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Abstract— The present approach is a combination of the force method and displacement approach
to achieve the analysis using the substructuring technique. In this method, the inverse of the
stiffness matrices of the substructures are constructed for the formation of the flexibility matrices.
This part of the solution is equivalent to the stiffness approach. In the subsequent stage, the results
of the analysis are assembled using the singular value decomposition (SVD) and the solution for
the entire structure is obtained. In fact, for assembling the structure, we need the flexibility
matrices of the substructures which are obtained by the stiffness method.

In this paper, a mixed force-displacement method is applied to finite element models for
increasing the speed of their solution. Each substructure is analyzed independently by singular
value decomposition of the corresponding equilibrium matrix. Methods are then utilized for
transforming the substructures into regular forms whenever it is possible. The application of this
method in finite element models with different substructures improves the process of analysis, and
makes the use of the existing solution techniques possible for regular systems.

Keywords— Mixed force-displacement method, substructuring, singular value decomposition of equilibrium matrix,
regular forms, finite element analysis

1. INTRODUCTION

Substructuring techniques are developed for static and dynamic analyses of large-scale structures [1-6].
The main idea comes back to concepts that are encountered in numerical solution of partial differential
equations [7-8]. Dividing the model of a large-scale structure into smaller substructures, one can find the
solution of the structure based linear combination of the solutions of its substructures [9-10]. Since the
independent analysis of the substructures is much simpler than the solution of the entire structure, utilizing
this method reduces the cost of computation to a great extent [11-13]. Substructuring technique is a
powerful tool for those structures which become regular by addition or removal of some elements. This
method is a suitable means for structures with repeated models [14-16]. Recently an efficient approach has
been developed for linear and non-linear analysis of structure with tubular elements using the
substructuring technique [17].

A structure is called regular if its model contains a special pattern. As an example, a circular
structure consists of repeating units which are all identical, or a translational model has a repeating unit
with identical repeating units, where the first and last units are non-identical. These models lead to

matrices of special patterns which are called canonical forms. These matrices are often block matrices
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with blocks being positioned in a special manner. The eigensolution of these matrices and solution of the
corresponding structures can be performed much easier as discussed in [18-20].

For the analysis of the structure using this method, first the equilibrium matrix of the substructures
should be constructed. Using its singular value decomposition and inverting their stiffness matrices one
can obtain the solution of the entire structure. Due to the block diagonal form of the equilibrium matrix of
the substructures, the singular value decomposition of this matrix can easily be performed, since many of
these matrices are identity matrices. This method can also transform some of the structural forms to
canonical forms. If a substructure contains a regular form, one can easily perform its analysis using the
existing efficient approaches [16-20].

Using the present method, having the inverse of the stiffness matrices of the substructures, the results
can be obtained for the entire structure. This can be achieved by decomposition of small blocks of the
equilibrium matrices. In this paper the term “decomposition” refers to SVD when it is used in conjunction
with matrices, and it refers to sub-structuring when a structure or its model is involved.

In fact, the present approach is a combination of the force method and displacement approach to
achieve the analysis using the substructure technique. In this method, the inverse of the stiffness matrices
of the substructures are constructed for the formation of the flexibility matrices. This part of the solution is
equivalent to the stiffness approach. In the subsequent stage the results of the analysis are assembled using
the SVD and the solution for the entire structure is obtained. Indeed, for assembling the structure we need
the flexibility matrices of the substructures which are obtained by the stiffness method. Therefore, the
present method can be viewed as a mixed force-displacement method.

In this paper, first the method of formation of equilibrium matrix is described. The singular value
decomposition is presented. Then the nodal displacements of the structure are calculated using the method
of Ref. [21] and the analysis of the substructures. In the subsequent section a method is developed for
modifying the substructures based on concepts of Section 2. In Section 6 three practical structures are
analyzed and the computational times are compared to those of a direct method. In each example we have
tried to simulate the real conditions for the structures. Section 7 concludes the paper.

2. SUBSTRUCTURES SEPARATION AND EQUILIBRIUM MATRIX FORMATION

In this section first the equilibrium matrix of the substructures is introduced and then the singular value
decomposition of this is employed for the analysis of the structure.

First, we consider two substructures m and n as shown in Fig. 1 which are connected to each other at
two nodes.

Fig. 1. A structure composed of two substructures m and n

The nodal DOFs of the substructures m and n depending on whether they share any commonalities
with both substructures or not, can be decomposed in the form shown in Fig. 2.
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Fig. 2. Decomposition of the nodal DOFs of the structure

In what follows the DOFs corresponding to the substructures m and n will be identified by N, and N,,
respectively, as shown in Fig. 3.
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Fig. 3. Notations used for DOFs of the substructures

Here N,, and N, are subsets of DOFs corresponding to substructures m and n, respectively when these
DOFs are independent of each other. Also iy, and i, are subsets of the DOFs corresponding to substructures
m and n at the interface of these substructures, respectively. According to these definitions, the following
relationships hold for the parameters defined in Figs. 2 and 3:

t, =N, -N,
tIl:Nl'l_Nl’l'l (l)
i,=i,=N_nNnN,

According to the above classification of the structural nodes, the equilibrium matrix for the
substructures in the global coordinate system of the structure will be defined as Egs. (2 and 3):

Ithtm
A= A, 2)
I

t,xt,

A= I:Iimxim | Ii“xin:l 3)

I is an identity matrix and matrix A, is the result of imposing the equilibrium condition on the common
nodes the two substructures. Therefore the dimension of the matrix A, is dependent only on the DOFs of
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the common nodes of the two substructures. This dimension is often much smaller than the total DOFs of
the structure.

The equilibrium matrix, in general, can be constructed by writing equilibrium equations among the
DOFs of the substructures shown in Fig. 3. However, this matrix can be transformed into the form shown
in Eq. (2) with a suitable ordering.

In the following a method is presented for the formation of the equilibrium matrices of the
substructures, however, one does not need to use this approach and other method can be utilized. The use
of the suggested method increases the capability of the analysis.

a) Joining two substructures with connecting elements

In general one can assume that the two substructures are connected to each other by some elements
(as some connecting elements and not an independent substructure). This type of element is common in
finite element modeling, such as "contact element" in tunnel models. As an example, suppose two
substructures m and n are connected to each other by a substructure r, as shown in Fig. 4. In this case the
DOFs of the substructures are decomposed as shown in Figs. 4 and 5.
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Fig. 4. Decomposition of the nodal DOFs of the structure and the connecting elements
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Fig. 5. Classification of the DOFs of the substructures

N; is the set of DOFs for the connecting elements. In this case, the form of the matrix A; will be as is

A= N

Newf

shown in Fig. 6.

Fig. 6. Form of the matrix A for the structure shown in Fig. 4
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Where Z is a zero matrix, f is the number of internal forces of the connecting elements of the two
substructures.

Now for the formation of the matrix N we perform the following process:
If g is the set of DOFs for the connecting elements of substructures in local coordinate system and h is the
set of DOFs of these elements in the global coordinate system (when all substructures are connected to
each other), then a block of matrix N corresponding to the jth element can be formed as follows:

N(g,.h)=T, @)

T; is the modified rotation matrix of the connecting jth element and can be formed as follows:

Consider s; as the stiffness matrix of the jth element in a global coordinate system. One can re-
arrange its rows and columns using a transformation matrix R such that the rank of s; be the same as the
dimension of this matrix and that of the s;.

. S |S,
s, =R.s; .R'=| (5)

2 s3

The matrix sj* is obtained by applying the transformation R on the matrix sj. One can form the modified
rotation matrix of the element in the following form:

T, =R.[I[s].s, | (©)

In the above relationship, I is a identity matrix of dimension equal to that of's;.
b) Generalization of the method for joining more than two substructures

When some substructures are simultaneously connected to each other at some points, for the
formation of the matrix A in a block form, the DOFs of the substructures should be classified as shown in
Fig. 2. For each set of non-common nodes of a substructure (similar to the set of DOFs t, in Fig. 2), one
identity matrix with dimension of this DOFs should be assembled in matrix A. On the other hand, for each
set of common node-set connecting two or more substructures (similar to DOFs i,), there should be one
matrix A; in A. In the cases when more than two substructures are connected through a set of free nodes,
then the matrix A, will have the form A, = [I [ 1] ] I] . This means the number of unit blocks in this
matrix is increased by the number of added substructures. The dimension of each block is equal to the
DOFs of these sets of common nodes in each substructure.

In some cases, the DOFs of the sets of common nodes in substructures are not equal to each other. In
such cases, some columns of A; corresponding to those DOFs which do not partcipate in connection
should be deleted.

Therefore if a structure contains a non-common node sets corresponding to the substructures, and the
substructures are connected to each other at b parts, then the form of equilibrium matrix will be as follows:

Il
(A),

I
A= . (7)

(A
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The unit matrix in the equilibrium matrix corresponds to those DOFs of the substructures which are
not connected to each other. As an example, consider the structure shown in Fig. 7 where for each free
node of the shell element 6 DOFs are assumed.

e

b

Fig. 7. A structure consisting of three connected substructures

However, if the substructures are considered separately, then writing the equilibrium for the DOFs at the
middle part of the substructures, only the following unit matrix form will be obtained:

(

Fig. 8. The substructures forming the structure shown in Fig. 7 and the corresponding DOFs

36x36

I
= 0 A, , A :[Illez | | PP | 112x12]12x36 ®)

It should be mentioned that in matrix A,, the number of rows is the same as the DOFs of the common
nodes of the substructures (when these are connected), and the number of columns is the same as the
DOFs of the common nodes when the substructures are separate from each other.

3. OPERATORS REQUIRED FOR ANALYSIS

In this section, we describe the equilibrium matrix of a structure using the method presented in Section 2.
First, the necessary operators are defined in the process of analysis. Then the way these operators are
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applied to the equilibrium matrix is described. Finally, a relationship is presented for calculating the nodal
displacements of the entire structure using the concepts of the previous section.

The equations presented here were based on the SVD for the analysis of structures first developed by
Pellegrino [21]. In this paper we want to simplify the equations for analysis of structures using the
substructuring technique.

a) The SVD of the equilibrium matrix

In general, the equilibrium matrix of a structure can be decomposed into its singular values as
follows:

A=U.W.V' 9)

Here, U and V are orthogonal matrices containing the left singular vectors and right singular vectors of the
equilibrium matrix A. The matrix W is the matrix of the singular values of the equilibrium matrix. The
matrix V can be partitioned into the following form based on the zero columns of W:

v=[V,|V,] ; W=[D|Z] (10)

Where D is the square matrix of the non-zero singular values of the equilibrium matrix and Z is a zero
matrix. As it was described, V4 and V, are respectively the matrices containing the right singular vectors
of A which correspond to the non-zero and zero singular values of the matrix W.

b) The pseudo-inverse of the equilibrium matrix

Using the SVD of the matrix A, the pseudo-inverse of this matrix can be obtained from the following
equation:

Pinv (A)=V,.D".U' (11)

It should be mentioned that due to the block form of the equilibrium matrix in Eq. (7), the SVD of this
matrix needs only the decomposition of the A;. Therefore the SVD of A,, similar to Eq. (9), will be as
follows:

A =U.W.V/ (12)

Obviously the matrices V;, W; and U, have the same definitions as V, W and U for the matrix A,.
Similarly we have:

Vi=[Vi|V,] 5 W=[D |Z] ; Pinv(A)=V,.D.U (13)

¢) Decomposition of the equilibrium matrix based on the decomposition of the matrix A;.

Considering the block form of A in Eq. (2), the SVD of this matrix will also have a block form. Thus
for this decomposition it is sufficient to decompose only the matrix A;. In subsequent step the constructed
matrices are substituted in A;. The matrices V4, V,, D, and Pinv(A) for the structure of Fig. 1 have the
following form:

Il xt

m”™tm

Z
V= Vi s V.=V, (14)
Z

z
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It xt It xt

Pinv(A) = Pinv(A,) (15)

| 5

It xt,

n

t,xt

n”"n

Since the dimension of the matrix A; is much smaller compared to the dimension of the entire structure,
the decomposition of this matrix is much simpler to perform. In this way, the formation of the
decomposed form of the equilibrium matrix of the structure becomes simplified.

When a structure consists of more substructures, then the forms of the matrices in Eqgs. (14 and 15)
will expand. This means, for the formation of the above matrices instead of the matrix A, in the block
matrix A, we put the matrices obtained by decomposition of the A;.

Only in the case of the matrix V, should special attention be paid. In the process of the formation of
this matrix one should eliminate all the rows and columns of A corresponding to the identity matrices and
in place of the matrices A, we should insert the corresponding matrices V.

4. NODAL DISPLACEMENT VECTOR OF THE STRUCTURE

In this section a method is presented for calculating the nodal displacements using the SVD of the
equilibrium matrix. This method is taken from Ref. [21]. Using the matrices of the previous section, the
nodal displacements A of the structure can be expressed as:

A=Pinv(A)'.F.[Pinv(A).P-V, . (V,'.F.V,)" .(V.'.F.Pinv(A).P)] (16)

This method is a combination of the stiffness and flexibility methods. The concept of using the
equilibrium matrix comes from the flexibility method, while for formation of F the inverse of the stiffness
matrix is utilized. Thus the stiffness method is used in the process of the flexibility approach. The proof of
the above equations is provided in the Appendix A.

The dimension of the matrix V,' .F.V, in the above relationship is equal to the sum of the DOFs of
all the common nodes of the substructures. Here, P is the vector of external loads and F is the flexibility
matrix of the substructures. As an example, for the structure shown in Fig. 1, if Fj is the flexibility of the

F= Fon
=" g (17

It is obvious that when some substructures are connected to each other simultaneously at some nodes,

ith substructure, we will have:

then the process of assembling the flexibility matrix F should be performed in the same order as that of the
DOFs in the matrix A.

The flexibility matrix of the substructures which are stable can be obtained from inverting the
stiffness matrix of the substructure. For those substructures which are not supported in a stable manner, we
will introduce a method of the next section. Using the modifying technique for the substructures which are
not supported in a stable manner, sufficient condition will be produced. Another approach is due to the use
of Felippa et al. [22] and Felippa and Park [23] for the formation of the flexibility matrices of such
substructures.

It should be mentioned that in case we have some sets of connecting elements, the flexibility of these
connecting elements should also be assembled in the matrix F. As an example for the structure shown in
Fig. 4, if F; is the flexibility matrix of the ith connecting element, then we will have:
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F Fcl
F= ’ F ; F.= Fe
- € ’ e .. (18)
n
Fel"l
Therefore, for analysis of a structure we need the inverse of the stiffness matrices of the substructures and
the SVD of the matrices A, and the inverse of the matrix V,'.F.V, . Since the analysis of the entire
structure is transformed to the analysis of substructures, the computational time will be reduced. At the
same time, using the method of the next section, the inverse of the stiffness matrices of the substructures is

performed with less computational storage.

5. MODIFICATION OF STRUCTURAL FORMS

For some structures the construction of canonical forms requires suitable transformation. There are many
efficient methods for the analysis of regular structures. The structures described through group theory and
graph products are some of such structures [16, 18-20].

Here, for modifying the form of the substructures the following two cases may arise:

In the first case, the structure contains some additional parts which can be separated from the main
substructure in the form of new substructures. Therefore, the method of analysis will be exactly the same
as that of Section 2.

In the second case, for transforming the structure to regular form, the addition of a set of
substructures is required. In this case one can assume that two identical substructures are in the place of
lack of elements, one with positive stiffness and another with negative stiffness. First, the structure is
modified with the substructure having positive stiffness. The part with negative stiffness is considered as
an independent substructure. Therefore, in the process of the analysis we will have to use two
substructures. One is the modified (corrected) structure and the other one is the imaginary substructure
with negative stiffness.

The first example of Section 6 illustrates the application of the method presented in this section for
making the structure a regular one. Another application of this method is in the formation of the flexibility
matrices of the substructures. In some cases the selected substructures are not stable and thus their inverse
cannot be found to form their flexibility matrices. In this case, similar operations can be performed by
addition of substructures which can provide suitable support conditions for the stability. This will be
illustrated in the examples of the following section.

6. PRACTICAL EXAMPLES

In this section, some applications of the present method are presented in the form of practical examples.
Then the results are compared for efficiency using the present method, a direct stiffness method written in
Matlab, and ANSYS.

Example 1: The finite element model of a tunnel with semi-infinite space is shown in Fig. 9. As it can be
seen, the opening of tunnel is at the middle of the model and model is discretized with a regular mesh. It is

obvious that if we add a substructure in the form of the tunnel opening, it will become a regular model.
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Fig. 9. Two dimensional view of the tunnel model

?'!_'I_'LL! 5 e T T 4 L & -] 7

Fig. 10. The modified substructure

For this purpose, considering the method of Section 5, the set of substructures are considered for
modifying the structural form, as shown in Fig. 11.

vl v I v v v v A I v I I v A Y T AT YT AT AT Y A AT AV AT AV AP ATAVAV AT ATAT ATV A" A v A7 v A~ .V~ v A v . A v 2~ A v A~

'EJanmmH Sub-2
Fig. 11. Modifying substructures of the tunnel model

In Fig. 10 the entrance of the tunnel is filled with a set of elements. Instead, in Fig. 11 an equivalent
substructure with negative stiffness is defined and called Sub-2. This substructure does not have sufficient
supporting condition for geometric stability. Therefore a row of elements with negative stiffness is added
with appropriate supporting condition. The Sub-3 substructure with positive stiffness is considered for
nullifying the effect of the imaginary elements in order to make the Sub-2 stable. The substructure Sub-1
is used for fixing the upper nodes of the model to provide the symmetry property. The expression E shown
in Fig. 11 shows the stiffness of the element. In fact —E means negative stiffness for the element.

In what follows, the matrices A, are formed for the constituting substructures and using their SVD,
the structural analysis is performed using the present method. In case of having displacement boundary
condition in the FEM, one can transform the corresponding displacements with equivalent external forces
applied at the DOFs of the structure. Based on this, if S is the overall stiffness matrix and the indices f
and s are the DOFs of free and fixed nodes of the structure, then the equivalent external load and the
displacement boundary condition, P., will be in the following form:

IJST, Transactions of Civil Engineering, Volume 39, Number C1 February 2015
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_ Sff SfS . P _P S A
- sz S ’ e L TRfs s (19)

SS

Where P is the external load vector applied to the structure, and As is the vector of displacements of the
supports. Therefore, it is sufficient to use P, in place of the external load vector in this method.

It is obvious that the inverse of the stiffness matrices of the Subs-1,2 and 3 can easily be calculated,
because of having small dimensions. For the formation of the stiffness matrix of the modified substructure
shown in Fig. 10, one can use the method of Ref. [16] which is based on some concepts of the graph
products. For this purpose, the stiffness matrix S of this substructure is expressed in the following form:

A, B, 0
Bm Am Bm
S,, = B, . —I, ®A, +T, ®B,, (20)
. B,
0 B, A, |

Smn :Fn (Am ’Bm DAm) ; In :Fn (13091) ; TI"I :FI’] (0’130)

It should be mentioned that the F, is defined as the following block matrix form:

_Am Bm
B, C, B,
F,(A,.B,,C.)= B, . . 1)
Cm Bm
Bm Am

The blocks Ay and Bp have dimension m and matrix S is a tri-diagonal matrix. I, and T, are blocks
of dimension n. In fact, S is formed of n blocks of mxm. The eigenvalues of this matrix can be obtained
from the following relationships:

iz
n+1

ﬂszinkz)l/lsi ; S, =A,+A4(T).B, ; A(T,)=2cos (22)

Consider v as the eigenvector of S; and u as the eigenvector of the matrix T,. Then @ =u® v will be
the eigenvector of the matrix S.

Obviously if ¢ is the matrix of the eigenvectors and A is a diagonal matrix with its entries being the
corresponding eigenvalues, then we will have S = (|).k.(|)t . Since the eigenvalues of S™' are the inverse of
the eigenvalue of S and their eigenvectors are identical, therefore:

1/ 4, 0
1/ 2,

S'=¢.A"0' =¢. . . (23)

0 1/

mxn

Where A" can be obtained by finding the inverse of the diagonal entries A. Therefore the inverse of the
stiffness matrix S for the substructure shown in Fig. 10 can be obtained using n eigenvalues of an mxm
matrix.
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In Fig. 12, the computational time is compared for the analysis of problems with different DOFs
using the present method and the direct method. In this Figure, DOF is the degree of freedom of the
model, “Direct M.” refers to the direct method, and “Present M.” refers to the method presented in this
paper.

Tunnel Modeling

6
5

= 4

E z _’4—" Present M.
1 . Direct M.
0
2500 3500 4500 5500 6500 7500

DOF

Fig. 12. Comparison of the computational time for the analysis of the tunnel, using the present
method and a direct method (UMFPACK)

For direct analysis of the model, the UMFPACK is utilized. UMFPACK is an Unsymmetric Multi
Frontal direct solver for sparse matrices developed by Davis [26]. This package consists of a set of
routines for solving systems of linear equations. It can be observed that as the number of DOFs of the
structure increases the difference between the computational time for the present method and the
UMFPACK increases.

In fact, the rate of the change of the computational time for the conventional method is
increasing, while for the present approach this rate is nearly constant.

In this example, the opening need not be a half-circle. Obviously the presence of a few irregular
elements in this opening can easily deal with the concept of connecting elements (Figs. 4 and 5). Thus the
form of the opening is not an important issue in the utilization of the presented method.

Example 2: One of the applications of the present method is in efficient analysis of space frame having a
core containing shear walls.

For this structure, since the dimensions of the structure are high, using the present method is of great
importance. Here the shear wall has higher share from the total DOFs, which can be separately analyzed.
Figure 13 shows a 3D tall building and the corresponding substructures. Here, we have a 13 storey frame

with 4 shear walls. The walls form a box type of structure with rectangular cross section and its thickness
changes in each story.

[
i
1

1
ol
l

1

|

i

g .m0
- e =
——

il Ll 1]

1l " il

(a) 3D view of a frame structure (b) Bending frame substructure  (c) Shear wall substructure
Fig. 13. Three dimensional view of a space frame and its constituting substructures
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Using a regular meshing and modifying the support conditions at the top of the shear wall, the form
of this substructure becomes canonical and it can easily be analyzed by methods of Ref. [19]. For a better
illustration of the method used for modification, a 2D form of this tower is shown in Figs. 14 and 15.

Fig. 14. Two dimensional view of a frame with a shear wall

e

1
]
(b) Shear wall (c) Modifying part for
(a) Frame substructure bt tho shear all
substructure

Fig. 15. Two dimensional view of the substructures of the structure

Using the method of Section 5, a row of elements with suitable support condition is added to the top
part of the shear wall. Then an identical substructure with negative stiffness is added as shown in Fig. 15.
In the following we construct the equilibrium matrix of these substructures.

With a suitable assumption one can say that the total DOFs of the entire structure is 41262 from
which the share of the bending frame is 3822. The two substructures, frame and the shear wall, are
connected to each other through 624 DOFs.

Considering the form of the shear walls, it can be decomposed into 8 identical substructures. Form of
each of these substructures can be modified as illustrated in Fig. 15 using an additional modifying
substructure. Here the equilibrium matrix is composed of 16 submatrices A;, from which only two are
non-identical. One is for connecting the shear walls and frame to each other and the other is for connecting
the modifying substructures to the shear walls.
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For the formation of the inverse of the stiffness matrix of the shear wall in Fig. 15, we utilize the
method of Ref. [19] in the following form: The stiffness matrix of each shear wall is as
S... =F (A, ,B,.,C,, ). This matrix has n blocks of dimension mxm in each row and column. First we
assume N to be even, i.e. N=2K. As an example, for n=4 this form will be as follows:

A B 0 0
B CB 0
S= 24)
0 BCB
0 0 B A

Exchanging the 3™ and 4" rows and columns in block form, the eigenvalues of the matrix remain
unaltered. Then S will have the following form:

M| N
TIN ™M
I_1 0] T_()1
2lo 1] 7 1o (26)

Using A to represent the eigenvalues, similar to Eq. (22) one can show that:

=I,®M+T,®N (25)

ﬂs=£?g ; § =M+ (T,).N ; A4(T,)={L-1} 27)

The eigenvalues of the matrix S and the blocks S; are the same. In fact the dimensions of the required
matrices reduce to half. On the other hand, if v is the eigenvalue of S; and u is that of T,, then g =u® v
is the eigenvector of the matrix S. In general case, when n=2K it is enough to exchange the (k+1)th row
and column with those of 2kth to arrive at a Form II canonical form. It can be shown that in this case M
and N will be as follows:

A B 0 00 0
B C B 0 00
B . . o . .
M = , N= (28)
. . B . . 0
L 0 B C_ k blocks _0 0 B_ Kk blocks

Matrix N contains mainly zero blocks except in the block corresponding to the row and column k which is
the same as B. This form is the same as the canonical form II of Ref. [19].
Now we assume n to be odd, i.e n=2k—1. As an example, for n=3 we will have

A B 0
S=[B C B (29)
0 B A
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Here, first a row and column of zero blocks are added between the 2™ and 3™ blocks, and repeat the
previous process. Since the number of rows and columns are even, with some row and column operations
and exchanging the 3™ and 4" rows and columns, the following matrix can be constructed:

A B|0 B]
B C|B C
SZE 513 5{M|N}{M+N| 0 } 40
o B|A B| |[N|M 0 [M-N
B C|B C
2 212 2]

Here the sign = is use for equivalence of two matrices.
In general case for n = 2k—1, repeating a process similar to the previous case, M and N can be
obtained as:

A B 0 00 0
B C B 00 0
B 0
M = B , N= 0 (€2))
B C B B
i 2 2] i 2 2]

Where N has only three non-zero blocks.

Each of these matrices consists of k blocks. Obviously after calculating the eigenvalues of M+N and
M-N, we will have m additional zero eigenvalues created because of the addition of zero block rows and
columns. Having the eigenvalues and eigenvectors of S, the inverse of the stiffness matrix of the shear
walls will be obtained using Eq. (23).

In relation to the operational cost, since the stiffness matrices of the substructure of the shear walls
are identical only the eigenvalues of two 2844x2844 blocks for the inversion of their stiffness matrices
need to be calculated. For the frame substructure, the inversion of a matrix of dimension 3822x3822 is
needed.

As we mentioned before, here the connection of substructures has two forms. First the connection of
the shear wall together and to the frame will have an A; matrix of dimension 468x1014, and second the
connection of the correcting substructure of the walls as shown in Fig. 15. The matrix A, for this
connection has dimension 66x132. The SVD of these two matrices is constructed. Since we have 8§ shear
walls in the structure, 8 pairs of the matrix A, will exist in the matrix A.

Finally the inverse of the matrix V,'.F.V, will have dimension 4912 x4912. While for direct
analysis method we have to solve a set of equations with a matrix of dimension 41362x41362. If the

process is repeated for different DOFs, the variation of the computational time will be as shown in Fig. 16.
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Fig. 16. Comparative study of the present method and direct approach for different DOFs

Example 3: A base plate is considered as shown in Fig. 17. For the analysis of this model, different parts
are considered as substructures. For filling the holes, the method of Section 5 is used. In this way the
analysis is transformed into the analysis of some substructures.

N

Fig. 17. A three dimensional view of a base plate and its constituting substructures

Here, the substructures are divided into two groups. The first group contains the main parts of the
base plate, and the second group consists of those substructures which provide support system for the
substructures of the first group.

As can be seen from Fig. 17, some of the substructures are identical. Therefore the calculation of one
flexibility matrix is sufficient. We have 4 independent flexibility matrices, two of which have very low
dimensions. One of these corresponds to the holes substructures and the other belongs to the support
conditions substructure of the vertical plates. The bigger flexibility matrices correspond to horizontal and
vertical plates which can be calculated with a regular meshing, similar to Example 1 of this section.

The computational time for the analysis of structures with different numbers of DOFs for following
cases is shown in Fig. 18:

1. Simultaneous use of SVD, and graph product methods (present Method).
2. Substructuring technique of Ref. [24].

3. Condensation method of Ref. [25]

4. UMFPACK method of Ref. [26]

An efficient ordering is performed in direct analysis of LU decomposition by UMFPACK. As mentioned
before the UMFPACK is an Unsymmetric Multifrontal sparse LU factorization package [26].
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Fig. 18. Comparison of the computational time for the analysis of Example 3, using different methods

For this problem the present methods and the UMFPACK perform nearly the same, however, these
methods perform much better than the partitioning and condensation approaches.

7. CONCLUDING REMARKS

In this paper, an efficient method is developed for separation, and independent analysis of substructures.
Here, the analysis of the structure is performed by formation of the equilibrium matrix of the substructures
and performing its SVD. Considering the block diagonal form, it is only necessary to decompose small
parts of this matrix. Inverting the stiffness matrices of the substructure, the analysis of the entire structure
is performed.

As shown in the practical examples of Section 6, saving a large amount of structural data is not
necessary by using this method. Hence, the analysis costs decreases significantly. Also, by easy separation
of the sub-structures in this method, one can find the inverse of their stiffness matrices through the
previously developed fast methods [19]. Furthermore, this method can easily be added to structural
analyzer software, since the applied matrices can systemically be formed.

Finally, the major difference between this method and the others belongs to the ability of the
structural modification. As shown, by this method one can modify the topology of a structure by adding
some parts in a way that the use of fast analysis methods becomes feasible.

Acknowledgements: The first author would like to acknowledge the financial support of the University of
Tehran for this research. The second author is grateful to the Iran National Science Foundation for the
support.

REFERENCES

1. Craig, R. R. & Bampton, M. C. C. (1968). Coupling of substructures for dynamic analysis. AIAA Journal, Vol.
6, pp. 1313-1319.

2. Craig, R. R. & Chang, C. J. (1976). A review of substructure coupling methods for dynamic analysis, in
Advances in Engineering Science. National Aeronautics and Space Administration. Washington, DC: Vol. 2, pp.
393-408.

3. Mac Neal, R. H. (1954). Vibrations of composite systems. Technical Report OSRTN, Air Force Office of
Scientific Research. Air Research and Development Command. Arlington, VA: pp. 55-120.

4. Hurty, W.C. (1960). Vibrations of structure systems by component-mode synthesis. Journal of Engineering
Mechanics, Vol. 86, pp. 51-69.

5. Kaveh, A. & Davaran, A. (2000). A hybrid method for domain decomposition in parallel computing. Iranian
Journal of Science and Technology, Vol. 24, pp. 321-332.

February 2015 1JST, Transactions of Civil Engineering, Volume 39, Number C1



18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

H. Rahami et al.

Kaveh. A. & Fazli, H. (2008). Analysis of frames by substructuring technique based on using algebraic and
graph methods. Communications in Numerical Methods in Engineering: Vol. 24, pp. 867-874.

Smith, B., Bjrstad, P. & Gropp, W. (1996). Domain decomposition. Cambridge University Press. UK
(Cambridge).

Quarteroni, A. & Valli, A. (1999). Domain decomposition methods for partial differential equations. Oxford
University Press. UK (Oxford).

Shang, Y., He, Y., Kim, D. W. & Zhou, X. (2011). A new parallel finite element algorithm for the stationary
Navier—Stokes equations. Finite Element for Analysis and Design, Vol. 47, pp. 1262-1279.

Shin, E. S., Kim, Y. U. & Jung, S. N. (2008). Domain/boundary decomposition method for finite element
analyses with contact boundaries. Finite Element for Analysis and Design, Vol. 44, pp. 862-871.

Yang, C., Gao, W., Bai, Z., Li, X. S., Lee, L. Q., Husbands, P. & Ng, E. (2005). An algebric substructuring
method for large-scale eigenvalue calculation. SIAM Journal on Scintific Computing, Vol. 27, No. 3, pp. 873—
892.

Fonseka, M. C. M. (1993). A sub-structure condensation technique in finite element analysis for the optimal use
of computer memory. Computers and Structures, Vol. 49, No. 3, pp. 537-413.

Ali Ajiz, M. (1990). Application of parallel data structures to the finite element solution of circular flat plates.
Computers and Structures, Vol. 37, No. 5, pp. 647-662.

Cook, R. D. (1981). Concepts and applications of finite element analysis. 2nd Edn. John Wiley.

Zienkiewicz, O. C. (1977). The finite element method. 3rd Edn. McGraw Hill.

Kaveh, A. & Rahami, H. (2010). An efficient analysis of repetitive structures generated by graph products.
International Journal for Numerical Methods in Engineering, Vol. 84, No. 1, pp. 108-126.

Akgay Perdahcioglu, D., Geijselaers, H. J. M., Ellenbroek, M. H. M. & de Boer, A. (2012). Dynamic
substructuring and reanalysis methods in a surrogate-based design optimization environment. Structural
Multidisciplinary Optimization, Vol. 45, pp. 129-138.

Kaveh, A., Rahami, H. & Mehanpour, H. (2013). Application of Kronecker product to the analysis of modified
regular structures. Iranian Journal of Science and Technology, Transactions of Civil Engineering, Vol. 37, C2,
pp. 191-202.

Kaveh, A. (2013). Optimal Analysis of Structures by Concepts of Symmetry and Regularity. Springer Verlag,
GmbH, Wien-New York.

Kaveh, A. & Rahami, H. (2007). Compound matrix block diagonalization for efficient solution of eigenproblems
in structural mechanics. Acta Mechanica, Vol. 188, No. 12, pp. 155-166.

Pellegrino, S. (1993). Structural computations with the singular-value decomposition of the equilibrium matrix.
International Journal of Solids and Structures, Vol. 30, pp. 3025-3035.

Felippa, C. A., Park, K. C. & Justino Filho, M. R. (1998). The construction of free-free flexibility matrices as
generalized stiffness inverses. Computers and Structures, Vol. 68, pp. 411-418.

Felippa, C. A. & Park, K. C. (2002). The construction of free-free flexibility matrices for multilevel structural
analysis. Computer Methods on Applied Mechanics and Engineering, Vol. 191, pp. 2111-2140.

Przemieniecki, J. S. (1985). Theory of matrix structural analysis. McGraw Hill, New York.

McGuire, W., Gallagher, R. & Ziemian, R. (2000). Matrix structural analysis. John Wiley & Sons.

Davis, T. A. (2012). UMFPACK User Guide, VERSION 5.6.1. Department of Computer and Information
Science and Engineering, University of Florida. Gainesville, FL.

Kaveh, A., Rahami, H., Ardalan Asl, M. & Mirghaderi, S. R. (2013). Analysis of regular structures with member
irregularity using the equilibrium equations and the singular value decomposition. Advances in Structural
Engineering, Vol. 16, No. 5, pp. 823-843.

IJST, Transactions of Civil Engineering, Volume 39, Number C1 February 2015



Finite element analysis using mixed force-displacement... 19

APPENDIX A: Proof of Eq. (16)

The proof presented in this appendix is based on the equations developed in [27]. To find Eq. (16) of the present
paper, the following steps should be performed:

Step 1: Eq. (16) and Eq. (12) of ref. [27] are as follows:

Q = pinv(A).P+V, .« A
a=-(NV.FV)" (V" .F.pinv(A).P) (A2)
Substituting Eq. (A2) in Eq. (A1) we obtain:
Q = pinv(A).P-V .(V' .F.V))".V'.F.pinv(A).P A3
Step 2: Consider the Eq. (14) of ref. [27] as
6=F.Q A4
Substituting (A3) in (A4) we have
5 =F.pinv(A).P-F.V .(V'.F.V))" .V'.F.pinv(A).P AS)
Step 3: Consider the Eq. (19) of ref. [27] as
A =Pinv (A").6 (A6)

Substituting (A5) in (A6), we obtain Eq. (16) of the present paper as:

A =Pinv (A').F.(pinv(A).P-V_.(V..F.V.)" V" .F. pinv(A).P) AT
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