2\/3(1—V )t (1+a:)d$
lluallo,(-1,1) |u1 ()]

—1 —1

2

1 — e—43/31-v2)t=1/2
2/3(1 —v2)t=1/2

1/2
] < Ct'/4,

and because of the triangle inequality it follows easily that

h h
Jur®llo, 1,1y < llur —wyPlloy—1,1) + llualloy—1,1)
< Ct'/temr 4 ot/t < o/,

18



In order to get an estimate for the absolute error of the H'-seminorm we proceed analogously:

e MO Pyl = [|0s(urun) — O (Wl PuB) o1

[agus + urie — @fPul — ufPidlo 1)

. . h . h
< lin = @y llo, =10 luzlloo + 147" llo,—1,1) lue — ublloo
h . h . .
+ flur = wyPllo, =11 l[02lloo + [[uy® llo,—1,1) 12 — 5]l
< C (t—1/46—n2p 4V Aemmp 1A g—mapyl/2 t1/46—n1p)
< Ot Vi Pr,
Here we used that
. h . . h .
[y o, 1,1y < llaa =y lloy—1,1) + llallo,=1,1)
< O (Ve 2
< ct V4
lizllo = || = No(t)uslle < C/2,

and that the derivative of uq with respect to x is

iy = —(144){/3(1 — )t~ 20,

In what follows we will treat separately each of the benchmark problems:

Case 1 : both ends of the cylindrical shell are clamped (membrane dominated)
Case 2 : free ends (bending dominated)

Case 3 : simple sliding support (intermediate state).

3.2.1 Case 1: clamped-clamped

Theorem 3.6 If both ends of the cylindrical shell are clamped, then the following estimates
for the relative error in the energy norm of the displacement field, smooth and boundary-layer
components respectively hold:

U — U™ —~3/4,—
== T < Ct e Wp’ (39)
U]l
[|lU® — Us"||] -
= = "1 < C np 310
e = ¢ 1
b _ rrbhp
M < Ctle . (3.11)
Heall

Remark 3.7 We notice that for this first benchmark problem we get an exponential rate of
convergence and the "locking factor’ ¢t3/4, which is caused by the boundary-layer components,
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while for the smooth component locking does not occur, according to (3.10). We therefore see
that the boundary-layer resolution plays an essential role in the membrane locking, even in
membrane-dominated situations.

Proof. Let us first prove the estimates for the smooth and boundary-layer components, which
together with (3.5) will imply immediately the estimate for the relative error of the displace-
ment field U.
Recall that we have already deduced in Lemma 3.2 the following bounds for the absolute errors
in the 2-D energy norms in terms of the absolute errors in the H'-norms of the 1-D reduced
components:

WU —U=h?||| < Ct2|Cpollu’ — w™" |l —1,ye ™ + Jlu® — w1 11

+ Cpoll’||1,—1,1ye” 7|,

[ =T < CE2|Cplle” = a1 aye™™P + Jlu” = w1

+ Cno||ﬂb||17(—1,1)€_mp

and notice that the equivalences of the 2-D and 1-D reduced energy norms imply also that
b b
TP~ Nwille,  HTPHE ~ flu]fe-

Moreover, as proved in [11], the smooth component of the displacement field is in this case
membrane-dominated, which implies that

lu®lle = CH2 1?1 (1,1

Taking into account that

V

||MS||17(—1,1) = HMS||07(—1,1)
_ 0 As () () =As()()
= [u®+2Re (M(t)(e Fe )HQHJ),
[u’llo,(~1,1) = Ct 2,

and
C452 < |M@)| < Ct P,

we find that
wll1,—1,1) = Cct?,
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since
As(t)(+) —X5(8) (") _ ! 2X5(t)x —2X5(t)x 1/2
e Te lo,(=1,1) = ) (6 +e F 2) dx

1 ® 1/2
_ 2X5(t)x
a [/1 2(e ¥1) dw] (3.12)

o2 (t) _ p—2)s5(1) 1/2

- V2 2
v2 2X5(t) -
> Ct'/?

which is a consequence of the asymptotic behaviour of the eigenvalue \s5(t) = O(v/t) and of
the simple observation that (e — e™%)/x = 2 + 22/3 + O(x*). Therefore, Lemma3.3 and the
upper bound of the coefficient || M (¢)|| < Ct=3 imply now that

s U=l il IMOle™ M@l e
T2 - o e [l e
Cno (6—7711? + e—nop)

— min{n1,m0}p
Coe ,

IA A

which proves the second estimate of the theorem, with n = 71, since we can choose 79 > 7.
Let us now prove the error estimate for the boundary-layer component, and recall for this the
form of the reduced energy norm

t [t :
wlp = 5[ B+ P+ (1-0) Y 63 as
- inj=1
Bl ) 2 9 L—v t 5 5
+ 2/ {1/(%11 + K2)” + (1 —v) Z ’“%’J}dx + Tt/ 1([)1 +pa)dr,
_ ij=1 Bl

with 3;;, kij and p; defined in (2.4). Keeping from the energy norm only the term which involves
the H'-seminorm of the first component of the displacement field u? = (u®,v?, w®, 6°, ¢?), we
get the following lower bound:

e > /2ty g ) > OV (313)
This can be deduced with appropriate estimates for the L2-norms of the boundary-layers

He—Ag(t)(1—~)_|_e—)\9(t)(1+-)H > Ot/2 (3.14)
0,(—1,1)

respectively

He—Al(txl-) i e—A1(t>(1+->H > Ot/ (3.15)
0,(—1,1)
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and from the lower bounds of the first components of the coefficients K (¢)(1), and L(¢)(1):
[KOD) =0, LHL) = o

Indeed, let us prove only (3.14); then (3.15) can be deduced analogously:

_ 1/2
Hef/\g(t)(lf-) + e MoB(1+) H — /1 (6*2>\9(t)(1*r) + e 2o®)(A+a) 2672/\9(15)) dx
0,(71,1) /-1
S| 1/2
_ s / (200010 4 =205(0) dfg]
L /-1 s
i 1— 64)\9(t) 2
= |2 ———— 2¢O
I g 2X9(2) e
> Ctl/2,
Consequently, we get that
|ub|1,(71,1) = ||Ub/H0 -1,1)

H)\g t)K(t)(1) (e”‘g(t )+ e~ (t)(H'))

+2Re [)\1(75)L(t)( )( “uon )+6_M(t)(1+))} Ho(—1 1)
> [Do®E@ ) |00 4 w0
2 M (O] LO)] e MO0 4 200+) H )

Estimating separately the boundary-layer components which correspond to the ¢ and v/¢ length
scales,

Ao (t)] | K (¢)(1)] H —Ao(t)(1—) + e—>\9(t)(1+')H0 i > Ot=1 .3 . ¢1/2 = 0p5/2

and

|AL(t)] [L(t)(1)] H 1(H- A1(15)(1+-)H0 > O V2 2 g = oy,

we see that the v/t scale boundary-layer component dominates asymptotically. This leads us
to the following estimates :

leflle > /2y g0y > CEY,
2l < € (IE@IfeNO0) sem@en]
L@ O gm0
< C (t—1t1/2 + t_3/2t_1/2751/4)
< oA,
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Here we made use of the fact that in this case the coefficients K (t), L(t) have the following
bounds : ||K ()| < C, ||L(t)|| < Ct3/2, as shown in Table 1.

Now it follows from the preceding estimates, Lemma 3.4 and Lemma 3.2 that the relative error
of the boundary-layer component U?

b_ . bh
T =T e c, P YTy
T T A 2 P
u” — u” p”17(—1,1) (| Hl,(—l,l) —nop
+ 5 +Cp— ¢
e O
[ K@)t~ L(t)|[t™
< oo, QU 4 VO
1K ()12 + [ L@, o [ F T —
+ t71/4 e + mwe
M t*1/2+t73/2t71/4 t71/2+t73/2t71/4
1/2 —Bp_— -8
< Ct _Cno =7 e PPe 0P =2 e p]
= —nop
+Cn0t_1/4e
< Cnofle*min{ﬁ,no}p’
which concludes the proof of Theorem 3.6, with n = (3, since we can choose 1y > f. 0

3.2.2 Case 2: free-free

In this case we get similar estimates for the displacement field of the shell, smooth part and the
boundary-layer component using the corresponding estimates for norms of the z-independent
coefficients K (t), L(t) and M (t). We summarize them in the following

Theorem 3.8

U —u"»||| o1

== "1l Ct np 316
mom 10

U — ush»||| 1

= —>= "1l Ct np 317
IFR. 1
b rrbhp

M < Otlemw, (3.18)
1T

Proof. As before, let us prove only the last two estimates, the relative error in the energy
norm of U can then be deduced from these inequalities together with (3.5) and (3.6). With
the absolute error estimates deduced in Lemma 3.2 we have that

IlU® — U]
{readly B

llu® — QS’hPHL(—m)
[Jwsle

1/2 —
ct\?|Cy, e~ Mop

Ju® — u*"ly (1) 1M1, (~1.1) o

[w*le

+ + Cy

[l
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Then from Lemma 3.3 we know already that the absolute error in the H'-norm of the smooth
component u® can be estimated by

lu® —u*lly 10y < CIM(E)]le™™P < CE>2e7m?,

Furthermore, the smooth component u* is in this case bending dominated [11], i.e. ||u®|le ~
t3/2HgsH17(_171), which implies that ||u®||. > Ct~3/2, since

1,11y = |’ 1) — 2 1M (1)]] HGAN)(-) + eiAS(t)(.)Hl (—1,1) 2 0.
The last estimate is a consequence of the following bounds
CTHTP < M@ < Ot
cW42 < ”eks(t O eiAS(t)(.)Hl,(fl,l) < C.
Therefore
Ilu® —u*|]| 1/2 —mp —
< Ct HM( )H e~ MP="0p
J{readif Cm w2
HIM ()| ™™P + Cy, lu® ”18( L1) ,—nop
sl [P

< Cflot_le_ min{no,n1 }P,

and this proves the second estimate of the theorem, with n = 7, since we can choose 19 > 7.
For the last inequality we proceed again analogously as in the proof of Theorem 3.6 and take
into account the corresponding bounds of the coefficients:

IK@® <Ct®2, L] < ct™>2 (3.19)

Next, as shown in Lemma 3.2

b bk
P I IR Rp
[tongll N ! e
Hub—ub”””\h(_l ) ”Qle(—1 1)
_|_ ) ) _|_ C ) ) e—?’]()p
]l " lulle ’

which can be further approximated with appropriate upper, respectively lower bounds for
lu” = uPPP[1 11y and [l
Indeed, as it follows from Lemma 3.4 and (3.19)

b,h
— w2y <
< Ot~ 11/4,=Pp

[|lu
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while , ,
lw’lle > Ct1/2|u |1,(71,1)

Ct1/2H)\9(t)K(7f)(1) (efkg(t)(lf-) + 67,\9(t)(1+-))

+ 2Re MOLOW) (O £ MO

[P K@) 00 4 e

v

= 2NOLOO) OO Lo

Estimating separately the boundary layer components which correspond to the ¢ and v/t length
scales,

Ot 132412 = ¢,

v

o) L —Ae@)(1+)
Ma®] KD e e ooy

MO )] e O0) 4 O] Cr 22 = 0T,

v

0,(—1,1)

since |K(t)(1)] > Ct32 and |L(t)(1)| > Ct=3/2. We see that the v/f-scale boundary-layer
component dominates asymptotically, which implies :

latle > CEPbly g > CETY2 = Cr oA, (3.20)
b —Ao()(1—) L =) (1+)
2l < € (IE@I]e te (.
“A@)(1-) L o M(B)(1+)
+ L O ] )
< C (t_3/2t_1t1/2 +t_5/2t_1/2t1/4)
< ot A, (3.21)
This implies therefore that
|Hgb _ Qb,hpm 12 t—11/4 By — t—11/4 _3 t—11/4 B
TR S O [Onmme e e + G ™
< Oyt le” min{8,70}p
which concludes the proof of the last estimate with n = 3, since we can take ng > . 0
3.2.3 Case 3: simple sliding support at the ends
Theorem 3.9
1z —u"|| .
W S Ct 16 np, (322)
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[1U° — T>"|j|

Ct_l —np 323
IFR 2
b 77bhp

w < Ctlem, (3.24)
]

where the constants C' and n > 0 do not depend on t € (0,ty], v € [0,1/2] and the polynomial
degree p.

Proof. Let us split again the relative error of the displacement field U in the sum of the relative
errors of its smooth, respectively boundary-layer parts:

U -l e — U [1L° — U*"])]
1124 ]| — Jireasl [Tond T

where now the amplitudes
As ~tY* and Ay ~ 1.

In view of Lemma 3.2 and Lemma 3.3 the absolute error of the smooth component can be
estimated as follows:

IIU* = U] < Ot Cogllu® = w*lly,—1,1ye™™P + |’ = u®ly (11

ol -1y

< COR[C MMl + M@l + Cog 1l 11,06,
so we get that
|\us — us||| < Cn0t1/2 (efmptle + ||Ms||1,(71,1)67770p) ’

since the coefficient M (t) is in this case ||M(t)| < Ct~*.
The smooth component of the displacement field is in this case membrane-dominated, which

means that
TP~ llulle = CE2 1wy, -1.1),

where the last norm is

'l = o+ 2Re (M) (MO0 5 XOOY) |

Further, [[u°[lo,(—1,1) ~ ¢ %, and the lower bound for the coefficient M (t), M(t) > Ct=7/?
implies that:

]

v

Ct3,

0,(—1,1)

v
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since |[e} ) e_)‘5(t)(')||07(_1,1) > Ct'/2, as proved in (3.12). This means that

lu*llo, 1,1y > O, (3.25)
and because the L?-norm dominates asymptotically, also

w111y > Ot (3.26)
Indeed,

'y = [2Re (M) (As(t)(O0 £ 00)) |
> O T22002 — o5l

0,(—1,1)

Now follows the second error estimate of the theorem

I1T* — U

< C tilei min{nl 7770}p
[zl "

with n = ny, since we can assume ng > 7.

For the last estimate we proceed analogously, using this time Lemma 3.4 and the corresponding
upper and lower bounds for the coefficients K (t) and L(t) respectively.

As before,

|[U® - Uty < ce2|ub - Uty

IN

CE2[Copll = w7 gy = a7

+ Ol 1ne ™|

and
la — "oy < O (K@ + L) e
< CE ATV 4R e = oy e,
w1~y < C (HK(t)HHe_AQ(t)(l_') ie_Ag(t)(H.)H1,(—1,1)

“A(H)(1-1) =1 () (1+)

+ HL(t)HHe ' te ™ H1,(—1,1))

< O (VAR g2

< Ct A

since | K (t)|] < Ct~2 and || L(t)|| < Ct~5/2 for this shell model. On the other hand, ||[U°]|| ~

uble > Ct1/2|ub|17(_1’1), and the last seminorm can be further approximated from below as
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follows:

’ub‘L(—l,l) = Hub/HO,(—l,l)

_ quokxwg)G;Mumf»+efmmu+g

-%2Rngwuqu€N@“”+€4NW+OH%PM>
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‘ Mo () K (£)(1)] H o)1) 4 7A9(t)(1+-)H0,(71,1)

20 (0) [ [ OO @D L
Now, taking into account that |K(t)(1)] > Ct, and |L()(1)| > Ct~3/2, we get that

Po(IIK (B 007 4 o4 Ot 412 = o2,

v

0,(—1,1)

Ct=1/24=3/241/4 — o7/,

v

MO 00 ¢ e |

and therefore
Wby 1y > Ot

Concluding,
H\Qb—gb’hpm < O 41/ ¢t e PPe—mop 4 e e—ﬁp_,_ﬂe—nop
|Hgb|” - "o t1/2¢4-7/4 t1/24-7/4 t1/2¢4-7/4
Cho 1= min{B.mo}p

IN

which is the last error estimate of the theorem, with n = 8 < nqg.
The last two estimates together with (3.5) imply now the first estimate. n

4 Numerical Results

In this section we present numerical results for the solution of the cylindrical shell problem
and confirm our theoretical results by the application of triangular and quadrilateral hp fi-
nite elements. In our computations we apply structured as well as unstructured meshes and
confirm by these experiments the robustness of the Ap FE technique for both triangular and
quadrilateral elements.

We restrict our numerical examples to the bending dominated case 2, that is we assume free
ends as boundary conditions, i.e. no kinematical constraints at the ends of the cylinder. The
Poisson ratio v is set to v = 1/3 and the load that is applied to the cylinder is given by f(x, ) =
cos 2. This load is self balanced in angular direction and uniform in axial direction. Although
the load is self balanced, there are rigid body modes present, which have to be eliminated.
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Figure 2: Solution on triangular meshes.

This is done by fixing the solution at three points by U(£1,0) = W(£1,0) = ©(£1,0) =0
and V(1,7/4) = ®(1,7/4) = 0. An exact solution for this cylindrical shell problem can be
obtained by assuming a trigonometric dependence of the solution in the angular direction and
rewriting the energy equation into a one dimensional two point boundary value problem. The
resulting system has constant coefficients and can be solved by determining the corresponding
eigenvalues and eigenvectors. We point out that this system is ill conditioned but that it can
be solved by using a program like MAPLE, which can compute with arbitrary high precision.
The so obtained exact solution is the basis for our numerical convergence study.

We point out that in our numerical implementation we do not use any of the symmetries of
this model problem to reduce the computational domain. The whole cylinder is meshed with
finite elements and is mapped by cylindrical coordinates into a planar rectangle, which is our
computational domain, compare Figure 1. The finite element mesh incorporates the v/t- and
t-scale boundary layer elements for both triangular and quadrilateral elements. Figures 2 and
3 show the structured/unstructured triangular and quadrilateral FE meshes that we use for
the shell thickness ¢ = 0.01. The numerical solution for the rotation © is displayed in these
Figures and the various boundary layers are clearly visible and do correspond to the chosen
boundary layer elements. In the examples that correspond to Figures 2 and 3 the polynomial
approximation order is p = 6. The FE mesh consists out of 48 quadrilaterals or out of 96
triangles. The triangles are simply obtained by dividing the quadrilaterals. The polynomial
approximation order can vary between 2 and 9.

We emphasize that the cylinder has constant curvature coefficients and that we therefore
can compute the stiffness matrix without any integration error by using a Gauss quadrature
rule, which is exact for twice the polynomial degree of the shape functions. The integration
error for the load vector is kept negligible by using a Gauss quadrature rule of order 19.

Although we present here only numerical results for the cylindrical shell problem, we point
out that our hp FE implementation is very general and capable of solving shell problems on
other geometries, e.g. on hyperbolic or elliptic shells. Our implementation also has a complete
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Figure 3: Solution on quadrilateral meshes.

hp capability, i.e. the polynomial approximation order cannot only vary from element to
element but can also vary within each element. So called hanging nodes can also be handled
by this particular implementation for the shell problem, which is based on a flexible hp code
that is described in [5].

In the following we present convergence rate plots for the energy for various thicknesses
of the shell. We focus on the cases t = 0.1, t = 0.01 and ¢ = 0.001. The thickness of the
boundary layer elements is adjusted correspondingly to the shell thickness ¢, compare also
Figure 1. Figure 4 shows the convergence rates for the relative error in the energy for a
structured triangular and a structured quadrilateral mesh. We clearly see that the hp FEM
delivers reliable numerical results and that the relative energy error is below 107° for p = 6. In
particular, we note that quadrilateral as well as triangular finite elements give similar results,
although the quadrilaterals perform slightly better than the triangles. It is evident that the Ap
approximation converges exponentially, which is consistent with our theoretical investigations.
For very small thickness and high polynomial approximation order (p > 6), however, we run
into conditioning problems. This observation is consistent with other numerical experiments
that had been performed independently by using the commercial code STRESSCHECK.

The choice of the structured FE mesh is very specific for the cylindrical shell because
the mesh is parallel and symmetric to the axis of the cylinder. For thickness ¢ = 0.01 we
also use unstructured meshes, compare Figures 2 and 3. The use of the unstructured meshes
demonstrates that mesh alignment with the direction of principal curvature is not essential for
the exponential convergence and that the hp FEM is robust with respect to mesh perturbation.
The energy convergence rates for both the structured and unstructured meshes are shown in
Figure 5 for t = 0.01. It is evident that the hp approximation also converges on an unstructured
mesh, which clearly indicates the robustness of the method. Obviously, the structured meshes
perform slightly better than the unstructured meshes but there is no significant deterioration
of the error for the unstructured meshes. Again, conditioning problems prevent the error from
decaying further for p > 6. This is evident for the case of the structured quadrilateral mesh,
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Figure 5: Energy convergence on structured and unstructured meshes for ¢ = 0.01.

since the relative error in the energy is below 1070 for 8880 degrees of freedom, compare
Figure 5. This corresponds to the case p = 6 and for p > 6 the error slightly increases due
to the numerical roundoff errors that result from the ill conditioning of the problem. The
conditioning problem also influences the numerical results on the other meshes.

Now we focus on the quality of our numerical solution in the context of locking. In detail,
we want to study how the quality of the numerical approximation deteriorates with decreasing
shell thickness t. Therefore, we define the locking factor for the energy, which is the ratio of
the relative error in energy for thickness ¢ and for thickness t = 1, i.e.

_ VER(@0 — Fa@it)] | |Fe@"1) — Frll ]

Fr(@:0)] Fa@:D)] *.1)

This ratio can be computed for various approximation orders p and is tabulated in Table 2 for
strucuted triangular meshes and in Table 3 for structured quadrilateral meshes. The locking
factors are large for fine meshes and ¢ << 1 which is a result of the fact that the hp FEM
with high polynomial approximation order solves the shell problem for ¢ = 1 extremely well.
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t=0.1 | t=0.01 | t=0.001
5.69 9.52 9.47
11.64 | 120.23 | 143.24
16.90 | 351.75 | 710.61
121.57 | 500.70 | 1.99 10°
3.53 10° | 1.31 10% | 2.38 10*
1.26 10° | 2.41 10* | 7.91 10°
1.50 10° | 4.49 10* | 9.88 107

OO U x|Ww|N|T

Table 2: Energy Locking Table. Triangular Structured Mesh.

p | t=0.1| t=0.01| t=0.001
21 1.22 1.22 1.22
30 1.22 1.23 1.23
41 1.22 1.20 1.38
51 1.22 1.33 14.52
6 1.22 0.11 | 434.41
7| 267| 534.80 | 1.27 10°
8 | 84.27 | 6.38 103 | 8.43 108

Table 3: Energy Locking Table. Quadrilateral Structured Mesh.

Basically all significant digits of the energy fR(th; 1) are correct, which gives a very small
number in the denominator of (4.1) and results in a large locking factor. This also indicates
that the convergence of the FEM for ¢ << 1 is much slower than for ¢t = 1. The convergence
rates for small ¢ do have a defect when compared to the convergence rates for ¢t = 1. This
is expressed by the locking factors but we emphasize that the exponential convergence of the
method still dominates, although significant locking factors are present. These locking factors
are much larger for other quantities of engineering interest, such as stresses and strains, as we
have seen from our numerical experiments.

5 Conclusions

In this paper, we have analyzed theoretically and numerically the hp-FEM for a Naghdi-type
model of a cylindrical shell with various boundary conditions. It was found that with proper
mesh design the boundary layers (resp. edge effects) could be resolved by inserting a single layer
of anisotropic p-elements along the edge for each length-scale in the solution. The relative error
in the energy was found to converge in all cases, from membrane dominated solutions to fully
bending dominated solutions, exponentially in terms of the degrees of freedom, however, with
a locking factor O(t%) with —1 < # < 0. It was found that the exponential convergence rate
compensates for possible adverse impact of the locking factor so that various case-dependent
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devices (as, e.g., reduced integration) aiming at a reduction of membrane locking are not
required.

In this work, only the case of a cylindrical shell was analyzed. The hp-FE discretization
presented, however, is completely general and applies to any shell-geometry, provided exact
parameter representations of the shell mid-surface are available. A similar analysis could be
performed for general shells with smooth midsurfaces once sufficiently refined asymptotics of
the exact solutions of the shell models are available. Present rapid progress [4] raises the hope
that this may be so in the near future.

Some issues that will be addressed in forthcoming work are: in practice, additional hp-
surface approximation must be performed whose impact on the solution accuracy is not known;
this holds likewise for the order of numerical integration for the different parts of the stiffness
matrix. Finally, there is of course the issue of the modeling error between the exact solutions
of the shell model and of three-dimensional elasticity. While there are now asymptotic a-priori
estimates of the error between three-dimensional and two-dimensional linearly elastic models
(see [4]), much work needs to be done on the computable a-posteriori estimation of the shell
modeling error. Any such estimate requires, however, an accurate numerical solution of the
shell model itself. Here, the hp-FEM seems to be an attractive alternative to other, more
classical approaches.

A Appendix

Theorem A.1 The roots of the characteristic polynomial

P(\;t,v) 3N 4 (—6thy — 200 — 265 — 3612 — 78t4)A®

+ (2407 — 36t + 72670 + 16100 + T2t1y + 68417 + 16° + 50414)\6
+ (2880t — 24t5 — 288t%y — 120ty — 1416t — 8t0v + 160215 — 432 + 4320%)\1
+ (518412 + 2160t*)\2 — 1728t* — 5184¢>

can be expanded in Puiseux series with respect tot € (0,tg], for a sufficiently small tg > 0, such
that the principal parts are analytic as functions of t, (for \i(t), i = 9,10), or as a function of
Vi, (for \i(t), i =1,...,8 respectively).

Proof. Let us start by rewriting the characteristic polynomial in the following form:
P\t v) = 3t 1 #2a ()N + £2b(0)AC 4 c(t) AT + £2d(1) A% + t2e(t),
where a(t), b(t), c(t), d(t) and e(t) are polynomials with respect to ¢, such that
a(0) #0, b(0)#0, ¢(0)#0, d(0)#0, e(0)#0.

We substitute then
M=z and z = y/t!,
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so that the characteristic equation becomes:
3y° 4+ a(t)t®y* + b(t)t59° + c(t)t3y? + d()t*y + e()t'® = 0.

We already expect that two of the roots, Ag(t) and \ig(t), are Laurent series with respect to
t, and their singular parts are of the form « - 1/t, for some constant «, so we further make the
substitution z = z/t2.

This implies y = t?2, and the equation becomes

3(t%2)5 + a()t*(t22)* + b(0)t0 (t22)® + c(t)t3(t%2)? + d() 4 (122) + e(t)t!® = 0,
& 3t1025 4 a(t)t102% + b(1)t1223 + c(t)t122% + d(t)t102 + ()t = 0.

Dividing by t'0 we get
Q(z;t) == 32° +a(t)z* + b(t)t?2% + ()22 + d(t)t52 + e(t)t® = 0.
Now, obviously Q(z;t) is an analytic function in both variables, and
Q(2;0) = 32° + a(0)2* = 24(32 + a(0)).
If we take zp = —a(0)/3 # 0, then

Q(20;0) = 0, %—3(20;0) # 0,

which allow us to apply the Implicit Function Theorem (analytic version), to get that 3z(:) =
z(t) € A((—e,¢€)), for some ¢ > 0 sufficiently small, such that

Q(z(t);t) =0, YVt € (—¢,¢), 2(0) =20 =12 > 0.

This implies that, for sufficiently small ¢ > 0, 2(t) > 0,Vt € (—&,¢), and an immediate
consequence of this is that also v/z(t) € A((—¢,¢)). Then

and this proves our claim for these eigenvalues.

For the other eigenvalues we proceed further analogously. We already expect that the singular
part of the first four, \;(t), i = 1,..,4, is of the form - 1/4/t, for some constant 3, so we
substitute again in the characteristic equation z = z/t. This means that y = t*z = t32. In
this way the equation becomes:

3(t32)% + t2a(t)(t32)* + b()t0(t32)2 + c(t)tP(#32)? + ()t (£32) + e(t)t'® =0,
so if we divide both sides by t'4 we get

Q1(z;t) = 3t2° + a(t)z? + b(t)t2> + c(t)2? + d(t) P2 + e(t)t* = 0.
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We notice again that Q1(z;t) is an analytic function in both variables, and

; =a Z4 C ZQZC 22 wzz
Qu(::0) = a0)2* +(0)2* = (0):* 1+ 4112

has zp1 = iy/c(0)/a(0) and —zp; as simple roots (c(0) = —432(1 — v?) < 0 for v € [0,1/2]):

Q1(201;0) = 0, Q1(—201;0) = 0,
%(201;0) 75 0, 88%1(—201;0) 75 0.

Next, the Implicit Function Theorem implies that 321 = z1(t) € A((—¢,¢)), € eventually
smaller, such that

Ql(zl(t);t) = 0, Ql(zl(t);t) = 0, Vite (—5,8),
21(0) = zo1, Im(z1(t)) > 0, Vite (—ee).
Then the first four eigenvalues are:
M (1) = <=1+ )y Tl (1) — i Re(1 (1)
Aa(t) = A (1),
As(t) = —=Ai(t),
A(t) = =i (1),

with the choice of the principal branch of the square root function with complex arguments,

ie. vz = |zlexp(iargz/2), argz € (—m, 7).

It remains to analyse now the eigenvalues \;(t), i = 5,..8, which we expect to be of the
form /t- f(t), with f(¢) an analytic function in a small neighbourhood of 0. Then, take x = tz,
which implies y = t*z = t°z, and substitute this in the characteristic equation to get

3(t72)° + a(t)(t02)" + b0 (t72)* + c(t)t* (£°2) + d(t)t" (£°2) + e(t)t"® = 0.

t18

Dividing both sides of the preceding equation by it follows:

Qo(z;t) = 3t725 + a(t)ttz + b(t)t323 + c(t)2® + d(t)tz +e(t) = 0.

It is easy to see now that QQ2(z;t) is an analytic function in z and ¢, and the equation Q2(z;0) =
c(0)2? + e(0) has two simple, complex conjugated roots zge = i/e(0)/c(0), —z02, (e(0) =
—5184 < 0):

Q2(202;0) = Q2(—202;0) =0,

0 0
&(202; 0), %

az (202; 0) 75 0
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Then, eventually taking € > 0 smaller, we find that 32(t) € A((—¢,¢€)), such that

Q2(22(t);t) = Q2(Z2(t);t) = 0, Vt € (—¢,¢),

22(0) = 202,

and because of the continuity of the implicit solution we can also assume that

Im(z2(t)) > 0, Vte (—¢,¢).

Then the remaining eigenvalues are

Xs(t) = /5 (L4 i)/ Im(za(0) — i Re(=2(0)),
No() = Xs(0),

Ar(t) = —2s (1),

Ns(t) = X (1),

with the same choice of the square root in the complex context \/z = +/|z| exp(i arg z/2),
arg z € (—m, ), so the theorem is completely proved. 0
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