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Analysis of cracked Reissner-Mindlin plate using an extended

meshfree method

Vay Siu Lo"?, Thien Tich Truong'?, Nha Thanh Nguyen'-2"*

ABSTRACT

An extended meshfree method for analyzing cracked plates based on Reissner-Mindlin theory is
presented in this paper. Among a variety of meshfree formulations, the radial point interpolation
method (RPIM) is chosen in this study due to the satisfaction of the Kronecker delta property. The es-
sential boundary conditions, therefore, are easily imposed in the RPIM. The shape function derived
from RPIM is employed to interpolate the field variables. An extended RPIM formulation is used to
model the crack segment without explicitly defining it in the discretized domain. The discontinuity
due to the crack is defined by extrinsic enriched functions, particularly, the jump in the displace-
ment field on two sides of the crack is modelled by the Heaviside function, and the stress singularity
near the crack tip is described by the asymptotic enriched function. In this study, the stress resul-
tant intensity factors (SRIFs) are evaluated through the interaction integral approach. The obtained
SRIFs are shown in the paper through many numerical examples for comparison purposes. The
trending variation of SRIFs is also observed from the numerical results. It can be remarked that the
SRIFs depend on many factors: the number of cracks, crack orientation, load type and boundary
conditions. The numerical examples show the accuracy of the present approach. The obtained
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results are compared with analytical solutions and other numerical methods.
Key words: cracked plate, Reissner-Mindlin plate, extended meshfree method, XRPIM

INTRODUCTION

Many engineering applications involve thin plate
structures, such as civil, automobile, ship and other
mechanical systems. Hence, it is essential to analyze
the behavior of plate structures. For the numerical
computation of plate structures, using a plate formu-
lation, such as Kirchhoff-Love theory1‘4, Reissner-
Mindlin theory®~®, higher-order shear deformation
theory (HSDT) °~!! and so on requires less number of
degrees of freedom (DOFs) than consideringitasa 3D
solid model. Hence, the computational cost for mod-
elling plate structures is reduced when using a plate
formulation. The Reissner-Mindlin theory is a sim-
ple plate formulation that considers first-order shear
deformation and is appropriate for moderately thick
plates. With a C° continuity formulation, it does not
require higher-order shape functions.

Fracture analysis is also a crucial aspect besides the
analysis of plate structures since it affects the durabil-
ity of the structures. Therefore, more studies on the
modelling of plates with through thickness crack are
necessary. Many approaches have already been de-
veloped for solving cracked plate bending problems
using Reissner-Mindlin theory!*~'*, Kirchhoff-Love
theory '>!¢ and HSDT 718,

The eXtended Finite Element Method (XFEM) is a
powerful technique for modeling crack discontinuity
without explicitly defining it in the problem geome-
try and simulating crack growth without remeshing,
which was first proposed by ! and has been widely
applied. In the XFEM formulation, the enrichment
functions are used to describe the discontinuity in dis-
placement fields across the crack faces and the singu-
larity in stress fields near the crack tip.

Besides the conventional mesh-based finite element
method, the meshfree method is a developing branch
of computational method. The Radial Point Inter-
polation Method (RPIM)2%?! is a meshfree method
that has a special property called the Kronecker delta.
This makes it easy to apply the essential boundary
conditions in the RPIM, unlike many other meshfree
methods. For that reason, the RPIM is chosen in this
study. In the same way as formulating XFEM, Nguyen
combined RPIM and the extended formula-
tion with enrichment functions to introduce XPRIM,

et al.

which they used for 2D fracture problems>>~>*. How-
ever, there are still few studies on fracture analysis
of cracked plates using XRPIM. In the scope of this
study, cracked Reissner-Mindlin plates is analyzed by
using the XRPIM.

The stress resultant intensity factors (SRIFs) of
Reissner-Mindlin plates with through-thickness crack
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are evaluated in this paper. The XRPIM is used for
modeling, and the radial basis to construct the shape
function is the Thin Plate Spline (TPS) function. The
accuracy of the proposed method is verified by vari-
ous numerical tests, showing the effectiveness of the
approach.

METHODOLOGY

Reissner-Mindlin plate

The first-order transverse shear deformation is con-
sidered in the Reissner-Mindlin theory, so the plate
cross-section the after deformation is still straight but
not normal to the mid-surface?. In the Cartesian co-
ordinate (see Fig. 1), the displacement components
are defined as the following equations

uy (X],X27X3) :x3(P1 (x17x2)
up (X1,%2,%3) = x3¢2 (X1,%2) (1)
u3 (x1,%2,x3) = w(x1,x2)

where (x1,x3,x3) is the position of the interest point,
w is the deflection, ¢ and ¢,, in that order, are the
rotation angle about x, and x; axes. The sign conven-
tion for ¢ and ¢, is depicted in Fig. 1.

Figure 1: Deflection, rotations and resultants of a
plate

In plate formulation, the constitutive relation for an

isotropic homogenous material is given as 1
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where M denotes the moment resultants and Q stands
for the shear force resultants, E is the Young’s modu-
lus, u is the shear modulus, v is the Poisson ratio, t is
plate thickness and 7 is the shear correction factor and

takes the value as 5/6 2. &, and & indicate the strain
due to bending and shear, respectively.

In the above equations, Dj, and Dy, in that order, are
the bending stiffness tensor and shear stiftness tensor,
and defined as
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The stiffness matrix of the Reissner-Mindlin plate is
derived from the weak formulation and expressed

as 26

3
k=L / BT D,BydQ + / BT D,BydQ (6)
12 Jo JO

As seen in the equation, the stiffness matrix is made
up of two parts: bending (the first term on the right-
hand side) and shear components (the second term).
B-operators are defined as follow

0 ¢ O

Biz 0 0 ¢ (7)
0 ¢rp ¢

Bl = $ri o 0 ®)
012 0 ¢

here ¢; denotes the shape function. And in this pa-
per, as indicated in the Introduction section, the shape
function is derived from the RPIM. More detail of the
construction of RPIM shape function can be found in
the reference?’.

For brevity, the RPIM shape function consists of two
constituents: a radial basis and a polynomial basis. In
this study, the Thin Plate Spline (TPS) function is em-
ployed as the radial basis to form the shape function
and is defined below

R,‘ (xl,xz) = rin (9)

where 1] is the shape parameter, r; is the distance be-
tween the interest point x and the node x;, and defined
as

Extended Radial
Method

Fig. 2 shows different sets of nodes in a cracked plate

Point Interpolation

problem. W contains all nodes in the support domain
(includes grey, blue and red dots in Fig. 2). W con-
tains nodes whose support domain is cut by the crack
(blue dots in Fig. 2). And W; is the set of nodes in
which the support domain contains crack tip (red dots
in Fig. 2).
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® Normal node

® Split node @ Tip node

Figure 2: Type of enriched nodes and their support
domains

In the “extended” concept, the interpolation function
for an interest point x is incorporated with the en-
riched function and expressed as below

W (x) = Liew 0 (X) wi+Ljew, ¢; (x) (H —H;) by
+ Yrew, 0 (x) [T (G — Gr) ey

O" (x) = Liew 9 () @i+ Ljew, ¢, (x) (H —H;) b7
+ Yrew, O () [Ty (Fi — Fi) ¢y

in which H denotes the Heaviside function and is de-
fined as the following equation

+1if f(x)>0

—1if f(x) <0 (12)

H(f(x)= {
In Egs. (10) and (11), the asymptotic enrichment
functions F; and Gy are defined as !>

Fl:(r,e):{\/?sing,\/;cosg, 13
13

6 [?]

ﬁsinzsine, ﬁcosasinﬂ}

G =(r0)= {r3/2 sin97r3/2cos g,
r3/zsinﬁ P2 cos ﬁ} w“
27 2

where r is the distance from the interest point x to
the crack tip xr7p, 0 denotes the angle made up of
the crack segment and the line connecting the interest
point x and the crack tip x7;p.
As can be seen from Eqs. (13) and (14), F; is the en-
richment functions for the bending components ap-
pearing in the interpolation equation of the rotation
angle. F; contains terms proportional to r/2, G is
the enrichment functions for the shear components
appearing in the equation of deflection. G; contains
terms proportional to /2,
In order to compute the stiffness matrix as in Eq
(6), the B-operator is now including the standard
Bstandard ynd enriched BE""¢"¢? components, namely

B= [Bstandard Benriched} (15)

The enriched B-operators for bending component are

given as
4 0 [¢/(H—H)], 0
B =0 0 [0 (H—H)],|  (16)
0 [¢(H—H)|, [¢(H—H), |
R 0 [¢(F—F)], 0 ]
B, =10 0 (¢ (F—Fp)],| (17)
0 [¢(F—F)l, [o(F—F)],]
And for shear component
(e -E) (o))"
B = | ¢/ (H—Hj) 0 (18)
i 0 ¢ (H —Hj)
' (161 (G =Gl [90(G1—Gup)l
BT = | gy (Fi— Fiy) 0 (19)
0 &1 (Fi — Fiy)
(10)

Stress resultant intensity factors
G[]()lgvaluate the fracture behavior of cracked plates, the
factors of stress resultant intensity (SRIFs) are impor-
tant characteristics that need to be defined. SRIFs are
defined as the following equation >
K| = lim\/2rMy, (r,0)

r—0
Ky = lim\/2rM15 (r,0)

r—0
K3 = lim\/2rQ; (r,0)

r—0

(20)

where K| and K; are the factors of moment intensity
and K3 is the factor of shear force intensity.

The stress intensity factors (SIFs) in 3D elasticity are
derived by the following relation [25]

12x
ki (x3) = tTSKl
12x
k(x3) = =57 Ka @1)

The values of SRIFs are calculated from the inter-
action integral, more detail can be found in refer-
ences”®. The interaction integral for the cracked plate
is defined as the following expression

I'= Ja(Mij @7 + M5 @iy + Qjwit* + 0F“wy

W81 )g jdA + [ (M5 - 0 ) g1+

0 (@i +wt* + 845 ) 1gdA — [, pwi“qdA

where “aux” is the abbreviation of the “auxiliary” state,
weight function q is defined as

ti ti
g (1N () e =T
c c
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crack f
7

integral domain

Figure 3: Interaction integral domain

In Eq. (23), ¢ is the side length of integral domain as
shown in Fig. 3.

After computing the interaction integral I, the SRIFs
are derived by using the following relation

J0.23) _ 24n

127
10ut

(KIKCILDC+K KaMX)+
(24)
—— K3K§™

For example, Kj is obtained by setting K{"* =
1 KaM.X KHMX O

NUMERICAL RESULTS

There are two numerical examples in this section, and
each example contains two problems, particularly:

o Square plate with two edge-cracks.

« Square plate with inclined central crack.

In each example, there are two types of loads consid-
ered: distributed moment and uniform pressure. The
stress resultant intensity factors are computed in each
problem, and the variation of SRIFs with respect to
different crack orientations and crack lengths is also
examined.

Square plate with two edge-cracks

Distributed bending moment on opposite
edges

In this example, a square plate with the dimensions
of 2b = 2 m and thickness t is examined. The plate
contains two cracks on two opposite edges and is sub-
jected to distributed bending moment M on the other
two edges (see Fig. 4). The crack length is 24, and the
distance between the two crack tips is 2c = 2b - 4a. The
material properties are: Young’s modulus E=1000 Pa
and Poisson ratio v = 0.3. The discretized model with
40 x 40 nodes is used in this example.

Figure 5 presents the variation of the normalized SRIF
K1/ (M+/a) versus various ratios c/b. The results are
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Figure 4: Plate with two cracks on opposite edges.

——XRPIM, b/t =2
O Analytical, b/t =2

-%-XRPIM, b/t =6

0O Analytical, b/t = 6

K1 /(My/a)

0 02 0.4 0.6 0.8 1
c/b

Figure 5: Normalized K with different c/b ratios of
two cases: b/t=2and b/t=6

shown for two cases: b/t = 2 and b/t = 6. The cur-
rent XRPIM results are compared with the analytical
solution >?, showing good agreement.

Several observations can be drawn from Fig. 5:
thicker plate has higher SRIFE, the SRIF in both cases
tends to decrease as the ¢/b ratio increases from 0.1 to
0.7, and after that the SRIF slightly increases when the
¢/b ratio is in the range of 0.7 - 0.9. It should be noted
that a decrease in ¢/b ratio means an increase in the
crack length, so the result can be interpreted as when
the crack length increases, the SRIF also increases.

Transverse uniform pressure

In the second load case, the plate is subjected to trans-
verse uniform pressure p. The plate is now simply sup-
ported on top and bottom edges (two edges without
cracks), see Fig. 6. The crack length is a, and the dis-
tance between the two crack tips is 2¢ = 2b - 2a. The
material properties are the same as the first problem:
E=1000 Paand v = 0.3. This model is also discretized
into a set of 40 x 40 scattered nodes.
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X;

Figure 6: Simply supported plate with two edge
cracks subjected to uniform pressure.

Figure 7 presents the variation of the normalized SRIF
K,/ (pb*\/a) with respect to different c/b ratios. The
results are shown for two cases: b/t = 2 and b/t =
6. The current XRPIM results are compared with
DBEM *, showing good agreement.

——XRPIM, b/t = 2

O DBEM, b/t
- % -XRPIM, b/t = 6
0 DBEM, b/t = 6

c/b

Figure 7: Normalized K; with different /b ratios

Similar to the first example, some observations can be
drawn from Fig. 7: the smaller the b/t ratio, the higher
the SRIE The SRIF in both cases tends to decrease as
the ¢/b ratio increases from 0.1 to 0.7, and after that

the SRIF slightly increases.

Square plate with inclined central crack

Distributed bending moment on two oppo-
site edges

This example analyzes a square plate with dimension
2b containing an inclined crack at the center, see Fig.
8. The crack length is 2a. The plate is subject to dis-
tributed moment M on top and bottom edges. The
material properties are given as follows: E = 1000
Pa and v = 0.3. The discretized model with 50 x 50
nodes is used.

The moment intensity factors K; and K, are com-
puted in the XRPIM approach and compared with the

analytical solutions '

Ki =6 (t/a)M\/acos? B,

Ky =y (t/a)M+/acosBsinf. (25)

where f is the inclination angle (see Fig. 8). The
values of coefficients ¢, W can be referred to>?. For
2a =2 m, b/t =5 and t/a = 1, these coefficients are
¢ =0.7475 and y = 0.5218.
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Figure 8: Square plate with a central slant crack un-
der bending

Figure 9 shows the change of the intensity factors K}
and K; due to the crack angle f3. The figure shows that
K| decreases when the orientation angle f increases,
while K increases and decreases symmetrically. It is
also observed that the opening mode is dominant in
the range of B from 0 to 40°, and after that the mag-
nitude of both SRIFs is approximate.

Figs 10 - 12 illustrate the distributions of normal
stress 011 and 02, and shear stress 0. The particu-
lar case for these figures is the inclined angle 8 = 30°.
The stress components are evaluated on the top sur-
face of the plate. The stress singularity is clearly ob-
tained at the crack tips.
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Figure 9: Variation of K| and K; versus the crack an-
glef

Figure 10: Normal stress distribution o;; (Pa) on the
top surface, B = 300,
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Figure 11: Distribution of normal stress o>, (Pa) on
the top surface, B = 30°.
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Figure 12: Distribution of shear stress o, (Pa) on
the top surface, B = 30°.

Transverse uniform pressure

The square plate with a horizontal central crack is sub-
jected to transverse uniform pressure p. The bound-
ary condition is simply supported on all edges, see
Fig. 13. The material properties are: Young’s mod-
ulus E=1000 Pa and Poisson ratio v = 0.3. The crack
length is 2a, and the ratio b/t =6.

2b

P

LLLLVLLL LT

7 ¥ K

Figure 13: Simply supported square plate with cen-
tral horizontal crack subjected to uniform pressure.

For horizontal crack, as shown in Fig. 9, K, is zero.
Therefore, only K; is considered in this example. Fig-
ure 14 illustrates the variation of the normalized SRIF
K/ (pb*\/a) with respect to ratios a/b. The obtained
results by XRPIM are verified with the solution from
the conventional FEM ?°, showing good agreement.

It can be observed from Fig. 14 that the SRIF tends to
decrease as the a/b ratio increases. This trend as well
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Figure 14: Normalized K; with different a/b ratios

as the slope of the curve is different from the exam-
ple in Section 3.1. These two examples both have the
same load, so the cause of this difference could be the
boundary conditions. For the two cracks case, only
two edges are simply supported while in this problem,
all four edges are simply supported.

DISCUSSIONS

As presented in Section 3, the obtained results given
by XRPIM are in good agreement with analytical so-
lutions, FEM and DBEM. The trending variation of
SRIFs is also observed from the numerical results. It
can be remarked that the SRIFs depend on many fac-
tors: the number of cracks, crack orientation, load
type and boundary conditions.

For the case of two cracks, the following conclusion
can be drawn: the plate with higher thickness has
higher SRIF, the SRIF decreases when the crack dis-
tance to plate length ratio ¢/b increases from 0.1 to
0.7, and after that the SRIF slightly increases when the
¢/b ratio is in the range of 0.7 - 0.9. It should be noted
that a decrease in ¢/b ratio means an increase in the
crack length, so the result can be interpreted as when
the crack length increases, the SRIF also increases.
For the case of inclined crack, the result shows that
K decreases when the orientation angle f3 increases,
while K3 tends to increase and decrease symmetri-
cally. It is also observed that the opening mode is
dominant in the range of 8 from 09 to 400, and after
that the magnitude of both SRIFs is approximate.
And for the case of horizontal crack under uniform
pressure, the SRIF values decrease as the crack length
to plate length ratio a/b increases. This decreasing
trend is different from the two cracks example. These
two examples both have the same uniform pressure,
so the cause of this difference could be the boundary
conditions. For the two cracks case, only two edges

are simply supported while in the single horizontal
crack problem, all four edges are simply supported.

CONCLUSIONS

Cracked plate problems are investigated in this study
with the help of the extended meshfree XRPIM asso-
ciated with the Reissner-Mindlin plate theory. The
RPIM is different from other meshfree methods be-
cause it has the Kronecker delta property of shape
functions. This property makes it easy to impose the
essential boundary conditions in the RPIM as in the
conventional FEM. The Reissner-Mindlin theory is
suitable for the relatively thick plates due to the as-
sumtion of first-order shear deformation. With a C%
continuity formulation, it does not require higher-
order shape functions. The present meshfree method
would be possible to extend for complex cracked plate
problems such as dynamic fracture, crack growth and
nonlinear (geometry and material) analysis in future
works.

The present approach is shown to be accurate in the
evaluation of the stress resultant intensity factors.
Many numerical examples show good agreement with
analytical solutions and numerical solutions of other
methods. The trend of SRIF in different cases is also
observed.
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ABBREVIATIONS

DOF: Degree of freedom.

FEM: Finite Element Method.

FSDT: First-order shear deformation theory.
HSDT: Higher-order shear deformation theory.
RPIM: Radial Point Interpolation Method.

SIF: Stress intensity factor.

SRIF: Stress resultant intensity factor.

TPS: Thin Plate Spline.

XFEM: eXtended Finite Element Method.

XRPIM: eXtended Radial Point Interpolation
Method.
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TOM TAT

Bai bao nay trinh bay mot phuong phép khong ludi mdé rong dé phan tich céc tdm nut dua trén
ly thuyét tam Reissner-Mindlin. Trong cac phuong phap khong Iudi, phuong phap noi suy diém
hudng kinh (RPIM) dugc chon trong nghién cdu nay do su thda man thudc tinh Kronecker delta.
Do d0, cac diéu kién bién can thiét co thé dugc &p dat dé dang trong RPIM. Ham dang RPIM dugc
strdung dé noi suy chuyén vi va céc bién moi trudng trong bai toan. Phuong phap RPIM mé réng
dugc st dung dé mé hinh vét nit ma khong can mé ta tudng minh né trong mién rdi rac clia bai
toan. Su bat lién tuc gay ra bdi vét nit dugc xac dinh bang cac ham lam giau, cu thé 13, budc nhay
trong trudng chuyén vi trén hai mat cda vét nit duge mo hinh hda bang ham Heaviside va sy suy
bién (ng sudt gan dinh vét nit dugc mé ta bang ham lam giau tiém can dinh vét nit. Trong nghién
cliu nay, cac hé s6 cudng do Ung sudt tdng hop (SRIFs) dugc danh gia théng qua phuong phap
tich phan tuong tac. Xu huéng bién thién ctia SRIFs cling dugc xem xét trong cac két qua tinh todn
s6. Co thé nhan xét rang SRIFs phu thudc vao nhiéu yéu t6: s6 lugng vét nit, dinh hudng cla vét
nut, loai tai trong va diéu kién bién. Cac két qua SRIFs thu dugc trong bai bao dugc trinh bay thong
qua nhiéu vi du sé nham muc dich so sanh va kiém chiing dé chinh xac clia phuong phap. Két qua
thu dugc dugc so sanh vai cac két qua gidi tich va cac phuong phap s6 khac.

Tur khoa: tdm nut, tdm Reissner-Mindlin, phuang phap khong lugi mé réng, XRPIM

DOI : https://doi.org/10.32508/stdjet.v6iSI12.1066

‘W) Check for updates

Ban quyén

© DHQG Tp.HCM. Dy la bai bdo cong bé
ma dugc phat hanh theo cac diéu khodn cua

the Creative Commons Attribution 4.0
International license.

O
VNUHCM PRESS

1

Trich dan bai bdo nay: Vay L S, Thién T T, Nhd N T. Phan tich tdm nuit Reissner-Mindlin bang mét
phuong phap khong luéi mé réng . Sci. Tech. Dev. J. - Eng. Tech. 2023, 5(S12):24-32.

32


https://crossmark.crossref.org/dialog/?doi=10.32508/stdjet.v6iSI2.1066&domain=pdf&date_stamp=2023-12-31

	Analysis of cracked Reissner-Mindlin plate using an extended meshfree method
	INTRODUCTION
	METHODOLOGY
	Reissner-Mindlin plate 
	Extended Radial Point Interpolation Method 
	Stress resultant intensity factors 

	NUMERICAL RESULTS 
	Square plate with two edge-cracks
	Distributed bending moment on opposite edges
	Transverse uniform pressure

	Square plate with inclined central crack
	Distributed bending moment on two opposite edges
	Transverse uniform pressure


	DISCUSSIONS
	CONCLUSIONS
	ACKNOWLEDGMENT
	ABBREVIATIONS
	CONFLICT OF INTEREST
	AUTHORS' CONTRIBUTION
	References




