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A direct modification method for strains due to
non-conforming modes
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Abstract. This paper addresses an efficient modification method that eliminates the undesirable effects of
strains due to various non-conforming modes so that the non-conforming element can pass the patch test
unconditionally. The scheme is incorporated in the element formulation to establish new types of non-
conforming hexahedral elements designated ag Al NVHk for the regular element and variable node
element, respectively. Non-conforming displacement modes are selectively added to the ordinary
(conforming) element displacement assumptions to improve the bending behavior of the distorted solid
element. To verify the validation of proposed direct modification method and the improvement of element
behavior, several numerical tests are carried out. Test results show that the proposed method is effective
and its applications to non-conforming solid elements guarantee for the element to pass the patch test.

Key words: direct modification method; non-conforming modes; effective modification method; solid
elements.

1. Introduction

The accuracy attainable by the standard and conventional isoparametric eight-node solid element
tends to be rather low in case of bending as the element deforms in a shear mode. If a single
element is used in the direction of the thickness, the accuracy degrades significantly and may lead
to unreliable results. This poor behavior of basic isoparametric element in bending is explained as
the parasitic shear deformation. Because the shape functions of basic 8-node solid element are
linear, they cannot represent true bending mode shape which is a higher order form (See Fig. 1).

A number of different techniques have been proposed for improvement of the basic behavior of
this type of elements. Among these techniques, the use of non-conforming modes may be one of the
most successful approaches in bending situations. The basic concept of this approach is to restore
true deformation by adding additional deformation modes which is called non-conforming modes
(Choi and Lee 1993, Hughes 1987).

The use of non-conforming modes improves the element behavior significantly, but at the same
time it may create another problem that the resulting elements do not always pass the patch test. To
circumvent this defect several researchers have studied various possible modification schemes for
non-conforming modes (Tayloet al 1976, Wilson and Ibrahimbegovic 1990). Under the constant
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pure hending shear deformation mode

Fig. 1 Parasitic shear in a basic isoparametric element

stress state, the strain energy associated with the non-conforming modes must vanish in an element
domain. To satisfy this requirement Taylet, al. (1976)proposed a remedy that in computing
strains due to non-conforming modes the Jacobian matrix is replaced with the constant Jacobian
matrix computed at the center of an element. The non-conforming elements modified in this manner
pass the patch test and show improved accuracy. However, it has been found that this method is not
always applicable to general non-conforming modes. When the non-conforming mode is an odd
function, the scheme can not be used.

Wilson and lbrahimbegovic (1990) proposed a different scheme in which the requirement for
passing the patch test can be satisfied by adding a constant correction matrix to the strain
displacement matrix. This remedy guarantees that the element always pass the patch test for various
types of non-conforming modes, but computing time for the correction matrix was relatively large.

In this paper a new scheme is proposed in which the merits of aforementioned two schemes are
inherited. The new proposed method corrects the strains due to non-conforming modes in a direct
way and is applicable to the cases of more general non-conforming modes. Thus, the present
scheme not only satisfies the requirement for an element with general non-conforming modes to
pass the patch test, but also requires less computational time. To show the validity and effectiveness
of the proposed method, the various solid elements with non-conforming displacement modes are
tested and the results are evaluated.

2. Non-conforming displacement modes

The approach to improve the basic behavior of 2-D isoparametric element by eliminating the
excessive shear strains through the addition of non-conforming displacement modes was first
adopted by Wilsonet al (1971) and expanded to use in the shell elements by Choi and Schnobrich
(1975). The non-conforming modes are of the same form as the error distribution or what are
missing in the original displacement approximation, and therefore the actual displacement field can
be better approximated by the addition of these non-conforming modes.

The interpolation matrices for both conforming and non-conforming displacement are expressed
by the shape functiorls; and non-conforming mode¥; , respectively.

N;= N, 1)
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N;
N=| R, )
N;
where
N=E(1+EE)(1+00)(1+02) 3)
N=1-&, 1-n? 1-¢ etc. (4)

andé, n and( are the natural coordinates in the range—&f ().
The total displacement field of the element with additional non-conforming displacement modes
can be expressed as

s
h_=h NI
u=0v' ) Niui+y Nig ®)
0,0 2 2 N
Ow' 0
in which N; are the additional non-conforming modes and are the additional unknowns

corresponding to the additional displacement modes. These additional unknowns are not the
physical nodal displacements but can be taken simply as amplitudes of the respective non-
conforming modes.

Then, the element stiffness matrix can be obtained by direct application of variational principles.
The resulting stiffness matrix has been enlarged over the original isoparametric element matrix due
to the additional modes and the corresponding unknowns and partitioned as

Koe Ken| UD OF O
c¢ N0 OO (6)
U0 OO
where
Kee=f, B'DBAV, Kcy=[, B'DBAV, Ky=f, B'DBdV (6a)

and subscripC denotes conforming wherellsdenotes non-conforming part. The null vector in the
lower part of the load vector in Eq. (6) indicates that no nodal loads can be applied in association
with the non-conforming modes. The enlarged element stiffness matrix in Eqg. (6) can be condensed
back to the same size as the stiffness matrix of the ordinary conforming el&xents

(Kee—KenKnKen)u=f ()
The elements formulated in this manner and designated as non-conforming elements show much

improved behavior over original conforming element (Cledi,al. 1998). However, this type of
elements do not always pass the path test.
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3. A new direct modification method for strains due to non-conforming modes
3.1 Review of modification schemes

One of the most significant contributions to the finite element method is the introduction of the
‘patch test’ by Bruce lrons (1972). In order that the finite element method would have an
appropriate mathematical basis, the requirement for passing patch test was introduced as a relaxed
restriction on displacement compatibility. It is generally acknowledged that an element which passes
the patch test is convergent. Unfortunately, most original non-conforming elements fail to pass patch
test. This is resulted from the fact that the constant distribution of strains in an element domain is
disturbed by the addition of strains due to the non-conforming displacement modes. To obtain the
state of constant stress, for an element to pass patch test, the strain energy associated with the
non-conforming modes should vanish in an element doMaas shown in Eq. (9) (Tayloet al.

1976, 1986, Wilson and Ibrahimbegovic 1990).

&1'f, B'g.dv=0 ®)
or
[, B'dv=0 9)

where, B is the strain-displacement matrix of an element due to non-conforming modes. Most of
basic non-conforming elements do not satisfy Eq. (9), and consequently fail to pass the patch test.
To solve the above problem for non-conforming modes” BAg’ , Tatlcal. (1976)
proposed a remedy that replaces Jacobian matrix in computing Eqg. (9) with the constant Jacobian
matrix computed at a zero point in the natural coordinate system.

In an isoparametric solid element, this requirement on strain-displacement Biatrix ~ due to non-
conforming modes means that the integration should be zero for the derivative of each non-
conforming modeN; with respect to global coordinate syster(Fig. 2). For eight-node solid
element this condition reduces to

ONi . O oN9&ED _
I &:dv_J’v Ebzl é'_f; dxkguv_o k=1, 2, 3) (10)
or
> P3:260,01a(6.0.0)dédndd=0 (10)
III & dfa ka 1’7! !r]! r’
where
dVv=[3(¢,n,{)ldédndq (10b)
) _
= 2Eagien.) (100)
9% _dn

_ 11
ka - dxk_JkZ(E’ r’!() (1Od)
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Fig. 2 Configuration of 8-node solid element
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If the components of inverse Jacobian ma;ﬂrﬁglg(f 1,4 in Eg. (10) are replaced by approximated
values, e.g., constant values computed at the center of an elénédt0,0)|/|I(&,n,Q)|)
J;i(0,0,0), the requirement for the patch test to be satisfied can be rewritten as

13(0,0, 0)|f f f DZ a—Nle‘;(o,o,O)Eufdndzzo (11)

The above equation will be always satisfied if each integration term becomes zero. For the case of
typlcal non- conformlng modes expressed by even functions, sugh-d8) (1-n°) (1-7°) and
(1-&) (1-n°) (1-7°), the modification scheme of Taylat al. given by Eq. (11) is valid.
However, for general non-conforming modes it is not always applicable in its original form. The
scheme may not work in such cases as non-conforming modes which include the odd function
terms (1 & ) n, the hierarchical shape function to introduce nodal driling degrees of freedom
1/2(1—5 ) (1+n), and the modification of non-conforming modes due to existence of a variable
node (1-&%) -1/2(1-|&) (1+n), and so forth.

Wilson and Ibrahimbegovic (1990) proposed a different remedy. The main idea is that the
requirement of Eg. (9) can be satisfied by adding a constant correction rBatrix to non-
conforming strain-displacement mati

J’V (B+B.)dV=0 (12)

where
B.= 1 BdV 13
==f, (13)
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The constant correction matriB. is evaluated numerically before the element stiffness is
calculated. In calculatin@. the same integration formula used in calculating element stiffness must
be used, i.e., the correction matrix is applied at each integration point. This remedy guarantees that
the element always pass the patch test for various types of non-conforming modes, but computing
costs for the correction matrix is relatively high.

3.2 A new direct modification scheme

As Eqg. (11) will be always satisfied if each integration term becomes zero, the requirement for an
element to pass the patch test to be satisfied can be simplified as

oN,
N - -
[ 5. dédnd¢=0 a=1,2,3 (14)

In general, Eq. (14) is not always satisfied for various non-conforming modes. In this paper, the
concept of adding a correction constant instead of the correction rBatrix in Eq. (12) to the
derivatives of non-conforming mod¢  with respect to natural coordfgaseproposed.

N
Fuffs B routpeanag=o as)

From the fact thatc,, in Eq. (15) is a constant, the correction constants can be calculated
analytically for derivatives of each non-conforming modes.

Cw?%ﬁlﬁlﬁl Z—Qfdfdndf (16)

Finally, using the correction constants obtained analytically, derivatives of non-conforming modes
with respect to the global coordinate systensan also be obtained in a simple manner.

3(0,0,0] ¢ PN
ka |\](6 n Z)| Z D]ka(o O 0) +C]a|:||:| (17)

When the valuec;, in Eq. (17) equals to zero, the present scheme is identical to that oétTaylor
al. It should be noted that unlike thg. in Eq. (12), the present scheme does not require the
numerical volume integration for calculation of correction constants in (Eq. 16). Instead, by the
analytical calculation of correction constants, the direct correction for the derivatives of various
types of non-conforming modes is possible. Thus, this method can substantially reduce the
computation efforts when compared with Wilson’s Scheme.

By the combination of the basic non-conforming modes-{4 ) and additional NgeBl ),
it is expected that more general deformation configuration can be described (Fig. 3) for non-
conforming elements. The correction constants for the aforementioned general non-conforming
modes are summarized in Table 1. The correction constants make the integration of strain modes
due to non-conforming displacements in an element domain zero (Fige.4those values are
cancelled out in an average sense. Thus, even under the condition that the strains due to non-
conforming modes have non-zero values, the requirement for the element to pass the pach test (
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Eq. 9) can be satisfied.
3.3 Direct modification scheme for Variable-node non-conforming elements

When several non-conforming modes are used in a variable-node hexahedral element, these non-
conforming modes\; need to be modified due to variable nodes. The modified non-conforming
modesN; for variable-node element will have the following form (€hail. 1993, 1996, 1998).

Ni=Ni-> bN, (18)
[

whereN; is the conforming shape function of variable ripieis a constant coefficient that is the
same value as non-conforming mobllg at nodend N; is the related original non-conforming
modes. This modification enables the modified nhon-conforming modes to have zero value at each
node.

The new direct modification scheme can also be used for the variable-node elements. Without
imposing Choi and Lee’s (1993) additional constraints, the modification based on the present direct

Table 1 Correction constants for various non-conforming modes

Correction constants

Non-conforming modes\; Remarks
Ce Gin G¢
Ny 1-& 0 0 0
N2 1-n? 0 0 0 _
B ) Basic modes
Ns 1-¢ 0 0 0
N (1-&) (1-n") (1-0) 0 0 0
Ns (1-8)n 0 —g 0
Ne (1-8)¢ 0 0 _g
_ 2
N7 (1-n") & -3 0 0 Additional
No (1-n*¢ 0 0 -4 modes
No (1-3) & —g 0 0
Nzo (1-2)n 0 —% 0

a(1-¢%) a,(1-¢*)y (1-¢")a, +ay7)
Fig. 3 Combined effect of the basic and additional non-conforming modes
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Fig. 4 Basic concept of direct correction scheme

modification scheme can be applied to the elements of different layer pait&rns,

oN, 13(0,0,0/ & 0. N, O
3. TEn.0) 2 P00 0 G (%)
where
dN |:]_ |
dfa w{g Sfff —1dfd ddq Z bw Jfﬁl 7%, —ldé&dn d (19b)

and the integration in Eq. (19b) are obtained analytically and used directly in calculation of the
derivatives.

4. Numerical test

Some numerical tests are performed to check the validity and applicability of the proposed direct
correction scheme. Developed elements are classified into two types by the non-conforming modes
used as listed in Table 1 and tentatively designated as Type | and Il. Type | has all the
nonconforming modes listed in Table 1, while Type Il has basic non-conforming modes only
(N1~N4). In the calculation of present element stiffness matrix, the 14-point integration rule (Iron
and Ahmad 1980) is adopted.

Since the shape functions of the present variable node solid element are based on those for the
connection of different layer patterns (NC-V2, Choi and Lee 1993), it is impossible to directly
calculate the Jacobian values at the center point of the element due to slope discontinuities. To
circumvent this problem the Jacobian values at a center pino,0) are calculated based on
eight corner nodes excluding mid-edge node for the variable node hexahedral elements.

4.1 Eigenvalue test

To identify the possible spurious zero energy mechanisms, the eigenvalue analysis of element
matrix was carried out for the 8-node solid element and the typical variable node solid element
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Fig. 5 Examples for typical variable node hexahedral elements

(Fig. 5). For a single element without any boundary conditions, there must be only six zero eigenvalues
associated with rigid-body modes. Test results show that no spurious mechanisms were expected to
develop in any of the elements presented in this numerical test.

4.2 Patch Test

In order to check whether the proposed 8-node solid elements are capable of representing constant
strain states a series of patch tests were carried out. The typical test model (MacNeal and Harder
1985) is shown in Fig. 6, which contains seven distorted elements. Also additional patch tests were
carried out to check the validation of present direct correction method for variable node hexahedral
elements. The non-conforming modes-N, in Table 1 do not need correction since the correction
constants calculated by Eq. (16) equal to zero and therefore the correction produces no consequences.

Fig. 6 Patch test model for 3D solid



334 Chang-Koon Choi, Keun-Young Chung and Tae-Yeol Lee

(4] B-noude & | 3-node hexpberdml elemenis (hl Wamious variskhs node henabedral elememis

Fig. 7 Patch test models for variable node hexahedral element

Table 2 Boundary conditions and theoretical results
Boundary conditions

Theoretical solution
U=10(2x+y+2)/2 S e i LU
v=103(x+2y+2)/2 0,=0,=0,~2000
W=103(x+y+22)/2 Ty=T,~T,=400

The remaining non-conforming modeBlst-Nio

) in Table 1 are also tested. Patch test models for
variable node hexahedral elements are shown in Fig. 7. The problems were solved with the

prescribed displacement boundary and the obtained results are identical to the theoretical solutions
(See Table 2). In addition, a single element patch (Ibrahimbegovic and Wilson 1991) as shown in
Fig. 8 were tested, and all the types of developed elements passed the test. Thus the addition of

Fig. 8 Single element patch test
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non-conforming modes does no longer prevent the non-conforming elements from passing the patch
test. The Taylor's scheme is not applicable to these additional non-conforming modes, as the
correction constants do not become zero. From these test results, one can say that the new
modification scheme for strains due to non-conforming modes are valid and applicable to various
types of elements with non-conforming modes.

4.3 Cantilever Beam under Pure Bending

To overview the characteristics of bending behavior, the cantilever beam under pure bending is
considered (Fig. 9). The test meshes which are composed of 8-node and 13-node solid elements as

1 Free End Moment
&>
2 "o
z 1B
\ A

x 2_, M=4000
10
e >
Boundary Conditions
ZDuX=O ) zjuxzuyzuz=0, 2>ux=
Fig. 9 Cantilever Beam under Pure Bending
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»

FLE L \,
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(A-3) 13-node elements (B-3) 13-node elements

(a) Basic regular element meshes (b) Basic irregular element meshes

Fig. 10 Several test meshes for pure bending problem
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shown in Fig. 10 and the basic material properties are giv&+3a500,v=0.25. For the cantilever
beam, the boundary conditions of the fastening end are imposed as shown in Fig. 9.

The vertical displacement at point A and bending stmgsat point B under pure bending are
shown in Tables 3, 4, and 5 along with the theoretical solutions and the previous studiest(Choi,
al. 1993, 1996, 2001) for comparison. The element denoted as ‘C-V1' does not have any non-
conforming modes, and ‘NC-V1' and ‘NC-V2’' have conventional three non-conforming modes
(N1~N3) and the correction method suggested by Wilson and lbrahimbegovic (1990) is applied
(Choi and Lee 1993). The elements denoted as ‘NCH-3’, ‘NCH-4' (@Gta) 1996)and MR-Hk
(Choi, et al. 2001) which possess rotational degrees of freedom formulated by Allman type
functions are also included for comparison.

Test results indicate that all the elements presented in this paper show good performance in
bending even with distorted meshes and that the additional non-conforming modes are effective in
improving the overall accuracy of the elements.

Table 3 Results of cantilever beam under pure bending for 8-node solid elements

Regular mesh (mesh A-1) Distorted mesh (mesh B-1)
Designation point A point A point B point A point A point B
Vertical . Bending Vertical . Bending
displacement Rotation stress displacement Roatation stress
Type | 100.00 N/A -3000 94.53 N/A -2920
Type 1l 100.00 N/A -3000 92.61 N/A -2722
C-V1 (Choi and Lee 1993) 66.67 N/A  —-2200 44.38 N/A -1736
NC-V1(Choi and Lee 1993) 100.00 N/A  —-3000 87.45 N/A -2262
NC-V2 (Choi and Lee 1993) 100.00 N/A  -3000 87.45 N/A -2262
NCH-3 (Choi,et al 1996) 100.00 -20.00 -3000 97.33 -18.62 -2270
NCH-4 (Choi,et al 1996) 100.00 -20.00 -3000 91.75 -18.16 -2815
MR-Hx (Choi, et al 2001) 93.75 -18.75 -3000 81.09 -16.77 —-2405
Theory 100.00 -20.00 -3000 100.00 -20.00 -3000

Table 4 Results of cantilever beam under pure bending for 8- and 13-node solid elements

Regular mesh (mesh A-2) Distorted mesh (mesh B-2)
Designation point A point A point B point A point A point B
Vertical . Bending Vertical . Bending
displacement Rotation stress  displacement Rotation stress
Type | 99.88 N/A -3000 91.01 N/A -3079
Type Il 99.88 N/A -3000 90.52 N/A -3081
C-V1 (Choi and Lee 1993) 69.62 N/A  -2208 47.37 N/A -2049
NC-V1 (Choi and Lee 1993) 101.04 N/A  -3175 80.13 N/A -2953
NC-V2 (Choi and Lee 1993) 99.96 N/A  —-2992 79.85 N/A -2802
MR-Hx (Choi, et al 2001) 100.46 -19.95 -3070 86.32 -17.24 -3369

Theory 100.00 -20.00 -3000 100.00 —-20.00 -3000
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Table 5 Results of cantilever beam under pure bending for 13-node solid elements

Regular mesh (mesh A-3) Distorted mesh (mesh B-3)
Designation point A point A point B point A point A point B
Vertical : Bending Vertical : Bending
displacement Rotation stress  displacement Rotation stress
Type | 99.81 N/A —3000 93.67 N/A —2883
Type |l 99.81 N/A —3000 93.42 N/A —2876
C-V1 (Choi and Lee 1993) 69.18 N/A  -2208 49.27 N/A -1738
NC-V1 (Choi and Lee 1993) 99.91 N/A  -3000 91.13 N/A —-2402
NC-V2 (Choi and Lee 1993) 99.92 N/A  -3000 90.82 N/A —2396
MR-Hx (Choi, et al 2001) 96.96 -19.50 -3024 90.79 -17.89 —2484
Theory 100.00 -20.00 —-3000 100.00 —-20.00 —3000

4.4 Cook’s problem

This problem was originally proposed by Cook as a test for the accuracy of quadrilateral elements
(see Fig. 11). Although it is not common in solid element applications, this test is adopted for the
sake of convergence check in shear-dominated problem. Thickrie€s Youngs’ modulu€=1.0
and Poissons’ ratiu=1/3 were used, and applied loR&1.0 is distributed along edge side. The
result for the tip deflection at point A is compared with the reference value 23.91 obtained by the
numerical analysis with a refined model (MacNeal and Harder 1985). Numerical tests with the
sequentially refined meshes were carried out, and these test results are shown in Table 6.

Test results show that the behavior of present elements is satisfactory and solutions obtained by
present elements converge to the reference value.

4.5 Twisted cantilever beam

To evaluate the performance and applicability of the proposed elements in twisted mesh, a twisted

Thickness =1.0
E=1.0

4 v=1/3

.
Y

Fig. 11 Cook’s problem ¢#x1 Mesh)
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Table 6 Results of Cook’s problem (end deflection)

Mesh
Designation Patch test Element type
Ix1x1  2x2x1  4x4x1  8x8x1
Type | 16.35 21.04 2298 23.67 pass 8-node solid element
Type Il 15.82 20.96 22.97 23.67 pass 8-node solid element

lura & Atluri 1992 (M1) 17.93 21.92 23.36 23.78 fall 4-node plane stress element
lura & Atluri 1992 (M2) 12.80 20.09 22.90 23.66 pass 4-node plane stress element
Ibrahimbegovicet al. 1992 14.07 20.68 2299  23.67 pass 4-node plane stress element

wi/drilling d.o.f.
Reference value 23.91
y4
E=29%x10°
v=022
Length =12
Width =1.1

Thickness=0.32

Fig. 12 Twisted cantilever beam

cantilever beam of rectangular cross section is tested. This cantilever beam is twisteerots

length, and subjected to a concentrated unit load at its free end. The geometry and loading
conditions of this example are depicted in Fig. 12. The reference solutions in the case of in-plane
load and of out-of-plane load are 0.542@2 and 0.17541072, respectively (MacNeal and Harder
1985). The properties and dimensions used are given as Young's mEgaRi€x<1(°, Poisson’s

ratio v=0.22, thicknes$=0.32, side length=12, and concentrated lo&d-1.0.

Normalized end displacements with reference values are listed at Table 7. The presented elements
showed a good performance.

5. Conclusions

In this paper, a new efficient modification method for strains due to various non-conforming
modes which may cause the failure in patch tests is presented. This method is successfully applied
to the formulation of various non-conforming solid elements. Results obtained from a series of
patch tests show that all the non-conforming 8-node elements and variable hexahedral elements
formulated by incorporating the present modification scheme pass the patch tests. This implies that
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Table 7 Results of twisted cantilever beam (normalized end displacement)

Loads

Designation - Element type
in-plane out-of-plane
Type | 0.997 0.990 8-node solid element
Type |l 0.988 0.983
HEXA(8) (MacNeal and Harder 1985) 0.983 0.977 8-node solid element
HEXA20 (MacNeal and Harder 1985) 0.991 0.995 20-node solid element
HEX20R (MacNeal and Harder 1985) 0.993 0.999 20-node solid element
HEX8R (Yunus 1991) 0.951 0.960 8-node solid element
HEX8RX (Yunus 1991) 1.001 0.957 8-node solid element
reference value 1.000 1.000

the undesirable effects of additional strains due to non-conforming modes of the elements can be
successfully eliminated and the elements can represent constant stress state properly. Several other
numerical tests for bending and shear also show that the new modification method for strains due to
non-conforming modes is valid and the performance of developed non-conforming eight-node
elements is satisfactory. Thus, the new modification scheme set the non-conforming modes free
from patch test failures. The best performance element in this study was the element temporarily
designated as Type | which has all the possible non-conforming modes and showed better
performance than Type Il elements. Thus, it is suggested that the element Type | be re-designated as
NHx (Non-conforming Hexahedral with 8 node., e.g., NH8) for rigular element andxNNeéh-
conforming Variable node Hexahedral element withodes e.g., NVHI3) for variable node element
and used as a typical element for 3-D analysis.

It is expected that the proposed modification scheme can be further applied to various types of
non-conforming elements such as the plate element, membrane element, and so forth.

References

Choi, C.K. and Schnobrich, W.C. (1975), “Non conforming finite element analysis of sBel&ig. Mech. Div
ASCE, 1, 447-464.

Choi, C.K. and Lee, N.H. (1993), “Three dimensional solid elements for adaptive mesh gra@atialiral
Engineering and Mechanic$(1), 61-74.

Choi, C.K., Chung, K.Y. and Lee, N.H. (1996), “Three-dimensional non-conforming 8-node solid elements with
Rotational Degrees of Freedon$tructural Engineering and Mechanje®5), 569-586.

Choi, C.K., Kim, S.H., Park, Y.M. and Chung, K.Y. (1998), “Two dimensional nonconforming finite elements: A
state of the art"Structural Engineering and Mechanj&1), 41-61.

Choi, C.K., Chung, K.Y. and Lee, E.J. (2001), “Mixed formulated 13-node elements with rotational degrees of
freedom: MR-H13 ElementsStructural Engineering and Mechanjdd(1), 105-122.

Hughes, T.J.R. (1987)The Finite Element Method: Linear Static and Dynamic Finite Element Analysis
Prentice-Hall, Englewood Cliffs, NJ.

Ibrahimbegovic, A., Taylor, R.L. and Wilson, E.L. (1990), “A robust quadrilateral membrane element with
rotational degrees of freedoniiit. J. Numer. Methods Eng0, 445-457.

Ibrahimbegovic, A. and Wilson, E.L. (1991), “Thick shell and solid finite elements with independent rotation
Fields”, Int. J. Numer. Methods En@1, 1393-1414.

lura, M. and Atluri, S.N. (1992), “Formulation of a membrane finite element with drilling degrees of freedom”,



340 Chang-Koon Choi, Keun-Young Chung and Tae-Yeol Lee

Computational Mechanic9, 417-428.

Irons, B. and Razaque, A. (1972), “Experience with the patch test for convergence of finite element methods”,
Math. Foundations of the Finite Element Meth{&dl. A. K. Aziz), Academic Press, 557-587.

Irons, B. and Ahmad, S. (198gchniques of Finite Elementllis Horwood, Chichester, U.K.

MacNeal, R.H. and Harder, R.L. (1985), “A proposed standard set of problems to test finite element accuracy”,
Fnite Element in Analysis and Desidn 3-20.

Taylor, R.L., Bersesford, P.J. and Wilson, E.L. (1976), “A non-conforming element for stress anklysiks”,
Numer. Methods EnglQ(6), 1211-1219.

Taylor, R.L., Simo, J.C., Zienkiewicz, O.C. and Chan, A.C.H. (1986), “The patch test-a condition for assessing
FEM convergence’int. J. Numer. Methods En@2, 39-62.

Wilson, E.L. and Taylor, R.L., Dherty, W.P. and Ghaboussi, J. (1971), “Incompatible displacement @bifs”,
Symposium on Numerical and Computer Methods in Structural Mechémiegrsity of Illinois, Urbana.

Wilson, E.L. and Ibrahimbegovic, A. (1990), “Use of incompatible displacement modes for the calculation of
element stiffnesses or stressdshite Elements in Analysis and Desi@d, 229-241.

Yunus, S.M. and Pawlak, T.P. (1991), “Solid elements with rotational degrees of freedom. Part |: Hexahedron
elements”|nt. J. Numer. Methods Eng1, 573-592.





