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Abstract Without applying any stable element techniques
in the mixed methods, two simple generalized mixed ele-
ment (GME) formulations were derived by combining the
minimum potential energy principle and Hellinger—Reissner
(H-R) variational principle. The main features of the GME
formulations are that the common Cp-continuous polyno-
mial shape functions for displacement methods are used to
express both displacement and stress variables, and the coef-
ficient matrix of these formulations is not only automatically
symmetric but also invertible. Hence, the numerical results of
the generalized mixed methods based on the GME formula-
tions are stable. Displacement as well as stress results can be
obtained directly from the algebraic system for finite element
analysis after introducing stress and displacement bound-
ary conditions simultaneously. Numerical examples show
that displacement and stress results retain the same accu-
racy. The results of the noncompatible generalized mixed
method proposed herein are more accurate than those of the
standard noncompatible displacement method. The noncom-
patible generalized mixed element is less sensitive to element
geometric distortions.
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1 Introduction

In standard finite element displacement methods, the dis-
placements are usually computed first, then the stresses
or/and strains are calculated by numerically differentiating,
based upon the constitutive relations and compatible equa-
tions at element level, usually resulting in loss of accuracy.
Meanwhile, the values of the strain component computed
from different elements connected at a node are different.
Consequently, a smoothing or recovery procedure for nodal
stresses may be carried out over the local or whole finite
element domain. The boundary nodal stresses obtained from
such finite element analysis are inconsistent with the pre-
scribed stresses in displacement methods [1,2].

For equilibrium finite element methods, stresses are
equilibrated within the element and tractions are balanced
at interelement boundaries. However, equilibrium methods
have been found to have limited use in general-purpose
computer codes because of their behavior without judicious
choice of basis functions [2].

Numerous mathematical models result from physical
problems in the form of systems of partial differential equa-
tions involving several physically disparate quantities that
need to be approximated simultaneously. The finite ele-
ment approximations of such problems are well known as
mixed finite element methods. Generally, the dual variable
is computed as a fundamental unknown in mixed methods.
Early contributions towards mixed methods can be found in
Refs. [3—10]. More recent developments can be found in
Refs. [11-25]. As a class of numerical methods, mixed mod-
els are widely used in the field of fluid mechanics; For
example, displacement models are impractical for the Stokes
problem. For such problems, mixed methods represent the
simplest and most direct alternative [25].
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Several main advantages and disadvantages of mixed
methods can be summarized as follows:

(1) Linear interpolation functions are often sufficient to give
satisfactory results for practical applications. Boundary
and interelement conditions can be represented properly,
and no difficulties arise due to higher derivatives;

(2) The stress or strain variables, as the main design param-
eters of a structure, are the direct results of the finite
element governing equation without requiring differen-
tiation of displacements. This is also advantageous for
physically nonlinear analysis, in which yield conditions
etc. are expressed in terms of stresses [8,11];

(3) It is well known that, for nearly incompressible and
incompressible materials, finite element computations
based on the standard displacement formulation fail due
to the onset of the locking phenomenon. Classical mixed
formulations are a valid alternative to locking-affected
methods, since they provide mathematical models capa-
ble of treating both compressible and incompressible
elasticity problems in a unified framework [8,26];

(4) Compared with displacement methods, the mathemati-
cal theory of mixed methods is relatively complex. For
mixed methods based on the Hellinger—Reissner (H-R)
variational principle alone, stability is paramount. The
stability of numerical results is related to the invertibility
of the coefficient matrix of the finite element govern-
ing equation. A main drawback of mixed methods is the
indefiniteness of the resulting system matrix [20]. It is
not easy to construct a pair of finite elements for the
displacement vector and symmetric stress tensor which
satisfies the stability conditions of Brezzi’s theory [4].

Some representative studies on mixed methods published
in recent years should be mentioned here: Arnold and
Winther [16] suggested some stable elements for a two-
dimensional problem, while the corresponding method in
three-dimensional space was first characterized by Adams
and Cockburn [17], and thorough analyses of the finite ele-
ments were provided in Ref. [19]. The construction of these
elements is not convenient for computer programs, since they
are of high polynomial order, implying high cost even for the
lowest-order scheme. A family of symmetric tensor-valued
finite elements of arbitrary order was constructed using
the tangential-displacement normal-normal-stress (TDNNS)
formulation in Ref. [10]. However, the mathematical theory
and the process of construction of the TDNNS formulation
are not simple and not suitable for engineers.

No doubt, some open questions remain in connection
with displacement methods, equilibrium methods, and mixed
methods for two- or three-dimensional elasticity problems.
For mixed methods, some questions of stable elements
require further study.
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The objective of this work is to propose two simple gen-
eralized mixed methods without any stable element schemes
but with automatically stable numerical results.

2 Variational principles for elasticity

Consider a body under static loading. The body occupies the
volume V. S is the surface of the body. § = S, U S5, where
Su and S, are the segments of S where displacements and
surface tractions are prescribed, respectively; the outward
unit normal on § is denoted by N = n;. Let V be the gradient
operator in the deformed body which, under the assumption
of infinitesimal deformation, is indistinguishable from the
deformed body.

We define the following: displacements # = u;, strains
€ = ¢jj, and stresses 0 = 0;;; b = b; as the body force in
V; the surface tractions T = T;, and the prescribed surface
tractions T = T, on S ; the prescribed displacements # = u;
on Sy.

Assuming the displacement boundary conditions u —u =
0 is satisfied a priori for all variational principles in the fol-
lowing.

The minimum potential energy principle for elasticity
problems has the form

I = f [%(Vu)TC(Vu)—bTu} av - f 7 uds, (1)
v

So

where C is the symmetric stiffness matrix of a material.
The H-R variational principle [27] for elasticity problems
contains both displacement and stress fields

1 .
Myr = / [—EGTSG—HTT(VM)—bTu} dv — f T uds,
\% So
2)

where § = C~! is the compliance matrix.

Like the H-R variational principle, there are also both
displacement and stress fields in the generalized variational
principle [28]. This principle can be expressed in the follow-
ing form

HG=HHR+/

1 1
Al =0TSo + = (Vu)TC(Vu)
v 12 2

—aT(Vu)] dv. (3)

It should be pointed out that Felippa [29,30] constructed
a one-parameter family of mixed variational principles for
linear elasticity in 1989. Equation (3) is such a one-parameter
family of mixed variational principles.

Generally, we expect to take 0 < A < 1 in Eq. (3). Values
of the parameter A < 0 or A > 1 are not of practical interest.
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It is clear that, letting A = 0, Eq. (3) becomes the H-R
variational principle. Meanwhile, letting A = 1, one obtains
the minimum potential energy principle in Eq. (1).

Letting A = % yields

Ilg = / |:_ 1tTTSa + lGT(VM) + - (Vu)TC(V“)
v

4
/ TTudS
So

—bTu]dV —

1
E(HP + ITyR). “4)

It is interesting that the generalized variational principle
above is one-half of the sum of the minimum potential energy
principle and H-R variational principle. Our practice shows
that, indeed, only for A = 1/2 can good accuracy and stability
of the generalized mixed method be obtained.

Note that the H-R variational principle in Eq. (2) and
generalized variational principle in Eq. (4) are the princi-
ples of stationarity. For the principles in Egs. (2) and (4),
the nonvariational constraint is the constitutive relations. The
equilibrium equations, the tractions boundary condition can
be satisfied a posteriori.

3 Element formulations

3.1 Compatible mixed element formulations

Without loss of generality, consider first an n-node compat-
ible linear element for 3D problems. Both the displacement

vector u and stress vector ¢ are expressed using the same
shape functions

u=Ngq., )
where Diag(Ng) = [Ne, Ne, Ne]T,Ne =[Ni1, No, ..., Nyl,
qe = [Uie, use, uzel”.

— — Nq 0 Poe
U_Nppe—|:0 Nq](Pie ) (6)
where Diag(Np) = [Ne, Ne, Ne, Ne. Ne. Nel™: p, =

T

[Poc: Pic] = [013¢. 03¢, 033¢, T 11e, T22e, o2l

Let Ni = g(1+ GO0 +nim(1+§8).i =1,2,...,8,
in Egs. (5) and (6), thus N is the 24 x 24 shape function
matrix.

It is well known that, inserting Egs. (5) and (6) into Eq. (2)
and performing the energy integration, one obtains the dis-
crete form of the H-R variational principle

n

1

ITyr(pe. q.) = E |:—§peK(l)pe + PeK(’)qc
i=1

—( E{‘))qu} , )

in which Kgp) = fVi NgSdiV is a symmetric matrix of an
element, Kgq) = fv NT(VNq)dV is a rectangular matrix,

(’) fv NdeV + fS NTTdS is the load vector of an
element Z 1mphes the summatlon of all individual elements.

In what follows, the superscript “i” will be dropped for
clarity.

Consider p. and ¢, as independent variables. By
SITHR (Pes q9.) = 0, one has two Euler—Lagrange (EL) equa-
tions

Gl
Ky 0 9e fq

It can be seen that the classical formulation in Eq. (8)
resulting from the H-R variational principle of various
physical problems is symmetric, but it possesses zeros on
the diagonal. Indeed, the coefficient matrix of Eq. (8) is
non-positive definite. If stable elements [16,20,26] are not
employed, itis very difficult to obtain stable solutions directly
from Eq. (8).

3.2 Compatible displacement element formulations

In the same way, using Eq. (5), the discrete form of the min-
imum potential energy principle in Eq. (1) is

n

1
HP(qe) = Z <§‘Iquq‘1e - fgqe) ’ 9)

i=1

in which Kqq = fVi (VNq)TC(VNq)dV is symmetric and
positive definitive; Certainly, f, = | v N gde
+ f S, N qTTdS isidentical to f q in Eq. (7). As is well known,
the EL equation corresponding to Eq. (9) is

K. = fq (10)

3.3 Compatible generalized mixed element formulations

It is of interest to see that adding Eq. (10) to the second
equation of Eq. (8) yields

MR
K Pq K qq qde 2f q

In the above equation, the coefficient matrix is not only
symmetric, but also there are no zeros on the diagonal. This

(11)
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is a main difference from Eq. (8). Equation (11) is termed
the compatible generalized mixed element with 8 nodes
(CGMES) for 3D problems in this work.

Certainly, Eq. (11) can be proved by the generalized varia-
tional principle in Eq. (4). Using Egs. (5) and (6), the discrete
form of Eq. (4) can be written as

1 1
Hg(pe.qe) = Z ( - ZP;FKPPPC + EPeTKPq‘Ie
12)

+ %QEquqe - quqe>~
In Eq. (12), the integral expressions of Kpp, Kpq, and fq
are the same as those in Eq. (7), respectively; the integral
expression K yq is identical to the K yq in Eq. (9).

Taking the variation of Eq. (12) with respect to variables
P. and ¢q. leads immediately to Eq. (11).

The summation of Eq. (11) on all elements gives a novel
algebraic system for finite element analysis

-Kyi1 K2 p 0
|:K?2 K» ]{‘I}_{Zf}’ (9
where K“ = ZKPP’ K22 = Zqu, K12 = Zqu, pP =
2P =2 qeand f =3 fg

In general, at system level, the whole coefficient matrix
has a structure equivalent to that of an element. It is clear that
the coefficient matrix of Eq. (13) is characterized by symme-
try with respect to the stress and displacement variables of all
nodes. Certainly, the coefficient matrix of Eq. (13) is invert-
ible, which implies that its numerical results will be stable
[26,31].

3.4 Noncompatible generalized mixed element
formulations

On the basis of Refs. [32,33], for a noncompatible element,
the element displacement u can be expressed as a sum of the
compatible part Nqq. and the noncompatible part N,r.

u=Nyq.+ Nire. (14)

Here, N is the shape function matrix with respect to points
within elements; r. is the displacement vector corresponding
to points within elements.

In a similar way, substituting Eq. (14) into Eq. (1) results
in

n

1 1
ITp(ge. re) = E <§‘I3qu‘1e + e Kqre + zr;rKnre
i=1

~Fla.- i) (15)
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In Eq. (15), Kqr = Ky = W, (VN)TC(VN)AV, K,y =
K; = [, (VN)TC(VN)AV, and f, = [, N{bdV +
fs, NITds.

ﬁ"he result of the variation of Eq. (15) with respect to r,
is given by

Kige+ Kure = f. (16)

Here, K,; is an invertible matrix [32,33]. From this, one
obtains

re=K.'f, - K;'K}q.. (17)

Eliminating r in Eq. (15) using Eq. (17), the following
EL equation can be derived from the new form of Eq. (15)

Kede = fq— KoKy fr. (18)

in which KCqq = Kqq — KoK 'K,

In a similar way, on substitution of Egs. (6) and (14) into
Eq. (2), the resulting noncompatible finite element functional
has the form

n

1
MR (Per Ge-Te) = Y ( = 5P KppPe + Pe Kpqde
i=1

—faqe+ PeKpre — f?re). (19)

Here, K = K7, = Iy, Ny (VNpdv.
Using Eq. (17), one can also eliminate r from the above
equation to yield

n

1
IR (Pe- 4e) = Z ( - EPngpPe + P Kpade — qu‘Ie
i=1

+PiKuK fo+ fIK'KLg, (GO

Here, ICpp = Kpp and Kpq = Kpq — KK ' K.

Considering the combination of the result of 6 [Tur (p.., q.)
= 0 of Eq. (20) with respect to p. and Eq. (18), one
has

_’CTpp KCpq De —KpK;'f, o
’Cpq K:qq qe B 2fq - 2I(qu{r_rlfr .

It should be mentioned that, if the body force is ignored,
the vectors —K K ;' f, and —2K oK' f, on the right-
hand side of Eq. (21) are close to zero. Indeed, the term f rTre
in Eq. (15) can be omitted in the classical noncompatible
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displacement methods [32,33]. For the same reason, we can
also omit the last term f ;Fre from Eq. (19), and thus the terms
—KpuK ' foand —2K oK' f, from the right-hand side of
Eq. (21).

Therefore, the simplified noncompatible generalized
mixed element with 8 nodes (NCGMES) for 3D problems
is given by

—Kpp Kpg Pe _ 0 22)
Kog Koo || ae | | 2fa |

The algebraic system for the finite element analysis cor-
responding to Eq. (22) has the form

K K2 p 0

, 23
K, K»n q f (23)

where IC11 = Y ICpp, K12 = Y Kpg, Koo = ) Kyq, and
f=2>fq

4 Imposing boundary conditions

For common finite element problems with prescribed but
nonzero values at various locations, one approach in practice
is to add a large number or penalty term, for instance 10%°, to
the leading diagonal of the stiffness matrix in the row corre-
sponding to the prescribed value. The term in the same row of
the right-hand side vector is then set to the prescribed value
multiplied by the augmented stiffness coefficient [33].

Such a procedure is only successful if small terms are
indeed very small relative to 1020, Another prerequisite may
be required, i.e., that the coefficient matrix of the algebraic
system is a bandwidth matrix. Our practice shows that this
procedure is not suitable for Egs. (13) and (23), which involve
known nonzero stress values (e.g., the prescribed surface
tractions) since the submatrix K, in Eq. (13) or ICy2 in
Eq. (23) is not a zero matrix.

Let us assume that ¥ refers to the known value vector with
respect to nodes on the surface or edges, whose values are
determined by the prescribed surface tractions T on S, and
the prescribed displacement u on S,.

Taking Eq. (23) as an example, interchanging rows and
columns, it can be recast into the following form

K1 Kz Kz

p fi
AT ~ A~ n
Kp Ko Ku|lqt=1/}, (24)
AT ~T N
Kiy Ky Ks | |? I3

where p and ¢ are the unknown parameter vectors of nodal
stresses and displacements, respectively; the new coefficient
submatrices f, f,, and f5 are the results of interchanging
rows and columns of the coefficient matrix and the load vector
[0, f ]T, respectively.

Therefore, one has

~Kup + Kng = f1 - Kiso, (25a)
AT N N
Kip + Kang = fr— Kt (25b)
AT AT N
Kizp + Kyq = f3— Kssdh (25¢)

Of course, Eq. (25¢) is redundant. Consequently, the final
governing equation for the solutions of unknown nodal dis-
placements and stresses is

—Ku 7%12 fi1 —Klgﬂ

B fr—Kauo [ (20)

LS TR T3

~T ~
K]z K:22

The simple technique presented above for imposing stress
and displacement boundary conditions is employed in our
program. In the next section, numerical examples show that
the boundary nodal stresses are consistent with the prescribed
stresses on S, .

5 Numerical examples and discussion

5.1 A thick rectangular plate with simply supported
edges

Consider a thick rectangular plate with in-plane dimensions
a = b = 1.0 and total thickness & = 0.10 (Fig. 1). Here, we
assume that the edges x = 0, a and y = 0, b are simply sup-
ported, and use material properties E1; = 10E2 = 10E33,
Giop = G13 = 0.6E33, Gz = 0.5E33, and vip = vi3 =
vp3 = 0.25. Uniform normal load of 1.0 is applied on the
upper surface of the plate [34].

Using the symmetry about the x1- and x;-axes, only one-
quarter of the plate (Fig. 1b) is analyzed with uniform meshes.

£y

0

Fig. 1 A thick rectangular plate
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Meshes Fig. 6 Comparison of stress 0723 (%, %, ’%)
Fig. 3 Comparison of displacement u> (%, 2, h) .
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Fig. 7 Comparison of stress 033 (%, 5, )

Meshes
. : : b h
Fig. 4 Comparison of displacement u3 (%, 3 5) 0 8
\.
The convergence rate and accuracy of displacements and :’I, 650 47 AT
. . . . . N / | eeega=- 2 L

stresses at specific locations are depicted in Figs. 2—12. The %S yave === NCDES8_(Error: +0.77%)
results for the noncompatible displacement element with 8 = — < (CeI=eL (e Al A0

. . . ) b 6077 — NCGMES8(Error: +0.47%
nodes (NCDES) were obtained using commercially available K &= (Error: +0.47%)
software ABAQUS®. ¥ —— Exact[34]

For Figs. 210, Table 1 presents the size of each mesh 2 3 4 5 6 7 8 9 10 11 12

using the notation / x m for [ subdivisions along the x;-axis Meshes

and m subdivisions along the x;-axis with the same type of

. e ' ) ' Fig. 8 Comparison of stress o11 (5, % 0)
elements, with four subdivisions in the x3 direction for all

models.

On the basis of the results for the 12 x 12 x 4 mesh, the In the present computer program, two Gauss quadrature
errors presented in the legends to Figs. 2—10 were computed ~ points in each direction were employed for CGMES and
using the formula (Exact — Numerical) /Exact x 100 %. NCGMES.
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0.2 A . =
T
0.0 T
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Fig. 11 Distribution along thickness of o3 (%, %, X3)

1.0 /.////‘/
e
y ( — # — NCGMES8
x 04 \\ Exact [34]
T
0.0 |

-0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00

o23(4, %, x3)

Fig. 12 Distribution along thickness of 623 (§. %, x3)

than those obtained using NCDES. Their convergence rate
was also faster compared with NCDES.

It is obvious that the results for o013 (§, %, %) and 03
(%, %, %) obtained using NCGMES8 were in good agree-
ment with the exact solution when the mesh was relatively
fine (Figs. 5 and 6). It can also be seen that the accuracy
of 013 (§, g, %) and 023 (%, %, %) obtained using CGMES
was also greatly superior to that obtained using NCDES.
Generally, displacement methods cannot accurately predict
transversal stresses on the neutral plane of a plate, since the
along-thickness distribution of o3 and 093 is parabolic, and
the maximum or minimum values of o3 and 0,3 are near to
the neutral plane (see Figs. 11 and 12).

Figure 7 shows that the accuracy of 033 (% %’, h) obtained
using NCDES was very poor. As pointed out above, it is dif-
ficult to introduce traction boundary conditions when stress
variables are computed using constitutive relations at element
level. Hence, the stress results obtained using NCDES on the
boundary are inconsistent with the prescribed stresses. How-
ever, the stress results obtained using CGMES and NCGMES
on the boundary were fully consistent with the prescribed
stresses.

The in-plane stress 022 (% %’, O) obtained using NCGMES
was characterized by rapid convergence. The convergence
rate of 017 (%, %, 0) and o1 (§, %, h) using NCGMES was
also faster than for NCDES (Figs. 8 and 10).

Figures 11 and 12 show further that the distribution along
thickness of 013 (§. %, x3) and 023 (4, lg’, x3) obtained using
NCGMES was close to the exact solutions for the 12 x 12
x 4 mesh.

5.2 A classical cantilever beam problem

Consider a cantilever beam [35] under pure bending or acted
upon by shear forces at the tip (Fig. 13a, b), with geometric
dimensions of 2 x 2 x 10 and material properties of E = 1500
and v = 0.25. The vertical displacement at point A and the
bending stress o1 at point B for different meshes (as shown
in Figs. 14-19) are presented in Tables 2—4, respectively,
compared with Qg,, , [35], Qs,,_, [35], and exact solutions.

Based on the results in Tables 2—5, it can be concluded
that:

Most of the displacement and stress results obtained
using NCGMES appear to be more accurate than those
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a Pure bending (load case 1)

T3
Pra—
: / Ty 1000
i T
§>'./ 1000
—————————————————————————— e »
e 1000
4
4
1 —> L1
%ul:o Pu=us=0 ILui=1u, =Us=0 1000
b  Shear forces (load case 2)
s | 150
15077 N
{ A 150
1
3>'./ {150
el g
7/
Pl 150
: y Iy
%3'“1:0 PU=Us =0 FLU=Uy=Us=0 r150
Fig. 13 Two load cases for a cantilever beam
2}/ oB 5
;. 5
Vel
of | A A
. 5 Vs
Coordinate of B point (2.5, 1.0, 2.0) 1
Fig. 14 Mesha
T3 6 |
~ 1
o)/ oB 5 |
/:1:2
2 P A
/ 5
Coordinate of B point (2.75, 1.0, 2.0) o1
Fig. 15 Meshb
T3 5 4
2 -, .B i \\‘ 6 }
/‘/172 \ \ A
2 S -
o

Coordinate of B point (2.5, 1.0, 2.0) 1

Fig. 16 Meshc

obtained using the hybrid stress elements Qg,, ;, Qs ,»
and CGMES8. NCGMES is less sensitive to geometric dis-
tortions (see Figs. 14—19, in which the elements are severely
distorted). It is also very obvious that the accuracy of CGMES
was very poor due to the geometric distortion of the elements.
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2/ / oB Wz |
NP - A
e 5 | /’
Coordination of point B is (3.0,1.0,2) e
Fig. 17 Meshd
T3 | 8 |
[ 7l
- —
2 eB - /2 |
- !
=
2 , 2R A
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Coordination of point B is (4.0,1.0,2) &
Fig. 18 Meshe
T3 2 2 1 1 4
2 'B/ / / /
A x%/' // // ‘\\\
o | o / 7 / A o A
VLS s N\
i a4 7 X -
Coordination of point B is (1.0,1.0,2) Z1
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Table 2 Displacement u3 at point A (load case 1)
Mesh 0511, 05112 CGMES NCGMES Exact
a 100.0 100.0 43.5 100.0 100.0
b 89.0 92.2 38.1 97.6 100.0
c 78.8 81.4 33.8 95.9 100.0
d 77.0 77.0 314 93.0 100.0
e 31.2 37.5 15.0 75.1 100.0
f 92.2 92.9 60.4 99.6 100.0
Table 3 Stress o1 at point B (load case 1)
Mesh Qs 05115 CGME8 NCGMES8 Exact
a —3000.0 —3000.0 —1304.5  —3000.0 —3000.0
b —2619.5 —2710.8 —1093.1 —2887.4 —3000.0
c —2327.2  —2413.1 —936.6  —2795.6 —3000.0
d —2348.0  —2348.0 —994.8  —2850.1 —3000.0
e —11624  —1380.9 —423.8  —2546.7 —3000.0
f —-3006.6  —3015.1 —22949  —2996.5 —3000.0

5.3 Cook’s skew beam

Figure 20 shows an arbitrary structure with unit vertical load
f uniformly distributed along the right edge with material

parameters of E = 1.0and v = 3

1
3-
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Table 4 Displacement u3 at point A (load case 2) Table 6 Results for Cook’s skew beam (Fig. 20)
Mesh 05114 05115 CGMES NCGMES Exact Element up atC oA oB
a 96.1 95.9 44.5 101.2 102.6 Coarse (meshn =2 x 2)
b 86.5 89.5 40.5 99.8 102.6 Hybrid, » = 0.4 [36] 21.25 0.1736 —0.1737
c 78.7 81.5 38.8 98.7 102.6 Hybrid [36], A = 0.2 [36] 21.46 0.1772 —0.1811
d 78.5 78.4 44.5 98.8 102.6 CST hybrid [36] 21.52 0.1760 —0.1844
e 374 45.1 22.7 81.8 102.6 CGMES 13.24 0.1108 —0.079
f 94.1 94.9 67.6 103.6 102.6 NCGMES8 22.80 0.2040 —0.1987
Finer (meshn = 4 x 4)
. Hybrid, » = 0.4 [36] 23.09 0.2130 —0.1768
Table 5 Stress o1 at point B (load case 2) .
Hybrid, » = 0.2 [36] 23.17 0.2143 —0.1773
Mesh O, Os115 CGME8 ~ NCGMES  Exact CST hybrid [36] 23.17 0.2145 ~0.1773
a —33750 —33750 —1363.9 —3201.8  —3375.0 CGMES 1947 02187 —0.1648
b 29256  —30248 —11227 —30250  —3262.5 NCGMES 23.55 0.2427 —0.1821
c _28476 —2950.0 —1055.8 —2974.7 ~3375.0 Best known answer 23.9 0.236 —0.201
d —2735.0 —=2735.7 —1096.8 —2947.2 —3150.0 Note: us, vertical deflection at C; o o, maximum principal stress at A;
e 16232  —19356  —573.3 —26383  —27000 OB, minimum principal stress at B
f —41253  —4138.2 —3155.8 —4079.0 —4050.0
ing equations. On the other hand, the GMMs are preferable
F% for introduction of displacement and tractions boundary con-
X, X5 P y
B C 'Fjrm B I F ditions simultaneously. The convergence rates of stress and
_ displacement variables using NCGMES were balanced, sta-
ble, and with fine precision.
A 44 This noncompatible generalized mixed method should be
| 24 extended to important applications in a wide range of engi-
Mesh n = 2x2 X Meshn=4x4 X neering structures, including treatment of the combination

Fig. 20 Cook’s skew beam

The numerical results in Table 6 show that NCGMES was
softer than the other elements in Ref. [36]. Without doubt,
the results obtained using NCGMES are closer to the best
known answers.

6 Conclusions

Generally, classical mixed methods yield the simplest and
most flexible system of equations for finite element analysis
of some problems. However, the corresponding mathematical
theory is relatively complex due to the requirement for stable
elements.

Applying usual linear interpolation functions, two novel
and simple generalized mixed elements were developed
by combining two variational principles. As mentioned in
Sect. 3, one of the most prominent advantages of the gener-
alized mixed methods (GMMs) corresponding to the present
mixed elements for the 3D problems presented in this work
is that symmetry with respect to both displacement and
stress variables is guaranteed in the finite element govern-

with other structural members and investigation of the possi-
ble advantages in stress singularity problems and nonlinear
applications which may result for special structures. The
pertinent theories of the generalized mixed elements should
also be explored deeply, for instance, investigation of local
error bounds or practical estimates for variables in three-
dimensional problems.

If one starts from the generalized variational principles of
plate and shell theories, simple corresponding generalized
element formulations and generalized mixed methods can
also be constructed.
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