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Abstract—The solution of nonlinear dynamic equilibrium equations using mode superposition and substructuring is
studied. The objective is to design schemes that in some analyses can significantly decrease the computational
effort involved when compared to a complete direct integration solution. Specific schemes for mode superposition
analysis and substructuring are proposed. These techniques have been implemented in ADINA. The results of a
few sample analyses are presented and recommendations are given on the use of these procedures in practical

analysis.

INTRODUCTION

The analysis of the nonlinear dynamic response of large
finite element systems has become of much interest
during recent years. The problems to be considered can
quite generally be divided into wave propagation prob-
lems and structural vibration problems. Both types of
problems are solved using an incremental step-by-step
solution of the governing equations of motion.

In this paper we consider the solution of structural
vibration problems only. These problems can be solved
effectively using an implicit time integration scheme with
a-modified Newton iteration in each time step. The
solution requires that for each of the time steps A, 2At,
3At,...,nAt, where n is the total number of time steps
considered, the incremental dynamic equilibrium equa-
tions be established and then solved using equilibrium
iterations. The evaluation of the incremental equilibrium
equations involves as a significant computational
expense the calculation and the triangular factorization
of the effective tangent stiffness matrix, and the equili-
brium iterations require the calculation of out-of-balance
nodal point force vectors and the forward reduction and
backsubstitution of these vectors, until the corrections
to the incremental quantities are sufficiently small. The
complete solution process is summarized, for example in
Table 1 of Refs. [1,2].

Since a large part of the cost in this incremental
analysis lies in the calculation of the tangent stiffness
matrices and the equilibrium iterations, it is desirable
that, without loss of solution stability and accuracy, a
new tangent stifiness matrix is only very infrequently
formed and equilibrium iterations be only performed
when really necessary. Mathematical analysis and prac-
tical experience show that because of stability and ac-
curacy considerations, equilibrium iterations are best
performed in each time step. However, depending on the
problem considered, 2 new tangent stiffness matrix need
not be calculated in each time step, and indeed in many
analyses, the original stiffness matrix can be employed
throughout the complete response calculation. Also, in
many nonlinear analyses, we only deal with local non-
linearities.

The objective in this paper is to consider the nonlinear
dynamic analysis of finite element systems for which the
original stiffness matrix can be employed throughout the
incremental solution, or which only contain local non-
linearities, and demonstrate how the response can be
calculated effectively using the basic principles of mode
superposition and substructuring.
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The possible use of mode superposition in nonlinear
analysis is quite natural, because mathematically only a
change of basis to a computationally more effective
system of equations is performed[l,3]. The method of
mode superposition has already been applied in nonlinear
analysis[4-6], but the effectiveness of the schemes
employed in actual practical analyses is still questionable.

The possible use of substructuring on the linear degrees
of freedom is equally natural, if we recognize that the
solution of the incremental equations involves an
“effective stiffness matrix” on which we operate as in
static analysis{1-3]. However, there are some important
questions with regard to the actual implementation of a
substructuring scheme, and these must be addressed in
detail in order to arrive at an effective solution strategy.

In the paper we first present the general equations that
we employ in an incremental nonlinear dynamic analysis.
We then discuss how we use mode superposition and
substructuring procedures to reduce the computational
effort of solution. The proposed techniques are only
effective in the solution of certain nonlinear systems, but
then they may yield a significantly more effective solu-
tion than the use of direct integration of the complete
system of equations. The techniques are implemented in
ADINA, and we present the results of some sample
analyses using the methods. Finally, we give specific
recommendations on the practical usage of the tech-
niques.

2. INCREMENTAL EQUATIONS OF EQUILIBRIUM

The incremental nodal point equilibrium equations for
an assemblage of nonlinear finite elements considered
here have been discussed in{1, 3). Using an implicit time
integration scheme and the modified Newton iteration to
establish dynamic equilibrium at time ¢ + A¢, the govern-
ing finite element equations are

M l+At(')(i) +C H-AlU(l) +'K AU(:‘)
SR oItz 123, ] )

where
z+AtU(i) = 1+A1U(u—l) + AUu) (2)

and M = constant mass matrix, C = constant damping
matrix, ‘K = tangent stiffness matrix at time ¢, "**'R=
external nodal point load vector due to body forces,
surface loads and concentrated Joads, **2'F"*~" = nodal
point force vector equivalent to the element stresses that
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correspond to the displacements ‘*2U¢~", ray? =
vector of nodal point displacements at the end of itera-
tion (i) and time ¢+ At, with derivatives denoted by
superposed dots. .

For solution of eqn (1), the velocities ‘**U“ and
accelerations ‘*2'U® are expressed in terms of AU and
known quantities using a time integration scheme as
discussed in[1, 3]. Also, it should be noted that eqn (1)
represents the governing equilibrium equations of a very
general finite element system with geometric and/or
material nonlinearities. The geometric nonlinearities may
be due to large displacements and large strains and the
material nonlinearities may be due to elastic-plastic,
hypo-elastic or other material behavior.

The major computational expense in the solution of
eqn (1) lies in the evaluation of ‘K, its factorization and
then the equilibrium iterations. Mathematical analysis
and practical experience show that the equilibrium itera-
tions are best always performed, and guidelines for
the use of some available procedures to accelerate the
convergence of the iterations have been presented in[7].
To reduce the computational effort in the solution of eqn
(1) we consider now the use of mode superposition and
substructuring.

2.1 Use of mode superposition

In principle, the use of mode superposition simply
involves a coordinate transformation from the finite
element displacement coordinates to the modal coor-
dinates. This change of basis is particularly effective if
only a few modal coordinates need be employed. Con-
sidering the nonlinear dynamic analysis operating on eqn
(1), the change of basis could be performed in each time
step using the mode shapes corresponding to time f.
However, such a procedure would require the solution of
the generalized eigenproblem ‘K'¢ = ‘w’M‘¢, where the
superscript “t” indicates that the stiffness matrix, free
vibration mode shapes and frequencies correspond to the
instantaneous equilibrium configuration at time f It is
questionable whether such a scheme would be effective.

When solving eqn (1) it is important to recognize that
the new tangent stiffness matrix ‘K is only caiculated to
speed up the convergence of the iteration. In the analysis
of some problems it may well be more efficient not to
establish a new stiffness matrix in each time step and
instead iterate a few more times, In particular, in the anal-
ysis of some systems it may be most effective to use the
original stiffness matrix corresponding to time 0
throughout the response analysis. In this case, the
governing finite element equations for the sofution of the
response at time ¢ + At are

M 1+Alﬁ'(i) +C H-AIU(A') +9%K AU©® .
=t+AlR_t+A(F(|—l)/i= 172' 3" . (3)

where °K is the stiffness matrix corresponding to the
configuration and material properties at time 0. Using
eqn (3), a constant effective stiffness matrix is formed in
the time integration, and thus only one triangular matrix
factorization is needed in the calculation of the dynamic
response. All nonlinearities are taken fully into account
in the evaluation of the vector ‘***F“~", However,
because a constant stiffness matrix is employed, the
solution generally requires more equilbrium iterations,
and clearly, it is only advantageous to use eqn (3) in the
response calculations if the total number of numericai
operations is less than in using eqn (1).

The required computations in solving eqn (3) can, in
the analysis of some types of problems (which are dis-
cussed in Section 3), be reduced significantly using the
concepts of mode superposition{4]. The basic step in this
solution is a change of basis from the n nodal point
displacements to p modal generalized displacements,
p <n, prior to the step-by-step solution. In this trans-
formation we use

1+AtU id’““x (4)
where
X+A‘xl
A = il D=, .., ) 5
t+At
Xp
The values ‘**‘x, are the generalized modal displace-

ments at time ¢+ At and the vectors ¢; are the eigen-
vectors of the generalized eigenproblem,

Ké: = 0’ Mo, 6

where the w; are the natural circular frequencies of the
linearized system at time 0.

The “approximately equal sign” in eqn (4) expresses
the fact that an approximation to the solution of eqn (3)
is obtained because p < n. However, it must be noted that
by selecting p sufficiently large, the error in the solution
can be made arbitrarily small.

Substituting from eqn (4) into eqn (3) we obtain

:+4‘x(i)+At+AIX(i)+ﬂZ AX®
= QT(HA‘R _ t+A:F(i—I)) (7)

where ° is a diagonal matrix listing the circular
frequencies squared on its diagonal,

0)12

Q= ", ®)

wWp
and assuming proportional damping, we can also write,

2510)1

A= ®

20,

where the & are the modai damping ratios corresponding
to the w;.

It shouid be noted that, different from linear analysis,
the incremental equilibrium equations in the new basis,
eqn (7) are still coupled, because the nodal point vector
A=Y can only be evaluated once all displacements
are known,

t+ALYi—-1) = t+AL (l'-'l)' 10
U “2' & x (10)

Therefore, the solution of the p equations in eqn (7) must
be performed simultaneously. However, since A and {)?
are diagonal matrices and only p equations are con-
sidered, p <n, the solution of the eigenproblem in egn
(6) plus the step-by-step solution of eqn (7) (using, for
example, the Newmark method) can be significantly
more cost-effective than the direct step-by-step solution
of eqn (3).
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2.2 Use of substructuring

Substructuring for solution of eqn (1) can effectively
be used in the analysis of large problems with smali
isolated areas of nonlinearities. In such case we can
statically condense the linear degrees of freedom prior to
the solution of the incremental equations of equilibrium.
In the following, we use the Newmark method of time
integration; however, the solution procedure can equally
be employed with other direct integration schemes (in
ADINA we have implemented the procedure for the
Newmark and Wilson integration methods).

Using the Newmark method of time integration, eqn
(1) becomes|2, 3],

RK AU(|)=t+AtR_t+AtF(|‘—1) )

-M{a, pu-v - azr'(] - 03',U}

—C{a.U“‘“—aJU—a;U} (11)

where the time integration constants da,....,das are
defined in Appendix A, and

‘K =K +aM +a,C
U(i—l) = t+AlUu—l)__ 'U.

(12)
13

Since we now consider the solution of problems for
which isolated nonlinearities are present, we can write
‘K in the form

K=K +'K™ (14)
where K contains all constant elements of ‘K (including
the mass and damping terms) and 'K™" corresponds to
all nonlinear (time-dependent) entries in ‘K. Figure 1
shows schematically the structure of the matrices in eqn
(14).

Considering eqn (11) it follows that static condensation
or substructuring can be employed on all those degrees
of freedom that pertain to constant elements in 'K. This
means, in essence, that the L D L' factorization of ‘K on
the ““linear degrees of freedom™ need be performed only
once prior to the step-by-step solution, at time 0, and
only the stiffness values of the “nonlinear degrees of
freedom™ need be updated and factorized at the begin-
ning of each step. However, if the effective load vector is
evaluated as shown in eqn (11), the complete vector has
to be formed and reduced in each iteration. The
efficiency of the equilibrium iterations is greatly im-
proved by rewriting eqn (11) in the form,

where

:+Azl‘7(|—|)=t+AtF(i—l)+(aoM_+a]C)H-ArU(i—l) (]6)

'F™ = M(a,'U+ a,'U + a5'0) (7
'F€ =C(a,'U+alU+as'0). (18)
Equation (15) is in more detail
& DI (28)
K.. K. 0'K™ S 1AUP] ™ ["*4 R,
[k )[R [R] o

where the U, degrees of freedom are to be condensed
out. Performing the static condensation in the usual way
we obtain

[(Kaa - Kncf(:clf(ca) + ,K("l)]AUa(“
= (I+A1Ra + tFAa{ + 'Ff) X R
- KacK:cl(l+A'Rc + ‘Ft‘ + IFE)

—

TERM 1

- (r+ARFa(i—l) — K‘“K:cl H—Angi—l))

TERM 2 (20)

Considering egn (20) it is clear that the expression
labelled TERM 1 need only be evaluated once. at the
beginning of the iteration, because it is independent of
the iteration counter (i). In order to identify how the
expression labelled TERM 2 can be evaluated
effectively, we use the following relation

t+AnP"~C(i—l) B ch l‘(“ HA!UC('-”
r+A1f;a(:-l) = K“ ﬁaa 1+AtUa(i—l)
0

+ [I+Alpnl)ﬂ—l)] @

where "*4'F""" represents the nodal point forces
corresponding to the element stresses in the nonlinear
elements(1, 3]. Using eqn (21) we obtain
1+Atl‘?a(|—l)_ﬁarﬁ:‘? 1+Atf‘~g—l)

= (I‘(“ - f(acK:c'i(m Y HArY,G-D 4 tHARRIK-D,

Fig. 1. Schematic of stiffness matrix used in dynamic substructuring.

(22)
TR AUD = 1R _ 1A= L 1M | pC (15) Hence, the static condensation of the U, displacements
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yields
(l‘(r + :K(nl))AUa(i) = 1+A:ﬁr - Rr t+AtUa(i—l)

ARG~ @)
where
K, = Koo - Ko KK (24)
AR, = AR, +FY +FS - Ko KC
X ("R, +F¥ +FE). 25

It is important to note that in the solution of eqn (23)
the vector '**'R, need only be calculated once at the
beginning of the iteration and the iteration is performed
only with the U, degrees of freedom. Once the itera-
tion has converged to the displacements ‘**U,, we
obtain the displacements ‘***U, using eqn (19),

KCCH-A‘UC = I+A‘Rc - I’\(caH-A‘I-Ia + ngl + 'FCC-
(26)

This solution only requires a forward reduction and
backsubstitution because the factorization of K. was al-
ready performed in the static condensation to obtain K.
With the nodal-point displacements known, the cor-
responding velocities and accelerations can directly be
evaluated as given in Appendix A.

The above static condensation procedure is im-
plemented effectively using substructuring. Equations
(23)~(25) show that the substructuring can be performed
much in the same way as in static anaiysis, but using the
effective stiffness matrix and calculating an effective load
vector ‘**‘R, at the beginning of each time step. Also,
since the evaluation of the load vector ***'R, involves all
displacements, velocities and accelerations correspond-
ing to time ¢, it is necessary to calculate the condensed
nodal point displacements (using eqn 26) always im-
mediately after convergence of the iteration for the
retained degrees of freedom. On the other hand, in static
analysis the condensed nodal-point displacements cor-
responding to all load levels can be caiculated after the
complete solution of the retained degrees of freedom has
been obtained.

3. USE OF MODE SUPERPOSITION AND SUBSTRUCTURING
The mode superposition and substructuring procedures
described in Sections 2.1 and 2.2 are available in the
ADINA computer program. The sample problems des-
cribed in the following only demonstrate the applicability
of the solution procedures. The efficiencies of the
methods are discussed in Section 3.2.

3.1 Sample problems

The first two sample problems consist of linear struc-
tures which have contact regions that are “small” in
comparison to the total problem size. In the first exam-
ple, there are twelve degrees of freedom and the ratio of
nodes in contact to total structure nodes is 1:4. In the
second example, the ratio is increased to 1:16 with a
total of 64 degrees of freedom. These two problems are
of the type for which the use of mode superposition and
substructuring can be effective.

In the third sample problem, the earthquake response
of a tall structure is examined. Since the entire structure
is allowed to become plastic, dynamic structuring cannot

be used. Mode superposition analyses using 1, 4 and 8
modes were compared to the direct integration solution.

All sample problems were solved using the computer
program ADINA. For all direct integration solutions, the
Newmark method was used.

3.1.1 Control rod drive housing with stops. The 69
product line Control Rod Drive (CRD) housing shown in
Fig. 2 is subjected to a sinusoidal ground acceleration
with 5 Hz frequency. The finite element model consists
of four beam elements of length, L, with a concentrated
mass at each nodal point. Values for all constants are
given in Fig. 2. Mass proportional loading was used to
simulate the ground acceleration since this option is the
one available in ADINA.

Two stops were placed at a distance 2d = 0.2 in. apart
to limit the tip deflection of the CRD housing. Nonlinear
elastic springs were used to simulate the contact.

The following three methods of solution were com-
pared: (1) direct integration without substructuring, (2)
direct integration with the entire CRD housing as a
substructure and the nonlinear springs as the master
structure, and (3) mode superposition using 2 modes. A
time increment of 0.001 sec and BFGS interations were

. used for the direct integration solutions. The modified

Newton iteration was used for the mode superposition
solution, for which a smaller timestep, Af = 0.00035 sec
was needed for convergence.

A plot of the tip deflection versus time is shown in Fig.
3. The solid line is the solution from Ref.[8] in which a
time increment of 0.0001 sec was used.

3.1.2 Piping example. A 1920 in. long pipe cantilevered
at one end and supported at its midpoint and other end is
modeled using 32 beam elements as shown in Fig. 4. The
supports were modeled with nonlinear elastic-plastic
springs with constants also given in the figure. The pipe
was loaded by a sinusoidal mass proportional loading of
3Hz.

Three analyses were carried out: (1) direct integration,
no substructures, (2) direct integration with the pipe as a

——mXgt 129 Sin2wt
|

€ + 265 00® 1pssin?
I+ 250 re

L= 389 n

X 10 (o7 tbssm

m s 0850 1bs-sec/in
m,x 0163 Ibs-sec?/ 10
m 0.163 1bs-secd/im
m,* 0244 1bs-sec?(n
d s« 01 n

A ground accelerchion of

Xg = 1 29 sin 24 f1
3386 m/sec?
te8 H2

Fig. 2. CRD housing with lower support.
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Fig. 4. Model of pipe with two elastic-plastic supports.

substructure and the two springs as the master structure
and (3) mode superposition with 10 and 20 modes. All
solutions were performed using equilibrium iterations
and a time step of 0.004 sec.

Figure 5 shows a plot of the predicted midpoint dis-
placement of the pipe as a function of time. As expected,
the solution using substructuring gave the same results as
the direct integration solution without substructuring
(within the convergence tolerances of the iterations). The
mode superposition solution approximates the peak dis-
placement within an error of 10% when using 10 modes
and is much more accurate with 20 modes.

3.1.3 Earthquake response of a tall building. A 34

story shear building was subjected to the North-South
Component of the 1940 El Centro Earthquake times two.
The finite element model consisted of 34 elastic-plastic
truss elements whose masses static yield forces, and
stiffness are givenin Fig. 6. A similar building was analyzed
by Lukkunaprasit ef al.[9].

The solution algorithms used were direct time in-
tegration and mode superposition with 1, 4 and 8 modes.
In all cases the time increment, At, was 0.02sec. The
solution was carried out for the first four seconds of the
earthquake.

Figures 7-9 show predicted displacement responses
in the solution, and Fig. 10 gives a dispiacement factor at
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Fig. 5. Predicted midpoint displacement of pipe with two elastic-
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t =2.8 and 4 sec (this factor is defined as strain/(strain at
initial yield point)). The response curves show that as the
number of modes used is increased the response predic-
ted in the direct integration is approached. Also, as
expected, the displacements can be predicted accurately
using less modes than are needed for an accurate predic-
tion of the displacement factor, because this factor is
given by the derivatives of the displacements.
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Fig. 6. Model of 34-story shear building.

3.2 Efficiencies of methods

In practical analysis it is important to be able to decide
in a rational manner when to use the above mode supes-
position and substructuring procedures. For this reason
we want to give some specific guidelines on the usage of
the methods.

3.2.1 Mode superposition. The basic premise of the
mode superposition procedure is that the transformation

TIME (SECONDS)

1.0 2.0

30 4.0

%0 1 T

401

zor-

~=— DIRECT INTEGRATION
O 1 MODE

A 4 MODES

© 8 MODES

DISPLACEMENT (CM)

Fig. 7. Thirty-four story building—top story displacement history.



On nonlinear dynamic analysis using substructuring and mode superposition 705

u e
a
01— a0 o
o
o a =]
o} a a
o [}
20— [}
o
g
2 o o
7]
o o
(V]
o as
oA = DHRECT INTEGRATION
© 1 MODE
o
& 4 MODES
@
© B MODES
1 I i | I
[+] 100 200 300 400 500 60 0

MAXIMUM DISPLACEMENTS (CM )
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from the n finite element nodal point displacements to
the p generalized displacements is effective because p
can be much smaller than n. In the analysis of a linear
system, p would be equal to the number of frequencies
w; smaller than about 4 times the highest excitation
frequency in R. We can use this same guideline in the
analysis of a nonlinear system, but should recognize that
the actual (instantaneous) frequencies of the system are
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Fig. 9(b). Thirty-four story building—story displacements at
time = 4.0 sec.

continuously changing during the nonlinear response. If
the system stiffens during the response history, the
frequencies become larger and the number p selected
based on a linear analysis will probably be conservative.
However, in the analysis of a softening structure (elas-
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Fig. 10(a). Thirty-four story building-~plot of displacement fac-
tor for each story at time=28sec (displacement factor=
strain/initial yield strain).
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tic-plastic conditions), the number of generalized dis-
placements may have to be considerably larger than in
linear analysis.

Although we call the analysis procedure ‘“‘mode
superposition” it is appropriate to look at the method
simply as a coordinate transformation. Hence, the number
of transformation vectors to be employed must depend on
the response expected in the analysis, and the accuracy of
the predicted response depends entirely on the “quality™ of
the transformation vectors used. For this reason, the
procedure is probably best employed in the analysis of only
slightly nonlinear systems or systems with only local
nonlinearities. In this case, the criteria that render a linear
analysis by mode superposition effective are still largely
applicable to the nonlinear response calculations.

We may also note that the mode superposition pro-
cedure may be effective in preliminary analyses of highly
nonlinear systems provided these analyses allow some-
what less accuracy than a final response solution.

To assess the actual accuracy attained in a mode
superposition analysis we may evaluate an error norm,
similar to that one used in linear analysis,

. tHarp AR g At r7(h)
t A(ep = ” ”rnuz(me)l U ”Z (27)
where (/) denotes the last calculated value, |af, denotes
the Euclidean norm of a, and ["R|,™** is the maximum
value reached over all discrete times . (The relation in
eqn (27) assumes that the system is subjected to external
loads; otherwise, the denominator must be modified.} If
&, is unacceptably large, the number of mode shapes
should be increased.

In another approach a static correction much as in

linear analysis may be applied, but the effectiveness of
that correction is very problem-dependent(3].

3.2.2 Substructuring. The effectiveness of the sub-
structuring procedure can be assessed by comparing the
number of operations required in the solution of eqns (11)
and (23). Considering these equations we find that the
method is only effective when only local nonlinearities
are considered. Let us assume the following system
parameters: n, m = number of equations and their half-
bandwidth in eqn (11), and n,, m, = number of equations
and their half-bandwidth in eqn (23), n, <n. To com-
pare the number of operations performed in the solution
of eqns (11) and (23) in an approximate manner, we
recognize that the updating for the nonlinearities is the
same in both equations, and we assume that the opera-
tions in vector multiplications can be neglected. In this
case, an approximate operation count yields the follow-
ing information:

lumped mass matrix

eqn (11): 4 nm operations per equilibrium iteration
eqn (23): (2 nm, +2 nm,) operations per first iteration
4 n.m, operations per subsequent iteration.

consistent mass matrix

eqn (11): 6 nm operations per equilibrium iteration
eqn (23): (2n,m, +4 nm,) operations per first iteration
4 n,m, operations per subsequent iteration.

The above operation count does not include the initial
operations required to form K, and the additional
peripheral processing required in the substructuring solu-
tion.

When considering the above information, it is im-
portant to note that m, may be significantly larger than
m. 1t is for these reasons that for the substructuring
algorithm to be effective we should have that n,m, < nm.
The above information also shows that the substructur-
ing algorithm is more likely to be effective when a
lumped mass matrix is employed in the analysis.

CONCLUDING REMARKS

The objective in this paper was to discuss the mode
superposition and substructuring procedures available in
ADINA for analysis of nonlinear dynamic response. We
have presented the theory used, the results of some
sample solutions and some recommendations on the use
of these analysis procedures. Although we have not
employed the methdos as yet in the actual solution of
large dynamic problems, our discussion in the paper
shows that the procedures can be very effective. We,
therefore, look forward to hear about the experiences
that users of ADINA might make with the procedures in
the solution of actual practical problems.
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APPENDIX A
The Newmark Algorithm

The basic assumptions in the Newmark time integration
scheme are
I+AlU = xﬁ +{(1~ 8)’64" 8I*Alﬁ] At
l+ArU = tl'_} +*UAL + [(% - a) riH_ a “’A'i.]](At)z.
The following constants are used in ADINA with the time
integration algorithm

6 1 1
%= 3 Y aan 2 @an BT !
a;=8la~1 as=At8la~2)2 a=aya;=-a,
ag=—ay ag=AH1-8) aj= At

Once the solution for **2’U has been obtained the corresponding
accelerations and velocities are calculated using

A = g (AU - U + 0/ U+ a0
a1y = U+ ag'iH' awwmﬁ.



