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Abstract In this paper, an approach to the analysis of
arbitrary thin to moderately thick plates and shells by the
edge-based smoothed finite element method (ES-FEM) is
presented. The formulation is based on the first order shear
deformation theory, and Discrete Shear Gap (DSG) method is
employed to mitigate the shear locking. Triangular meshes
are used as they can be generated automatically for com-
plicated geometries. The discretized system equations are
obtained using the smoothed Galerkin weak form, and the
numerical integration is applied based on the edge-based
smoothing domains. The smoothing operation can provide a
much needed softening effect to the FEM model to reduce the
well-known “overly stiff” behavior caused by the fully com-
patible implementation of the displacement approach based
on the Galerkin weakform, and hence improve significantly
the solution accuracy. A number of benchmark problems
have been studied and the results confirm that the present
method can provide accurate results for both plate and shell
using triangular mesh.
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1 Introduction

Plates and shells are the most widely used structural compo-
nents in civil, mechanical and aerospace engineering. In the
past several decades, the finite element method has been used
as a powerful numerical tool to simulate behaviors of plates
and shells. Due to the complexity of the existing plate and
shell elements, research on simpler, more efficient and inex-
pensive plate and shell elements receives continuously strong
interest. Compared with quadrilateral element, triangular ele-
ment is particularly attractive because of its simplicity, easy
in automatic meshing and re-meshing in adaptive analysis.
However, the development of effective triangular elements
for plates and shell is not a trivial matter. The major difficul-
ties are to overcome (1) the overly stiff behavior, and (2) the
shear locking phenomenon.

Shear locking is a very well known phenomenon caused
by parasitic internal energy leads to an additional, artifi-
cial stiffness. Many efficient works have been done to over-
come the shear locking and various triangular elements have
been proposed. Pugh et al. [1] proposed a triangular plate
bending element with reduced integration. Belytschko et al.
[2] used a single Gauss point integration for calculating the
shear strain energy. However, the elements with reduced
integration or selective integration have low accuracy and
often exhibit zero energy modes. Moreover, they often can
not pass the patch test for thin plates. Discrete Kirchhoff
triangular (DKT) elements were developed by Stricklin et al.
[3] and Dhatt [4,5], where the shear locking was eliminated
by removing the shear deformation from element kinemat-
ics. Efficient results were obtained using these elements only
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for thin structures since transverse shear flexibility cannot
be neglected in the analysis of thick shells. Batoz et al. [6]
summarized the developments of flat triangular plate bend-
ing elements with displacement degrees of freedom at the
three corner nodes, and concluded that only a few elements
are reliable in this class. Based on mixed interpolation of ten-
sorial components (MITC), Bathe and co-workers developed
a series of triangular elements [7,8]. MITC3 is a three-node
triangular element which has a simple formulation, but some
locking is present in the solution of the clamped plate prob-
lems and the hyperboloid shell problems [9]. Ayad et al. [10]
proposed a MiSP (Mixed Shear Projected) approach based
on the Hellinger-Reissner variational principle. The shear
strains in this method were defined in terms of the edge tan-
gential strains that were projected on the element degrees of
freedom. Using assumed natural strains (ANS) model, Sze
and Zhu [11] proposed a quadratic curved triangular shell
element, and Kim et al. [12,13] proposed a 3-node macro
triangular element for analysis of plates and shells. Chen and
Cheung [14] proposed two refined triangular thin/thick plate
elements (DKTM and RDTKM) based on the Timoshenko’s
beam theory. Based on this work, Chen [15] proposed a
15-DOF triangular discrete degenerated shell element.
Bletzinger et al. [16] presented a 3-node non-isotropic tri-
angular element DSG3 using the Discrete Shear Gap method
(DSG). This element may be classified as an ANS element,
but it needs not to choose an interpolation for the shear strains
or to specify any sampling points. It is based on the explicit
satisfaction of the kinematic equation for the shear strains at
discrete points and effectively eliminates the parasitic shear
strains. This element is very simple and does not need to
choose an interpolation for the shear strains or to use addi-
tional sampling points.

The overly stiff behavior is observed in all fully compat-
ible displacement-based FEM models. The primary cause
of the overly stiff behavior is the fully compatible imple-
mentation of the assumed displacement field based on the
standard Galerkin weakform. The overly stiff behavior is
particularly severe when displacement-based triangular ele-
ments is used, which often leads to very poor accuracy in
the solution. In order to reduce the stiffness of the model
and widen the solution space, Liu [17] proposed a general-
ized smoothed Galerkin weak form (GS-Galerkin), revealed
and proved a number of important properties including var-
iational consistence, convergence, upper bound and soften
effects [18]. The smoothing operation [19] has been gen-
eralized to include discontinuous functions [17], and is used
for the gradient of field variables, and the smoothing
operations are performed in various ways for creating mod-
els of desired properties. Using the node-based smoothing
operation and the point interpolation method for shape func-
tion construction, a node-based smoothed point interpola-
tion method (NS-PIM or LC-PIM [20]) was formulated. Liu
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and Zhang [21] found that NS-PIM is variationally consis-
tent when the solution is sought from a proper H space, and
can provide much better stress results. More importantly it
can provide upper bound solution in energy norm. Using
the FEM shape function and the element-based smoothing
operations, a smoothed finite element method (SFEM) was
proposed [22]. The SFEM further divides the elements into
some smoothing domains, computes the integrals along the
edge of the smoothing domains, and has been proven to have
excellent properties. The SFEM of general n-sided polygonal
elements has also been formulated, and works well for very
heavily distorted mesh [23]. Liu et al. [24] gave detailed the-
oretical aspects including stability, bound property and con-
vergence about SFEM. Cui et al. [25] extended the SFEM for
linear and nonlinear analysis of plates and shells. Nguyen-
Xuan et al. [26] extend the SFEM for plate problem coupled
with MITC4 element [27]. All these models have a common
foundation of the so-called G space theory [28], and fall into
the category of weakened weak (W2) formulation [18].

An edge-based smoothed finite element method
(ES-FEM) [29,30] has been proposed for 2D solid mechan-
ics problems using also the smoothed Galerkin weak form
with edge-based smoothing domains. It has been found that
the simple change of smoothing domains gives the ES-FEM
excellent properties including good accuracy and free of spu-
rious modes. In this work, the ES-FEM has been further
extended to solve plates and shells. The present formula-
tion is based on the first order shear deformation theory,
and the shear locking is suppressed using DSG [16]. The
domain is first discretized into a set of triangular elements
and linear shape functions are used as same as in the standard
FEM. The smoothing domains associated with the edges of
the triangles are then further formed and the system stiff-
ness matrix is obtained by integrating numerically over each
smoothing domains. Compared with FEM, the smoothing
operation reduces the stiffness of the discretized system, and
compensates nicely the “overly stiff” behavior of the FEM
model. Hence, the ES-FEM can produce better solutions than
corresponding FEM model. For shell problems, an edge local
coordinate system 1is introduced for performing strain
smoothing operations. To validate the accuracy and stability
of the present method, a number of numerical examples have
been examined and comparisons are made with results avail-
able in literatures. The excellent results have been obtained
for both plate and shell problems.

2 Formulations
2.1 Basic equations for plate and shell
The first order shear deformation theory [31] is used in this

work, and thus the displacements in Cartesian coordinate
system can be expressed as follows
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u = ug + z06y
v = v — 26y (1)
w = wo

where u(, vo and wy are the displacements of the mid-plane
of the plate or shell in the x, y and z directions, 6, and 6,
denote the rotations respect to x and y directions, respec-
tively.

The relevant strain vector € can be written in terms of the
mid-plane deformations of Eq. (1), which gives

Exx

Vyz

where €, the membrane strain, €, the bending strain (curva-
ture), and &, the shear strain are given by

dug 20y
ax dx
. I
m ay ) ay k)
o, oy %y _ on.
8)1 dx ay ax (3)
Bwo
— +0,
e — ax
s ) dwy
oy
y

Applying the principle of virtual work, the weak form is
stated as follows

/ el Dy, dQ + / e, Dpe,dQ + / sl Dye dQ

Q Q Q
- / sSulfdQ — / sultdl =0 4)
Q r

where the membrane stiffness constitutive coefficients (D,;,),
the bending stiffness constitutive coefficients (Dj) and the
transverse shear stiffness constitutive coefficients (D) are
defined as

t
2
D, = /Dodz =tDy 5)
x
t
2 t3
D, = / ’Dodz = —Dy )
12
5
; 1 0 1 0
Dsz/xG[O 1}dz=xtG|:0 1] @)

I~

in which G is shear modulus, x = 5/6 is the shear correc-
tion factor, and the matrix Dy is the constitutive coefficients
given by

E I v O
D0=1—2 12 1 0 (8)
Vo o0 1-v2

where E is Young’s modulus, and v is Poisson ratio.
The stresses can be given as follows,

T
Om = {Nx: Nys ny} =Dy ©
is the membrane force,

T
Op = {Mx» My7 Mxy} = Dyeyp (10)

is the bending moment, and

US:{va Qy}TZDses (11)

is the transverse shear force.

At any point in a triangular element, the generalized dis-
placement field u in the element is interpolated using the
nodal displacements at the nodes of the element by the linear
shape functions. The same shape functions are used for both
displacements and rotations

d;
u={u. v, w, 6 6} =[N N N3] { dy (12)
d;
where d; = {ug;, voi, woi, Oxi, Oy,-}T is the generalized
nodal displacement at node i, N; (x) is a diagonal matrix of
shape functions given by

N; = diag {N; (x), N; (x), Ni (x), N; (x), N; x)}  (13)

in which N; (x) is the shape function for node i. Since 3-node
triangular element is used, the shape function is linear and
can be given as follows [32]

Ni (xX) =a; +bix + ¢y

1 1
aizz_m(xjyk_xkyj)’ bi=2Ae (y]_yk)’ (14)
1
¢ = E(xk—xj)

where A, is the area of the triangular element, the subscript
i varies from 1 to 3, j and k are determined by the cyclic
permutation in the order of i, j, k.

Substituting Eq. (12) into Eq. (3), the membrane strain €,
and the bending strain €, can be written as

d;
&n = Bmd = [Bmlv BmZa Bm3] d2 (15)
d;
d;
ey = Bpd = [By1, Bpo, Byl | do (16)
d;
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in which
[Nix O 0O 0 0
B, =10 Niy 0 0 0 17
| Niy Nix 0 0 0
0 0 0 O Nix
Byy=|0 0 0 —-N;y O (18)
0 0 0 —=Nix Ny

where “(),” indicates differentiation, the subscripti = 1, 2, 3.

In order to eliminate the shear-locking, the “Discrete Shear
Gap” (DSG) method [16] is used here. In each triangular
element, the shear strain here can be given as:

3 3
Yxz = ZNi,x (X) Awy; + ZNi,x (x) Awyi
i=1 i=1

19)

3 3
ye =2 Niy 8 Awgi + > Niy () Awy
i=1 i=l

where Aw,; and Awy; are the discrete shear gaps at the node
i given by

Awyl = Awyz = Awy; = Awyp =0

1
Awyy = (w2 —wy) — Eb(eleerz)

1
+5a (051 + 6,2) (20)

1 1
Awys = (w3 — wy) — Ed 614+ 6,3) + ¢ (051 +6,3)

where
a=x3—x1, b=y,—y o)
c=x3—Xx1, d=y3—y]

From Egs. (19), (20) and (21), the shear strain €, in each
element can be written as

d;

es=[y“]=Bsd=[le,Bsz, By1{ do (22)
Vyz d3
in which
1 00 b-dO A, 0
Bi=52010 0 coa —A, 0 0} (232)
1 o0 d % 2 o
By, = 2 2 2
T4, [0 0 —¢ b g 0] (23b)
1 To o —p & _be
B,; — 2 2 2
P74, 0 00 -4 o] (23¢)
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O Nodes of the element /A Centroid of the element

Fig. 1 A problem domain is divided into Nejen triangular elements
with a total of Negge edges. Interior element edge k is sandwiched in
the smoothing domain €2; bounded by I'y. Smoothing domain £2,, for
the boundary edge m is a triangle. There are Nj nodes that influence
the kth smoothing domain Q. For domains associated with boundary
edges Ny = 3; for example, nodes n3, ns and ng influence €2,,. For
domains associated with interior edges Ny = 4; for example, nodes
ni, na, n3 and ng influence

2.2 Edge-based strain smoothing technique for plate

In this section, the edge-based strain smoothing technique
will be introduced. In present ES-FEM, the problem domain
Q is divided into Nelem triangular elements with a total of
Negge €dges. In order to perform the smoothing operation, a
smoothing domain for each edge is formed by sequentially
connecting two end points of the edge and centroids of its sur-
rounding triangles, such that & = Q; U, U. .. UQy,,,. and
Q;NQ; =0, #]j,i= I, ..., Nedge, J =1,..., Nedge),
as shown in Fig. 1. In the ES-FEM, the displacement inter-
polation is element based, but the integration is based on the
smoothing domains. As shown in Fig. 2, for interior edges,
the integration domain 2; of edge k is formed by assem-
bling two sub-domains €21 and k> of two neighboring ele-
ments. The sub-domain ;; and the sub-domain €2, are
from element el and element e2, respectively.

Introducing the strain smoothing operation [17], the
smoothed strain in the smoothing domain €2; are given by

_ 1
8,(71[() = A—k/eﬁ,’f)dsz
Q

1
= /sﬁ,’;” (x)dsz+/e,§f2> (x) dS2
k

$2k1 Q2

(24a)
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Fig. 2 The integration is
performed over each of the
edge-based smoothing domains.
Domain € of edge k is formed
by assembling two sub-domains
Q1 and 24> of two neighboring
elements. The sub-domain 2
is from element el and the
sub-domain 2y is from element
e2

1
(k) _ (k)
Eb = A—/Sb dQ

k
Q
1
=z / el (x)d + / el (x)dQ (24b)
Q1 Q2
1
el = A—k/e§k>dsz
Q
1
- / e (x)dQ + / e (x)dQ (24c)

$2k1 Q2

where Ay is the area of the smoothing domain 2,
t-:f,f 1)(x), eikl) (x) and egkl)(x) are the compatible strains cal-
culated in element el, sﬁ,]fz) (x), sl(jkz) (x) and s§k2) (x) are the
compatible strain calculated in element e2.

Since linear shape functions are used in the present
method, the compatible strain is a constant in each smoothing

sub-domain. Therefore, Eq. (24) can be rewritten as

1

gl = - (Akle%‘” + Akze,(fl‘z)) (25a)
k

_ 1

6 = —— (Anel + Awel®) (25b)
k
1

B = — (Aklsgk“ + Akzeg’d)) (25¢)
k

where Ag and Ay, are areas of the smoothing sub-domains
Q1 and Q2, respectively.

Substituting Egs. (15), (16) and (22) into Eq. (25), the
smoothed strains can be given by

s %Bg’cl)dm) + AR guga) _ glg® (26
k k
A A _
s() _ Ak (kD) 5(k1) k2 (k2) 3(k2) _ (k) 3(k)
€ =—B,d —=B,”d*® =B,"d 26b
b A b + A b b (26b)
eW = %ngl)d(kn + @Bg’ﬂ)d(’d) —BPa®  (26¢)
k k

element | Nodes index
el i, , m
e2 J, n,om

Boundary line

Fig. 3 Theintegration domain €2 of edge k is only a single sub-domain

where d*D and d%*? are the nodal displacements vector
of the element el and the element e2, respectively, d®) are
the displacements vector of the nodes associated with edge
k, B,(,]fl) , Bék]) and B§kl) are the compatible strain matrices of
the smoothing sub-domain €2z and B%{ 2), Bl(,kz) and B§k2) are
the compatible strain matrices of the smoothing sub-domain
Qi2, respectively. Note that the sign ‘+’ denotes assembly
but not sum here.

For boundary edges as shown in Fig. 3, the smoothing
domain 2 of edge k is a single sub-domain, and strains in
Eq. (26) are obtained by the single subdomain. In this case,
the strain and strain matrix have the same form as those in
FEM.

2.3 Edge-based strain smoothing technique for shell

For shell problems, local coordinate system is defined in each
element, and the compatible strains are computed in this local
coordinate system. In order to perform the strain smoothing
over the same local coordinate system for two sub-domains
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from two different elements sharing an inner edge, coordi-
nate system (x, y, 7) associated with an edge is defined in
this study. Let x be coinciding with the edge k, z be the aver-
age normal direction of the two elements sharing edge k, and
y direction is then defined as the cross product of the unit
vectors in the 7z and x directions. From simple transforma-
tion rules for each triangular element, the strain in the edge
coordinate system can be written as

g:m = leRm2§m
&, = Rp1Rp28) (27)

gs = Ry1Ry&

in which €,,, €, and &, are strains in element local coordinate
system, and

2 2 2 A
ch C; c)SZ CixCxy
R,1 =Ry = Cix 5y <5, CyxCyy

transformation matrix T can be written as

- Tix3 03x3 ]

T= 34
|:02><3 Tox3 34)

in which

T =c:, (35)

)

As shown in Fig. 4, the smoothing domain €2 correspond-
ing to an inner edge k consists of two sub-domains. The strain
in the edge coordinate system of each sub-domain €27 can be
noted as éfff’ ), é;}kl) and ég" ) for the Ith triangular element.
As the strain is constant field in the linear triangular element,
the strain in smoothing domain can be easily obtained by

CxxCiz

C5+C52 (28)

CxyCxz

CyyCyz

2czxCyx 2CiyCiy 2C57C5; CixCyy + CjxCiy CizCyy + CjzCxy  CixCyz + CyxCiz

R. — ZijCEX 2C;yCzy
U7 2050650 25505
CyxCzx CyyCzy

2c5,Cz; CixCzy + CzxCxy CizCzy + C3Ciy CixCiz + CixCig
205‘2022 CyxCzy F+ CzxCyy  C3zCzy + C3zC5y  CyxCzz + CzixCyy

} (29)

— 2 e -
c)zex c§x CixChx
C)zh ng CiyCyy
cs cs C3:C5
Rm2 = sz = Xz yz XZ=yz
204xChy 205xCHy  CixChy T CiyCix
204yCh;  205yCyz CiyChr + C37Chy
2cpxCip 205xCyr CixCiz t CizCix
(30)
CixCix CHxCix
CiyCiy CyyCiy
Cx:C2z C52€22
Ry, = ' €1y

CxxCzy + CzyCix
CizC3y + C3yCs;
CixCzz + CizCox

CixCsy T C5yCox
Cy2Czy + CyyCiz
CixCsz T C57Csx
where as usual cx, is the cosine of the angle between the x
and x axes, etc.

Using Eqgs. (15), (16) and (22), the strains in the edge sys-
tem can be obtained using those in element local coordinate
system

ém = llmlRmZ]%mél
&, = Rp1Rp2Bpd (32)
és = RissZBsd

where B,,, B, and By are strain matrices in element local
coordinate system, and

d; = Td; (33)
where &,- and d; are the nodal displacement vectors at node i

expressed in local and global coordinates, respectively, and
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i 1 _
& = 2 AuEy” (362)
k 1
_ 1 _
g = D Aug, (36b)
k 1
_ 1 _
e,(]k) = A_k Z Akle,(bkl) (36¢)
1

where Ay is the area of the smoothing domain 2, Ay is the
area of the sub-domain ;.

Using Eqgs. (32), (33) and (36), the relationship between
strains and global nodal displacement vectors can be
given as

Fig. 4 Shell element for edge-based smoothing, integration domain
and coordinate systems
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e — glg® (37a)

=(k n (k

g — Ba® (37b)

g0 = BHa® (37¢)

in which

_ 1 A A

k (k) (kD (k1 I
BX = T > ARy RBEDTO (38a)
1

_ 1 A N

By = — > AuRREBIOTO (38b)
A 4

_ 1 ~ ~

BY = — > AyRWYRGBEDTD (38¢)

S
A
k=

where the summation in Eq. (38) means an assembly pro-

cess, Rf,f f R,(Jkl) and Rg’i) are the transformation matrices for

the kth edge given by Eqgs. (28) and (29), Rfle), Rl(j;l), Rigl)
and T*D are the transformation matrices for the Ith element
sharing the edge k and they are given by Eqs. (30), (31) and
(34). It must be pointed out that the global nodal displace-
ments vector d©) contains all of nodes of the two elements

sharing the edge k.

2.4 Smoothed Galerkin formulation

We now seek for a weak form solution of generalized dis-
placement field u that satisfies the following smoothed
Galerkin weak form

/ 88! D, €, dQ2 + / 88, Dppd Q2 + / SEI D&, dQ

Q Q Q
- / suTfdQ — / suTtdl’ = 0 (39)
Q r

where f is the external load applied over the problem domain
€, and t is the traction applied on the natural boundary I".
Substituting Eq. (12) and Eq. (26) (for plate) or Eq. (37)
(for shell) into Eq. (39), a set of discretized algebraic system
equations can be obtained in the following matrix form

Kd—f=0 (40)

where d is the vector of global nodal displacement at all of
the nodes, and f is the force vector defined as

f:/N(x)f‘dQ—i—/N(x)fdl" 41)

Q r

In Eq. (40), K is the (global) smoothed stiffness matrix
assembled in the form of

N, edge

Ky => K (42)
k=1

The summation in Eq. (42) means an assembly process
same as the practice in the FEM, Negge is the number of
the edges of the whole problem domain €2, and I_(l.(f) is the
stiffness matrix associated with edge k given as follows

(k) (k) ¢S 7]
Kij" =K + Ky +Kgjj (43)
where
K9 = [ (B9) b, (BV) ao
mij m. ), m m )i
Q

T
R (k R (k
= (B,g))i Dy, (B,ﬁ,))j Ar

T
_ (a® 5 (6)
- (Bb )i Dy (Bb )jAk
T
0 Bk 5k
K =/(B_§ '), D (B >)jdsz

_ (f;§k>)_TDS (B§">) A (44)

J

3 Numerical examples
3.1 Patch test
The first numerical example is the standard patch test; the

mesh of a square patch of the plate with thickness ¢ = 0.001
is depicted in Fig. 5. The plate is subjected to the prescribed

4 (0,10) 3(10,10)

6\(8,9)

534

1(0,0) 2 (10,0)

-
I

X

Fig. 5 Mesh for the standard patch test
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displacement and rotations on boundary of the patch (at nodes
1 to 4) are computed using

w=1020+x+y+x>+xy+y?)

Jw _3
Oy = —— = —10"°(1 + y + 2x) 45)
ax
9
By = — = —1073(1 +x +2y)
dy

The material properties of patch are £ = 1.0 x 10° and
v = 0.25. To satisfy the patch test, the deflection and rota-
tions at any interior nodes computed by numerical method
should be exactly the analytic ones given in Eq. (45). To
examine the numerical error precisely, an error norm is
defined as

. . T, . .
e, = i ( (uflum _(uéxact) (uimm - ulexact)) (46)

T
i=1 uexact) (uexact)

where Upun, is the displacement vector computed by the pres-
ent ES-FEM, and uexq( 1S the displacement vector computed
from Eq. (45). Our numerical computation has found the error
norm being e, = 4.474065656539186 x 10719 that is of the

Fig. 6 Square plate mesh y A

order of the machine accuracy. This shows a successful pass
of the patch test for present method.

3.2 Square plates

A square plate of length L = 10 subjected to different
boundary conditions is considered in this subsection. The
material properties are taken as Young’s modulus £ = 3.0 x
107, and Poisson ratio v = 0.3. Owing to the symmetry
conditions, only a quarter of the plate is modeled. Figure 6
shows the meshes of different density used for the square
plate. The results of center deflections are normalized with
the formulation given by Zienkiewicz and Taylor [33]. For
the plate subjected to uniform load, the deflection is normal-
ized as & = w.D/gL*, where ¢ is the uniform load. For
the plate subjected to concentrated central load, the deflec-
tion is normalized as w = w.D/ PL?%, in which P is the
concentrated central load. Both thin plate (L/¢ = 100) and
thick plate (L /t = 5) with different boundary conditions are
investigated in this subsection.

For the purpose of testing the element performance, the
numerical results obtained from the present ES-FEM are
compared with several existing triangular plate elements,

2 elements per side

4 elements per side
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6 elements per side 8 elements per side
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Table 1 Numerical results of Mesh DKT RDKTM DSG Present

normalized central deflection for

asimply supported square plate 2 x 2 0.004056 0.004058 0.003705 0.004078

zz‘;lfc_‘ei‘o‘:)“)‘form load 4x4 0.004065 0.004069 0.003975 0.004068
6x6 0.004064 0.004066 0.004024 0.004066
8 x 8 0.004064 0.004065 0.004042 0.004065
Analytic solution 0.004064

Table 2 Numerical results of

normalized central deflection for Mesh DKT RDKTM DSG Present

asimply supported square plate 0.004056 0.004902 0.004499 0.00496

subjected uniform load

(Lt =5) 4 x4 0.004065 0.004904 0.004804 0.00492
6x6 0.004064 0.004906 0.00486 0.004912
8 x 8 0.004064 0.004906 0.004879 0.004909
Analytic solution 0.004907

Table 3 Numerical results of "

normalized central deflection for Mes DKT RDKTM DSG Present

a clamped square plate subjected

uniform load (L /1 = 100) 2x2 0.001547 0.00155 0.00107 0.00135
4 x4 0.001347 0.00135 0.001213 0.001299
6x6 0.001303 0.001305 0.001243 0.001285
8 x 8 0.001287 0.001289 0.001254 0.001279
Analytic solution 0.001265

Table 4 Numerical results of

normalized central deflection for Mesh DKT RDKTM DSG Present

a clamped square plate subjected 0.001547 0.002423 0.002226 0.001862

uniform load. (L/t = 5)
4 x4 0.001347 0.002243 0.002205 0.002093
6x6 0.001303 0.002205 0.00219 0.002136
8 x 8 0.001287 0.002191 0.002183 0.002152
Analytic solution 0.00217

Table 5 Numerical results of B

normalized central deflection for Mesh Simply supported Clamped

a square plate subjected DSG Present DSG Present

concentrated central load with

different constraints 2x2 0.010624 0.011986 0.004252 0.005393

(L/1=100) 4x4 0.011285 0.011750 0.005205 0.005658
6x6 0.011445 0.011685 0.005416 0.005657
8 x 8 0.011507 0.011656 0.005496 0.005647
Analytic solution 0.011601 0.005612
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Fig. 7 Relative error of the deflection at centre for a simply supported
square plate with uniform load for different element types. a Thin plate
(L/t = 100). b Thick plate (L/t = 5)

which include HCT [34], HSM [35], BCIZ [36], DKT [37],
RDKTM [14] and DSG [16], and the analytic solutions got
from Ref. [31].

Numerical results of normalized central deflection for all
cases are given in Tables 1, 2, 3,4 and 5. The relative errors
of the results are plotted in Figs. 7, 8, and 9, in which the label
“mesh density” of the horizontal axes refers to the number
of elements per side. From the results, it can be seen that
the present method has a high accuracy and possesses fast
convergence for both the thick and thin plates with differ-
ent boundary conditions. For all studied cases, the proposed
ES-FEM is not the best for each of the cases, but it is always
among the bests for all these cases, which show clearly the
stable and well-balanced feature of the ES-FEM. Note that
the present method is very simple in formulation and no
extra sampling points are introduced, compared with other
elements.

3.3 Shear locking test

A simply supported or clamped square plate subjected to a
uniform loading is used to test the shear locking phenom-
enon. The geometry and material properties are as same as
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Fig. 8 Deflection at centre for a clamped square plate with uniform
load for different element types. a Thin plate (L/¢ = 100). b Thick
plate (L/t =5)

those used in the previous subsection. The deflection is nor-
malized as W = w.D/qL* and a 6 x 6 mesh is used here,
and the computed results are plotted in Fig. 10. The results
show clearly that the proposed method can avoid shear lock-
ing successfully and it provides excellent results regardless
of the thickness of the plate.

3.4 Circular plate

A simply supported or clamped circular plate subjected to
uniform loading is analyzed to demonstrate more features of
the present method. The radius of the plate is R = 5 and two
cases of the thickness, r = 0.1 and ¢ = 1, are investigated
here. Poisson ratio v of the material is taken to be 0.3; Young’s
modulus E of the material is 3 x 103. The configuration and
mesh information of the plate are shown in Fig. 11, where
a quarter of the plate is modeled because of the symmetry
conditions. A set of three meshes, 6, 24 and 96 elements, are
employed here. The boundary conditions are given by:

Simply supported: w = 0 on the boundary
Clamped: u = v = w = 0y = 0y, = 0 on the boundary
(47)
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Fig. 11 Circular plate with
uniform load. Geometry and
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Boundary conditions
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Fig. 12 Deflection at centre for a thin circular plate (t/R = 0.02) with
uniform load for different element types. a Simply supported plate.
b Clamped plate

For a simply supported or clamped thin circular plate
subjected to uniform load ¢go; the analytic solutions for cen-
tral deflections w and moment M, are given by [37]

_ qoR* (54 8 2
' w=BDp (ﬁ + w=w (%) )
Simply supported: 5, _ % G +v) (48)
w = LR (1 48 (L 2)
Clamped: 64DR2 3k(1—v) (R) (49)
M, = qOT (1+v)

where D = E13/(12(1 — v?)) is the bending stiffness.
Numerical results of the present method are compared
with those of existing triangular elements, which include
DKT [37], RDKTM [14], BST-BK [38], BST-BL [39],
MiSP3 [10], and DSG [16]. Numerical results of normalized
central deflection w / wret, in Which wret is analytic results in
Egs. (48) and (49) for the thin plate (/R = 0.02) are plotted
against the elements number in Fig. 12. The results of central
moment are plotted in Fig. 13. These two pictures show that
the present method can produce very accurate results when
the problem domain is descritized using a reasonably num-
ber of elements (24 and 96 elements for this case). When
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Fig. 13 Moment at centre for a thin circular plate (/R = 0.02) with
uniform load for different element types. a Simply supported plate.
b Clamped plate

too few elements are used (6 elements for this case), results
of the present method are found only better than the plain
elements also using DSG to eliminate shear locking. This
is because the ES-FEM relies on the sufficient number of
edges for the smoothing operation to take effects. When the
model has too few edges, it has no much difference compared
to the plain elements. For the case of 6 elements, there are
totally 12 edges and only half of them (6 interior edges) are
being effectively smoothed. Therefore, we are not expecting
an outstanding performance of the ES-FEM for this case. This
founding agrees with those methods using smoothed Galer-
kin formulations [17]. With the increase of the number of
elements (e.g., 24 and 96 elements), the ES-FEM clearly out
performs other elements. Note that in any practical problems,
we use a lot more than tens of elements, and hence ES-FEM
is expected to perform well in solving actual problems.

A clamped thin (/R = 0.02) and thick (t/R = 0.2)
circular plates subjected to a uniform load are analyzed to
obtain the distributed bending moments (M, , My) and shear
force (7). The mesh of 96 elements is employed, and the
numerical results of present method are shown in Figs. 14, 15
and 16, together with the results obtained using BST-BK
[38], BST-BL [39] and MiSP3 [10] with the same mesh.
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Fig. 14 Moment M, along the radius for a clamped circular plate with
uniform load. a Thin plate (/R = 0.02). b Thick plate (t/R = 0.2)

The analytic solutions are given by [40] as follows

M, (r) = i’—g [(1 Fo) R — (3+v)r2]
My (r) = ?—2 [(1 F0)R2 = (14 3v) r2] (50)
T, 0) = —5-

where r is the distance gauged from the plate center, and
D = Er3/(12(1 — v?)) is the bending stiffness.

Nodal values of M,, My and T, for present method are
obtained by averaging the values of the associated smooth-
ing domains. The forces of the MiSP3 element are computed
at the nodes, and the forces of BST-BL and BST-BK elements
are computed at the centroids of the elements. It is found that
the present method performs among the best for all the cases
of both thin and thick plates. For bending moments, numer-
ical results of all the methods studied here are all in good
agreement with the reference solutions. For shear forces, the
present method and MiSP3 element provide more accurate
results compared with other numerical methods.
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r

Fig. 15 Moment My along the radius for a clamped circular plate with
uniform load. a Thin plate (/R = 0.02). b Thick plate (t/R = 0.2)

3.5 Pinched cylinder with end diaphragms

A pinched cylinder supported at each end by rigid diaphragm
shown in Fig. 17 is considered in this section. It is a widely
used benchmark problem for determining the ability of the
elements to represent inextensional bending and complex
membrane states. The length of the pinched cylinder is L =
600 in., the radius is R = 300 in., and the thickness is
t = 3in. The material properties are: Poisson’s ratiov = 0.3,
and Young’s modulus E = 3.0 x 10 N/in.2. The loading is
a pair of pinching loads P = 100 N. Owing to the sym-
metry, only 1/8 of the problem is modeled. Five meshes,
4x4,6x6,8x8,12x 12and 16 x 16, are examined here
and only the 4 x 4 mesh is shown in Fig. 17. In this case, the
analytical solution of the radial displacement under the point
load is 0.0018248 in., and the solutions given in this case are
normalized with this value. Numerical results of the present
method are compared with those of existing triangular shell
elements ANS6S [11], CO [41], DSG3 [16] and S3R element
in ABAQUS©. From the results given in Table 6, it can be
seen that the proposed element provides accurate results and
has a good convergence performance.
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with uniform load. a Thin plate (/R = 0.02). b Thick plate (/R = 0.2)

Zw P =100
diaphragm
y,v

IS \
’ ISISNININ

]

‘ L ‘ diaphragm
!

P =100

Fig. 17 Pinched cylinder with end diaphragms, 4 x 4 mesh illustrated

3.6 Hemispherical shell

The hemispherical shell with an 180 hole is loaded anti-
symmetrically by point loads as shown in Fig. 18. It exhibits
almost no membrane strains but it is a challenging test on
the ability of an element to handle rigid body rotations about
normals to the shells surface. The geometric parameters are
radius R = 10 m and thickness ¢+ = 0.04 m. The material
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Fig. 18 Pinched cylindrical with end diaphragms, five nodes per side
illustrated

Table 7 Hemispherical shell; normalized displacement at load point
(the value used for normalization is 0.093 m)

Mesh 4 x4 6x6 8x8 12 x 12 16 x 16
ANS6S 0.949 - 0.982 0.995 1.001
S3R 0.357 - 0.913 0.968 0.981
Cco 0.870 0.930 0.960 - -

DSG 0.965 0.977 0.981 0.986 0.989
Present 1.021 1.010 1.004 1.002 1.002

properties are: Poisson’s ratio v = 0.3, and Young’s mod-
ulus E = 6.825 x 107 Pa. The point loading is F = 1 N.
The solutions are obtained by using five meshes including
4 x4,6x6,8x8,12x 12 and 16 x 16. A typical 4 x 4
mesh is shown in Fig. 18. The analytical radial deflection
coincident at point load is 0.093 m, and the solutions given
in Table 7 are normalized with this value. It can be observed
that the present results agree well with analytic solutions.

3.7 Hood of an automobile

Finally, an actual structure component of a car hood shown in
Fig. 19 is studied using the present element. The dent resis-
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Fig. 20 Displacements in x-direction at the loading point

tance of car hood is one of the important considerations in
the process of car design. In this example, all of the bound-
ary nodes are fixed, and a concentrated load F = 150 N
is imposed along the x-direction. The thickness of the thin
shell is 0.8 mm; Poisson’s ratio of the material is taken to be
0.3; Young’s modulus of the material is 2.1 x 107 ‘N/mm?. In
order to test the accuracy of the present element, the solutions
of triangular element S3R in ABAQUS© is used for compar-
ison. The reference solution is obtained using quadrilateral
shell elements in ABAQUS© with large number of (25,423)
nodes. Figure 20 shows that the present triangular element
has a much higher accuracy than triangular shell elements
used in the ABAQUSO.

4 Conclusions

In this paper, an edge-based smoothed finite element method
is formulated to analyze plates and shells using simple 3-
node triangular elements. The smoothed Galerkin weak form
is used for discretizing the system equations and the numeri-
cal integration is performed based on the smoothing domains
associated with edges of the mesh. The Discrete Shear Gap
method (DSG) is employed to mitigate the shear locking

effect. Numerical results of plate and shell problems have
confirmed the following features of the present method.

1. The conventional 3-node triangular element is used in the
ES-FEM. There is no extra sampling point introduced
to evaluate the stiffness matrix in present formulation.
Hence the present method is very simple and can be eas-
ily implemented with little changes to the FEM code.

2. Compared with fully compatible displacement-based and
hence overly stiff finite element, the present method can
provide a much needed softening effect to the model
owing to the edge-based gradient smoothing operation.
Therefore, the performance of the present method is
greatly enhanced.

3. The present method can pass exactly the pure bending
patch test which ensures numerically the convergence of
the proposed method.

4. Numerical comparisons show that the present element
can obtain very stable and accurate results.
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