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Abstract: The paper focuses on the modal reanalysis for large topological modified structure
based on the multiple dynamic condensation model. Firstly, basing on multiple dynamic
condensation model of original structure and topological modified structures, with combining the
independent mass orthogonalization and Rayleigh-Ritz analysis, the proposed method was
generated. Finally, two numerical examples were used to show that the presented method can
provide quite efficient and high quality approximation result for modal reanalysis even when large
modifications of the structural topology are made.
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1. Introduction

In many large-scale and complex structural systems, linear eigenvalue analysis is
very important and useful for predicting modal response. However, in order to grasp
the dynamic characteristic of huge structure, we usually directly calculate the
Eigen-problem by LQ algorithm or subspace method. Therefore, the computational
cost may be too time consuming. Modal reanalysis [1] provides efficient and quick
numerical procedures for calculating the eigenvalues and eigenvectors due to
modifying the multiple properties of the original structure, without having to repeat
the dynamic equation problem several times. Thus, the aim of reanalysis is to reduce
lots of computational cost in optimization design. For example, in structural topology
optimization design with lots of iterations, the direct FEA analysis must be repeated
for each modification of the design variables. Therefore, the computational cost may
be too time consuming especially for large structure.

However, the modal reanalysis based on multiple dynamic condensation model are
rarely studied in the corresponding reanalysis literature *™*. so in the paper, we focus
on the structural modal reanalysis for large modifications by using multiple
condensation model. The aim is to further reduce the global CPU time than the
general modal reanalysis with the non-condensation model. Thus the proposed
reanalysis method could be an high-efficiency method for large modifications in
optimization design.

As for the large modifications, the computational effort is significantly reduced by
the proposed approach. The reanalysis procedure is easy to implement and realize.
Moreover, the approximate eigensolution of modified structure still has high accuracy
even if the original structure and modified structure are reduced model. Section 2
briefly introduces the Eigen-equations for modal reanalysis problem based on reduced
model. Section 3 describes the proposed method and its steps. Section 4 discusses the
efficiency of the precision and the CPU time of the proposed method by two



numerical examples. Section 5 summarizes our conclusions.

2. modal reanalysis formulations for multiple condensation model

2.1 Eigenproblem of original structure based on multiple condensation model
In finite element analysis, the natural vibration of undamped original structures
with m DOF leads to a general algebraic eigenproblem
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where K, M? |2’ and W are the stiffness matrix, the mass matrix, the ith

eigenvalue and ith normalized eigenvector of the original structure, respectively.

By using the dynamic condensation method in literature [9], the three times
condensation model for the original structure is obtained. Due to the limit of space,
the reduced process is omitted here. The full iterative process is expressed as the
literature [9].

Through the three time dynamic condensation process, finally, the eigenprobelm of
reduced model for original structure can be expressed as

KGOV = MG )" (4] @

2.2 Eigenproblem of reduced model for topologically modified structure with added
DOF
Similarly, the vibration eigenproblem of the complete model for topologically
modified structure with added n DOF is expressed as

Km+nq’i = ﬂ’iMmmyli (3)

where K, and M, are the stiffness and mass matrix of the topologically

modified structure, respectively; and the ith corresponding eigenpair are denoted as
Aand ¥, .

Basing the dynamic condensation method and its implementation for topologically
modified structure, similarly, the stiffness matrix K.’ and mass matrix M{ of
topologically modified structure could be obtained as the original structure.
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3. Modal reanalysis of the multiple condensation model

The proposed modal reanalysis method is similar to the method in the reference
[10]. Due to the limit of space, the complete modal reanalysis process is omitted here.

4. Numerical examples



For the purpose of wvalidation verifications, the eigenvalues of the large
topologically modified structure are computed using the direct method (LQ algorithm)
and the proposed approximate reanalysis method, respectively. Define the relative
error of the eigenvalues by using the criterion:

ree = (| A — A4 |/ 2q) x100% (5)
where the exact eigenvalue A is directly calculated by using equation (3); basing on

the multiple condensation model in equation (4), and the approximate eigenvalue 4, is

computed by using the approximate modal reanalysis method from the literature [10].
Example 1 Considering a square spatial prismatic truss structure as shown in Fig.1,
with its parameters given by: elasticity modulus is E=1.0x10''Pa, cross-section area

of each rod is A=0.0025m’ mass density is p=8.90x10° kg/m’. Considering large

topological modification by adding 20 new nodes and 65 members as shown in Fig.2.
The four lower-order eigenvalues, which resulted from those three methods, are
shown in the Table 1.
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Figure.1. Initial design of spatial truss structure ~ Figure. 2. Topologically modified structure
Table 1. The comparisons of the four lower-order eigenvalues for large modified structure

Mode The direct method  Literature Ree  The proposed method Ree (%)
[11]'s method (%)

1 1.15E+4 1.41E+4 2282 1.15E+4 3.27E-3
2 2.27E+4 3.95E+4 73.86  2.27E+4 1.04E-1
3 9.57E+4 9.73E+4 1.72 9.64E+4 7.39E-1
4 1.28E+6 9.31E+5 625.70 1.29E+6 6.49E-1

Here, the comparisons of computational cost are as follow: the average
computational time of exact computation by using the direct method is 0.1508 second;
and the average computational time by using the proposed reanalysis method is
0.009514 second. So the saving of computational time is nearly 93.7 percentages.
Example 2: Considering an original rectangle bending plate structure, shown in Fig.3,
with its material and structural parameters given by: elasticity modulus is

E=2.1x10"'Pa, the thickness of plate is t=0.01m, mass density is p =7.80x10’ kg/m’,



the Poisson’s ratio is equal to 0.3, the length and width of plate are 1m and 0.3m,
respectively. The original plate is fixed at left, right boundary and discretized into 44
nodes and 30 square plate elements. Considering large topological modifications as
shown in Fig.4. The modified plate structure has 76 nodes and 54 elements, with its
material parameters given as follow: elasticity modulus is E=1.0x10''Pa, mass density

is p=8.90x10° kg/m’, the Poisson’s ratio is x=0.3 . The sizes of the modified

structure are transformed to 1.2mx0.84m.

Figure.3. The original bending plate structure Figure.4. The modified structure
The six lower-order eigenvalues, which resulted from those three methods, are
shown in the Table 2.
Table 2. The comparisons of the six lower-order eigenvalues for large modified structure
Mode The direct method  Literature Ree  The proposed method Ree (%)
[11]'s method (%)

1 2.86E+4 3.23E+4 12.8  2.86E+4 4.86E-2
2 8.35E+4 8.49E+4 1.64  8.40E+4 4.70E-1
3 1.20E+5 1.52E+5 25.89 1.23E+5 1.83
4 1.61E+5 2.05E+5 2722 1.66E+5 3.33
5 3.00E+5 4.76E+5 59.21 3.10E+5 3.87
6 4.63E+5 9.08E+5 96.11 4.81E+5 3.94

Here, the comparisons of computational cost are as follow: the average
computational time of exact computation by using the direct method is 0.1630 second;
and the average computational time by using the proposed reanalysis method is
0.01357 second. So the saving of computational time is nearly 91.7 percentages.

5. Conclusion

For large changes in structural topological and parameter modifications with added
DOF, an improved modal reanalysis method for the finite element system based on
multiple condensation model of the original structure and the modified structure is
proposed. By comparing to the method from literature [9], the presented method has
higher accuracy and efficiency. From the approximate results of numerical examples
and the comparisons of average computational cost, the proposed method not only has
high approximation, but also can reduce vast amount of computational efforts than the
direct calculation method, so it is much efficient than the direct method. In spite of the
complete model or reduced model, the proposed modal method can be used with a
general reanalysis for multiple condensation model when large changes of structure



topology and parameters are made, and it may be one of the highest efficient and
exact modal reanalysis methods for large topologically modified structure so far.
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