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Abstract. The wave finite element method (WFE) has been developed originally for one di-
mensional periodic structures with advantage in calculation time. However, this method cannot
apply easily for 2D structures of arbitrary shape. This communication presents a new technique
of WFE to calculate the dynamic responses of such a structure subjected to external loads. The
structure is decomposed into rectangular domains which can be considered as periodic struc-
tures subjected to external loads and nodal reaction forces at the domains boundaries. Then,
by using the WFE for theses domains, we can obtain a relation between the external loads, the
DOF and the nodal reaction forces at the boundaries of the domains. Finally, by combining
this relation with the dynamic equation of the rest of the structure, we obtain an equation of
the whole structure to compute its response. This technique permits to reduce all the DOF of
the rectangular domains of the structure. Examples showing the efficiency of the method are
presented.
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1 INTRODUCTION

The wave finite element method has been developped originally for the wave propagation
along one-dimensional periodic elastic structures [[1]]. From the finite element method for a pe-
riod of the structure, we can obtain a relation (a transform) between the left and right boundaries
of the period. This relation leads to a wave base which is obtain from the eignenvectors of the
transform. Then, the response at the boundary of a period can be decomposed in this base to
compute with different approaches [2]]. Recently, this method has been applied for many dif-
ferent problem of periodic structures [3, 4} 15, 16, 7, 8, 9, [10]]. For 2D structures, WFE has been
developed by using superelements which are rectangular subdomains[11]. By considering each
rectangular domain as a periodic structure, this technique permits to obtain the wave decompo-
sitions of the domain responses and to combine in the global dynamic equation. However, this
technique cannot be applied easily when the structure is subjected to complex external loads or
density loads.

In this article, we present another technique of WFE using superelements for 2D structures
subjected to external loads. Let’s consider a 2D structure containing a rectangular domain P
with rectangular elements as shown in Figure |I| and the rest domain is denoted by R. The
domain P is subjected to external density force F i and the reaction force Fy of the domain R
at the common boundary of the two domains. We will use the wave finite element method to
obtain a relation between the forces Fp, Fy and the DOF at the boundary of the two domains

qs-

Figure 1: Structure including a rectangular domain P and the rest R

The rectangular domain P is a periodic structure of N periods where each one is a column
of elements with only nodes on the left and right boundaries as shown in Figure 2| The nodes
of P are denoted by each column (n) with 0 < n < N. From the dynamic equation of each

|
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|

Figure 2: A periodic structure subjected to external loads

column, we get the relation ug = Suy, with u, is the column vector of DOF q, and nodal loads
F.. Moreover, the right boundary of the column (n) is also the left boundary of the column
(n + 1) and we have

F L Rl = —F)
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where FSB") are the loads applying on the common boundary of (n) and (n + 1). Then, by using
the wave analysis approach of the wave finite element method [12], we can obtain the wave
bases ®, ®* with eigenvalues p of the transform S. The wave decomposition of the response
can be written as follows

n N
Q" =@ Q - TQ @, Y p QY + @) Y QY (M
k=1 k=n+1

where Q, Q" are the wave amplitudes of the left and right ends of the domain and Qp, Q% are
the wave amplitude of the external loads which are calculated by

Qy' =@;'Fy

ng) _ ‘I:‘TFSEI;) 2)
q
where Fg) is nodal loads on the right boundary of the period. Thus, we have
n N

k=1 k=n+1

Equation (3]) presents the response of the rectangular domain in function of the external loads
applying on this domain and the wave ampltudes at the left and right ends of the domain.

2 FORMULATIONS

2.1 Wave analysis of rectangular domains

Now we will decompose the nodal loads Fg) in function of the external loads and the reac-

tion force of the domain R. For 0 < n < N, we can write
F = FO) 4 0 @)

where Fg) are external loads at the column n and F(" is the reaction force of the domain R
applying on the periodic domain which is almost zeros except the two nodes at the common
boundary of the column n and the domain R.

For the left boundary 0L of the periodic domain P, we have

FO = —FY =FY + Fop 5)

where Fy; is the reaction of R at OL.

For the right boundary OR of the periodic domain P, we need to find out the expression of
the reaction force Fp, in function of F) which is the nodal load of the left boundary of period
(N + 1) (see Figure[3). We have

FOO = —F"" = — (For — 1) ©)
F) =Fy) 4 B

where F(V) is the reaction forces of at the upper and lower node of 0 R. By combining equations
in (6)), we obtain
Fy) —FY = F) + Fop @)

3



T. Hoang, D. Duhamel and G. Foret

Figure 3: Nodal loads at the column (V) (right boundary of P)

In addition, we obtain the following results from the definition of the wave amplitude [[12]]

Q _ @*TJU(O) — @;TF(O) . @}Tq(O)

(8)
Q' =@ "Ju™) = ®TF") — &1q"™

Therefore, by combining equations (3), @), (3), (7), and (8), we obtain

Q" = = @@ " + @)

n N
_ . 9
+ @,y w e (B + FO) @y Y phel (B 4 FO) ®
k=0

k=n+1
where FO = Fjsr, and FV) = Fsr. We can rewrite the aforementioned equation in matrix
form as follows
(I+®,®7 0 0 0 —<I>;,uN<I>§ 17 99 7

Sur®y 0 1 0 —®uN oL || g

euN® 0 0 0 I-@dL || qW |

) B * *,,M * T B 0 7 (10)
@q@qT Prp @Z“ ‘ﬁquN‘I’qT F%) +Fsr
= (I)q'umpgT @q(I);T q;;'uN—n@qT F%l) +1~;\8n
[ BT e 2@ | B Ry,

Equation (10) is a relation between the DOF and nodal loads of the whole domain. Moreover,
the matrix on the right side of equation (10) is a block Toeplitz matrix [13} [14].

2.2 Assembly of boundary nodes

We are interested in the boundary nodes of the domain. The left and right boundaries are
q® and q¥). Otherwise, the up and down boundaries at the column 7 (noted by dn) are the
first and the last nodes of the column and we can define a matrix L so that:

qon = Lq™, Fy,=LF™ 0<n<N (11)

If we note

$,=L®, o;=LI; (12)

q
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Equation (I0) become

1+ ®,87 0 0 0 —®uNeL [ qo
q%qu’:@;T ('). I 0 é;uf:”@; q})n

U S e |
- (I)qq);T <I>;,u"<i>qT @Z“N(I)g T FFoy ]

_ .i)qur:z@;T SO R Tl F 03
I <I>q;ﬁ.v<I>;T q>qu;"<i>;T X | Fon
r (I)qq);T ‘I'Z,U”‘I’qT (I)Z N‘I’qT AT Fg) b

+ (i)q“;q);T @qégT i’ZMN.W‘I’qT Fég)
L sprer et ed o e || po

where I = LIL” which is also an identity matrix. We can rewrite the aforementioned equation
as follows
Aqs = BFy + CFg (14)

where A, B, C are defined corresponding to the matrices in equation (13]).

2.3 Assembly of the whole structure

For the domain R, we have

D3, Dj; Djp ds Fy
Dfa Dj; Dip ar | = F§ (15)
D%y Dpr Dgp do Fj

where qq, F are given by the boundary condition and the loads of the domain R . From the
aformentioned equation, we obtain

{Dga D51:||:q8:|:|:F8:|_|:D3Bq0:| (16)
Dip Di; || ar Fg D7pdo

Equations and decribe the relations between gy and Fy with the external loads and the
boundary conditions of the whole structure. We can have different methods to combine these
two equations which cost different calculation times. It is possible to reduce the cost by using

the properties of the Toeplizt block matrix B, C [14]. However, this article is limited to a simple
method by substituting equation into equation and we obtain

D;, —B'A D, } { dy } _ { _B-'CFy } B { D}5q0 } (17)
D7y D7, qar F5 D70
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Equation (17)) permits to calculate the response of the domain R. This technique permits to get
the final expression of the dynamic stiffness matrix (DSM) of the whole structure by modifying
only the diagonal block of DSM of R corresponding to the rectangular domain boundary.

When the structure has severalrectangular domains, we can use the same technique for each
diagonal block to get the final DSM. For structures with connected rectangular domains, we
need to combine these domains as superelements before replacing into the DSM.

3 EXAMPLE

Let’s consider a 2D elipse of axes 6mx3m which contain a rectangular of size 4mx2m as
shown in Figure[d The mesh is created by using 1586 elements S4 of thickness 0.1m. The stiff-
ness and mass matrices are generated by Abaqus and other calculations have been performed
with Matlab. Figure [5] shows the results obtained by the finite element method (for the whole

1

Figure 4: Example of 2D structure with a rectanglar domain (red), a fixed boundary (blue) and a load (green)
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Figure 5: Response of one node calculated by the finite element method and the new method

structure) and the new method. The two results agrees well. Althought the new method can
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reduce the number of DOF (from 3322 to 1840), the WFE cannot reduce the calculation time
in comparing with FEM (5.4s vs 20.9s). One reason is that the calculation of Toeplitz matrices
(which are full matrices) have not been optimized.

4 CONCLUSIONS

This article introduces a new technique for coupling the finite element method and the wave
finite element method by using superelements. For a 2D structure of arbtrary shapes, we define
superelements as rectangular domains. Each superelement is a periodic structure where we can
apply WFE. We obtain then a relation between the DOF at the superelement boundary and the
external nodal loads via Toeplitz matrices. The technique permits to reduce the number of DOF
but it needs to optimize the calculation of Toeplitz matrices in order to reduce the calculation
time.
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