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STABILIZED HYBRID FINITE ELEMENT METHODS
BASED ON THE COMBINATION
OF SADDLE POINT PRINCIPLES OF ELASTICITY PROBLEMS

TIANXIAO ZHOU

ABSTRACT. How, in a discretized model, to utilize the duality and comple-
mentarity of two saddle point variational principles is considered in the paper.
A homology family of optimality conditions, different from the conventional
saddle point conditions of the domain-decomposed Hellinger—Reissner princi-
ple, is derived to enhance stability of hybrid finite element schemes. Based on
this, a stabilized hybrid method is presented by associating element-interior
displacement with an element-boundary one in a nonconforming manner. In
addition, energy compatibility of strain-enriched displacements with respect
to stress terms is introduced to circumvent Poisson-locking.

1. INTRODUCTION

Due to the good performances of several 4-node quadrilateral elements [9]—[14]
recently, there is a renewed interest in the construction of finite element schemes
that enhance or enrich standard displacement schemes. The two aims of this en-
hancement are (1) to achieve a greater order of accuracy when using coarse meshes,
and (2) to circumvent the locking response in the nearly incompressible regime
while preserving the convenience of the displacement finite element methods. The
different approaches, such as the assumed stress hybrid method [9] [10] and the en-
hanced strain method [11]-[14] have been considered in the literature. Rational use
of accuracy-enhanced displacements of nonconforming bubbles type is fundamental
to these methods. But, up to now, there is no mathematical conclusion for any
good numerical performance of these lower order elements. In particular, the con-
dition that guarantees the achievement of higher accuracy and the circumvention of
the locking response is not known. Besides in the past, two classes of saddle point
problems, derived from the potential energy principle and the complementary en-
ergy principle, respectively, were discretized each in isolation, and the duality and
complementarity of mechanical variational principles was not taken into account
for the construction of discretized models of high performance. Then the so-called
inf-sup condition [I] makes optimal construction complicated.

Following the basic idea of [I8], we consider how to incorporate the strong points
of two mutually dual aspects into a hybrid model. The so-called third-class hybrid
variational method, different from the conventional hybrid methods, is given. The
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1656 TIANXIAO ZHOU

new method is based on a linear combination of two dual systems of saddle point
conditions. One of the two saddle point problems used is the domain-decomposed
Hellinger—Reissner principle, another is a dual to the former, primal hybrid varia-
tional principle. The paper shows that this combination leads to a homology family
of optimality conditions for the two variational principles, and the new hybrid fi-
nite element method does not require the inf-sup condition. Thus the method is
stabilized, but different from the various least square methods [3|, 4, [5 [§]. For
convenience, it will be referred to as the combined hybrid method.

In addition, based on the convergence analysis for the stabilized hybrid method,
a concept of generalized compatibility, the so-called index of energy compatibility
is introduced to answer the previously mentioned question. It is pointed out in
this paper that the index of a nonconforming displacement subspace with respect
to a given stress space is crucially important to construct the “good” lower-order
elements.

The layout of the paper is as follows. The second section is devoted to derivation
of the homology family of optimality conditions for the saddle point variational
principles of elasticity. Then a mathematical foundation of the stabilized hybrid
method is established in the third section, and the convergence error estimates
that introduce the concept of index of energy compatibility are derived. In the
final section, the index of energy compatibility (E-C index) is defined. The higher
E-C index of the Wilson displacement mode with respect to the Pian—Sumihara
stress mode [0] is verified. The effectiveness of the E-C index on improvement of
accuracy and stability is illustrated by two new quadrilateral elements of lower
order.

2. COMBINED VARIATIONAL PRINCIPLE

Let us consider the following elasticity problems:

—dive = f
(2.1) o = Dle(u)] in €,
e(u) = %(Vu + V7Tu)
u=20 on 02,

where u is the displacement field, o the stress tensor, € the strain, f the body force,
D the fourth-order tensor of the elastic moduli, Q the region in R" (n = 2,3) with
boundary 9f2.

Besides the usual symmetry properties for D, assume that there exists a constant
C > 0 such that for any ¢(v),

Dle(v)] - e(v) > Ce(v) - e(v).

In the paper, the Sobolev spaces H™(2), HJ*(£2) and other relative notation
such as the divergence space H(div,2), norm || - ||, semi-norm | - |, and so on,
will be employed without explanation. For the meaning of these notations, see [I].

It is known that the principles of minimum potential energy and minimum com-
plementary energy are two basic variational approaches to a solution of the prob-
lem, and the displacement space (H}(2))™ and the stress spaces H(div;) :=

n(n+1)

{T € (L2()) = "|.divr € (L*(Q))"} are two basic solution spaces.
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STABILIZED HYBRID FINITE ELEMENT METHODS 1657

For the finite element needs of relaxing continuity, some piecewise Sobolev
spaces are introduced in various mixed /hybrid methods to replace (Hg(£2))™ or/and
H(div, ). In the paper, the following spaces are considered:

V=[] H(div,),
Q,€Th

U:{'UE ( H Hl(Qz)> |: U|8Q:0}a
Q€T

where Ty, = {Q;} denotes a (finite element) subdivision of 2. Because both the
displacement continuity and the normal stress continuity across the interfaces 9€2;
are relaxed simultaneously, we yet need a Lagrange multiplier space, i.e., the dis-
placement trace space

For the stress/displacement space V x (U x U,), there are also two variational

approaches to the solution of problem (21I). In other words, we have the following
theorem.

Theorem 2.1. Assume that f € (L*(Q))". The problem 2] is equivalent to any
one of the following two saddle point problems.
Find (o,u,u.) € V x U x U, such that

(2.2) a(o,7) —ba(r,u) + by(r,u —u.) =0 V1T eV,
(2.3) ba(o,v) —bi(o,v —v.) = (f,v) Y(v,v.) € U x U,.
Find (o,u,u.) € V x U x U, such that
(2.4) —bi(o,v —ve) + d(u,v) = (f,v) V(v,v.) € U x U,
(2.5) by (T, u —uc) =0 V1 eV,
where
a(o,7) = / o D[] d2, dw,v) = 3 / c(u) - D[=(v)] d9Y,
@ QieT,
by(r,0)= > f{ (7 -t) - vds, by(r,0) = > / 7 e(v) d€,
Q€T /0% QeT, /%

and 7 denotes the unit outer normal to 0%);.

Proof. By virtue of the integration by parts formula

/a:a(v)dQ:?{ (a~ﬁ)~vds—/diva'vdﬂ,
K oK K

the problem (2.1)) can be changed into the weak formulation

(2.6) ZUQ T-D’ladQ—/ﬂ T.s(u)dg} =0 Vr eV,

(2.7) > Uﬂ o-e(v)dQ —

i i

(a'ﬁ)-vds}—(f,v) Vv e U.
o9,
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1658 TIANXIAO ZHOU

Setting Ue = uloq, and recalling that o = De(u) € H(div;Q?) and for v, €
)" Jole(u)De(ve) 4 div o - v ] dQ = 0 implies that ), fan o) v.ds =0,
( ) (IZ'_B) is equlvalent to the following saddle point formulation:

Z[/ﬂ T'D_ladﬂ—/gliT-E(U)dQJr]gQi(r-ﬁ)-(u—uc)ds} =0 Vrev,

i i

=(f,e

c(v) dO) — 7{)9'(0 ) - (o — vc)ds] — (fv) Y(,0) €U x U,.

Then the first part of the theorem is proved, and the second formulation can be
derived in the same way from the second order equation — div De(u) = f. O

Remark 2.1. In mechanics, the problem (22),(23) without the decomposition of
) is referred to as Hellinger—Reissner principle. Pian’s hybrid method [6] [9, [T0] is
based on (Z2),(Z3). Tong’s hybrid method is based on (Z4),(Z5). In addition,

we can point out that (Z2),(23) and (Z4),[Z5) are, respectively, the optimality
conditions of the following saddle point problems:

inf sup {%a(r,r) —bQ(T,'U)+b1(7-;v_vc)+(fav)}

TEV (v,v:)€EUXU,

and

1
o vL)lngJXUL 51618 { 2d(v,v) —bi(r,v—v.) — (f,v)} .
In the present paper, we do not directly discretize the above two saddle point
problems that require the Babuska—Brezzi condition. Motivated by incorporating
the second order terms a(r,7) and d(v,v) into one system so that the inf-sup
condition is weakened or circumvented, we will study the following problem.
Find (o,u,u;) € V x U x U, such that

(2.8) «a(o,7) — aba(r,u) + by(r,u —u.) =0 Vr eV,
(2.9) aby(o,v) —bi(o,v —v.) + (1 — a)d(u,v) = (f,v) V(v,v.) € U x Uy,
which can be viewed as a weighted average of (2.2),[2.3) and ([24),[25) with the
weight factor o : 0 < @ < 1.

In order to clearly display the enhanced stability of the combined variational
principle (23)),[29) and to learn how to circumvent the inf-sup condition, we will

study the well-posedness of the problem (Z8]),(Z) in an abstract framework.
V and U x U, can be equipped with the norms

1
2
Illv = ll|7||g,ﬂ+ > h?lldiVTH%,gi] :

Q;€Ty

Qi €Ty

(v, ve)[oxw, = [ Y (@), + v =vell3 oo, ]
1
2

where [[v]|1 g0, = infye gy @) [hi v +wl[§ o, + e(v+w)[§ 0,17, and h; denotes
the diameter of €Q;.
For the validity of the second norm, it is merely needed to check that

(v, ve)[uxu, =0 — v =wve=0.
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In fact, Y, [|[v — vell3 o, = 0 implies v € (Hg(£2))". Hence, Korn’s inequality can
2 i

be used to conclude that ||e(v)|| =0 — v = 0. Then, V and U x U, are two Hilbert

spaces.

Theorem 2.2. For the problem ([2.8),(2.9), there exists a unique solution (o,u,u.) €
VxUxU, andu € (H} ()", (u—1uc)|on, =0V € Ty, and o = Dle(u)],divo+
f = 0. In other words, for any a : 0 < o < 1, the system 23),29) is another

variational formulation of problem BJl) that admits nonconforming displacements
and piecewise discontinuous stresses.

In the proof of this theorem we need two lemmas. So, let us introduce the closed
subspace of piecewise rigid displacements
Uy = {v € U|.d(v,v) = 0},
and the linear mapping G : U — Uy,
0 if Ql S B(Th),
G(U)lQi = 1 .
R(v) + 5R(curlv) x (X — R(X)) if Q; ¢ B(Tx),
where B(T}p) := {§; € Tx|.(n — 1) — meas(9Q; N 0N) > 0} is a set of the boundary

subdomains. R and X are two n-dimensional vectors. X denotes the coordinate
vector of any point X € Q, R(w) = (meas(;)) " [, wd.

Lemma 2.1. G(v) = v Yv € Uy and there exists a constant C > 0, independent
of h;, such that for v e U

lv =G0 < Chi~"lle(v)llog, (t=0,1)

and
[v—=G)ll1 00, < Clle@)llo.0:-

Proof. Since v € Uy can be expressed by v|g, = C1 + C2 x X, where C,C> are
two n-dimensional constant vectors, it follows that 1R(curl(Cy x X)) = C3 and
R(C1 4 Cy x X) — Cy x R(X) = C;. Then the first conclusion is proved.

Next, by the well-known error estimates for the interpolated approximation [2],
it can easily be derived from the definition of G(v) that for w € U,

[w = G(w)llo,0
G-y

1
wdQ] + —R(curlw)
o 2

x [(meaS(Qi))l /Q X dQ — X}

0,82,
1

1
< Chilw|i 0, + 5|R(cur1w)|C’hi[meaS(Qi)]5 < Chilwl|i q,,

where the constant C' > 0 is independent of h,.
Since G(v — G(v)) = G(v) — G*(v) = 0, it follows by setting up w = v — G(v) in
the above estimation that

(2.10) v =G@)llo,2, = llv—G(v) = Glv = G(v))llo,0; < Chilv — G(v)]1.0,-
On the other hand, by virtue of the definition of G(v), we get

/ curl(G(v) —v) dQ2 =0,
Q;

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1660 TIANXIAO ZHOU

which enables us to apply Korn’s inequality to G(v) —wv (see [7} §42, Thm. 2]). Thus
we have

[v = G(v)|10; < Clle(v = G(v)llo,a, < Clle(®)lo.0:;

where C' > 0 is independent of h;. Combining this estimation with (ZI0) leads to
the required second results. The proof is completed. O

Lemma 2.2. Let us define

2

v loxu, = | Y- (e@)llf.a, +I1Gw) = veld 50,)

Qi €Ty

Then ||(+,-)lluxu, is a norm equivalent to ||(-,-)||tr v, ; that is, there exists a con-
stant C > 0, independent of h;, such that for (v,v.) € U x Uy,

(2.11) C (@, ve)lloxu, < (0,00 [oxu, < Cll(v,ve)|uxu..
Proof. By virtue of Lemma 2] there exists a constant C' such that for (v,v.) €
U x U,

[0 = vell1 00, < 1G(©) = velly 00, + v = G(V)ll1 0,
<G () = vell1 00, + Clle) o,

By the definitions of ||(-,-)||{xu, and [|(; ) [[uxw,, this inequality yields the desired
result, Le., ”(U;'Uc)”{ijc < C"(U7UC)||U><Uc'

In the same way, we can conclude that the left-hand side inequality holds as well.
Then, the lemma is proved. [l

Proof of Theorem [Z22L This proof is nothing less than a concrete application of
Theorem 3.1 in [18]. For the sake of completeness, we sketch the proof here to give
a clue to a new stabilized discretization of the problem (2.8),(2.9).

First, it is easily derived from Lemma 2] that the orthogonal complementary
space of Uy x Ug, with respect to the norm ||(+,)||luxue, can be expressed as
(Ug x Ug)t = Uz x {0}, where Uz := {v— G(v), Vv € U} = {v € U|.G(v) = 0}.
Thus, we can express (v,v.) € Uy x Ug by the orthogonal decomposition

(U7U0) = (’Ud, UC) S2] (UOv O)a

where vy = v —vg, vg = G(v). Based on this decomposition, the problem (2.8)),(29)
can be written as follows:
Find ((o,uo), (ug,uc)) € (V x Uz) x (Ug x U,) such that

(2.12) «a(o,7) — b (7,up) + b1(T,uqg —uc) =0 Vr eV,
(2.13) b, (0,v9) + (1 — a)d(ug, vo) = (f, vo) Yvg € Uj[,
(2.14) —b1(o,v4 — ve) = (f,va) V(va,ve) € Ug x U,

where b, (7,v9) = aba(7,v9) — b1 (7, v9).
For the equation [2I3)), it follows from Lemmas B1] and 227 that for (7,vg) €
V x Us (vg =v — G(v)),

[ba (7, v0)| < [|7llv - [[ (w0, 0)[uxu, < CliTllv - [I(v0, 0)[uxw.
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and

-

1(v0, 0)[[uxu. =

3 (||e(v0)||g7m + ||G(vo)||3mi)] = lz IIE(vo)Ilé,ni]

)

S Cd% ('U(), ’Uo),
which say that b, (7,v9) is bounded on V x (U x {0}), and d(,-) is Uy x {0}-
elliptic. Then, by virtue of the Lax—Milgram theorem, there exists a resolvent

operator T : V — Uj such that

(1 —a)d(T(7),v0) = —=ba(1,v0) Vg € Uj‘

and

*

c
1T 0)luxv, < 7 l@Bs2 = Burllwv.y,

—

where (U x U¢g)’ denotes the dual spaces of U x U, and By and B; denote two
linear operators defined respectively by

ba(7,v) = (Ba(7), (v,0))(UxU. ) x(UxU.)

by (7,0 —ve) = (Bi(7), (va”c»(Uch)/x(Uch)} V(T (v,0e)) € Vox (U x Ue).

In addition, there exists a unique solution uj; € Uj such that
(1- a)d(uj;,vo) = (f,v0) Yoo € Uy.
Thus the solution ug for can be expressed by
(2.15) ug = T(0) + uj,
and we have
—bu(r,up) = (1 — a)d(T(7), T (o) + u})
= (1= a)d(T(0), T (7)) + (£, T(7)),

which enables the problem ([2.12)),[2.13),(2.14)) to reduce into the following.
Find (o, ug,u.) € V x Uy x U, such that
aa(o,7) + (1 — a)d(T'(0), T(1))
(2.16) + by (r,uqg —ue) = —=(f,T(1)) YT eV,
(2.17) —bi(o,vq —ve) = (f,va) V(va,ve) € Ug x U.
This is a stability-enhanced saddle point problem. By virtue of Theorem II-1.1
in [I], the existence and uniqueness of the solution (o, u4, u.) can be guaranteed by

checking the corresponding inf-sup condition and the kernel-ellipticity condition.
To the end, we equip the space V with another norm defined by

1
2

1
7l = |ealr,7) + mH(O‘BQ - Bl)T||(2U><Uc)'
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By Lemma and Schwarz inequality, we have

aba(7,v) — by (1,v — v)

[(aBs — B1)T|(uxu.y = sup

(v,00)#0 | (v, ve)|luxu.
<C sup aba(1,v) — bl*(T,v — V)
(v,0¢)#0 H(U’UC)HUXUC
< C|7|lv-
Then
(2.18) 7l < Clitllv.

By the definition of ||-||%;, it is obvious that b (7, v—v,) is bounded on V x Uy x U,
ie.,

[bi(m,v = ve)| < Cl|7lly - (v, ve) [luxu,  V(T,v,0c) € V x Ug x U.
Thus, recalling that 7 -7 : H(div; ;) — H-2 (09;) is surjective, we have

b —
sup L% =) 5 o
o 7l% o I7llv

(2.19) >C [Z [ (va — vc)llé,am]

> C”(vd;vC)H{IXUc
> C|(va, ve)lluxu,  V(va,ve) € Ua x U,

by (7,v4 — ve)

2

that is, the inf-sup condition is verified.
Now we return to prove that there exists a constant C' > 0, independent of h;,
such that

ca(r,7)+ (1 —a)d(T(7),T(1)) = Cl7||vv V7 € ker(By),

where ker(By) := {7 € V|.by1(1,v4 — v.) =0, Y(vg,v.) € Ug x U}
In fact, since ba(7,v4) = 0, V7 € V, it follows by UxU, = (UgxU.)® (U7 x{0})
that for 7 € ker(By),

((aBg — B1)T, (vd, ve))(uxu.yx(uxu,) =0 V(va,v.) € Ug x U,
then

((aBy = B1)7, (v0,0))(UxU.) x (UxU.
||(06B2 — Bl)T”(UXUU)’ = sup 5 (UxU,.)’'x(UxU,)
vo€UY ||(U0, )||U><UC
vo;ﬁo
(1 — a)d(T'(7), v0)

oo (X, e(@o)2.0)F

<(1- Oé)d%(T(T),T(T)) sup d%(vo,vo) I
w00 (3, le(@o)lI2 0,)?

< C(1—a)d?(T(r),T(r)).
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Hence,
(Im)? = 0a(r, ) + = l|(@B2 ~ B,y
< C?*aa(r,7) + (1 — )d(T(7), T(7))];

that is, the bilinear form ca(r, o)+ (1—a)d(T (o), T (7)) in [ZI8) is ker(B; )-coercive.

Up to now, all the conditions are satisfied which are required by the Babuska—
Brezzi theory [11], thus the existence and uniqueness of the solution (o, udl +ug, u.),
is proved. Moreover, the other results in Theorem can be obtained by the
standard variational calculus arguments. Then the theorem is proved. (Il

In a word, Theorem[2.2] provides us with a new discretization approach to hybrid
schemes. This analysis shows that in the case of Uc being completely independent
of U, only the inf-sup condition 219) is required; i.e., for (v,v.) € (U X Ug)q :=
{(v,v.) € U x Ug : d(v,v) = 0},

(220) sup 202V 5 60,00
rev  I7lv

In the next section we will point out that if associating U, with U so that U
is a strain-enriched space of U, this condition can be circumvented. A combined
hybrid method of avoiding this inf-sup condition can be presented.

3. HYBRID FINITE ELEMENT SCHEMES
OF AVOIDING THE INF-SUP CONDITION

From the proof of Theorem 2.1} it is known that v, € (H}(€2))" may not be
independent of v € U. We can consider another type of the combined varia-
tional principle that Uc is associated with U. In fact, let U be a subspace of U,
U D (HE(Q))", and let T,(v) : U — (HZ(2))"™ be a linear mapping such that
(3.1) T.(v) =v Yov e (Hy(Q)";

(3.2) there exists a constant C' > 0, such that for (7,v) € V x U,

[b1(rv = Te(w))| < ClI7llv - d* (v, v).

By replacing the displacement space U x Ug with U x T,.(U), the variational
formulation (ZE)),(23) is changed into the following.

Find (o,u) € V x U such that
(3.3) aa(o,7) — ba(T,u) =0 VT eV,
(3.4) ba(o,v) + (1 — a)d(u,v) = (f,v) Vv e U,
where b, (7,v) := abs(7,v) — b1 (1,v — T.(v)).

Two displacement variables are reduced into one. For convenience, T,(-) will be

referred to as a coupling operator.
In this case, the additional assumption that

{veU:d(v,v) =0} =:Uy = {0}
enables us to equip the space U with the norm |v]|u := dz(v,v). Thus, since

bo(7,v) is a bounded bilinear form on V x_ﬁ and |by(1,v)] < C|7||lvilv|u, by
virtue of the resolvent operator T'(7) : V. — U previously defined by

(1 —)d(T(7),v) = —bs(r,v) Yo €U,
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the same treatment as in the proof of Theorem [Z2] makes the problem (33)),([34)
reduce into the following.

Find ¢ € V such that
(3-5) aa(o,7) + (1 —a)d(T(0), T(7)) = —=(f,T(7)) VreV,

which is merely an extreme value problem.

In contrast with the saddle point problem (2I6)),([2-17) the inf-sup condition
(220) is avoided in this case, but by the same argument as before, we can still
conclude that the problem (B) is V-coercive. Then the following lemma is proved:

Lemma 3.1. Assume that
(3.6) T.(v) is a coupling operator;
(3.7) forv e U,d(v,v) =0 — v =0.

Then thee exists a unique solution (o,u) € V x U of the problem (3.3),[B4) such
that div(c) + f = 0 and 0 = De(v), and the inf-sup condition (2:20) is avoided.

Now we focus our attention on a class of particular piecewise H '-spaces, including
the so-called strain-enriched displacement spaces used in [I1]-[I4]. Let U; be a
finite dimensional space of nonconforming bubble type, such that

(3.8) U; N (Ho(2)" = {0},
(3.9) [vrllo.q; < Chille(vi)llo,e,  Vor € Uy,
where C' is independent of h;.

For practical purposes, the following spaces can be viewed as typical examples
of this type:

Ugl) Q. = {0ro F, ' : o € span(1 — €2,1 —n?)},

where F;(&,7n) denotes the affine mapping from the referential square {(£,n) €
[—1,1] x [-1,1]} to the quadrilateral §;;

U§2)|Qq = {ﬁIOFZLil 10 € Span(l—EQ, 1_7727 §(1_€2)a 77(1_§2)7 §(1—772)7 77(1_772))}
and so on, as well as the corresponding three-dimensional counterparts. It can be
shown by Proposition [3:I] below that the conditions [B.8),([39) are satisfied for all
these spaces. Following the mechanics, U := (H(Q))" @ U will be referred to as
a strain-enriched space.

Due to the assumptions (3.8),([B9), v; € Ur and vy # 0 imply that d(vr,vr) # 0
and d(v; — v, vr —v}) # 0, where v} € (Hg(Q))™ denotes the orthogonal projector
of vy on (Hg(2))™ with respect to the norm dz (v,v); ie.,

d(vr —vi,w) =0 Yw € (H Q)™
Thus, for v € U such that v = v, + vy, v, € (H ()", vy € Uy and v; # 0, we
have an orthogonal decomposition of

v = (ve +07) @ (vr —vg)

such that
(3.10) d(v,v) = d(vr — vj,vr —vj) > 0.

Hence, d(v,v) = 0 yields that v; = 0 and v = v, € (Hg(Q2))", then v, = 0 due to
Korn’s inequality. Based on this, the first conclusion of the following theorem is
proved.
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Theorem 3.1. The strain-enriched space U is a Hilbert space with norm ||v||v =
d%(v,v), and for v = v, +vr € U, Tc(v) = v, is a coupling operator. Therefore
the variational formulation B3),@3) in which U and T.(-) are replaced by U and
T.(+), respectively, is equivalent to [21), and the inf-sup condition corresponding

to (Z:20) is avoided.

Proof. Tt is obvious that T.(-) is linear and T.(v) = v for v € (H}(2))™. Therefore,
for the second conclusion it remains to prove that there exists C' > 0 such that

|bi(r,v —Te(v))| < C||T|\vd%(v,v) V(r,v) € V x U.

In fact, by the assumption (3.9), we have

(3.11) o =Te()]lo,0; < Chillv =Te(v)]lu.
Since Uy is finite dimensional and d(vy, vy) > 0 implies that d(v; — vy, vr —v}) > 0,
we obtain
d _ * _ *
(3.12) min JWLZULUI )
UIE;{)I d(’l)],’l)])
vy

where Cy denotes the minimum characteristic value of the matrix

d@y o)
F@D T @, ) ),

and v} := gt) —v;(t), {vy) }+ is a complete set of linearly independent base functions.
Thus by BI0) and BI2), we get
(3.13) Collv = TG < llor = villt < [lvliE-

By Green’s formula and Schwarz’s inequality,

Z/m[diVT-vl + 7 -e(vr)]dQ2

1
lvrll3 e, ’
<|7llv- {Z l -+ le@nlie,
K]

< Cl7llvllvllu - due to (BIT) and B.I3).

Then T.(-) is a coupling operator. Therefore, by Lemmal3.I}, the theorem is proved.
U

[bi(7,v = Te(v))] =

Now we turn to discuss the finite element approximations and convergence anal-
ysis. Let V? and U" be two finite element spaces such that V* ¢ V and U" c U

V' i={reV:rlo, =p, o ',V € T} = V7,
U" .= {veU:v|g, = pso F 1,V € T},

where r and s denote nonnegative integers, ]3,« the set of polynomials of order < r,
F;(+) the affine mapping from a referential element K to ;. Thus, the combined
hybrid schemes can be established as follows.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1666 TIANXIAO ZHOU
Find (o5, us) € VP x U" such that

(3.14) aa(op, T) — ba(T,up) =0 vrevh,
(3.15) bo(op,v) + (1 — a)d(up,v) = (f,v) Yo € U

The existence and uniqueness of the hybrid finite element solution (op,up) is
guaranteed by the argument in Theorem[3.1] Then from the following theorem, we

can know that the hybrid scheme (3:14)),(3:15) is stabilized.

Theorem 3.2. Assume that U" is a strain-enriched subspace and there exists
C > 0, independent of h;, such that for Q; € T}, and v € U",

[v = Te(v)]l3,00, < Clle(®)llo,0;-

Then

) (1 - 20) u— wnflu < Cla(l — o))

by (r,v— T,
{ inf [lo—7|v+1—20)"" inf |Ju—ollu+ sup MH
TEVH veUh revh HTHV

—

1
lo—onlloa+

where [[vllu == (Xq,eT, ||€(v)||(2)9)% and C is independent of h,a and the Poisson
ratio v.

Proof. Let us first assume that (IT;0, Ilou) € V* x U" is any given approximation
of (o,u). Subtracting the equations (3:14),[BI5) from (3:3)),[B4), respectively, and

recalling that (v — u.)|aq, = 0, we have

3.16
( aa(i‘[la — op,7) — aba (7, Hou — up) + by (7, Mou — up, — To(Mgu — up,))
= aa(Ilyjo — 0,7) — abs (1, Tpu — u) + by (1,1ou — T.(Ipu)) VY7 € V",
(3.17)
aba(Ilyo — op,v) — b1(Il1o — op,v — Te(v)) + (1 — a)d(ITou — up, v)
= abs(Ilyo — 0,v) —b1(Ilho — o,v — Te.(v)) + (1 — a)d(Ilpu — u,v)
Yo € U

Setting up 7 = doyp, :=Ily0 — o and v = duy, := llyu — up, in the above equations
and then adding both, we get

aa(dop,dop) + (1 — a)d(dup, dup)
= {aa(llyo — 0,00p) — aba(dop, Mou — u) + abe(Ilyo — 0, dup)}
(3.18) + {=b1(Il10 — 0, dup, — Te.(dup)) + (1 — a)d(Ilpu — u, dup)}
+ b1 (0op, Hou — Te(Ilu))

=Y (0,u) + by (dop, Mou — T (Iou)).
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For the algebraic sum »_ (o, u), by virtue of the Schwarz inequality and |ba(7,v)| <
as (r,7) - d%(v,v), we have
‘Z(a, u)‘ < aa?(llyo — 0,1ly0 — o) - a2 (o4, 5oy

+(1- a)d% (Tlow — w, IMou — u) - dz (dup, dup,)
+ |aba(dop, Hou — u) — aba (1110 — o, duy)
+b1(Il10 — o, dup — Te(0up,))]

< aa? (o, (5ah)[a% (Ilyo — 0,Ily0 —0) + d? (Myu — u, Mou — u)]
+(1—a)d? (Sup, dup) d: (Tow — w, Mou — u)

+ a%(ﬂla—a,ﬂla—a)

1—«
+ C|[Mlio — ofv[|dun v

Noticing that
lvllu < C(1 = 2v)2d? (v,v) < Collv]lu
and
a®(r,7) < C(1—2)%|r|v,

where C' and Cy are independent of v and h, by using the Schwarz inequality again,
the above estimate yields that

> (0. w)| < [aadon,dm) + (1 = a)d(Gun, dun)]

o2
. [(a—i— . a) a(Ilyo — 0,110 — o)

[N

C(1-2v)

+a+1—-a)d(Myu — u, Mou — u) + 1

Mo o|%,]

< Claa(Son,d0m) + (1 — a)d(Sup, Sun)]?

1—2v 1 2
[( >||Hla—a|%,+ ||u—nou||%]

1l -« 1—-2v
From this estimate and (3:18), we can deduce that

[aa(don,604) + (1 — a)d(6up, dup)]

1—-2v 1 2
SC{[<1_Q>|U—H10||%/+E||U—H0U||%}

+a(l = 20)) b sup 20 Tow — Tellow)) }

son |6onllv
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Thus, by triangular inequality, we obtain
1
1—« 2
ol =20~ anlBo + (1 =5 ) hu - uel?]

< [ea(oc —ho,0 — o) + (1 — a)d(u — Hou, u — Hou)]%
+ [aa(don, 6o7) + (1 — a)d(Sup, Sup)]®

1
1-2v 1 2
< _ - _
C{(l_a>ﬂa mdv+<1_%)|u Moullu

b1 (T, H()U, — TC(HOU,)) }
sup
revh I7llv

N

+la(l —2v)]”

Because this estimate holds for any (II;0,Iou) € V* x U", the theorem is proved.
O

For helping various applications of the theorem, we want to show that a lot of
nonconforming finite element spaces can be viewed as the so-called strain-enriched
subspace. Particularly, we have the following proposition.

Proposition 3.1. If a continuity node point set S; of a nonconforming space UM
contains all the vertices of i, U can be regarded as a strain-enriched subspace,
T.(v) = v, is the conforming part of v, and

[v=Te(v)ll1,00, < Clle@)lloe.  and |lv—Te(v)[1 00, < Chilv|2,q.,
where C' is independent of h;.

Proof. By virtue of the continuity of v € U” at the vertices, it is known from [2]
that there exists a unique piecewise linear (or bilinear) interpolant v;, € C(©) (1)
such that for any vertex g of Q;, v — vy =0, and

(3.19) [v —vrlea, < Chi Hulaa,, t=0,1,

where C' is independent of h;.
Since v. = T.(v) or vy, is a conforming component of T (v), the estimates (B
imply that

(3.20) o= Te(v)ll3,00, < Clv = Te(v)1.0: < Chilv]z,a;;

that is, the second inequality in the proposition is proved.

Now we turn to prove the first inequality. By the uniqueness of the Lagrange
interpolation T.(v) = vy, we can conclude that for v € U N (H(Q))", T.(v) = v
and |le(v)]lo,0; = 0 leads to v — Tc(v) = 0. Thus, by compactness of a bounded
sequence in the finite dimensional space U" and by reduction to absurdity, we can
deduce that there exists a constant C(€;) > 0, such that for v € U"(€);),

(3.21) [v = Te(v)|1.0: < C(Q)[le(v)llo,0-
By a scaling argument (for details, see the similar discussion in [16] or [17]), we can
confirm that T
sup sup L= LeWhie o

Q; €Ty, veUr ”E(U)HO,Qi

0<h;<1
that is, C(€;) in (BZI) can be independent of h;. Then it follows from (20),([BZ1)
that the first inequality is proved. O
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Remark 3.1. Tt is obvious that Wilson’s n-quadrilateral Uy, is an example that the
assumption of Proposition 3] can be fulfilled. By virtue of (3:20), Theorem
concludes that, for the combination of U%, with V and a # 0, 1, the corresponding
combined hybrid methods CH(r) are convergent by rate O(h) as h — 0. But, if
a =1, CH(0) becomes the conventional assumed stress hybrid method and does
not converge due to rank deficiency of element stiffness matrices.

Remark 3.2. Due to the feature that the stress variables can be eliminated at
the element level, the combined hybrid method can be considered as a generalized
incompatible displacement scheme. Theorem shows that o = % is, in general, a
rational and safe choice.

4. ACCURACY-ENHANCED CONDITION: ENERGY COMPATIBILITY

In this section we discuss under what condition the enhancement of accuracy and
stability, mentioned in the introduction, can be achieved by the combined hybrid
scheme.

Due to appearance of the error term sup, bi(rv-Tc(v))

[EdIR%
Theorem B2, the optimal error estimate that is of the same order as

in the error estimate of

( inf ||lo—7|v+ inf [ju-— v|U)
TEVH veUh

cannot in general be obtained. Therefore, for the construction of a “good” scheme,
it is of crucial importance to reduce the error caused by by (7,v — T,(v)). As far as
a strain-enhanced space U" that inf, e [|u —vl|u is smaller than inf,cyn (3, |lu—
T.00) 1 0,

that ¢, 7-7- (v — Te(v)) ds is small enough.

%, an approach to the reduction is to construct V" appropriately so

Definition 4.1. A strain-enriched finite element space U” is referred to as (I, k)-
order energy-compatible (or E-compatible) with respect to the stress space V" if
there exist two constants [,k > 0 and C > 0, independent of h;, such that for any
Q; € Ty, ve U,

1) v =Te(v)ll3,00, < Clle@)lo.g:

2) v = Te(v)lls 00, < CRlvl1,0,,

3) | $o0, T(7) - (v = Te(v)) ds| < CRf||7llv,e, - v = Te(v) |1 90, V7€ V™.
For convenience, the pair (I, k) is named as the index of E-compatibility in what
follows, and we denote the incompatible part v — Te(v) of v by vy.

Theorem 4.1. (I) For the combined hybrid scheme BI4),BIH) with index (1, k)
of E-compatibility, we have the error estimates of so-called accuracy-enhanced type

D= N

1 —«

1
2
|w—amma+< ) (1= 20) " u — wnllo

TEV

1
2
 nf, [HU—UHUJthk(Z|"’|%+l,ﬂ,;> ]}

< Cla(l — 04)]_% . { infh lo=7|lv+ (- ZV)_l

(2

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1670 TIANXIAO ZHOU

(1) In addition, assume that u € (HZ () N H™TH(Q)", m > 1 and
ﬁm(Ffl) C Uh(Qz) v, € Ty,.

3

Then the following error estimates of locking-free convergence hold uniformly for
1/§0.5—% as h — 0:

lo = ol

1
1—a)\? _
wa+ (F5%) =2 - wlo

< Cla(t =) - {inf [lo = rlly + (" + B4 ull o).

Proof. Because the index (I, k) of E-compatibility implies that
<CY (BflIrlv.a: - lv=Te()] 3 00,)

|b1(T,v1)|§Zj{ Teit-vrds
. 1Jog;
2

< CRFY (I7llvie, - [ohne,) < CHrlly <Z |U|%+z,9,¢> ’
p i

the first conclusion of Theorem [Tl can be derived immediately from Theorem
Next, if the hypothesis in (IT) is satisfied as well, it is well known (see [2]) that
there exist IIpu € U” and a constant C' > 0, independent of h; and u, such that

lu—To(u)[le0, < CA™ ' ullmiro,  t=0,1
and

o (w)]i+1,0; < Cllullit1,0,-

Thus, in view of the assumption h < 1 — 2v, we get

%
(A=2)7" inf | flu— vy + B <Z |v|?+z,m>

(2

1
2

<(1-2v)7" |[lu—o(u)|u + ATF (Z |H0(“)|%+l,ﬂi>

< CIR™ T+ R ullmg e

which means that the proof has been finished. O

Now we turn to discuss how to identify the index of E-compatibility for a given
incompatible space as well as how to construct (U", V") so that a higher E-C
index can be achieved. In order to construct the high performance schemes, we will
consider Wilson displacement space U{jv in what follows.

First, following the paper [I5], we introduce a condition on mesh subdivisions.

Condition (B). The distance dg, between the midpoints of the diagonals of Q; €
T is of order O(h?) uniformly for all element Q; as h; — 0.

It has already been mentioned in the paper [15] that the quadrilaterals, produced
by bisection scheme of mesh subdivisions, satisfy Condition (B).
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Proposition 4.1. Assume that Condition (B) is fulfilled. Then the index (1,k)
of E-compatibility of Wilson’s quadrilateral with respect to the stress space VI =
{r € V|.7|q, = const} is equal to (1,1).

Proof. By Green’s formula §,, 7 -7 -vrds = [ [divr - v + 7 - e(vr)]dQ, for
(1,0) € Vi x Uy, we get | o, 77 - vrds| < |7 [, e(vr) d9|.

Recalling that 07 = (v — T, (v)) = Zt Jori(1=€H) vry € R? and vy = o7 (F, 1),
where F; = Zi:l(l + &1,4&1)(1 + &2,4&2) i+ denotes the element mapping from the
vertex (£1,4,&2.¢) of square K = [—1,1] x [-1,1] to the vertex z;; of €;, and its
Jacobian is defined by

9z 9z
1] = o0& 96 | _ |a1+ a2 b1+ b8
ag—(l) 02 az +a§1 bg+ b6y

Eo 0&2

a; and b (t =1,2,3) are some algebraic sums of the coordinates of the vertex z; ;.

Particularly
ar = §(ap) — i3 +ayd — i),
v . . )
as shown in [14], max(|az|, |b2|) < Cdq, < C’hf.
By some simple computations (see [14]), we can obtain

% T --vrds 7_'/ E(’UI)dQ‘
o, "

,|b
<0 [w] 17100, (

e(vr)llo,c-
Then this estimation and Proposition[31] together conclude that Proposition ET]
is true. (]

Proposition 4.2. Assume that Condition (B) is fulfilled. Then the index (1,k)
of E-compatibility of Wilson’s quadrilateral with respect to Pian—Sumihara’s stress
space (proposed in the paper [9) and denoted here by V%) is equal to (1,1).

1,

)

Proof. Notice that for 7 € Vi, as defined in [9],
10 0 ale a3 ] |™
=10 1 0 b b2 ||:
0 0 1 aibi&e azbs&a] |,

T

Let us divide 7 € V?DS into 7 and 7o, T = T + T2, T1 € Vg is a piecewise
constant stress. As shown in [I0], for 7 € V¢ and v € UL,

?{ To-f-vrds =0 VQ; € Ty.
oQ;
Thus, by virtue of Proposition E.1],

]{ T-M-vrds 7{ T1-T-vrds

e(vr) e(vr)llo.s

which confirms that the proposition is true as well. O
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Let us denote two 4-node combined hybrid elements, constructed by using V’ x
Ul and V&g x Ul respectively by CH(r) and CH(PS). By virtue of Proposi-
tions BTl and[4.2] the hypothesis of Theorem BTl is fulfilled, respectively, for CH(0)
element and CH(PS) element. In addition, the inclusion PQ(F 1y C U, is sat-
isfied. Theorem A1l states that CH(0) and CH(PS) can be considered as two
accuracy-enhanced schemes.

Proposition 4.3. Assume that u € (H}(Q) N H3())™ and Condition (B) is ful-
filled. For the finite element solutions (on0,un0) and (on, ps,un,ps) determined
respectively by CH(0) and CH(PS), we have

1-a\? 1
lo —onolloo+ - (1 —=2v)" lu —unollu

_1 h?
< clot -+ { it o —rllv + (125, ) Il
< Cla(1 - )] - (Wlulla + hluls o)

and

1 —«

1
2
ot (F52) =2 - sl

1 h?
<Cla(l—a)] 2 { inf ||U_T|V+<1_2y>
<Cla(1—a)] 72 - {h |\u|\29+h||u||39}

‘)

where C' is independent of h and v, v < 0.5 — % as h — 0.

Remark 4.1. Notice that inf cyn _|[lo — 7l[v < inf cys [0 — 7[lv, we can believe
that the degree of accuracy of the CH(PS) element is higher than that of the
CH(0) element. Furthermore, the numerical experiments [19] show that CH(0) and
CH(PS) are locking free, and CH(PS) is much more accurate than the classical
conforming bilinear element when using coarse meshes. Therefore, Proposition
provides a theoretical interpretation for why numerical results of 4-node enriched
stress/strain elements, such as CH(PS), are of high performance. For the details
on numerical experiments, see the published paper [19].

Remark 4.2. Numerical experiments in [T9] also show that, by contrast with C' H (0)
and CH(PS), the numerical performance of another combined hybrid element
CH (1), constructed by V# and U}‘}V, is quite poor due to E-compatibility deficiency.
Therefore whether by (7,v — T'(v)) ~ 0 or not is a key point for the construction of
“good” hybrid elements.
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