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Comparing with frequency response analysis, linear transient FE analysis with a fixed time
step takes less computation time as an effective dynamic stiffness matrix assembled before
time marching procedure is factorized once. Nevertheless as the number of degrees of free-
dom of a FE model has been dramatically increased for accurate engineering simulation,
even the state-of-the-art computer and software often face their limitations. For fast but
accurate transient FE analysis, we present a new MOR scheme called the TQSRV method

Keywords:
Model order reduction method
Transient quasi-static Ritz vector method

Ritz vector method with Krylov bases spanned at multiple angular velocities and several lowest eigenvectors.

Quasi-static Ritz vector method By calculating transient responses of reduced FE models and comparing it with the
responses of full FE models, the effectiveness and accuracy of the TQSRV method are
demonstrated.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In this research, a new mathematical model order reduction scheme named as the transient quasi-static Ritz vector
method (TQSRV method) is developed for efficient transient finite element analysis [1,2]. Despite the recent radical devel-
opments of high performance computer hardware and computer aided engineering software, it is still difficult and challeng-
ing to efficiently calculate the responses of complex manifold structures such as automotive, ship, and complex acoustic
system as shown in Fig. 1 with fine incremental time (transient FE analysis) or fine incremental frequency interval (fre-
quency response analysis or FRA). For FRA, the issue in the computational time can be overcome efficiently and effectively
by applying the elaborated model order reduction (MOR) schemes such as Guyan reduction, the mode superposition method
(MS method), the Ritz vector method (RV method), the quasi-static Ritz vector method (QSRV method) and the multifre-
quency quasi-static Ritz vector method (MQSRV) method [3]. Compared with the number of the researches of the MOR
method for FRA, it is likely that there are few researches applying the MOR methods to transient FE analysis for the compu-
tational efficiency [4-7]. In [4], the concept of the reduction bases was proposed with Ritz vectors in transient FE analysis. In
[5], the load-dependent method and the mode-displacement method are proposed based on the superposition of eigenvec-
tors. For the efficient seismic analysis of elasto-plastic, a computational algorithm based on the pseudo-force method and the
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Fig. 1. Transient FE analysis for complex manifold structure.

tangent spectrum method was proposed in [6]. In [7], the reduced order model with open-source software, MOR4ANSYS, was
used to calculate the transient response of MEMS devices. In [8], the quasi-static Ritz vector (QSRV) method was proposed
and by extending their ideas, a new MOR idea was developed and applied for frequency dependent acoustic analysis in [3,9].
In addition the developed MOR techniques also have been used for structural optimization (See [10-12] for more details) and
for the damage detection and health monitoring of large-scale structure (See [13] and references therein). Furthermore in
electrical engineering, there are many relevant researches applying the concept of the MOR method for efficient analysis
[14-23]. This research focuses on the new development of a novel MOR method named as the transient quasi-static Ritz vec-
tor (TQSRV) method whose bases are Krylov subspace bases and eigenvectors for efficient transient FE analysis. Thus this
research focuses the following subjects.

Research object 1: The development of the new reduction bases of the TQSRV method with Krylov subspaces and
eigenvectors.

Research object 2: The efficient transient FE analysis with the present TQSRV method including the contact condition.

The currently available MOR methods such as MS, RV, QSRV and MQSRV methods need more contributions from math-
ematicians and engineers for the application toward transient FE analysis [1]. Unlike FRA procedure requiring quite a lot
inversions of effective stiffness matrices, commonly implicit or explicit transient FE analysis for linear structure with a fixed
time step only requires one time effective stiffness matrix factorization [4,6,24|. Therefore compared with the existing solu-
tion procedures of FRA without any MOR method, it is generally possible to conduct transient FE analysis efficiently. How-
ever, with a manifold FE model having a lot of degrees of freedom, it also takes a lot of time to compute transient response
with implicit or explicit time marching procedure. Recently with the help of the advanced computer hardware, a multithread
parallelization process can be employed to reduce the computational burden involved with transient analysis or FRA with
vector addition, vector-vector multiplication, vector-matrix multiplication, and forward substitution and backward substi-
tution. On the other hands, in order to shorten the computational time involved at the time-marching procedure of transient
FE analysis, this research finds out that the concept of the MOR method developed mainly for FRA can be employed. As the
existing MOR schemes are not effective in transient FE analysis from accuracy and computation point of view, we develop a
new MOR method named as the TQSRV method as shown in Fig. 2. The conventional MOR schemes being developed for FRA
not for transient FE analysis, they are not necessary accurate enough to be applied from engineering point of view. Further-
more we consider its application for the contact finite element analysis.
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Fig. 2. The Ritz vector method and the multifrequency Ritz vector method for frequency response analysis and its application to the transient contact finite
element analysis.
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Table 1
the standard procedure of Newmark scheme.

Set initial position, velocity and acceleration
Calculate and factorize the effective stiffness matrix (Kgg(LU decomposition))
for time step

tnﬂ =tn+ At

Calculate the current effective force (Fgﬂ)

calculate the current displacements (I(EffXjﬂFﬁﬁfl)

update the accelerations
update the velocities
end

The present TQSRV scheme shares the basic concepts with the established MOR schemes that structural responses in time
domain can be spanned or approximated with “good” bases with a few unknown variables. As the other MOR schemes con-
cerns, it is an important subject to systematically calculate the “good” bases playing a critical role in expanding original
structural response accurately. In the present TQSRV method, the bases of the MQSRV method and the MS method are inte-
grated together; the Ritz bases of the MQSRV method are the pseudo static displacements calculated at multi-frequencies
and the bases of the MS method are some lowest eigenvectors of a FE model. By combining the bases of the two schemes,
we found that they can provide considerably much more accurate predictions for transient structural responses of complex
FE models than the common MOR methods.

The layout of the paper is composed as follows. First of all, the basic concepts of the some MOR schemes such as the RV
method, the QSRV method and the MQSRV method and the MS method are presented after the short descriptions of the tran-
sient FE formulation based on the Newmark scheme which is one of implicit FE schemes. After that the TQSRV method by
combing the bases of the MQSRV method and the MS method is presented. Using some analysis benchmark examples of two
and three dimensional structures, the efficiency and characteristics of the present TQSRV method are numerically studied
and compared. And the new application of the present TQSRV method for the transient FE analysis with the contact condition
is presented. Finally our findings and some topics for future research are summarized and discussed in the conclusion.

2. Transient FE analysis and MOR scheme
2.1. Transient FE analysis

Without loss of generality, the time varying response of a linear solid structure with time varying force Fis calculated by
the second Newton’s equation as follows:

MX + CX + KX =F, (1)

where M, C and K represent the mass matrix, the damping matrix and the stiffness matrix with appropriate boundary con-
ditions, respectively [5,22]. The time-varying displacements, velocities, and accelerations of a structure are denoted by X, X,
and X, respectively. Because the studying of geometrically or materially nonlinear structure is too involved a subject to be
considered for the MOR scheme, M, C and K are assumed to be independent on structural displacements and not to be chan-
ged with respect to time; the application for contact nonlinearity is developed later. For the sake of simplicity, the Rayleigh
damping is assumed with the damping coefficients o, and $, in Eq. (2).

C= oM+ BM. (2)
To solve this second order differential Eq. (1), the Newmark scheme which is a single-step implicit time integration scheme

or a classical time-stepping algorithm popular in structural analysis is implemented [5,22]. In this Newmark scheme, the
current displacements and the velocities are approximated as follows:

thyr =1t + At7 (3)
. 1 .. ..

Xn+l = Xn + Atxn + Atz ((i - ﬁ) Xn + ﬁxn+1>a (4)

Xn+l = Xn + At((l - V)Xn + yan)» (5)

where the structural displacements, the velocities and the acceleration at time t, are denoted by X, X, and X, respectively.
The time indication, t,, is used for the nth time step and the time increment is At (See [5,22] for more details). The param-
eters, # and 7, control the characteristics of Newmark scheme such as the accuracy, the numerical stability, and the amount
of algorithm damping of Newmark scheme. Depending on the magnitudes of the variables, f and 7, several algorithm
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variations such as the average acceleration, the linear acceleration, the Fox-Goodwin, and the Hilber-Hughes-Taylor method
can be possible. Substitution of (4) and (5) into (1) for X, and X,, provides the standard procedure of the Newmark algorithm
(Table 1).

In detail, the following equations are used for the stiffness matrix, the vectors and the corrector (update) procedures of
Table 1.

Xo =M™ (Fo — KXo — [CXo ), (6)
KerrXno1 = FE (7)
Ker —K+——M+- ¢ 8)
T T s BAD
B _ S o U (L) v G_>' A<l_>"}
F.. F"+1+M{ﬁ(At)2x”+ﬁ(At)X"+(211 1>x"”}+c{/;(At)x”+ ; 1 )X, + At 25 1)X, ¢, 9)
. 1 1 . 1 .
Kot = s (Kot = o) = Ko~ (z—ﬁ—1>xm (10)
Xo:1 = Xy + At(1 — )X, + yAtX,.; : Same as the Eq. (5), (11)

where the effective stiffness matrix, the effective force at the (n + 1)th time step and the external force of the (n + 1)th time
step of Newmark scheme are denoted by Kg, Fﬁi‘}, and F,,; ,respectively. The external force at the Oth time step is Fo.

It is important to notice that unlike FRA, the Newmark procedure only requires one matrix inversion or the LU decom-
position of the dynamic stiffness matrix. In practice due to the memory shortage, it is common to use the LU decomposition
rather than to save the inverse matrix of the dynamic stiffness matrix. Therefore compared with FRA whose stiffness matri-
ces are dependent on exciting angular velocity, it is regarded that the structural response of a transient FE analysis can be
effectively calculated in transient FE analysis. Nevertheless if we are concerned about a FE model with a lot of DOFs, the time
marching procedure from (7)-(11) also takes a lot of time and the computation times becomes problematic.

2.2. Introduction of the MOR scheme

For accurate response calculations, the number of degrees of freedom of a computational model has been significantly
increased. Therefore we can easily image refined FE or FD meshes hard to be solved even by the most advanced and
state-of-the-art computational system within a moderate computation time. In FRA analysis, often these limitations are
overcome by the introduction of a MOR scheme reducing the size of assembled stiffness and mass matrices but not decreas-
ing the number of degrees of freedom [6-8,14,16,19-23,25-34]. So far many MOR schemes have been developed such as
Guyan reduction method [34], the MS method [1], the RV method, the QSRV method, the MQSRV method and Proper Orthog-
onal Decomposition method. Except the Guyan reduction scheme, the other MOR schemes are similar to each other. By
approximating the original structural response with the approximated response, ¥Q, the MOR methods reduce the size
of linear algebra system by transforming a large set of system equations into a small set of equation [3,10]. From a mathe-
matical point of view, the approximated response, X4, of the original response X can be defined as follows:

AX —B, (12)
X=X, = ¥Q, (13)
Y= [(p17(p27'~~7¢nd](nd<n$)7 (14)

where A and B denote an arbitrary ns x nssystem matrix and a ns x 1 force vector that vary depending on a mechanical sys-
tem of interest; the number of degrees of freedom of a system is n; and the number of retained degrees of freedom is ngy. In
(13), ¥ is the frequency dependent basis vector of order ny and Q are the retained unknown variables for the basis ¢;. By pre-
multiplying ¥" into the original dynamic Eq. (12), the following reduced equation with the order n, is obtained:

YAy =vY'B. 15
LJ&T <2 (15)
ngxng ngx

By solving the above reduced system with the order n, for Q, the approximate solution X, is recovered using Eq. (13). In most
MOR methods, to reduce the computation time, it is common to use a small number of bases (n; < n).
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2.2.1. The mode superposition method (MS method)

From an engineering and scientific point of view, one of the most popular reduction bases, ¥, of Eq. (14) may be the eigen-
vectors of an original dynamic system. In the MS method, several lowest eigenvectors are selected depending on frequency
domains of interest, called cutoff frequency (See [1,10] or any finite element book about dynamic analysis). One of the ben-
efits of this MS method is that the eigenvalues of a reduced system are exactly same as those of the original dynamic system.
Therefore, engineer or scientist can predict the accuracy of the reduced dynamic system by considering the number of eigen-
vectors and can easily increase the accuracy of the MS method in FRA by considering additional eigenvectors.

In the MS method, for the jth natural angular velocity w; and the associate jth eigenvectors ¢; (j = 1, ..., na), the following
eigenvalue problem with a mass stiffness matrix, M, and a stiffness matrix, K, is solved.

(p”l(fwsz]qoj:O G=1,...,na, ng<ns, Rank(K)=ny), (16)

W1 < Wy...Wny 1 < Wy, (17)

With the retained ny bases, the transformation matrix ¥ can be defined as follows:

MSmethod : ¥ = [@,,¢,,..., ¢, |, (18)
Y MY = I, (19)
w -0
YKY=|: . ¢ | (20)
0 0 o
w? - 0
YICY = lyn, + 6| 0 - 0 | (21)
0 0 w?
d

By solving the simple algebraic Eq. (22), the structural response X for the excitation frequency w can be obtained. Note that it
is a response for FRA not for transient analysis and the transient response cannot be calculated analytically.

ng T
(Per
X(w) = Xa(w _E ®, . = -, 22
(@) 4() e:1qe € Ge w? — ? + (o + pro2)w i (22)

where F,, is the force vector at the excitation frequency. To denote the solution and the approximate solution in frequency
domain, X(w) and X,(w) are employed.

Although the MS method is very simple and robust for most engineering problems, the convergence is relatively slow due
to the requirement of many eigenmodes. When only some of eigenmodes are included and transient response is mainly rep-
resented by pseudo-static loading, this approach may fail to give an precise solution. This can be illustrated by assuming a
system with the solution in the form of the combination of a single particular frequency and a constant.

X, = Asin(w,t) (23)
———

"

Dynamic Contribution

Contribution

where arbitrary constants are A and B and the particular angular velocity contributing the dynamic response X, is w,.
Although the first dynamic contribution of the above solution can be described by only one angular velocity, w,, the MS
method requires many eigenmodes to represent the static contribution because of the step response B. To overcome this
shortage, the mode acceleration method was proposed as a computational variation of the static correction method. The
basic formulation of the method is to include some additional terms as (24) in order to improve the approximated responses
for low frequencies.

X~ XA = ‘PQ + Xcorrect Wlth Xcorrect = Xcorrect = 0~, (24)
where the correction term is denoted by X.oc:. The correction term is given as
ng T
_ QP \
xcurrect = (K T Z#)F ]' (25)
j=1 J

2.2.2. The quasi-static Ritz vector method (QSRV method: shifted Ritz vector method)
As an alternative of the MS method, the Ritz vector (RV) method and the quasi-static Ritz vector (QSRV) method have
been developed [16,22,34]. The QSRV method constructs its reduction bases ¥ by considering the external force F, the mass
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matrix M, and the stiffness matrix K [8,10,33]. The order m Krylov subspace x,, generated by an arbitrary matrix A and an
arbitrary vector B is the linear subspace as follows:
Km(A,B) = span{B,AB,A’B,...,A™ 'B}. (26)

For the practical computational implementation of the QSRV method with the Krylov subspace of (26), the bases are gener-
ated through the following procedures [8,10,33,35].

¢, = (K- M) 'F (LU decomposition), (27)
P — (28)
oMoy
Krylov subspace: ¢; = (K — a)fM)fl(M@j_l) (LU decomposition), (29)
Orthogonalization: ¢;" = ¢@; — i((pEM@j)(pk, (30)
k=1
Normalization: ¢; ;go (31)

where o, is the center angular velocity of interest. If w, is set to zero, the QSRV method becomes the RV method exactly.
Here it should be emphasized that the above procedures are formulated based on the mass orthogonalization and the mass
normalization process. We found that the following RV procedures from (32) to (36) are also possible without the mass ort-
honormalization process.

¢, = (K- w?M)"'F (LU decomposition), 32)
1 . o
@7 ———¢; (Without the mass normalization), (33)
Ve

@ = (K- M) '(Me, ;) (LU decomposition), (34)
1

¢ =9, - (¢;¢))@, (Without the mass orthogonalization), (35)
k=1

1

Normalization: ¢, = Without the mass normalization). 36
P

After building the bases of the QSRV method, the structural response X is approximated again.
X=X, =YQ. (37)

2.2.3. The multifrequency quasi-static Ritz vector method (MQSRV method)

Recently for the engineering application of Krylov subspace bases to frequency dependent acoustic system, the multifre-
quency quasi-static Ritz vector method was proposed [3,10]. It is a basic mathematical assumption of the Krylov subspace
method that mass and stiffness matrices remain constants in time or in frequency. With this assumption, the moment
matching theory can be applied for the power series of the response with respect to angular velocity. Often however there
are some mechanical systems whose mass matrix, stiffness matrix and force vector are frequency dependent and Krylov
subspace bases may not be applicable to these frequency dependent systems. For the MOR application of frequency depen-
dent systems, the combinations of Krylov subspace bases constructed at multiple center frequencies were proposed as
follows:

9.1 = (K@) - 2 M(o)) F(o) (38)

0,5 = (Kiwes) ~ 02 M(0c)) | M) 1) (39)

s (= D) g g nf, =T (40)
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where the starting frequency, the ending frequency, and the center frequency of the sth frequency domain are denoted by
s start, Ws.end> ANd @ 5, respectively and where the total number of considered frequency domains is nf. The number of bases
calculated for the sth frequency domain is denoted by n,;. Although almost all the procedures are the same as those pro-
posed in [3,15,22,24], the stiffness and mass matrices and the force vector are made to be dependent on the angular speed.
The orthonormalization procedure is not applied due to the frequency-dependent mass matrix. Finally, using the above sim-
plified procedure, the following bases are constructed for the bases of the MQSRV method.

Q=@ P14, P12 Prny,  Ping1 Pin, w1 Pinf Ping,y (41)
| —
the 1st domain the 2nd domain the nf—1 domain the nf domain

3. Transient quasi-static Ritz vector (TQSRV) method for linear structural analysis

This section is devoted to present a novel set of reduction bases of the TQSRV method for fast transient FE analysis of a
complex system. Although the explicit or the implicit solution method employs the LU decomposition or similar decompo-
sition methods to avoid repeating factorizations or inversions of effective dynamic stiffness matrices, the transient solution
procedure of complex system still takes a lot of computation time even with an advanced engineering software and hard-
ware [4,6-8,33]. Therefore it is our proposition that the MOR scheme can be applied to make the time marching procedure
faster.

3.1. The reduction basis for the TQSRV method

Based on our previous contributions and some trials, it is our proposal to combine the reduction bases of the MQSRV
method and the reduction bases of the MS method together for a transient FE system as follows:

Q= Pq--- (pnd1,l s Pipf--- (Pndnf,nf U [(Peigen—modes} (42)
—_———

Krylov subspace atthe 1st frequency domain Krylov subspace atthenffrequency domain

Ndgotal = Ng1 + Ng2 - - - Nanf—1 + Ngpp + NUMber of eigenvectors (43)

where the mass orthogonalized bases of the MQSRV method for the ith base at the sth center angular velocity are
denoted by ¢,,. The number of bases at the sth center angular velocity is denoted by ng;. Some eigenvectors orthogonal-
ized with the MQSRV bases are denoted by @ien modes- 1€ reason of the above combined bases is that Krylov subspace
bases at multifrequencies are effective in a wide range of frequency domains and eigenvector bases are also appropriate
in approximating transient motion of structural part. Therefore it is our natural choice to combine these reduction bases
for a new MOR method for transient structural system even with the additional computation times for the bases
calculation.

Before calculating the bases of the present TQSRV method, at first, the effective way to select center frequencies of the
MQSRV method should be considered. The accuracy of an approximated transient solution in frequency domain is improved
near to the center frequencies of the present TQSRV method. In other words, the absolute differences between an approx-
imated transient solution of the present TQSRV method and a transient response without the MOR method in frequency
domain decrease near at the selected center frequencies. In addition to the selection issue of appropriate center frequencies,
the normalization and the orthogonalization of Krylov subspace bases and eigenvectors should be considered. To our
best knowledge, in the RV method, the QSRV method, and the MQSRV method, it is an option to apply the so-called
mass-orthogonalization process. As eigenvectors are included in the TQSRV method, it is vague whether it is necessary to
apply the mass-orthonormalization process or the mathematical orthonormalization process. From some numerical tests,
it can be concluded that the mass-orthonormalization is not essential with the eigenvectors and the Krylov subspace bases.
This feature will be demonstrated in the numerical section. Finally the following procedure can be developed for the base
generation of the TQSRV method.

For the first step, it is assumed that the center angular velocities and the number of bases at each center angular velocities
are determined by an engineer or a scientist for a mechanical system of interest. Then at the first center angular velocity
domain, the following bases which are same as those of the QSRV method are constructed with the mass orthonormalization
process. The first base ¢, ; at the first center angular velocity, @, is generated as follows:

¢, = (K- w2,M) 'F, (44)

P11 = —F—=01. (45)
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Then the next bases are calculated by the following process.

@ =K-?M)  (M@,,;) (=2,-,n41), (46)
j-1
o =0 - > (01:M;} )9y, “47)
k=1
1 v
o (48)

(p',l =
] /(P;*TM(p}*

The auxiliary vectors before the mass orthogonalization (47) and before the mass normalization (48) are denoted by ¢; and
@;", respectively. For the remaining angular velocity domains, the mass orthogonalization and the normalization process
with the previous Krylov subspace bases are added to the base generation procedures of the QSRV method. The first base
at the sth center angular velocity domain (s > 1) is generated as follows:

o= (K- wf‘sM)le at the sth center angular velocity(w,;), (49)
s—1 Ndp
oy =07 - ((p{_pM(pi)qok‘p Added orthogonalization procedure, (50)
p=1k=1
l ok
Prs = ——=—=01" (51)
V@1 Moy
{s|from 2 to nf for the center angular velocity domain index}. (52)

Note that the procedure (50) is the newly added orthogonalization process that makes the 1st auxiliary Krylov subspace
basis at the sth angular velocity domain orthogonal to the previous Krylov subspace bases of the first angular velocity
domain to the (s — 1)th angular velocity domain. After the above steps, the following bases at the sth angular velocity domain
are generated

-1
0 = (K - w?st) (Mg, ) at the sth center angular velocity (o), (53)
s—1 Ndp
or=0-> > ((pE,pM(pﬁ(pk,p Added orthogonalization procedure, (54)
p=1 k=1
j-
*** = (P] Z(‘Pks )(pks (55)
k=1
1
R e et O (56)
(pj** M(pj**
{j| from 2 to ny; for the j th base index at the sth center angular velocity domain}. (57)
Table 2

The Newmark scheme with the present TQSRV method.

Calculate the reduction bases (®)
Calculate the reduced initial position, the reduced velocity and the reduced acceleration

Calculate the reduced effective stiffness matrix (Kﬁ’}?R)
for time step
thy1 =ty + At

calculate the current force ( FMOR

FET,) and the reduced force (
calculate the reduced displacements (Q,,; KMPRQ;  FMPR)
update the reduced accelerations (Q .1, Xn.1 = ®Q 1)
update the reduced velocities (Q 1, Xn:1 = ®Qny1)

end
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Once again note that the orthogonalization process of (54) is newly added in order to make the auxiliary base, ¢;, orthogonal
to the generated bases at the previous angular velocity domains. And the orthogonalization process and the normalization of
the QSRV method of (55) and (56) are performed.

The above generated bases with the mass normalization and the mass orthogonalization processes are good enough to
approximate the original response of a finite element model. However, it is found that the inclusion of the bases of the
MS method additionally can increase the accuracy of the approximated solution.

Therefore, the following eigenvalue problem is solved for the ny.;, eigenvectors.

eig(PjT [K - eigw]'zM} eig(Pj =0 (] =1... nd,eig7 nd.eig < ns)7 (58)

where the jth eigenvector and the jth eigen angular velocity are denoted by . ¢; and .;@;, respectively. After that the fol-
lowing orthogonalization process and the normalization process are applied to the eigenvectors before combining to the cal-
culated bases of the MQSRV method.

nf Ndp
O = g®,— > > (Pi,Meig®))@,, Added orthogonalization procedure, (59)

p=1k=1

1 .
Qs =—F———0; s=nf+1, j=1.. Nge (60)
(p;*TM(p;*

After calculating the above bases of the TQSRV method, the standard reduction process is applied for the Newmark process.
3.2. The Newmark procedure with the TQSRV method

Similar to the application of the other MOR methods, the set of bases of the TQSRV method developed in the Section 3.1 is
multiplied before the governing equations but in the time domain (See Table 2). Because the sizes of the active stiffness
matrix and the force and the displacement vectors are reduced to 1y of (61) that is much smaller than the size of the ori-
ginal mechanical system, n;, the time marching procedure of the Newmark scheme can be accelerated significantly.

nf
N4 totar = an,k + Ndeig, (61)
k=1
MOR MOR Eff
K = (DT, Keg @, Fge = (DT, F. 1 (Nagota << M), (62)
N4 rotal X Nd total Ndrotat M nxn MxNdgotal gy ool Ndtotal XM 1 q
K" Q1 = Fiir (63)
. 1 1 . 1 . . .
Qn+1 = <W (Qn+] - Qn) - MQH + (i - ﬂ) Q,n): Xn+1 = d)Q,n+17 (64)
V///////(///////// contact
L V///////f///////// F
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Fig. 3. The stiffness nonlinear spring model for contact. (gap: g, the spring constant: k and the contact spring constant: k).
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Table 3
The Newmark scheme considering the contact phenomenon.

Set initial position, velocity and acceleration
Calculate the effective stiffness matrix (Kgg)
for time step

thi1 = th + At
i T T Eff
calculate the current displacements (Xni“;p K XIOTP = Fn+l)
while contact
calculate the contact force (Fﬁﬁﬁ”“‘)
calculate the current displacements (Xzi’;‘p : l(Effin"]’P — FH] n ngr;tact)

end
set the temporary displacements

. = Temp
to the current displacements (XHIX"+1 )

update the accelerations
update the velocities
end

Table 4
The Newmark scheme considering the contact with the present TQSRV method.

Calculate the reduction bases (®)
Calculate the reduced initial position, the reduced velocity and the reduced acceleration

Calculate the reduced effective stiffness matrix (KQ’}?R)

for time step

tnir = tn + At
calculate the force (Fﬁfﬁ) and the reduced force (F,';’}?R)
calculate the reduced auxiliary displacements (Qﬁi’{‘" KYPRXTTP = F',;’}?R)

while contact

calculate the contact force (Fﬁﬁﬁ”a“) and the reduced contact force (F‘yﬁ'}ta“‘“"o")
calculate the current displacements (in'{“’ CKYPRXTETP = FYOR 4 ngﬂlmvaOR)
end

set the auxiliary displacements to the current reduced displacements (Q;HQIT]“’)
update the reduced accelerations (Q,,H)

update the reduced velocities (Q,H])

end
Qn+1 = Qn +At(1 - V)Qn + 'VAthH»XnH = (DQth (65)
X1 = Q. 1, Xn+1 = q)Qn+17Xn+l = q)Qn+1~ (66)

Not that rather than the backward and the forward substitutions of the LU decomposition of the effective stiffness matrix or
a direct matrix inversion, the inversion of a small size matrix, Ky ~, is formulated and the displacement, the velocity and the
acceleration updates are also performed in the reduced space in (65). The recoveries of (66) in the real space are performed
after the reduced Newmark scheme only if necessary. Therefore although a large finite element model is considered, the

above Newmark scheme based on the TQSRV method can make the time marching procedure faster significantly.

I'm Measure point 001

1000

q

E =200 GPa, v=0.33, p=7890 Kg/m’ oilm f— F

0 A 2Ar 3Ar dAr L) 0.01

AN
I

() (b)

Fig. 4. A beam structure with a shock wave. (a) An analysis definition (discretized by 120 x 3 QUAD elements) and (b) a force history in time.
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Fig. 5. Analysis results with the present TQSRV method without the eigenvectors. (a) The TQSRV method with the mass orthogonalization (Full Newmark
analysis: 3.8704 s, TQSRV analysis: 0.6872 s (0.3659 s for bases generation, speedup = 5.6321), center frequencies [0:2000:200000] rad/s, number of bases:
101, 0 eigenvector, ngs=1, (b) (TQSRV analysis: 0.6866 s (0.3587 s for bases generation, speedup = 5.6371) and, center frequencies [0:2000:200000] rad/s,
number of bases:101, 0 eigenvector, ngs = 1).

3.3. The extension for a transient finite element procedure with contact condition

As an extension of the above TQSRV method, it is possible to consider the transient analysis of a mechanical system with
contact condition [34]. In the contact analysis, the contact location among structural parts and the magnitude of contact
force should be determined that is a very complex task in the FE procedure [1,2]. Because the implementation of all the com-
plex contact algorithms is out of the scope of the paper, the simple nonlinear spring approach of Fig. 3 is implemented as
Table 3.

KXo = FﬁfL +E (67)

Now the above procedure (Table 3) can be accelerated by the present TQSRV method as Table 4. Unlike the procedure of
Table 3, the updates of (67) are performed for every time step in order to check the contact condition in Table 4.

4. Numerical examples

To verify the accuracy and numerical characteristics of the present TQSRV method compared with the existing MOR
methods, this section contains several illustrative mechanical examples implemented in the MATLAB environment.

4.1. Example 1: 2D structure with impact

For the first numerical example, a simple beam structure with a shock wave in Fig. 4 is considered. The analysis domain
1 m by 0.1 m is discretized by 120 by 3 QUAD finite elements. Young’s modulus, Poisson’s ratio and mass density are set to
200 GPa, 0.33 and 7890 kg/m?, respectively. For a measurement, the x-displacement at the top right node is recorded for the
impulse force at 3 At .
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Fig. 6. Analysis results with the present TQSRV method with the eigenvectors. (a) The TQSRV method with the mass orthogonalization (Full analysis:
3.8704 s, TQSRV analysis: 0.7739 s (0.3995 s for bases generation) and, center frequencies [0:2000:200000] rad/s, number of bases:101 + 6, 0 eigenvector,
ngs = 1), (b) the TQSRV method without the mass orthogonalization (TQSRV analysis: 0.9002 s (0.3800 s for bases generation) and, center frequencies
[0:2000:200000] rad/s, number of bases:101 + 6, 0 eigenvector, ngs =1).

In Fig. 5, the present TQSRV method without the eigenvectors are tested with and without the mass orthogonalization
from Os to 0.01s with 107> s interval. For the TQSRV method, the equal sampled center frequencies from Orad/s to
200000 rad/s with 2000 rad/s interval are used and only one basis is generated at each center frequency; the total number
of the bases is 101 and they can be regarded as the multifrequency quasi-static Ritz vectors. Mathematically one Krylov sub-
space basis at a specific center frequency only can accurately represent a constant response but as observed in [3] but the
Krylov subspace bases of the other center frequencies also become the acceptable bases for the specific center frequency.

T T

/| —e—WO eigenmode||
‘| —&— W eigenmode

L2 norm response error

0 20 40 60 80 100 120
Number of center frequency

Fig. 7. Test of center frequency domains (Center frequency: [0 2000]rad/s, [0 2000:2000:2000 x 5] rad/s, [0 2000:2000:2000 x 10] rad/s, [0
2000:2000:2000 x5 0] rad/s, [0 2000:2000:2000 x 100] rad/s).
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Fig. 8. Speedup test with various meshes without the eigenmode.

Without the TQSRV method referred as the full Newmark analysis, it takes 3.8704 s where the present TQSRV method
takes 0.6872 s (0.3659 s for the basis generation and 0.3213 s for the reduced Newmark scheme) with the mass orthogonal-
ization and 0.6866 s without the mass orthogonalization (0.3587 s for the basis generation and 0.3279 s for the Newmark
scheme). As illustrated, the almost identical solutions can be obtained over 5 speedup.

On the other hands, the same FE analysis with the additional lowest six eigenvectors is tested in Fig. 6 with and without
the mass orthogonalization. It takes a longer time to calculate the eigenvectors compared with the computational time in
Fig. 5 but it is observed that it improves the accuracy of the TQSRV method. This also implies that the combined bases of
the Krylov subspace bases, the eigenvectors or some other bases if exist require the proper orthogonalization process for
the efficient transient FE analysis.

Fig. 7 shows the effect of the number of center frequencies on the accuracy of the present TQSRV method; the L, norm
errors between the responses of the full Newmark analysis and the TQSRV method are calculated by increasing the center
frequencies. As expected, by increasing the number of center frequencies, the higher vibration components of the structural
displacements can be represented and naturally the prediction accuracy of the TQSRV method is improved. Furthermore the
consideration of the eigenvectors increases the accuracy of the present TQSRV method too especially with the bases at the
lower center frequencies.

To test the improvement of the speedup with respect to the size of degrees of freedom, Fig. 8(a) shows the speedup of the
present TQSRV method by increasing the number of degrees of freedom. As expected, the more complex the model is, the
faster the TQSRV method can solve.

In Fig. 9, the same problem is solved by the MS method. As reported in other relevant researches, the MS method shows
the slow convergence because it requires many eigenmodes. In this example, even the 3340 eigenmodes are not sufficient
when the rank of the system is 3360. With the 3360 eigenmodes, the original transient responses can be obtained but the
time required is 1847 s when 17.4945 s is required with the full analysis.

4.2. Example 2: transient FE analysis for von Mises stress of a beam

For the second numerical example, the transient FE analysis of a beam structure with a constant force (100 Ib) in Fig. 10 is
considered [2]. The analysis domain 20 in by 1 in is discretized by 40 QUAD FEs. Young’s modulus, Poisson’s ratio and mass
density are set to 30 MPsi, 0.33 and 7.4 x 10~ Ib sz/in4, respectively. For a mechanical response, the von Mises stress values
at the 21th element are calculated with and without the TQSRV method.

Fig. 11 shows the stress values with the various time step conditions of the TQSRV method. Compared with the analytical
solution in [2], the undershoots and the overshoots appear in both the full Newmark scheme and the TQSRV method inev-
itably. In Fig. 11(a), with At = 2.5 x 107° s for the time incremental step, the full Newmark scheme takes 0.0173 s where the
TQSRV method with 51 bases takes 0.1102 s. As the model is too simple, the TQSRV method takes a longer computation time
than the full Newmark scheme. In Fig. 11(b), with the same conditions of (a), simply the time increment is decreased to
At = 2.5 x 10°% s. Thus the full Newmark scheme takes about 68 s where the TQSRV method takes 2 s resulting the speedup
over 29. In Fig. 11(c), the number of the TQSRV bases is reduced to 26 and the resulting speedup is over 54. This example
shows that the TQSRV method can calculate structural stress values as well as displacements and for a simple FE model,
the TQSRV method does not show its computational efficiency as the other MOR methods do.

In Fig. 12, the MS method is applied for the same problem. As shown as the bases of the MS method are the eigenvectors,
more than 160 bases should be used. As reported in other relevant researches, the MS method shows the slow convergence
because it requires many eigenmodes. Furthermore as the reduced effective matrices are full matrices, it takes much more time
in this problem.
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Fig. 10. Transient FE analysis for the von Mises stress for a constant force [2].
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Fig. 11. The stress analysis results with the present TQSRV method. (a) The response with center angular velocity: [0 10000:10000:500000] rad/s, the
number of bases: 51, At =2.5 x 107% s, full FE analysis: 0.0173 s, the TQSRV method: 0.1102 s, Speedup: 0.1569, (b) the response with center angular
velocity: [0 10000:10000:500000] rad/s, the number of bases: 51, At =2.5 x 10°® s, Full analysis: 68.8576's, the TQSRV method: 2.3556 s, Speedup:
29.2302, and (c) the response with center angular velocity: [0 20000:20000:500000] rad/s, the number of bases: 26, At = 2.5 x 10~% s, Full analysis:
68.8576 s, the TQSRV method: 1.2632 s, Speedup: 54.5104).
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Fig. 12. The stress analysis results with the MS method. (a) The response with the 51 eigenvalues, At = 2.5 x 107° s, full FE analysis: 0.0173 s, the MS
method: 0.0926 s, (b) the response with the 100 eigenvalues, At = 2.5 x 107° s, full FE analysis: 0.0173 s, the MS method: 0.1687 s, (c) the response with the
150 eigenvalues, At = 2.5 x 107 s, full FE analysis: 0.0173 s, the MS method: 0.3042 s, and (d) the response with the 160 eigenvalues, At = 2.5 x 107° s, full
FE analysis: 0.0173 s, the MS method: 0.3252 s.
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the radius insider the cylinder: r) (a) The contact spring model, (b) the model between a cylinder and an elastic half-space, and (c) the deformation of the
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Fig. 14. The contact simulation between two rectangular plane stress boxes. (my,m; : E = 200 GPa, v = 0.3, p = 7500 Kg/m?).
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Fig. 15. The collision simulations with the center frequency [0:1000:10000]rad/s. A FE model with DOF: 1764, Time Step: 60000,
CFREgy; = 0.1539%, CFRErqsgy = 0.3795%, Full: 23.46 s, TQSRV: 11.34 s, Speedup: 2.050.

4.3. Example 3: Simple contact analysis

4.3.1. The calculation of the simplified contact spring (k)

To model the simplified contact model among elastic objects, the contact spring modeling is implemented [2]. In order to
derive the contact spring constant, we can consider the contact phenomenon between an elastic cylinder and an elastic half
space in Fig. 13.
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Fig. 16. A rib model with shell elements.

Then we can derive the simplified contact spring constant as follows:
FCantact = kC(S7 kc = 2akE". (68)

What we should emphasize here is that the above is an approximated formulation to estimate the magnitude of the con-
tact spring.

4.3.2. The estimation of simplified initial velocity and momentum
To test the validity of the contact model with the above contact spring, we solve the transient analysis between the two
rectangular boxes in the following subsection. The right box is actuated by the external mechanical load in Fig. 14
for 3 x 10~* seconds and the contact happens between the two boxes. After the contact, the right box moves toward the left
side.
To obtain the analytical solutions of the above system, we consider the conservation theories for momentum and energy.
1 1 1

! d 1 . 1.
mVy +myVy = mV) + myVy, 5mlvf +§m2v§ = glef +§mzv§, (69)
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Fig. 17. The analysis results of the rib shell model with the present TQSRV method (the number of DOFs: 90294, 15018 shell elements).

where the velocities before the contact are denoted by V; and V5, and the velocities after the contact phenomenon are
denoted by V', and V5, respectively. In case of the equivalent mass values, the velocity solution of the above equation can
be obtained as follows:

Vi=0,V] =Viiia and V3 = Vigiiar, V5, = 0. (70)

The initial velocity just before the contact of the first mass is denoted by Vi, . To calculate this initial velocity, the applied
external force in Fig. 14(b) can be considered in the following Newton'’s equation.

mZVinitial = - / FCantactdt> mzvinitial = /th =0 FAL / FCantactdt = *OCFAL (71)
J contact .

J contact
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where the contact force between the two boxes is Feonwe. The time integration during the contact is defined by
Jeontact Feontacedt. Note by the usage of the integration of the above theoretical contact force, the contact force relative error
(CFRE) between the theoretical contact force and the computed contact force can be defined as follows:

FEM FEM
fcontact FCU”‘”C[dt - fcontact FContactdt’ 100 ‘7OCFAt + Z FConmctAt
X =

CFRE =
|fcontact FCO"fﬂCfdt‘ |—oFAt|

x 100, (72)

FEM
Contact*

where the computed contact force in finite element analysis is defined by F

4.3.3. The simulation with the present TQSRV method

The transient collision simulation of the two rectangular boxes is performed by the present TQSRV method in Fig. 15. The
magnitudes of the contact force calculated between the two boxes are recorded with the full analysis and the TQSRV method
analysis. As illustrated in Fig. 15, the good agreement is obtained between the two analysis methods. The FE model being too
simplified, a higher speedup cannot be achievable. Furthermore the computed contact force errors are compared; the area by
the envelop of the contact force with respect to time combined with the contact spring constant should be matched with the
momentum. The contact force relative errors of the full analysis (CFREg;) and the TQSRV method (CFRErqsky) are
CFREjy = 0.1539% and CFREqqsry = 0.3795%, respectively. Fig. 15(a) shows the displacement histories for some particular
times.

4.4. Example 4: Rib FE model

For the next example, the transient FE analysis of the rib of an air plane in Fig. 16 is considered. This rib is modeled with
15018 shell elements and after applying the clamp boundary conditions, the number of the DOFs reduced to 90294. The stiff-
ness matrix and the mass matrix implemented in ANSYS are exported with the functionality of ANSYS to the MATLAB envi-
ronment. The y direction displacements at (0.0117 m, 0.0101 m, 0.008 m) are calculated and compared for the impact force
at 3At. Fig. 17 shows the responses at each time and the 1000 bases (1.11% to the total DOFs) and the 500 bases (0.55% to the
total DOFs) of the present TQSRV method are good enough to analyze the responses of this complex system with higher
speedups.
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Full analysis with
multithread solver TQSRYV with 115 Krylov bases
(parallel)

Time (two X5675 CPU with 12 threads,
24GB)

Basis calculation with 12 threads (s)
(Ritz bases at [0:250:15000] rad/s and 4305 sec
50 eigenmodes)

Newmark procedure (s) (s g:}igyl_‘;f;m) 6881 sec

Speedup to multithread solver 39.77

(a)

Fig. 19. The analysis results of the automotive FE model with the present TQSRV method (the number of degrees of freedom: 793,960).

So far, we conduct the numerical examples with the LU decomposition method with a single thread solver for the time
marching process. In this example, the direct inversions with the 12 threads, a parallel direct solver and the LU factorization
with a single thread of the effective stiffness matrix of the full Newmark scheme are tested together. As the backward sub-
stitution and the forward substitution are performed in a single thread, we found that the parallel direct inversions with the
12 threads can be effective over the LU decomposition with a single thread. The details are summarized in Fig. 16(c).

4.5. Example 5: automotive FE model

As a last numerical example, Fig. 18 shows an automotive FE model whose material properties and responses are not ver-
ified but just prepared for an illustration purpose (See Fig. 18(a) for the overall procedure). The number of the total degrees of
freedom after applying the boundary condition in Fig. 18(c) is 783,960. An impact force is applied to a node at the bumper
and the norms of the displacements of the full analysis and the TQSRV method for 0.1 s with 2 ps intervals (50,000 points in
time domain) are compared in Fig. 19. For the numerical simulation without the TQSRV method, only the parallel solver is
only tried because the single thread solver will takes approximately more than 1230 Hours or 50 days by postulating from
the analysis results of the example 4. As shown by applying the present TQSRV method only with 233 bases (approximately
0.0297 % to the original DOFs (783960)), it is possible to solve the system with more than 40 speedup. As stated before, it is
crucial to choose proper center frequencies for the Ritz vectors. To choose some center frequencies for this automotive
model, we calculate 50 natural frequencies and eigenmodes which are also used in the calculation of the bases of the TQSRV
method and we observe that the first natural frequency is about 100 Hz and the 50th natural frequency is about 1195 Hz.
Thus we simply calculate the Ritz vector bases from 0 rad/s (static displacement) to 15000 rad/s (approximately 2387 Hz)
with 250 rad/s intervals. Only one base is calculated per a center frequency. To show the robustness of the TQSRV method
and partially due to the computational time limitation, this crude approach for the center frequencies and the number of
bases at each center frequency is tried here. With a refined time step or a wide time span, a much more higher speedup also
can be possible. Fig. 19 shows the transient responses and the accurate approximation can be achieved (the norm of the total
displacements).

5. Conclusions

The efficient calculation of vibration responses by means of a transient FE procedure is very important in mechanical
engineering. By applying a MOR scheme, the active degrees of freedom of complex FE model can be reduced. Although some
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existing MOR methods have been developed and applied for frequency response analysis, they are neither very accurate nor
effective in transient FE analysis. In order to develop an accurate and effective MOR method for transient FE procedure, this
research presents a new MOR method called the transient quasi-static Ritz vector (TQSRV) method whose bases constructed
by combining the bases of the MQSRV method and the MS method with and without the mass orthonormalization process.

By solving some benchmark problems and investigating the accuracy and efficiency of the existing RV, QSRV, and MQSRV
methods, it can be concluded that the combination of Krylov subspace bases calculated at multiple center frequencies and
some eigenvectors of a mechanical system can be very effective for transient FE analysis. It is our conclusion that the tran-
sient deformations of a mechanical system due to external dynamic forces with certain frequencies are well described by
Krylov subspace bases at the frequencies of external forces. With a shock wave or combined shock, a mechanical system will
vibrate in a wide range of frequencies and Krylov subspace bases at wide range frequencies effectively expand its responses.
Furthermore, as the vibrating shapes and its dynamic energy spectrum of several lower eigenvectors are dominating from an
energy point of view, it was our proposition that the consideration of several lower eigenvectors as well as Krylov subspace
bases will be efficient in transient FE analysis. And we observed that the mass orthonormalization process is not essential
with the Krylov subspace bases and the eigenvectors of the TQSRV method.

In conclusion, the present TQSRV scheme achieves a significant gain in computational efficiency. With several transient
analysis examples, it is found that higher speed-ups can be achieved with the established TQSRV method. One of the remain-
ing issues of the present TQSRV method is establishing robust and systematic approaches for center frequencies and deter-
mining the optimal number of Krylov subspace bases associated with center frequencies. We suggest using evenly
distributed center frequencies and increasing the number of Krylov subspace bases incrementally while monitoring the
accuracy of solutions. For future research topic, the application of the TQSRV method for nonlinear dynamic mechanics
should be studied. In the TQSRV method, it is assumed that the dynamic stiffness matrix is not altered during a transient
simulation and a fixed time step. By considering the structural nonlinearity and the varying time step condition, this basic
assumption is violated and it is vague how to apply the concept of the model order reduction for an efficient transient
analysis.
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