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T. C. Fung# and Z. L. Chent
Nanyang Technological University, Singapore 639798, Republic of Singapore

DOI: 10.2514/1.25732

In this paper, the precise time-step integration method by step-response and impulsive-response matrices is
further developed by expanding the dimension of the matrices so as to avoid computing the particular solutions
separately. Two new precise time-step integration algorithms with excitations described by second-order and first-
order differential equations are proposed. The first method is a direct extension of the existing algorithms. However,
the extended system matrices are not symmetrical. In the second method, the Duhamel integrals are used as the
particular solutions. As a result, the responses can be expressed in terms of the given initial conditions and the step-
response matrix, the impulsive-response matrix and a newly derived Duhamel-response matrix. The symmetry
property of the system matrices can be used in the computation. However, it will first require a calculation of the
Duhamel-response matrix and its derivative. To reduce the computational effort, the relation between the Duhamel-
response matrix and its derivative is established. A special computational procedure for periodic excitation is also
discussed. Numerical examples are given to illustrate the present highly efficient algorithms.

Nomenclature

[C] time-invariant damping matrix

[D(r)] = Duhamel-response matrix

[D(#)] = time derivative of Duhamel-response matrix

d/dt = differentiation with respect to time ¢

[E@] = exp([S]n

[f] = coefficient matrix describing the external excitation

[G(r)] = step-response matrix

[G*(r)] = extended step-response matrix with expanded

. dimension

[G(r)] = time derivative of step-response matrix

[G*(#)] = time derivative of extended step-response matrix

g = number of terms used to describe the excitations

[H(r)] = impulsive-response matrix

[H*(1)] extended impulsive-response matrix with expanded

. dimension

[H(r)] = time derivative of impulsive-response matrix

[H*(1)] time derivative of extended impulsive-response
matrix

1] = identity matrix

(Inte) = computational cost for evaluating particular solutions

[J(n] = time derivative of impulsive-response matrix,
=[H()]

[J*(r)] = time derivative of extended impulsive-response
matrix, =[H" ()]

J.0] = JOI-[1]

el = [JO]-[1]

K] = time-invariant stiffness matrix

M] = time-invariant mass matrix

m = number of recursive evaluations in the scaling and
squaring method

N = dimension of system

n = number of terms in the Taylor series approximation

{r(r)} = external excitation vector
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{r(#)} = external excitation vector with time shift

[Si] = coefficient matrix for excitation described by first-
order differential equations

[S,] = coefficient matrix for excitation described by second-
order differential equations

T = time period

{u(r)} = time-dependent displacement vector

{uy} = initial displacement vector

{u,(r)} = steady-state displacement response

{v(t)} = time-dependent velocity vector

{vo} = initial velocity vector

{v,(t)} = steady-state velocity response

{Z(1)} containing time functions describing the external
excitation

At = time-step size

[0] zero matrix

I.

YNAMIC responses of structures subjected to transient loading
can be obtained by direct integration schemes. Many time-step
integration methods [1] are available. The time-step size of these
methods must be chosen carefully relative to the natural periods of
the structures and the time variation of the excitations to evaluate the
responses accurately.
The governing equation of a discretized structural model can be
written as

Introduction

MI{u(0)} + [CRu()} + [K{u(®)} = {r(n)} M
with initial conditions
{u(0)} = {u,}, {a(0)} = {vo} )

where [M], [C], and [K] are time-invariant mass, damping, and
stiffness matrices, respectively. The time-dependent displacement
and velocity vectors are {u(#)} and {v(¢)} = (d/dr){u ()} = {u(?)},
respectively. The known external excitation vector is {r(z)}.

In 1994, Zhong and Williams [2] proposed a new precise time-step
integration (PTI) algorithm. This method was shown to be able to
give accurate solutions by using just one time step over a large
interval with linearly varying excitations. A special feature in the
precise time-step integration method is that the exponential matrix
exp([w] - £) at 1 = At is evaluated recursively as
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exp([w]At/25) = [exp([w]At/2K ]2, k=m-—1,...,2,1,0

3

To initiate the evaluation, exp([w]Az/2™) was evaluated from a
truncated Taylor series. The number of recursive evaluations m was
recommended to be 20 in the original paper [2].

The PTI method has been used successfully to evaluate structural
responses under evolutionary random excitations [3], to solve
asymmetric Riccati differential equations [4], and to study dynamic
responses of a continuous beam under moving loads [5].

In 1995, Lin et al. [6] extended the PTI method to tackle sinusoidal
loading and other more general loading forms by Fourier series.
However, many terms in the Fourier series would be required for
accurate solutions. Shen et al. [7] developed a parallel computing
method to improve the efficiency of the PTI method. Fung [8]
presented a PTI method by step-response and impulsive-response
matrices to manipulate the second-order governing differential
equations directly.

In all the aforementioned methods, the particular solutions arising
from the excitation have to be computed separately. To avoid
computing the particular solutions directly, Gu et al. [9] transformed
the governing equations into an equivalent homogenous form by
expanding the dimension of the matrices. However, the computa-
tional efficiency was found to be low, as the size of the computing
matrices would increase by about 50%. Later, Wang et al. [10]
expanded the dimension in a different way, in which the excitation
would be separated into two parts, normally, a constant part and a
time-varying part. The dimension of the expanded matrices was
controlled by the time-varying part of the excitation. The increase of
dimension was usually small and the computational effort would be
lower than the computational effort required in computing the
particular solution.

In [9,10], the governing equations were first transformed to first-
order differential equations. It has been demonstrated [8] that by
manipulating the second-order differential equations directly, the
computational effort could be reduced by making using of symmetry
and relations between the response matrices and their time
derivatives. In this paper, the computational efficiency of the
homogenized second-order differential equations is investigated.
New response matrices corresponding to the Duhamel integral
solutions are derived. The computational efficiency of the present
methods is shown to be better than the methods presented in [9,10].

In Sec. II, the PTI method by step-response and impulsive-
response matrices in [8] is reviewed briefly. Matrices relevant to the
dimension expansion are given in Sec. III. In Secs. IV and V, two
new PTI algorithms by response matrices are then proposed for
excitations described by second-order and first-order differential
equations, respectively. In Sec. VI, comparisons of the computa-
tional efforts between the existing PTI methods (with and without
expanded dimension) and the two new PTI methods are presented. In
Sec. VII, two numerical examples are used to illustrate the efficiency
of the present new algorithms. A special computational procedure for
periodic excitations is also discussed. Conclusions are then given in
Sec. VIII.

II. PTI Method by Step-Response and
Impulsive-Response Matrices

The transient displacement and velocity responses [8] of Eq. (1)
can be written as

{u(®)} =[G(O{uy — uy(0)} + H®)]vo — v,(0)} + {u, ()} &)

(0} = G(NHu — u,(0)} + [HOIV — v, (0)} + (v, ()} (5)

where {u,(#)} is the steady-state response corresponding to {r(#)},
{v,(1)} ={u,(®)}, {uy}, and {v,} are the given initial conditions,
[G(»)] and [H(¢)] are the step-response and impulsive-response
matrices, respectively.

A. Step-Response and Impulsive-Response Matrices

For a given [M], [C], [K], At, and m, the step-response matrix
[G(r)] and the impulsive-response matrix [H(?)], and their
derivatives at t = At, can be computed [8] as follows:

1) Compute the initial matrices [H(A#/2™)] and [J(At#/2™)]=
[H(At/2™)] from

my2
[H (g)] = [H(0)]- % + o)A i)

0 21
N D E (62)
-] o (2) o
my2 ) m) (n—1)
.%—kva[H(O)]'% (6b)
where
[HO)]=[1], [HO)]=-[M]"[C]
[H(O) = -HOM K] - [HoM'[c] @

i=1,23,...

To reduce the truncation error, an auxiliary matrix [J,(At/2™)] =
[J(At/2™)] —[I] is computed instead of [J(Az/2™)] here. In other
words,

(3] =[(5) |- m=titon- (5) + woo

. (At/2’”)2 . (At/z’")("_l)

oyt T HO) (n—1)!

®)

2) Compute [H(A7)] and [J,(AD)] = [J(Ar)] — [I] recursively
from

[H(A/2°D)] =[G(At/25)][H(AL/29] + [H(At/24][I (At/25)])
= ([Ju(At/29]+ [H(A/2][M]'[CD[H(A1/2Y)]
+ [H(AL/2¥[J,(At/29] + 2[H(A1/25)] (9a)

JalA1/2D] = [ (At/29) + 200, (A1/29)]
— [H(A#/2][M]"'[K][H(A1/2Y)] (9b)

where k =m, ..., 1
3) Compute [H(AN][G(A1)] and [G(A1)] from

[H(AD] = [J(AD] = [J,(AD] + [1] (10a)
[G(AN] = [T, (AD] + [1] + [H(AN]M]'[C]  (10b)
[G(AN] = [H(AN]M]'[K] (10c)

B. Steady-State Response

The computation of the steady-state response {u,(7)} depends on
the form of the excitation [11,12]. For example, if the excitation is
given by

{r(} = e {f30 (1)
j=0

then it can be shown that {u(#)} could be written as [13]
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{u, (0} = e > fuyle
J=0

where
{u;} = (*M] 4 o[C] + [KD " - ({f,;} — j((C]
+ 2a[MD{u; ) — i+ Diu;,})
J=0.1,0q with f{ug,}=1{u,,.} =0}

Also,

q
0} = w0} = @) + e 3 g
=

III. Dimension Expansion

To avoid computing the particular solutions, Gu et al. [9] and
Wang et al. [10] proposed expanding the dimension of the system
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polynomial, and Fourier loading forms as special cases. This form is

after transforming the second-order nonhomogeneous equations into

some equivalent first-order homogeneous equations.

In this paper, the second-order equations are manipulated directly
without transforming to the equivalent first-order equations. Also,

the excitations could be described by either first-order or second-
order differential equations, i.e., {r(¢)} = [f[{Z(¢)} where {Z(?)} is

B o Cy
—C o
1 0 o Cy
1 —Cy o
2 0
[Si]=
0 2
[S2]=[SilIS\]=
M a?—c? 2ac 0 0
—2ac; o?—c3 0 0
20 cj+c, o?—c3 2ac,
—(c14¢) 20 2ac, o*—c3 0
1-2 0 220 2(cytey)ad—cd 2acy -

0 12 —2(cy+e;) 220 —2acya?—c3 -

0 0 0 0

(g2 (g-1) 0

The explicit forms of matrices [S,] and [S,] for some typical excitations are given next:

the solution of a system of first-order equation {Z (1)} = [S,{Z ()} or

second-order equation {Z()} = [S,[{Z(1)}.

In the following, excitations in the following form are considered:

{r(} = e i[{ai}ti_l sin(c;) + {b;}#'" cos(c;1)]
i=1

Equation (15) treats many loading forms, for example, linear,

(12) rather general and could be used to approximate many different types
of excitations. However, for those excitations that could not be
described by first-order or second-order differential equations, the
present method may not be applicable.

Let
13) z=eY -1~ .sin(c;f) and
76 = e - 71 cos(c;t), i=1,2,...,g (16)
Then,
a4 {r(n} =[f]-{Z(®)} an
2} =SHZ0}. and {Z(1)} = [S:HZ (1)}
where
[f]=[{a;} (b} {a} {by} {agy (b}l (18)
@Zoi={a & = z - 7 5 (19)
0
* e (20a)
—c; o
(g—1 0 a o,
0 (g—1) —c, i
0
20g—Da  (g=D(cg1+c,) o’—c; (g—Dac,
0 (=2(g—D—(g—Dlcgitec,)  2(g—De  —(g—Dac, o?—cg |
(20b)
1) Linearly varying excitations
{r()} ={ro} +1{r ¢ @21
1s) where
f1=[ro rl {ZO}=[1 1] 22)
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si=[1 o sa-mw 3)

2) Polynomial excitations

r(} ={ro} +{rjt+ -+ {rg )2 +{r st (24)

where
Hy={ro r - T}
0 1 g—1 25)
Zny=[1 ¢ ¢ - ']
0 0 0 0
1 0 .0
[Si=|0 2 :
S0 . 0
00 0 g—10
0 0 0 07 (26)
0 0 0 0
5, 2.1 0 0
1 o 3.2 0
: - 0 0
L 0 - 0 (g—D-(g=2) 0 0

3) Fourier representations

{r(t)} ={ry} + i({rf} cos(c;t) + {rf} sin(cl’-)) 27
i=1

where
0=[mi feij fm fef fm) o dn) e
(28)
{Z(H} ={1 cos(cit) sin(cit) cos(cyt)
-0 0 -
0 0 —¢
¢ 0 O
0 0 —c
[S:]= c; 0 (30a)
0 —c
L ¢, 0
0 0 5
0 -2 0
0 -
-2
[S:] = ) (30)
—c2
-2 0
L 0 —c

Note that if a time shift is applied to the excitation, i.e.,
{r()} ={r(t—1)} (€3]

then, {r(r)}=[f{Z}, where {Z(f)}={Z(r—r*)} with {Z}
governed by the same [S;] and [S,].
When the excitation is described by a second-order differential

equation {r(r)} = [f[{Z} with {Z}=I[S,}{Z}, Eq. (1) can be
expanded into a homogeneous form as

M 07 (ii(r) C 0 (u®
[0 Ij|{Z(t)}+|:0 0}{%)}
. |:K —f :|{u(t)} 0} a2
0 S, |lzw®

Alternatively, if the excitation is described by a first-order
differential equation, i.e., {r(z)} = [f{Z} with {Z(r)} = [S,{Z(?)},
then Eq. (1) becomes

M 0] (i@ C 0|(u(
0 0 {Z(z)}+ 0 I {Z(r)}
K -—f u(r)
+[0 —sl}{za)}_{o} s

It should be noted that although Eq. (32) can be tackled by many
established algorithms, Eq. (33) may impose some difficulties, as the
first matrix is singular. A more detailed discussion on how to solve
the two equations is given in the next two sections.

IV. Excitations Described by Second-Order
Differential Equations
The PTI method by step-response and impulsive-response
matrices [8] can be used to solve the homogeneous second-order
differential equation in Eq. (32) directly, without the need to compute
any steady-state response. Equation (32) can be expressed as

sin(c, 1) cos(cyt) sin(c,t) }T 29)

M*[{u~(0)} + [CJ{u" ()} + [K*J{u* ()} = 0 (34)

where

wor={yoh =M ]

er-[* o} wi-[f ]

As described in Sec. II, the solution at time t = At of Eq. (34) can
be obtained as

u*(Ar) _ G*(Ar) H*(Ar) u;
{v*(At)}_ G (A HY (A1) '{v;;}

with {ug} = {;g} and {v;;} = {;g} (35)

For one time step At, the initial recurrence formulas of
[H*(Ar/2™)] and [Ji(At/2™)] = [J*(At/2™)] —[I] can be com-
puted from the Taylor series. The recurrence formulas of the matrices
[G*(A?)], [H*(Ap)], and their derivatives can be evaluated by
replacing the [M], [C], and [K] by [M*], [C*], and [K*]in Egs. (6) and
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(8-10). A four-term truncated Taylor series approximation
recommended in [8] could be used. The recursive computational
procedure is then carried out m times to get [H*(Af)] and [J*(A1)]. A
disadvantage of this algorithm is that [K*] is not symmetrical. Hence,
the computational effort could not be optimized further by making
use of any symmetry property.

V. Excitations Described by First-Order
Differential Equations
As mentioned in Sec. HI, Eq. (33) cannot be tackled directly.
However, it can be shown that the solution of Eq. (33) can be
expressed in terms of the given initial conditions {u,}, {v,}, and
{Z,}. In other words, the displacement response {u(¢)} and the
velocity response {v(7)} can be expressed as

{u()} = [GOKup} + [H@)]{vo} + [D(DIZo} (36a)

(0} = [GO{ue} + [HONvo} + [D()Zo} (36b)

It should be noted that the solution in Eq. (1) or Eq. (33) can also be
written as

{u@®} =[GOKuo} + [HOIvo} + {u(0)} (37)

where {u,(#)} is a particular solution given by the Duhamel integral
with zero initial conditions.
Comparing Eqgs. (36a) and (37), it reveals that

{uy ()} = [D(D)1Zo} (38)

As a result, the particular solution corresponding to the Duhamel
integral can be expressed in terms of {Z,} and a Duhamel-response
matrix [D(?)].

The computation of [H(#)] and [G(#)] (or [J(#)]) has been discussed
in [8] and Sec. II of this paper. In the following, the computation of
[D(?)] is considered.

Note that [D(7)] satisfies the following equation:

MID(1)}{Zo} + [CID(Zo} + [KID(N{Zo} = [FHZ (1)} (39)

with [D(0)] = [D(0)] =[0], where [0] is the zero matrix, and

{Z(n} =[S HZ(0)}. _
The Taylor series of [D(#)] and [D(#)] at = O can be written as

P A #
[D(0)] - *+[D(0)] *+[D(0)] -

() .

(n+1) tn+l

+W[D(O)]'7(n+l)!+m (40a)

. . 3) t2 @ l‘3
D] = [DO)]- 1+ [DO)]- 77+ DO 5

(n+1)

~+[D (0)] - (40b)

Differentiating Eq. (39) with respect to r and set t = O repeatedly, one
has

MIID(O){Zo} + [CIIDO){Z,} + [KID(O){Zo} = [f{Zo} (41)

G(At/2) H(A1/2) D(A1)2)
0 0

|:G(Az/2) H(A1/2) D(At/2):||:

E(At/2)

IMIID(0)]{Zo} + [CIDO){Zo} + [KIDO)}{Zo}
= [f{Z(0)} = [f][S | {Z,} 42)

IMI[D (0)}{Z} + [CIDO){Zo} + K[ D (0)]{Zo}

= [} Z (0)} = [f]IS, ] {Zo} 43)

Making use of Eq. (7) and, after some algebraic manipulations,

[0)
[D(0)] can be expressed as

[D(0)] = [EL(0)]M]"'[£] + [D(O)][S]
(44)

[DO)] = [M][f].

[D'(0)] = (HOM]'[f] + DO)]S,].  i=2.3.4.... @5)

Hence, the matrix [D(#)] can be evaluated efficiently.

Similar to [H(7)] and [G(?)], using the Taylor series to compute
[D(?)] at t = At would require At to be very small in general. In the
following, the squaring and scaling technique is used to compute
[D(?)] recursively.

A. Computation of [E ()], [D(#)], and [D(t)]
From Egs. (36a) and (36b), the solution of Eq. (1) at# = At can be
expressed as

u(Ar) G(A1) H(An D(A1) | (ug
v(At) ¢ = | G(Ar) H(Ar) D(Ap { Vo } (46)
Z(A7) 0 0  E(Ap

where [E(Af)] = exp([S;]A1), so that {Z(Ar)} = [E(AD)] - {Z,} is
the solution of {Z(#)} = [S,]- {Z ()} at t = At. The matrix [E(A7)]
also can be obtained by using Taylor series.

o0

[E(AN]=)[S = —[I]+[S] At
i=0
2 3
ISP A—’+[S] A3f +- @7

or by using the squaring and scaling technique as

o= [e(3)] =mempr @

where

Obviously, the same solution can be obtained by applying a time
step At/2 first and then followed by another Az/2. In other words,

u(Ar) G(At/2) H(At/2) D(At/2) u(At/2)
{ v(A?) } G(At/2) H(At/2) D(At/2) { v(At/2) }
Z(At) 0 0 E(At/2) Z(At/2)
(49a)
G(At/2) H(A1/2) D(At/2)
G(A1/2) H(A1/2) D(A1/2) { } (49b)
0 0 E(At/2)
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Comparing Egs. (46) and (49b), it can be seen that the recurrence
equations for [E(A?)], [D(A?)], and [D(A¢?)] are

[E(AD] = [E(At/2)][E(A1/2)] (502)
[D(AN] =[G (A1/)][D(A1/2)] + [H(A1/2)[D(A/2)]
+ [D(A1/2)][E(A1/2)] (50b)

[D(AN] = [G(A1/2)][D(A1/2)] + [H(At/2)][D(A1/2)]
+ [D(At/2)][E(A1/2)] (50¢)

B. Relation of [D(¢)] and [D($)]

The present precise time-step integration method by step-
response, impulsive-response, and Duhamel-response matrices with
expanded dimension requires the computation of matrices [D(A7)]
and [D(A7)]. This is a drawback of the present method and it is not
efficient to compute the Duhamel-response matrix [D(7)] and its
derivative [D(7)] separately. To reduce the computational cost, the
relationship between the Duhamel-response matrix [D(A¢)] and its
derivative [D(A7)] is established next.

Using the Duhamel integral, the particular solution can be
computed from

{u (0} =[D@)]-{Zo} = /Ot[H(S)] AR(1—s)}ds (1)

where  {R(n)} = [M"'[f{Z(n} and {Z(1)} = [E(KZ}=

exp([Sy]- 1) - {Zo}

Hence,
[D@)]-{Z} = AI[H(S)] - [M]'[£] - exp([S](r — 5)) - {Zo} ds
(52)
Differentiate Eq. (52) with respect to f,
D) {Zo} = (H(s)] - [M]'[£] - exp([S,](r — 5)){Zo} )
+ [T M- exp(S110 - ) ds- (8,123
=[H®]- [M]'[f]-{Zo} + /(:[H(S)] -[M][f]
- exp([S1](r — ) ds - [S1] - {Zo}{Z} (53)

Making use of Eq. (51),
D] {Zo} = [H®)] - [MI'[f]- {Zo} + [D()] - [8]- {Zo} (54

As aresult, [D(7)] can be obtained through Duhamel-response matrix
[D(#)] and impulsive-response matrix [H(#)] as follows:

[D()] = [H(®)] - [M]'[f] + [D(1)] - [S)] (55)

Equation (535) could also be verified by comparing the Taylor series
of [D(#)] and [D(7)].

In the present algorithm, given [H(A?/2)], [J(At/2)], and
[D(At/2)], the matrices [E(Af)] and [D(Af)] can be computed from
Eqgs. (50a) and (50b), respectively. The matrix [D(A7)] in Eq. (50¢)
can be obtained from Eq. (55). Equal order truncated Taylor series
approximations can be wused for [H(Az/2™)], [J(At/2™)],
[D(At/2™)], and [E(At/2™)] initially. To reduce the truncation
error, the auxiliary matrices [J,(Af)]=[J(At/2)]—[I] and
[E,(AD)] =[E(At/2)] — [I] are computed. The computing proce-
dure of this new algorithm is summarized in Table 1.

Note that the Duhamel-response matrix [D(Af)], in general, is not
a square matrix (and hence is not symmetrical normally). However,
the computation of [H(A?)] and [J(Af)] can still make use of
symmetry [8] to reduce the computational cost. Furthermore, the
computation of the additional matrix [E(Af)] only requires one
matrix multiplication in each recursive evaluation.

In the present two new methods, the desirable time-step size At
can be chosen independently of the highest frequency in the model.
After the response matrices are evaluated, the time-step integration
can be carried out with the time-step size chosen. The proposed
methods are therefore very flexible. The time-step size need not be
small and can be several times the longest period in the system.

VI. Computational Effort

In this section, the computational effort of the PTI method with
expanded dimension given in [10], the PTI method by step-response
and impulsive-response matrices given in [8], and the two new
proposed methods are studied and compared.

Let N, be the dimension of the system and g be the dimension of
the vector {Z(t)}. The solutions by different algorithms are given as
follows:

1) The PTI method with expanded dimension [10]

{U*(AD)} = exp((H*] - A1) oy, 4g)xan,+2) * 1UG (56a)

2) The PTI method by step-response and impulsive-response
matrices [8]

Table 1 Procedure of PTI method with step-response, impulsive-response, and Duhamel-response matrices

1) Compute the initial condition [H(Az/2™)], [D(At/2™)], [J.(At/2™)] =
— MI'[C] - A5 4 (M [C)? — MK} - A48 4 (— (M) [C))?

HEH] =[] G
+[M][CIM] ™ [K] + [M] [K][M] [} - 44

a1 = PIGH] — [1] = ~MJ7C] - 5 + {(M]™'[C])* -
HMI[CIM] K] + M [K]M][CT; - S

[D(A1/2)] — [T}, and [E, (At/2"™)] = [E(At/2")] — [1] from

[M]™'[K]} - A2 4 (] [C))?

(D] = [M][f] - L4574 (—[M] [CIIMI[£] + M [£][S,]) - 47 + {1 (M [C])? — M) [K]]

M E] + (M £, — (M [CIMI €] - S, - (ayzry
[E.(29)] = [EE)] — [1]=[S,]- (2 + [Si]2 - QL0 - [8,P - G20 4 [5,]+ . (22"

2) Compute [H(A7)], [J,(A1)], [D(Ar)], and [E,(Ar)] recursively from

[H(A7/2°1)] = [G(At/29)][H(A1/25)] + [H(A1/25]([J, (At/2%)] + [1])

[Jo(A1/2 1] = [, (At/29) + 2(J(At/2)] — [H(At/2"]M] ' [K][H(A1/2Y)]

[D(A1/21)] = [G(A1/29)]D(A1/24)] + [D(A1/29)] - ([E,(At/29)] + [1)
+[H(A7/29](H(A#/2°)] - [M]"'[f] + [D(A#/2)] - [S,])

([E.(A1/25 D] = [E (A2 + 2[E (At/29)], k=m,..., 1

3) Compute [G(AD)], [G(AD)], [D(A1)] from

[G(AD] = [T, (An] + [T] + [H(AN]M]'[C]

[G(AD] = —{H(AN]M]'[K]

[D(AN] = [H(AN]- [M]'[f] + [D(A)] - [S)]
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{u(At)} B [G(Az) H(At)} {u0 —us(O)}
viAn ) | Gan H(AY o, Vo= V,(0)
N {uS(Al)} (56b)
v, (At)

3) The new PTI method by step-response and impulsive-response
matrices with expanded dimension

u* (A1) G*(Af) H*(Ar) fu;
{v*mr)} [G “(an H*(Az)]zwﬁgvzwﬁy {} (569

4) The new PTI method by step-response, impulsive-response,
and Duhamel-response matrices with expanded dimension

u(Ar) G(Ar) H(An D(A) u,
{ v(Ar) } =| G(An H(A) D(AD) { ) }
Z(At) 0 0 E(AD | oy s oman, 10 Lo
(56d)

Assuming that all the matrices are full, the computational efforts to
get the results of Egs. (56a—56d) are studied. For one step, the
operation counts of these methods are given in Tables 2-5.

The PTT algorithm by step- and impulsive-response matrices with
expanded dimension proposed in this paper will be better than the
PTImethod with expanded dimension [10] if the following condition
is satisfied:

T
202N, + g)* + m(2N, + g)® + 2N, + g)2E >2n
T
(N + )" +dm- (N, +)* + 4N, + )" 1 (57)

or

(N, + g)* + (16 + 4m — 2n) + 6(N, + g)g2(2 + m)

T
> g32+m) + 12(N, + g)’¢(2 + m) + (4N,g + 3g3)E

(58)
or
N+ )+ (16+4m—2m) - 16 &
2+m) (N, + g)
>g—3+12g+(4Ng+3g*) .
(N, + g)? At (2 4+ m)(N, + g)*
(59)
Ifm=20and n =4,
AN, 465 8 | gy CNe 13T o
(N, +g) (N, + g)* 11At(N, + g)?

Table 2 Computational counts of PTT method in [10]

Category Operation count
Form [T%] 202N, +g)’
Form [T*] m(2N, + g)*
[T"]{u"} (2N, +¢)*

Table 3 Computational counts of PTI method in [8]

Category Operation count
Initial Taylor series approximation 2nN3
[H] and [J] matrices formulation 4m - N3
Particular solution (Inte)
One time-step advancement 4N?

Table 4 Operation counts of present PTI method by step-
response and impulsive-response matrices with expanded

dimension
Category Operation count
Initial Taylor series approximation 2n- (N, + g)?
[H*] and [J*] matrices formulation 4m - (N, + g)}

. 2T
One time-step advancement 4N, + 8)° &,

Table 5 Operation counts of present PTI method by step-response,
impulsive-response, and Duhamel-response matrices with expanded
dimension

Category Operation count

2nN3 + nN?g + ng?
4m-N3 +4m-N? - g + mg?

Initial Taylor series approximation
[H], [J], [D], and [E] matrices
formulation

One time-step advancement (4N? + 2N, g + g £

Equation (60) can be simplified as

2T T
3 — = )3
AN? — (6g + a8 ) (3+22A) >0 (61)

or

2T 3T
2 o
4N“>(6g A g)+(3+22m)1v 62)

Hence, the PTI algorithm by step and impulsive-response matrices
with expanded dimension will be more efficient than the PTI method
with expanded dimension [10] if Eq. (62) is satisfied. The value of A¢
can be large by using the precise time-step integration method while
the accuracy is still maintained. And so, the value of T/At is
normally not very large. Equation (62) can be satisfied easily when
the dimension of the system is large. For example, if g =6 and
T/At= 1.0, Eq. (62) gives N, > 9.

Furthermore, the PTI algorithm by step-response, impulsive-
response, and Duhamel-response matrices with expanded dimension
will be more efficient than the PTI method in [8] if

2nN3 +nN?-g+n-g>+4m-N2+4m-N?-g
T
+mg3—|—(4N§—|—2Ns-g+2g2)-5<2n-Nf
T
+4m- N3 + 4Nf—l + (Inte) (63)
or
2 3 n T

(4m + n)Nzg + (m + n)g +(2gNS+g)K[<(Inte) (64)

The value of g depends on the external loading form and g in general
is not very large. The magnitude of (/nte) is also determined by
external loading form. If the excitation is complex, (Inte) will be
large. The PTI method with step-response, impulsive-response, and
Duhamel-response matrices with expanded dimension will be more
efficient than the PTI method in [§] when Eq. (64) is satisfied.

For example, if the external load is linear, g = 2, m =20, n = 4,
and (Inte) would be N? + N? - T/ At. Equation (64) is then given by

T
At
(65)

T
(4m 4+ n)N2g + (m + n)g® + (2gN, + gz)E <N} +N?Z.

or,
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T T
N — 178 —— N2 —4—N,— 192+ 4
ST R

T

At) >0  (66)

If T/ At = 1.0, then there is N, > 177 from Eq. (66).

From Tables 4 and 5, the present PTI method by step-response,
impulsive-response, and Duhamel-response matrices with expanded
dimension will be more efficient than the PTI method by step- and
impulsive-response matrices with expanded dimension if the
following equation is satisfied:

2nN} +nN2-g+n-g> +4m-N; +4m-N? - g + mg’
T
—|—(4N§—|—2Ns~g—|—2g2)-E<2n-(NS+g)3

T
+4m- (N, + g)> +4(N, + g)? ~ (67)
or

0< (Sang + 6nN,g* + ng3)

T
+ (8mN§g + 12mN,¢% + 3mg3) +(6N,g +28) 5= (68)

Note that Eq. (68) is always true. Hence, the computational speed of
the PTI method by step-response, impulsive-response, and
Duhamel-response matrices with expanded dimension is always
faster than that of the PTI method by step-response and impulsive-
response matrices with expanded dimension normally.

In conclusion, the PTT method by step-response and impulsive-
response matrices with expanded dimension, and the PTI method by
step-response, impulsive-response, and Duhamel-response matrices
with expanded dimension, can reduce much more computational
cost than the PTT algorithm with expanded dimension given in [10].
The new PTI method by step-response, impulsive-response, and
Duhamel-response matrices with expanded dimension proposed
here will be more efficient than the PTI method in [§] if Eq. (64) is
satisfied. The PTI method by step-response, impulsive-response, and
Duhamel-response matrices with expanded dimension is more
efficient than the other PTI methods discussed in this paper.

VII. Numerical Examples

Two numerical examples are used to illustrate the efficiency of the
present algorithms. Computational effort comparisons of the original
PTI method [2], the PTI method with expanded dimension [10], the
PTI method by step-response and impulsive-response matrices [8],
and the two new PTI methods by response matrices with expanded
dimension are given in the examples. The validity and the efficiency
of the new methods proposed in this paper are demonstrated. All
problems are run on a PC with Pentium III 1 GHz CPU.

A. Example 1: Multi-Degree-of-Freedom Systems
Consider a multi-degree-of-freedom system governed by

MJ{i} + [CK{u} + [K[{u} ={r(n},  1€[0.10]  (69)
where [M], [C], and [K] are N, x N, matrices
0

8
M] = . : [C]= 0

(70a)

8 —4
—4 8 —4
(K]= (70b)
—4 8 —4
—4 4

where units have been omitted for convenience. The initial
displacement and velocity vectors {u,} and {u,} of length N, are

uyy=1{0, 0, ..., 0, 1
{'0} { ) an
{ug}={0, 0, ..., 0, 1}
1. Linear Excitation
Consider a linear external loading form given by
{r()} ={ro} + {r;} -1 (72)

where {ry} and {r;} are N, x 1 vector composed of the following
repeated identical triplets:

{ro}={1, 2, 0, 1, 2, 0, ...} (73a)

{r,}=1{001, 002, 0, 001, 002, 0, ...} (73b)

Then,

=lr nl 2o ={;}
74

[s1]=[(l’ 8] and [S,] = [0]

A time history of the response for a system with N, =200 is
shown in Fig. 1. With time step At = 1.0, all the PTI methods
discussed in this paper can give very accurate results. However, the
computational efforts are not the same. To illustrate the differences in
the computational cost, a larger time step Az = 10.0 is considered.
The comparison of the computational cost of the original PTI method
[4], the PTI method with expanded dimension [10], the PTI method
[8], and the two new PTI methods by response matrices with
expanded dimension is shown in Table 6. The results show that the
computing efficiency can be improved significantly by using the new
PTI method proposed in this paper. By making use of the symmetry
property, the PTI method by step-response, impulsive-response, and
Duhamel-response matrices with expanded dimension needs much
less computational effort.

2. Polynomial Excitation
Consider the following loading form

{r(} = e ({ro} +{ri} -1+ {ro} - 2 +{rs} - 7

+ g} -t {rsy P+ {rg) - 1) (75)
where o = 0.01.
froy=1{1. 2, 0, 1, 2, 0, ...} (76a)
{ri}=10"x{1, 2, 0, 1, 2, 0, ...} (76b)
{r,}=102x{1, 2, 0, 1, 2, 0 ...} (76¢)
{r;}=10"3x{2, 4, 0, 2, 4, 0, ...} (76d)
{rgy=10"x{2, 4, 0, 2, 4, 0, ...} (76€)
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6 - (At=1.0)

U200

results obtained by various PTI methods

N\

Time

Fig. 1 Time history of u,, in Sec. VIL.A (with linear excitation).

{rs}=10"x{2, 4, 0, 2, 4, 0, ...} (76f)
{re} =10°x{2, 4, 0, 2, 4, 0, ...} (76g)
As shown in Sec. III, the matrices [S,] and [S,] are given by
o -
1l o
2 o
[Si]= 3 «
4 «
5 «
o2 . amn
2 o?
2 4a o
[So] = 6 6a o
12 8a «a?
20 10a o
L 30 12a o |

A comparison of the computational cost is shown in Table 7. From
Table 7, by making use of the symmetry property, the PTI method [8]
is faster than the PTI method by step-response and impulsive-
response matrices with expanded dimension. However, the PTI
method by step-response, impulsive-response, and Duhamel-
response matrices with expanded dimension will cost less than the
PTI method [8], because the method proposed in this paper can also
make use of the symmetry property of the matrices. Furthermore, the
PTI method by step-response, impulsive-response, and Duhamel-

response matrices with expanded dimension will be more efficient
than the PTI method [§] with the increase of the number of excitation
terms. For example, Table 6 notes that the PTI method by step-
response, impulsive-response, and Duhamel-response matrices with
expanded dimension only saves 0.246 s in computational cost
compared with the PTI method [§] when the number of excitation
terms is two. From Table 7, the saved computational cost increases to
0.918 s when the number of excitation terms is seven.

3. Sinusoidal Excitation
Consider the following loading form:

{r(} = Z{ri}ti‘l(sin(t) + cos(1)) = {r} sin(z) + {r,} cos(7)
i=1

+ {r,}tsin(f) + {r,}tcos(f) + {r;}* sin(f) + {r3}> cos(t)

(78)
where
{r}={1, 2, 0, 1, 2, 0, ...} (79a)
{r,} ={0.1, 0.2, 0, 0.1, 0.2, 0, ...} (79b)
{r;} ={0.01, 0.02, 0, 0.01, 0.02, 0, ...} (79¢)

As shown in Sec. III, the matrices [S,] and [S,] are given by

Table 6 Computational effort to evaluate result uy att =10 s with Az =10.0 s and linear excitation in Sec. VILA (n =4, m =20, At =10.0 s,

N, =200)
Methods Order of computing equation Result uy, Computational cost, s
Original PTT method [4] First-order 9.09462099 149.475
PTI method with expanded dimension [10] First-order 9.09462099 111.520
PTI method by step-response and impulsive-response matrices [8] Second-order 9.09462099 53.492
PTI method by step- and impulsive-response matrices with Second-order 9.09462099 90.319
expanded dimension
PTI method by step-response, impulsive-response, and Duhamel-response Second-order 9.09462099 53.246

matrices with expanded dimension
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Table 7 Computational effort to evaluate result uy_atz =10 s with Af = 10.0 s and polynomial excitation in Sec. VILA (n = 4,m = 20, At =10.0 s,

N, =200)
Methods Order of computing equation Result uy, Computational cost, s
PTI method with expanded dimension [10] First-order 18.18160768 114.665
PTI method by step-response and impulsive-response matrices [8] Second-order 18.18160768 54.304
PTI method by step-response and impulsive-response matrices with Second-order 18.18160768 97.730
expanded dimension
PTI method by step-response, impulsive-response, and Duhamel-response Second-order 18.18160768 53.386

matrices with expanded dimension

Table 8 Computational effort to evaluate result uy_at¢ =10 s with A¢ =10.0 s and complex excitation in Sec. VILA (n =4, m =20, At =10.0 s,

N, = 200)
Methods Order of computing equation Result uy, Computational cost, s
PTI method with expanded dimension [10] First-order 3.49271662 112.060
PTI method by step-response and impulsive-response matrices with Second-order 3.49271662 95.826
expanded dimension
PTI method by step-response, impulsive-response, and Duhamel-response Second-order 3.49271662 53.306

matrices with expanded dimension

0 1 0
-1 0 0
1 0 0 1
[S:]= 1 =1 0 0
2 0 0 1
0 2 —1
(80)
-1 0
0 -1 0
0 2 -1 0
[S.]= -2 0 0 -1 0
2 0 0 4 -1 0
0 2 -4 0 0 -1

For such a complex external loading form, the particular solution will
be complicated. This example also compares the efficiency of the
current two new methods. The results are shown in Table 8. The
symmetry property can still be used in the PTI method by step-
response, impulsive-response, and Duhamel-response matrices with
expanded dimension. The PTI method by step-response, impulsive-
response, and Duhamel-response matrices with expanded dimension
is more efficient than the PTI method by step-response and
impulsive-response matrices with expanded dimension.

B. Example 2: Truss Structure with Six Layers and Three Lattices
Figure 2 shows a truss with six layers and three lattices. It has 28
nodal points, 60 truss elements, and 48 degrees of freedom. The
Young’s modulus of each element, whose transverse surface area is
5 x 1073 m?, is 200 GPa. In the truss structure, the height of each
layer and the width of each lattice are 3 m and 4 m, respectively. The

M _ 25 26 27 28

A (1)

.
' "2 &l T/_\ 2T/_\ (s},
VORVARY

Iy

51N N\T7| 8
— L xal ol
1 2 3 4

Fig. 2 Truss with six layers and three lattices, and the excitation.

lumped mass at each node of the truss is M; =500 kg
(i=5,6,...,28). The loading r(f) is a trapezoidal function as
shown in the Fig. 2, i.e.,

8 (t—iT) iT—L<t<iT+1
h iT+Li<r<iT+%
R(1) = 6l 2i 2 2i ;
—Fl—5T) T -g<1<*F T +g
—h AT 4 L<p<ZHT 41
i=0,1,2,...
(81)
The excitation can be approximated by a Fourier series [10] as
P
r(t)~ Y ajlsin(;1)] (82)
i=1
where
12h . (2i—1
L= Sin
G=icy s T
and

2
W, = (2i — 1)7”

In this example, h = 104, T = 6.0 s.

Normally, if the periodic excitation is described by piecewise
functions, the current PTI methods would approximate the external
load by Fourier series. The accuracy and efficiency therefore depends
on the number of Fourier terms being used.

The transient responses under periodic excitations can be
evaluated efficiently if the computing matrices need not be computed
for every period. In the present formulation, the excitation can be
separated into two parts [F] and {Z(#)} in every segment of the
piecewise excitation {r(¢)}. The matrix [S,] (or[S,]) is determined by
the time-varying function {Z(¢)}. If the function {Z(¢)} could be
modified so that the matrices [F] and [S,] (or [S,]) remain unchanged
in different periods, the response matrices need not be reevaluated for
every period. Hence, the response matrices evaluated in the first
period can be stored for other periods. Only initial conditions of
{Z(#)} may need to be modified.

In the following, two periodic external loading forms (continuous
and discontinuous) are considered. In Fig. 2, the general formula for
the first and fifth part of the piecewise function in every period is
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AT(D)

Fig. 3 Discontinuous periodic external loading form.

6h

T T
iT—g<t<iT—|—€, where T is the period and i =0,1,2,...
(83)

Let t* =t — iT, then r; can be rewritten as r; = (6h/T) - t*. The
matrix [F] and [S,] (or [S,]) are the same in every period when the
variable t* is used instead of variable r. Hence, the computing
matrices only need to be computed four times at most.

For discontinuous periodic external load, this transformation is
more useful because it is more difficult to get a good approximation
by using just a few Fourier terms. Figure 3 shows a simple
discontinuous excitation. The general formula can be written as

hy — hy

r1:h1+ T

t*, where t* =¢r—iT and i=0,1,2,...

(84)

The computing matrices calculated in the first period can be used
in the remaining computational process. The only disadvantage is
that the time-step size must be restricted according to the period. This
method can work well when the number of the subfunctions in the
piecewise function in one period is not too many. In fact, this method
can be used to reduce the computational cost in all PTI methods with
expanded dimension.

The time-step integration procedures used are the same as those in
Sec. VILA. For periodic excitation, more computational cost can be
saved by using the periodic property instead of Fourier series
approximation to the excitation. Here, only four sets of response
matrices need be evaluated in the whole computing process. The
computational costs are shown in Table 9. Although the two PTI
methods only do one step calculation with Fourier series
approximation, the computational effort still is very high. In the
PTI method with expanded dimension and the PTI method by step-
response, impulsive-response, and Duhamel-response matrices with
expanded dimension, the computational costs by using Fourier series
approximation are 17.815 and 3.995 s, and are about five and six
times more than the cost by using the periodic property, respectively.
This example also further demonstrates that the PTI method by step-
response, impulsive-response, and Duhamel-response matrices with
expanded dimension are more efficient than the PTI method with
expanded dimension [10].

VIII. Conclusions

The PTI method in [§8] is further developed in this paper. The
second-order equations are tackled directly without transforming to a
system of equivalent first-order equations first. To simplify the
computational algorithm, the nonhomogeneous second-order
equations are transformed into homogeneous second-order
equations by expanding the dimension of the matrices. The PTI
method by step-response and impulsive-response matrices, and the
PTI method by step-response, impulsive-response, and Duhamel-
response matrices with expanded dimension, are proposed in this
paper. These two new PTI methods are more efficient than the
original PTI method in [8] and the PTI method with expanded
dimension in [10]. In the PTI method by step-response, impulsive-
response, and Duhamel-response matrices with expanded
dimension, the symmetry property can still be used to reduce much
computational cost. Numerical examples have been used to illustrate
the improvement in computational efficiency.
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