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Geometrically nonlinear meshfree analysis of 3D-shell structures
based on the double directors shell theory with finite rotations
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Abstract. In this paper, a geometrically nonlinear meshfree analysis of 3D various forms of shell structures using the double
director shell theory with finite rotations is proposed. This theory is introduced in the present method to remove the shear
correction factor and to improve the accuracy of transverse shear stresses with the consideration of rotational degrees of
freedom.The present meshfree method is based on the radial point interpolation method (RPIM) which is employed for the
construction of shape functions for a set of nodes distributed in a problem domain. Discrete system of geometrically nonlinear
equilibrium equations solved with the Newton-Raphson method is obtained by incorporating these interpolations into the weak
form. The accuracy of the proposed method is examined by comparing the present results with the accurate ones available in the
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literature and good agreements are found.
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1. Introduction

The analysis of shell structures is of considerable
interest in various areas of structural mechanics. In fact,
shells are widely used in various mechanical structures,
civil engineering, aerospace and naval. Two different types
of shells can be distinguished by the ratio of the thickness:
thin shells when the ratio is considered to be thin as 1/20
and thick shells when the ratio is considered to be upper
than 1/20. The thin shell structures are based on the
Kirchhoff-Love theory (Krysl and Belytschko 1996, Uysal
2016, Atri and Shojaee 2018, Jrad et al. 2018a, Mallek et al.
2019a) and the thick shell structures (Zhu et al. 2014,
Zhang et al. 2015a, b, c) are based on the Mindlin-Reissner
theory (Zhang and Liew 2016a) that requires the transverse
shear strains which are related to the rotational degrees of
freedom. The introduction of shear correction factors to the
Reissner-Mindlin theory is considered due to the non-
satisfaction of zero shear stress on top and bottom surfaces
of the shell or plate. Many researchers are focused on this
theory in order to highlight the effect of the shear correction
factors addition. To avoid the use of shear correction factors
and acquiring a parabolic distribution of the transverse
shear stress, the double directors shell model DDSM is
proposed by Wali et al. 2014, Zghal et al. 2017, Mallek et
al. 2019c).

Recently, meshfree methods have been the object of
attention and extensively applied to problems in plate and
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shell structures, and other structural engineering problems.
These methods provide an alternative to the FEMs. Unlike
the last one, which rely on elements, the meshfree methods
depend on points that are distributed on the problem domain
and no element or other inter-relationship is required.
Without elements, the meshfree methods are more
applicable than the FEMs and able to overcome the
difficulties that FEM encountered with the mesh such as
mesh distortion in large deformation and intensive
remeshing requirements especially when dealing with
structures that have complex geometries and discontinuities
(Liew et al. 2011), “Furthermore, a wide range of
applications has been undertaken when the shells have been
the object of several meshfree researches with linear theory
(Noguchi et al. 2000, Sladek et al. 2007, Ivannikov et al.
2014, Wu and Liu 2016, Lei and Zhang 2018), Further, the
high order shear deformation theory for linear meshfree
analysis is investigated by Ferreira et al. (2006) and carried
out later using the DDSM and the radial point interpolation
method by Mellouli et al. (2019a), “In the same context, the
modified first order shear deformation theory with linear
meshfree method applied on 3D shell structures is
considered by Mellouli et al. (2019b).

Commonly, the linear shell theories are carried out for
shells undertaking small displacements under different
types of loads. Nonlinear analysis of shells, however,
should be investigated in the case when shell structures
experience large deformations. Finite element analyzes of
nonlinear shell structures have been undertaken by several
researchers (Ray and Batra 2008, Kim et al. 2008, Li et al.
2010, Rama 2017, Frikha and Dammak 2017, Marinkovi¢
and Rama 2017, Rezaiee et al. 2018, Jrad et al. 20183, b,
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Rama et al. 2018). With the meshfree method, Liew et al.
(2004), proposed the nonlinear analysis of plates with the
mesh-free kp-Ritz method based on the first order shear
deformation theory (FSDT), “Later, the element free
Galerkin method is used for the nonlinear analysis of plates
as presented by Qian et al. (2003, 2004), Belinha and Dinis
(2007), Liew et al. (2007) and Tiago and Pimenta (2008).
Zhao et al. (2008), carried out a geometric nonlinear
analysis of plates and cylindrical shells using the FSDT.
Moreover, an isogeometric-meshfree coupling approach for
the nonlinear analysis of thin-shell structures is provided in
Li et al. (2018). The high order shear deformation theory
with the nonlinear analysis of plates is considered by Vu et
al. (2018) and Nguyen et al. (2018), using an improved
moving Kriging meshfree method. The radial point
interpolation method as a meshfree method used for the
analysis of 3D shell structures with the consideration of the
double directos shell theory does not exist in the literature.

On the other hand, the radial point interpolation method
(RPIM) is a meshfree method that combines both
polynomial and radial basis functions (RBFs) (Wang and
Liu 2002, Ferreira et al. 2005, Dinis et al. 2008, Kazemi et
al. 2017) to construct the shape functions that possess the
Kronecker delta property.

In this paper, we aim to extend the application of the
present meshfree method to study the geometric nonlinear
behavior of 3D shells with finite rotations based on the
double directors theory characterized by the quadratic
distribution of the shear stress. The developed meshfree
model considers the radial point interpolation method for
the construction of the shape functions. The zero transverse
shear stress condition on top and bottom surfaces of the
shell is released in this model in order to remove the C1
continuity. Numerical examples are presented in order to
demonstrate the accuracy of the proposed model and to
verify its validation with results reported in the literature.

2. Geometrically nonlinear meshfree formulation
with the double directors shell theory (DDST)

In this section, the nonlinear formulation of the DDSM
is presented. The initial and the deformed configurations of
the shells are symbolized by C, and C, respectively. Capital
letters (respectively lowercase letters) are referred to
quantities of configuration C, (respectively C;), “Vectors
and tensors will be denoted by bold letters.

2.1 Initial and deformed configurations of the
displacement field

To describe the 3D shell geometry, the Cartesian
coordinate system (Ei), i = 1, 2, 3, is adopted. All material
points of the shell are defined using the curvilinear
coordinates ¢ = (&, &, & = 7). The position vectors of any
material point (I), whose normal projection on mid-surface
is the material point (j), in the initial state C,, are expressed
using the director unit vector D and the thickness of the
structure h, as

X, (51152,Z)=Xj(51,§Z)+ZD(51,§2), z€|:__ln:| (1)

The base vectors, in the initial state C, are defined as

G,=A,+zD, , G,=D ,a=12 @)

In the deformed configuration, the position vector of the

point q is expressed, considering the hypothesis of the
DDSM, Wali et al. (2014), as

X, (8.8%,2)=x,(&.&")+ f,(2)d,(£,&°)+ f,(2)d, (£.&°) (3)

In order to satisfy the quadratic distribution of the shear
stress, the expressions of fi(z) and fy(z) are defined, using
the DDSM, as

47°

fi(z2)=2-1,(2) fz(z):W “)

In the deformed state C;, the base vectors are defined as
follows
9,=a,+f(z2)d,,+f,(z)d,,;

6, =1, (2)d, + £;(2)d, ©

With some approximations, the metric tensor can be
written as

9;=0i9; . a, =12
U, ~8,+ fl(z)blaﬁ+ fz(z)bfw+o(22) (6)
9., ~ f, (z)c;+f,(z)c? +0o(z)

in which a,; represent the covariant metric surface, b,’;ﬁ (k
= 1, 2) denote the curvature tensors and cX (k = 1, 2)
symbolize the shear tensor. Assuming d;.d; = d,.d, = d;.dy,
the following components can be written as

a,=a,8a,
k
b,,=a,d,,+a,d

Ca

ko 1
=a,.d,

a

2.2 The strain field

To describe the 3D shell geometry, the Cartesian
coordinate system (Ei), i =1, 2, 3.

The Lagrangian strain E is expressed, using the
kinematic assumption Eq. (6), as

1
E=Z(g-G),
5(9-6)

E..zl(g_._e__) E =€+ 1(2) e+ 1,(2) 23 ®)
P2 Y 2B, =1 ()i, (2) 72

where €, Xﬁg and y¥ denote respectively the membrane,
the bending and the shear strains.

The membrane strains e, the bending strains X{jﬁ and
the shear strains y* can be computed as
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1
€.z _E(aa/f _Aaﬁ’)

P —%(ba/, -B,,), k=1,2 (9)
7o =¢.—C,

The membrane, bending and shear strains can be
expressed, in matrix notation, as

€ Xlkl )/k
€=l €y ’Zk: ng v?'k:[ylk:|‘ k=1,2 (10)
2e, 2X1kz 2

The virtual strains are formulated using Eqg. (10) as

de,, =%(a{l.5xﬂ + 2,0, )

1
ks :E(aa.édkﬁ + a,.0d,, +0X,.d,, + 0x,.d,,)

‘(1)
Sk =a,.od, + ox, d,
k=1,2
These particles are rewritten in matrix form as
8e =B, 85X, 8 =B,6x+Bdd,,
m Y4 km KoOUK , k=12 (12)

where matrix differential operators, relative to the deformed
state C,, are given in Box 1.
Box 1: Matrix differential operators

a i dT i
1 o k1l o
0 T 0
By = ag—z ' Bim = dkz,‘z B =Bn
o€ €
7 0 T 0 T 0 T 0
a — — d,—+d, , — 12
AR Cea gt 2| 12)

d —

“ o al

Bism = T » Bsh = , k=12
dy

2.3 The weak form

The weak form of equilibrium equations, used for the
numerical solutions with the meshfree method, is given,
using the contravariant components of the second Piola-
Kirchhoff stress tensor S”, the covariant components of the
virtual Green-Lagrange strain tensor JE;;, the shell volume
structure in the initial configuration dV and the external
virtual work Gy, as

G:IVS‘J' SE;dV -Gy =0 (13)

The membrane N, bending M* and shear T stress
resultants, can be written, respectively, in matrix form, as

Nll Mlil.l
Tl
N=N%2| M, =|MZ ,Tkszz] k=12 (14)
NlZ MIZ(LZ k

Where components are defined as follows, a, f =1, 2
andk=1,2

hr2 G hr2 G
NO.B: aﬁ - , MQB: f aﬁ - ,
I_h/zs fAdz ¢ j.h/z ((2)8 fAdz
o _ hiz . a3 E
Ty _.[-h/z fi(2)S A dz

The weak form can be rewritten, using the components
of the stress resultants defined in Eq. (14) and the shell
strains de, dy* and Jy* represented in Eq. (12), as

(15)

2
G:IA(N56+Z(MKBIK +Ti '87K>JdA_Gext =0 (16)

k=1

It should be noted that the condition of zero shear stress
on top and bottom surfaces of the shell structure is released
in the present formulation in order to get rid of the
difficulties caused by the satisfaction of the C continuity.

The weak form of the equilibrium equation can be
rewritten as

G(qs,aqi):J'A OXT RdA — Gy (®,00)=0 (17)

Where the generalized resultants of stress R and strain X
are defined as

N e
M, x
R=[M,| , X=|,° (18)
T yl
L T2 J13x1 _VZ e

2.4 Meshfree approximation of high order
deformation shell structures

Since there is no mesh of elements in the meshfree
method, the shape functions are constructed using only
nodes within overlapping domains named as support
domains. A support domain of a point X determines the
number of nodes to be used to support or approximate the
function value at X, allowing a richer approximation and
avoiding any artificial discontinuity in the field. The
meshfree method concepts are described in this section.

2.4.1 The radial point interpolation method (RPIM)
The RPIM which represents an interpolator meshfree
method that combines a radial basis function R'(X) with a
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polynomial basis function P’(X), is described in this section.
For a point of interest X = (x, y) presented in a support
domain, the approximation of the displacement vector is
expressed, using a, and by the non-constants coefficients of
R'(X) and P'(X), as

N M
U(X)=ZR'(X ), +ZPJ(X)bJ —RT(X)a+PT(X)b (19)

1=1 J=1

N denotes the number of nodes presented in a support
domain and M is the number of monomial terms with the
condition of M < N. For example in this study, a quadratic
basis requires M = 6 as presented in Eq. (20).

PT(X):[lleylxzvavsz (20)

The displacement vector can be rewritten, in matrix
notation using the radial moment matrix R, the polynomial
moment matrix P, the vector of coefficients for RBFs a and
the vector of coefficients for polynomial matrix b, as

U=Ra+Pb
Ri(X1)  Ry(Xy) R (%1)
RGO Ry(K) e Ry(X,)
Rl(XN) RZ(XN) RN(XN) (NxN)
1 1 1 ]
(21)
Xl X2 s XN
Y1 Y2 - YN

PT=

P( XN )_(MXN)
bT = [b]_ b2 bM]

LP(Xy) P(X3)

a'=[a, a...a\],

The frequently used types of radial basis functions
RBFs, Liu and Gu (2005), are presented in Table 1.

c and g represent the two shape parameters charac-
terizing the RBFs and ||X; — X|| is the Euclidean norm
specifying the distance between a defining-point X;
(3= ,...,N) and a point of interest X. The advantage of an

RBFs is that it requires only the distance between 2 nodes
contrarily to the finite element method. The shape
parameter c¢ specifies the average nodal spacing for the total
nodes locating in the local support domain and in order to
reach the accurate results, the optimal shape parameter q is
equal to g = 1.03. Eq. (19) presents total N+M variables.
So, in order to obtain square matrix and guarantee unique
approximation, Liu and Gu (2005), an M polynomial
equations can be added verifying the relation presented at

Table 1 Frequently used types of RBFs

Multiquadrics R'X) = (% — X||* + c2)1

RY(X) = exp (—c2|lx; — x|

Gaussians

Eq. (22).
N
D P(X)a =0 22)
=1

The combination of Egs. (19) and (22) leads to the
following set of matrix form equations using the complete
moment matrix G

R Plal] [U G al U ’3
= << =
PT o b] |O b| |0 (23)
It will be guaranteed the symmetry of the matrix G from
the symmetry of the matrix R and a unique solution is
reached if the inverse of the matrix R exists.
Using the moment matrix G and the RPIM shape

function defined in Eq. (25), the displacement vector is
given as

_[pT T a|U _ T U
V) =[RT(X) PT(X)]G M—MMM (24)

9'()=[R'(X) P(X)1G"

25
= [p1X)  92X) ... 2)

on(X)]

Using the RPIM, the displacement vector U, defined as
U = x, — X, its incremental variation AU and the first and
second director vectors d; and d, are approximated by

N N N
U= ¢'u,aU=) ¢'Auy,od, = p'sdy,
1=1 1=1 1=1 (26)

N

N N
Adl = nglAdll ,5d2 = Z¢I6d2| lAdZ = z¢lAd2|

1=1 1=1 1=1
where N represents the nodes number.

2.4.2 Local Cartesian system

Considering n® = 22242 the normal field to the mid-
l1A1AA2 |

surface in the initial state C, as illustrated in Fig. 1. A local
Cartesian system with the base vectors {n{,n3,n° 3}, can be
defined using the orthogonal transformation. Therefore, the
Jacobian transformation J from the basis {n?,nJ} to {A,,
A} can be expressed as

0 0
| {nl-Al nz-ﬂ -

A A
The derivatives of the shape functions need to be

reconstructed, since the formulation is developed in local
Cartesian coordinates, as mentioned in Eq. (28).

L ][(p} 9

|
P, 2
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Fig. 1 The system coordinates of the shell structure

To model any arbitrary geometry shape (cylindrical,
spherical... structures), a transformation from local
Cartesian space, related to arbitrary complex surface, to a
parametric space is required.

The local Cartesian basis of the deformed configuration
is given by

n =2 e (X+U), =30, (X+U),  (9)

In what follows, membrane strain field e, first and
second bending strain field »* and »? first and second
transverse shear strain field y* and y* are derived by means
of the RPIM.

2.4.3 Membrane strain field
The strain-displacement relation for the shell membrane
is expressed as
oe=B,.0® (30)

For all nodes N locating in the support domain, @
presents the discrete displacement approximation and B, is
the membrane strain-displacement operator expressed as

T—I

n e,

Bnl1 = |:Br:1m 0 O:|' Br:1m = nzT g_o,lz (31)

T—I T—I

ne,+Ne,

2.4.4 First and second bending strain field
For the first and second bending part, the strain-
displacement relations are given by

5t = B 3 (32)
5y’ =B,.0® (33)

where B; and B, define respectively the discrete first and
second bending strain-displacement operator.

d. o,
d,e, | (39

T T
dl‘l &2 + dl‘Z qo.l

8 [8h Bb 0] B.-

B,=| no, (34)

T =l
d2‘1(0,1
-
le =|:lem 0 lebJ lem = dz‘zq),z ,
T =l T =l
dz‘igo,z + d2,2¢,1
(35)
=1
n o,
=i
leb = ne,
-1 -1
ne,+n e,

N N
where d,, ZZCDL dy, , d,, ZZCD,Ik d, , k=12 and N:
=1 =
the nodes’ number existing in the support domain.

2.4.5 First and second shear strain field
For the first and second transverse shear part, the strain-
displacement relations are expressed as

1
&yt =By 3P (36)
5y* =B, .6® (37)

where B, and B, represent respectively the discrete first
and second transverse shear strain-displacement operator

Bs|1:|:Bllsm Bllsb 0:|,
Tl Tl

d o, n (38)
B' = T R

1sb —

Tl v
dl q)‘Z n1 ¢)

lez :[BZIsm 0 BZIsbj|,

o lng (39)

T
C | e,
2sm p— ! 2sh —

T |
d2 (p‘z n1 ¢

2.5 Linearization of the weak form

The expressions of the virtual and incremental
generalized strains are presented as follows
& =B.0®, AZ=BA®D (40)

where B is given as
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[og]

W m

B=| b5 (41)

S

o W

The internal virtual work, using Eq. (17), becomes
G, = 0@ [ (B".R)dA (42)

The nonlinear shell problem, solved by the Newton
iterative procedure, is defined using Eqg. (17). For the
Newton solution procedure, the consistent tangent operator
can be established using the weak form directional
derivatives in the direction of the increment A® = (AU, Ad;,
Ady). It is practical to split the tangent operator into
geometric and material parts, denoted by DsG.A® and
DuG.A®, respectively

DG.A® = D;G.AD + Dy G.AD (43)
2.5.1 Material part
The material part of the tangent operator, resulting from
the variation in the stresses resultant, takes the following
form

DuG.A® = [ OXT.ARdA=[ 0XT.H,AZdA  (44)
The material tangent modulus is given as
AR=HAX (45)
where the material tangent modulus is defined as

Hll H12 H13 H14 H15
H 22 H 23 H 24 H 25
HT = H33 H34 H35 (46)

sym Hgs

h/2
(Hu Hugy Higy o Hog Hag ) = [ (L1, F,, 82,1, F, £7) Hlz (47)
2 e
(Hu Hap Hay Hyy Hg, ) = Ihlz(ovo'ov(f1) A fz)HTdZ (48)

h/2 o 2
(Hy, s, Hag, Hag, Hag ) = jfhlz(o,o,o,flfz,(fz))H,dz (49)

where H and H, are respectively the in plane and out-of-
plane linear elastic sub-matrices, given by

(Z) 1 v(2) 0
() v(z) 1 0 ,
0 (1-v(2))/2 (50)

0
= mlo o

Using Egs. (44) and (45), the material tangent operator
is expressed as

Ko =] (B".H;.B)dA (51)

2.5.2 Geometrical part
The geometric part is developed, from the variation of
the virtual strains using the stresses resultant constant, as

DeG.A® = [ (4027.R)dA (52)

Eqg. (52) can be decomposed in membrane (DgGy),
bending (D;Gy,, D;Gyp,) and shear (DG, D;Gs,) terms
as follows

D G.A® = DgGy, A® + DGy, AD + DG, AD (59

+ DgGy, A® + DGy, A

The geometric tangent operator, based on Eq. (53),
becomes in matrix form as
DgG.AD =5@" (K, +K; +Kg +Kg, +Kg, ) )AP (54)
Membrane, bending and shear terms can be added to the
geometric tangent operator Kg as

DgG.AD = 50" K AD (55)

where Kg is symmetric.
The global geometric tangent operator is detailed in
Appendix A.

2.6 Nodal transformation

The expressions of the virtual and incremental
generalized strains are presented as follows:

The variation of the directors dd,;, k = 1, 2 and their
derivatives ddy,, k = 1, 2 is expressed, for a node “I”
presented in the support domain with a spatial description,
as

ody =G, nd,, = A, 56, Akl =—d,, k=1,2 (56)

where dy; is the skew-symmetric tensor such that
dy d,; = 0, or in material description

Table 2 The nodal updates

The updating
displacement Ukt =uk + AU
vector
Ad =A® A,
sin(Aad
The updating di"t = cos(Ad)d; + A(d )Ad Ad = ||Ad||
rotations

A =exp(AB) AF,
A =df AAd
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6dy = Qk@@kl E; = Ay 60y,
Ay = Qy E3, k=12

where dyy = QE3, E3=[0 0 1]'and Qu = [tu taw taw]
in which [ty tag taa] are the orthogonal base of the matrix
Qu (Mallek et al. 2019b), “A spatial description defines the
shell problem with 9 DOF/node while the material
description needs 7 DOF/node.

For a node “I” locating in the support domain, the
generalized displacement vector ®, = (U,, dy,, dy) is related
to the nodal variables vector I'y = (U,, ©y, ©,)) as follows

(57)

I 0 0
6@, =11 oI, I, = 0 ;lll 0 (58)
0 0 4,

2.7 Nodal updates

Considering large deformations of the shell structures,
the generalized displacement vector at node ‘I’ is updated as
seen in Table 2.

After the nodal transformation, the nodal updates and
using Egs. (17), (40) and (45), the internal virtual work
becomes

Gt = f 5T.RdA = STTKT,
A

(59)
A
where K is the global stiffness matrix expressed as
K=K, +Kq (60)

Hence, to predict the geometrically nonlinear problem,
the equilibrium equation can be written as

K A=F (62)

where F combines either the internal and external work.

3. Numerical examples

In FEM, the integration mesh is coincident with the
element mesh whereas in meshfree method, the structure is
divided in regular grids forming quadrilateral integration
cells known as the background cells. Numerical integration
with 3x3 Gaussian quadrature on the background cells is
considered for all the numerical examples with the present
meshfree model. Using the RPIM approximation approach,
the shape parameters ¢ of the radial basis function is chosen
optimally for each test whereas q is equal to 1.03 for all
studied examples.

3.1 Cantilever plate

This test represents a cantilever plate subjected to an
out-of-plane bending force P = 10N applied in 10 load

steps, as shown in Fig. 2. The material properties of the
cantilever plate are: The Young’s modulus E = 1.2x10°
N/mm? and the Poisson’s ratio v = 0.3. The geometry
parameters are given as: length L = 10 mm, width b =1 mm
and thickness h = 0.1 mm. The deformed configuration of
the cantilever plate is shown in Fig. 3.

For the meshfree method, the multiquadratic radial basis
function approximation is chosen with a shape parameter ¢
equal to 12 and a nodal distribution of 2x11 is adopted. Fig.
4 shows the load deflection of the cantilever plate. The
present results are compared with those obtained by Li et al.
(2018), using an isogeometric-meshfree coupling approach
based on Kirchhoff-Love thin shell theory and the analytic
solutions obtained by Timoshenko and Gere (1972). As seen
in Fig. 4, the present results fairly agree with the analytical
solutions and are good compared to the solutions of Li et al.
(2018), since the load is limited in his work at P = 4N.

3.2 Clamped plate

This test represents a laminated composite square plate
subjected to a uniform transverse load qo as shown in Fig. 5.
The cross-ply laminates are considered [0°/90°/90°/0°] and
the material properties of each layer are the following

E, =1.8282x10° psi,

E, =1.8315x10° psi,
v, =0.2395

The geometrical properties are given as: length a = 12in,
total thickness h = 0.96in (4 layers), “The total number of
nodes used in this test is 15x15 and the multiquadratic

Fig. 2 The geometry of the cantilever plate

Fig. 3 Deformed configuration of the cantilever plate
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radial basis function is chosen with a shape parameter c
equal to 1. The deformed configuration of the clamped plate
is represented in Fig. 6.

The present results are compared with those obtained by
Zhao et al. (2008). Fig. 7 shows centroidal deflection of the
square plate under uniform load with the variation of the
load. As seen in this figure, the present model gives good
results compared to the reference results.

3.3 Pinched hemispherical shell with 18° hole

A hemispherical shell pierced with an 18° hole on the
top and loaded by four concentrated radial forces (two
inward and two outward) is presented in this section.

The analysis of the structure is reduced to a quadrant of
the shell, since the symmetry of the problem, as shown in
Fig. 8. Material and geometrical properties are given as:
elastic modulus E = 6.825x10" Pa, Poisson’s ratio v = 0.3,
thickness h = 0.04 mm, radius R = 10 mm and radial loadF
= 400N. The radial basis function approximation used for
this test is the Multiquadratic, where the shape parameter ¢
is equal to 0.6 and a regular grid nodes 13x13 is performed.
The undeformed and deformed configurations of the
pinched hemispherical shell with 18° hole are shown in Fig.
9.

The performance of the present model is compared with
the nonlinear DDSM of Frikha and Dammak (2017) and the

""" Zhao et al., 2008

Present model

0,10 0,15 0,20

Deflection Wo

Fig. 7 Results of the clamped plate
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F=400N2 %" +
/8 -y

X

'''''

Fig. 8 Geometry of the pinched hemispherical shell
with 18° hole

model of Li et al. (2018), using an isogeometric-meshfree
coupling approach based on Kirchhoff-Love theory.

The results obtained by the present meshfree method
(Fig. 10) fairly agree with the results of Frikha and
Dammak (2017) and are good compared to the solutions of
Li et al. (2018), demonstrating the accuracy of the DDSM
applied with the present geometrically nonlinear meshfree
approach.

3.4 Clamped cylindrical panel under concentrate
transverse load

A clamped cylindrical shell panel under a concentrated
transverse load P = 7 at the center point of the structure, as
shown in Fig. 11, is examined in this part. The material and
geometrical parameters of the cylindrical panel are given as:
E=10",v=0.3,L=6,R=25h=0.01and 6 = 45°.
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A quarter of the structure is presented owing to the
symmetry of the model. For the radial point interpolation
method, the Gaussian radial basis function is chosen where
the shape parameter c is equal to 5.1 with total nodes
11x13. The deformed configuration of the clamped
cylindrical panel is shown in Fig. 12.

The center point load-deflection is shown in Fig. 13
with comparison to the solutions of Frikha and Dammak
(2017), using the nonlinear DDST and the results of
Brendel and Ramm (1980), using an isoparametric large
displacement shell model. The results obtained using the
present model (Fig. 13) is consistent with the reference
solutions.

It can be concluded from the results of Frikha and
Dammak (2017), using the nonlinear DDST that the present
meshfree method is accurate as the finite element one.

4. Conclusions

In this paper, a meshfree method is developed for the
geometrically nonlinear analysis of 3D shell structures
using the DDST. The RPIM is adopted to approximate the
meshfree shape functions. The high accuracy and
robustness of the developed model are evaluated through
solutions of several non-trivial benchmark problems
illustrated in the literature. Numerical examples have
demonstrated that the present model provides accurate
results for plates and shell structures since the meshfree
methods depend only on distributed nodes in the problem
domain. The proposed approach can be performed in

(b)

Fig. 9 The pinched hemispherical shell: (a) Undeformed configuration; (b) deformed configuration

—— WA: Present meshfree
WA:Li et al., 2018
+  WA: Frikha and Dammak 2017
400

350
300
250
200
150
100

Radial load F (N)

- - - -WB:Present meshfree
WE: Li et al., 2018
4 WB: Frikha and Dammak 2017

Deflection at the loading point (mm)

Fig. 10 The load-deflection curves at the points A and B of the hemispherical shell
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Fig. 12 The deformed configuration of the cylindrical panel

various mechanical behavior analysis such as the vibration
and free vibration (Lei et al. 2015, Zhang et al. 2016b), the
dynamic response (Lei et al. 2014, Zhang and Xiao 2017),
and to study buckling and post-buckling effect (Zhang and
Liew 2016, Zhang et al. 2016a, Zhang 2017, Trabelsi et al.
2019).
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Appendix A: Geometrical tangent matrix

For a couple of nodes (i, j), the matrix Kg is expressed

as
uum;l (UBF;+UBCy;)1  (UBF; +UBCy;) 1

Kg, =| (BUFy;+BUCy;)I  (BBRy;+BBCy)l 0 (A1)
(BUF; +BUC,;)! 0 (BBF; +BBCy;) |

Where UUM, (UBF;, BBF;, UBF,, BBF,) and (UBC;,
BBC;, UBC,, BBC,) corresponding to membrane, bending
and shear components respectively. The expression of
membrane term is written as

UUM; = [ (Ph(N™ 1+ N ) 9, (N o] + N o} ))dA (A2)

The bending terms of the first director vector d; are
given by

UBFy; = [ (b (M 0} + MI2 0}) +0,(MI2 0] + MP ph))da (A3)

BBy = [ (¢ (a0 M{"+ (3 -y ) MI?)

. (A4)
+0 (3, dy ) M1+ (@, -dyy) M{?))dA

The bending terms of the second director vector d, are
expressed as

UBF; = j(coi(Mél Pl + M3 b) 05 (M7 ol + M 0} ))dA (A6)

BBF,; = _J (¢’i1((a1 -dy) M%lJr (ap-dy) M%Z)

i 12 2 (A7)
+0 (8 - Ay ) M3+ (8, - dy ) My7))dA

BBF,; =0, i#]; BUFy =UBFy; (A8)

The transverse shear terms of the first director vector d;
are given by

UBCy; = [ (#h T/ 91 40, T, p)dA (A9)
BBC,; = —_[ (¢' (- 0y T +9' (8 - dyy) T3 )dA (A10)

The transverse shear terms of the second director vector
d, are expressed as

UBCy; = [ (0477 0+ 77 ')A (A12)
BBCy; = _I (¢ (8- dy) T +0' (2 -0y ) T7)dA (A13)





