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Abstract. In performing the dynamic analysis, the step size used in a step-by-step integration method
might be much smaller than that required by the accuracy consideration in order to capture the rapid
changes of dynamic loading or to eliminate the linearization errors. It was first found by Chen and

Robinson that these difficulties might be overcome by integrating the equations of motion with respect to
time once. A further study of this technique is conducted herein. This include the theoretical evaluation
and comparison of the capability to capture the rapid changes of dynamic loading if using the constant
average acceleration method and its integral form and the exploration of the superiority of the time

integration to reduce the linearization error. In addition, its advantage in the solution of the impact

problems or the wave propagation problems is also numerically demonstrated. It seems that this time
integration technigue can be applicable to all the currently available direct integration methods.
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1. Introduction

The direct integration method (Bathe and Wilson 1973, Hileeral 1977, Houbolt 1950,
Newmark 1959, Park 1975, Zienkiewicz 1977) is the most widely used technique for nonlinear
dynamic analysis and its computational effort is closely related to the size of time step. This is
because that the use of a smaller time step will involve more computation steps for a given duration.
However, the size of time step cannot be chosen arbitrarily. In fact, the size of time step for direct
integration methods is constrained by:

(1) the presence of high-frequency modes,

(2) the rapid changes of dynamic loading,

(3) the abrupt changes in stiffness due to yielding or unloading, and

(4) the smooth variation of restoring force due to material and/or geometric nonlinearities.

Therefore, how to treat these difficulties is very important in practical applications. The causes of
the difficulties and the available techniques to deal with the constraints can be found in Reference
(Chang 1994 & 1996, Changt al. 1998, Chang 1996, Chen and Robinson 1993). It is very
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promising to convert the second-order differential equations of motion into the first-order equations
by integrating it with respect to time once as the new governing equations of motion in performing
the direct integration. In fact, the conversion of equations of motion may automatically overcome
the constraint (2), (3) and (4) and will be further investigated herein. This time integration technique
originated from the development of the successive symmetrical quadratures method by Chen and
Robinson (1993).

In earthquake engineering, the external force is generally expressed in terms of ground
acceleration, which is usually a very rapidly changing function of time. It would then be assumed
that the size of integration time step must be chosen so small that the rapid changes of dynamic
loading can be captured. For a low-frequency input, there might be no limitation on the size of
integration time step to trace the rapid changes of external excitation accurately. However, for a
high-frequency input, a time step that is much smaller than that required by accuracy consideration,
might be needed. Time integration of the equations of motion leads to the integration of external
forces. Thus, the jagged character of the applied loading is removed from the integration process. If
the external force is expressed in terms of ground acceleration, the time integral of this external
force will be in terms of the ground velocity that is much smoother than the ground acceleration.
The trapezoidal rule can be used to compute the time integral of external force for earthquake inputs
before the step-by-step integration is performed.

In the direct integration methods, the whole process is approximated by a series of successively
changing linear systems. In this procedure, the response is computed for a series of short time steps.
Dynamic equilibrium is imposed at the start and the end of each time step. That is, the structural
properties corresponding to the current deformed system is computed at the beginning of each time
step in order to approximate the nonlinear behavior. Therefore, larger errors might be introduced if
an abrupt change of material properties during the time step is not exactly captured or the smooth
variation of the restoring force is not realistically reflected due to the presence of material and/or
geometrical nonlinearities (Chang 1994, Chastgal 1998, Chen and Robinson 1993). Abrupt
changes of material properties may occur when the structural elements yield or are unloaded.

Abrupt changes in stiffness may result in significant errors in nonlinear dynamic analysis when a
large time step is used. In addition, the smooth variation of the restoring force for nonlinear systems
might lead to inaccurate solutions or even instability for a large time step even though the
integration schemes are unconditionally stable for linear systems. Thus, it is very important to
reduce the errors introduced by the assumption that the structural properties remain constant during
each time step. Time integral of the restoring force is employed to replace the restoring force as the
equations of motion are integrated with time. This indicates that the integral of restoring force is
responsible for the approximation of the nonlinear behavior of the system. Obviously, it can provide
more realistic simulation of the nonlinear behavior than the use of restoring force since the time
history of resistance within each time step is entirely taken into account.

The detailed application of the time integration technique to the Newmark method is presented.
The superiority of the time integration for the step-by-step integration procedure will be further
studied numerically and/or theoretically. At first, the capability to capture the rapid changes of
dynamic loading for the use of the constant average acceleration method and its integral form is
theoretically evaluated and thoroughly compared. Meanwhile, the linearization errors occurred in a
nonlinear system will be schematically sketched and compared for the original and integral forms.
In addition, some numerical examples are used to demonstrate the advantages of the time
integration of equations of motion.
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2. Integral form of Newmark method

In the dynamic analysis, a structural system can be idealized as a discrete model. The equations of
motion for the discrete structural model are generally expressed by a set of second-order ordinary
differential equations and can be written in a matrix form as:

MU+ Cu+Ku = f )

where M, C and K are the mass, viscous damping and stiffness matrices, and ti are the
vectors of displacement, velocity and acceleration, respectively, iarttie applied force vector.

For simplicity, only a linear single-degree-of-freedom system is used to illustrate the application of
the time integration technique to the Newmark method. The equation of motion for a single-degree-
of-freedom system can be written as:

mi+cu+ku = f 2

wherem, ¢, and k are the mass, viscous damping and stiffiess, andd are the displacement,
velocity and acceleration, arfids the external force. For a nonlinear system, it is more appropriate to
use the restoring force to replaceku since the stiffness is no longer a constant in the nonlinear
range. The initial value problem for Eqg. (2) is to find a solutienu(t) having the given initial
conditions:

u(0)
u(0)

do
Vo 3)

where d, is the initial displacement ang is the initial velocity. To start the process, the initial
acceleration can be computed fraif0) = [f(0) —cu(0) —ku(0)]/m

The Newmark method (1959) can be used to solve the above initial value problem and has the
following formulation:

M1+ CVpyy + KAyiy = iy
Aoy = Ao+ (A)V, + (At)z[% ~ o+ ﬁanﬂ}
Viir = Vot (AY[(1-y)a,+ yan.] 4)

whered,, v, anda, are the approximations of displacement, velocity and acceleration, respectively.
The subscriptr{) indicates the time step at n(At). The numerical characteristics of this method

are controlled by the parametggsaandy. If =0 andy= 1/2, this method reduces to the Newmark
explicit method which is often used in pseudodynamic tests. The most commonly used constant
average acceleration method for the nonlinear dynamic analysis also can be obtained by simply
setting3= 1/4 andy=1/2.
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If the equation of motion, i.e., Eq. (2), is integrated with respect to time oncetdrtont, it
becomes:

mu+cu+ku = f (5)

where mi(to) + cu(ty) + ku(t) = f (t,) is assumed, and ard are introduced to represent
the time integral of displacement and the time integral of external force, respectively. In order to be
consistent with the use of=ku, the symbolr = ku s introduced to represent the time integral

of restoring force for a nonlinear system. The initial value problem for Eqg. (5) becomes to find a
solution u = u(t) having the same given initial conditions shown in Eq. (3). In this case, the initial
value of the time integral of restoring force can be evaluated () = [f (0) — mu(0) —cu(0)]

The initial value f (0) for an earthquake input can be taken to be zero since in the first few steps
the amplitude of an ground acceleration record is almost zero while for an analytical expression of
external force, it can be obtained mathematically. For exampl})if= asin(w't) is assumed,
one hasf (t) = —(a/ w')cos(w't) . Thusf (0) = —(a/w’) at=0. The Newmark integration
method also can be applied to solve this integrated equation of motion with a slight modification
and can be expressed as:

mVn+1 + Cdn+l + ksﬂ+1 = ?n+l
Swer = S+ (B0 + (807 5~ A + B
dn+1 = dn + (At)[(l_y)vn + yVn+l] (6)

wheres, is used to denote the approximationddt,) , the theoretical integral of the displacement
at t = t,. Unlike the currently available step-by-step integration methods, the time integral of
external force is used to take place of the external force in this formulation.

It should be mentioned that the application of time integration technique to a step-by-step
integration method is entirely different from the algorithms developed by O.C. Zienkiewicz where a
finite element-weighted residual approach is applied in the detailed derivations (Zienkiewicz 1977 &
1977). In that approach, a specific shape function is employed to derive a specific direct integration
method and there is no conversion of equation of motion from the second-order to the first-order. In
addition, all the algorithms developed by O.C. Zienkiewicz are used to solve the equations of
motions while the integrated equations of motion are solved by the proposed step-by-step integration
method.

3. Implementation of the integral form of Newmark method

In order to demonstrate the practical applications of the integral form of Newmark method in the
time history analysis, a possible implementation of the algorithm is sketched. The following detailed
implementation of the algorithm is constructed for a single-degree-of-freedom system. However, it
can be extended to a multi-degree-of-freedom system easily.

In Eq. (6), the second and third equations can be rewritten in terqs @ind substituted into the
first equation. Thus, the following equation, which will determihe, can be formulated after
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some algebraic manipulations:
Wd,, = b (7)
where

1 ﬂ_)
w y(At)m c+ k (8)

and

1
-3
b= Fou _ksn+[%%lj EB—Y%(At)de " ;VE}NE y2 ékAt)Zk v, ()

Next, the velocity termv,.; can be computed from the third equation of Eq. (6) and the time
integral of displacemerd,.; can be obtained from the first equation of Eq. (6). This procedure is
almost the same as that of the original form of the Newmark method for a linear system, except the
changes of parameters from acceleration, velocity, displacement and external force to velocity,
displacement, the time integral of displacement and the time integral of external force, respectively.
Thus, there are no extra computational efforts required for this implementation except the time
integral of external force. For a nonlinear system, Eq. (9) can rewritten as:

. B-vy B-1y
- F - V 2 2
b= frr—T,+ y(At) (At)r + v my, + (At)2kv, (20)

In this expression, the restoring force can be obtained from the computed displacement and then
be integrated to yield the time integral of the restoring force. If the variation of the resistance within
each time step is to be considered, more computational efforts are required in nonlinear dynamic
analysis. This will be thoroughly discussed later.

4. The smoothing effect of time integration

The numerical characteristics of the constant average acceleration method and its integral form are
evaluated in terms of solutions it generate for a simple pilot problem in vift)chZsin(c't) in
order to have an insight into the smoothing effect of time integration. The sgnddie amplitude
and ' is the circular frequency of the harmonically varying load.

The numerical solutions obtained by using the integral form of the constant average acceleration
method can be rewritten in a recursive matrix form (Bathe and Wilson 1973, Bathe 1982,
Belytschko and Hughes 1983, Hilbetral 1977, Hughes 1987, Zienkiewicz 1977):

— — —_ —_— n —
Xns1 = AXn+Lfper = AMD X o+ ZA(”_i)Lle (11)
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where X,, is defined as:
B Sy
Xn = | (At)d, (12)
(At)2v,

and f; is the time integral of the given sinusoidal force and it is:

fi=—

OZ)* cos(w't;) (13)

The amplification matriA and the load factdr are found to be:

1 4 4 1
A= T 0p|2Q2 4-Q2 2 (14)
—4Q2 —4Q2 -Q2
and
Q2 !
L = K@+ 07 2 (15)
4

in which Q = w(At) and w is the natural frequency of the single-degree-of-freedom system. It is
worth noting that at the beginning of motion the integral of external force is not equal to zero and is
found to be fo = =2/« which is derived from Eq. (13)tatto=0. Thus, for the case df=0
andvgy = 0, the initial value of the time integral of displacement is found to be:
1 - Z
S = R(fo—mvo—cdo) = K (16)

This implies Xo = [-Z/(ka'), 0, Q]T .

To evaluate the characteristics for capturing the harmonically varying load, it is desirable to obtain
from Eqg. (11) a closed-form expression for the displacement. By means of spectral decomposition
(Strang 1986) of the matrik, one can obtain from Eq. (11) that

(At)d,., = [acos(nQ) + bsin(nQ)] + ;<(4ZTQ;2) [
+ E:{ccos[(n—i—l)ﬁ] +dsin[(n—i-1)Q]} fiss (17)

where Q = w(At) and the apparent numerical frequemcy  is given by the following equation:

— 1 4Q
w = ZttanaTmE (18)
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The coefficientsa, b, ¢ and d, which are determined from Eq. (11) by matching the initial
conditions, can be expressed as:

. —16Q3
~ k(4 + Q)2 (19)

After substituting Eqg. (19) into Eq. (17) and some algebraic manipulations, Eq. (17) becomes:

dros = EE Aesinl (n +1)Q'] - Blyesinl (n + 1)0]} (20)
where
Qsin(Q)sin(Q")
2Q°[co(Q") — cos(Q)]

B - Q1+ cos(ﬁ)][l—COSSQ*)] (21)
2Q"[cog(Q") — cos(Q)]

i —
Aave -

in which the subscriptag and the superscript) (combine to stand for the use of the integral form
of the constant average acceleration method to yield the discrete solutions.

The closed-form expression for the displacement using the constant average acceleration method
also can be derived by the same procedure. As a result, the recursive numerical solutions obtained
by using this integration method are:

n
X1 = AX, + L = AMDX, + ZA(”—i)Lfi+l (22)
|:
whereX,, andf; are:
dy
Xn = (At)Vn (23)
(At)2a,

and

fi = Zsin(w't;) (24)
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For the case of free vibration, one h&s = [0, 0, QT . Finally, for this free vibration case, the
closed-form expression for the displacement can be derived from Eqg. (22) and is:

dros = EEH Awesin[(n + 1)Q°] - Bysinf (n + 1)Q]) (25)

where

sin(Q) Bsin(Q) + tan%ﬁgcos(g*) _cos(Q)]F
0 0

Aave = —
2[cos(Q") — cos(Q)]

_ __sin(Q)sin(Q")
2[cos(Q") — cos(Q)]

(26)

in which the subscriptag€ indicates that the discrete solutions are obtained from the constant
average acceleration method.

The exact solution of the single-degree-of-freedom system subjected to the harmonically varying
load of f(t) = Zsin(w't) can be obtained by the analytical method (Clough and Penzien 1967) and
is equal to:

d(t) = EHA..sin(61) - Bygsin(at)] (27)
where
_ Q2
Aexa - QZ—(Q*)Z
_ QQ*
Bexa = Q- (02 (28)

The subscriptegxd represents that the analytical method is used to solve the equation of motion.
Since the solution is composed of the steady-state component and the transient component of the
response, the weight of each component will play an important role in the total effect. Therefore, it
is very important to estimate each contribution to the total response. For this purpose, the
contribution coefficient<Cs and C; which correspond to the steady-state response and the transient
response, respectively, are defined as follows:

Aud
Ce = ———
S = Ao * |Bord

Bexd
C; = —————— 29
"= Bod + 1B (29)

It should be mentioned that the contribution coeffici«@ysnd C; generally do not represent the
realistic contributions for the transient and the steady-state responses, respectively, since only the
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absolute amplitudes are considered. However, they still can provide a very valuable information for
the two response components of the total effect. If we define the response contributiBrasaiip
over Cg, the following relationship can be found:

G T
R = C.o T (30)
This indicates that the response contribution rRtis equal to the ratio of the natural vibration
period of the systenT to the applied natural period of the given harmonic loadihgin this
expression, it is likely to be true that the transient response is greater than the steady-state response
if the natural vibration period is larger than the natural applied driving period and vice versa.
In order to evaluate the capability to capture the rapid changes of dynamic loading possessed by
the constant average acceleration method and its integral form, four relative amplitude errors are
defined as follows.

Aave ‘ Bave ‘
ve= 221, Tae= -1
R vt LS
i Aiave ‘ i Biave ‘
ve= |21, Toe= -1 31
Sa e Aexa ave Bexa ( )

The symbolsT and S are introduced to stand for the relative amplitude errors for the transient
response and the steady-state response, respectively. The supeisdifptes the integral form of
the integration method. For examp8i,. is the relative amplitude error for the steady-state response
if using the integral form of the constant average acceleration method. By substituting Egs. (21),
(26) and (28) into Eq. (31), it can be found tfigt is exactly equal t&... All the four relative
amplitude errors defined above are plotted in Figs. 1 to 6 for the valles M4, 1/2, 3/4, 2.5, 5,
and 10. Figs. 1 to 3 are in the caseRok 1 and Figs. 4 to 6 are in the caseRof 1. For all the
figures, the topx-axis represents the value &f/T and the bottonx-axis is used to represent the
value of At/T". It will be automatically assumed that only the interval Aif T < 0.056 is
considered in the following discussions since in this interval the constant average acceleration
method and its integral form can provide an accurate solution with a relative period error less
than 1%.

It can be found from Figs. 1 to 3 that all the four relative amplitude errors for a given vait/@ of
increase with the value @& from 0 to 1. This clearly indicates that, for both integration methods,
the capability to capture the rapid changes of sinusoidal force is decreased as the Wilue of
increases from O to 1. All the three figures also show that, for a given valMéTpthe relative
amplitude errors of the integral form of the constant average acceleration method are larger than that
of the constant average acceleration method both in the steady-state response and in the transient
response. This means that for a same time step the constant average acceleration method provides
more accurate results than that of its integral formRerl. However, for a same time step, the
integral form of the constant average acceleration method still can give comparable results as that
obtained from the constant average acceleration method. This can be explained by two
considerations. First, for a sm&ll (sayR< 1/2), all the relative amplitude errors are very small for
both direct integration methods. Secondly, the difference of the relative amplitude errors in the
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RelativeAmplitude Error

Fig. 1 Variation of relative amplitude error fBr=1/4
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transient or the steady-state response between the two integration methods becomes smaller and
smaller ask increases from 0 to 1. It also can be seen thaR forl the relative amplitude error for
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the transient response is greater than for the steady-state response for both integration methods.

On the contrary to the case Bf< 1, the relative amplitude errors of the integral form of the
constant average acceleration method are less than that of the constant average acceleration method
both in the steady-state and in the transient respons&s>fdr as shown in Figs. 4 to 6. This is the
key factor to give the integral form of the constant average acceleration method a better capability to
capture the rapid changes of harmonic loading than that of the constant average acceleration
method. In addition, this effect becomes more significant as the vaRéetomes larger. This is
because that the curves 8o Tae andSi,. move upward with the increase Rfwhile the curve of
Tl is almost invariant wittR for At/T<0.056. It should be mentioned here that “the larger the
value ofR, the more contribution from the transient response” is also an important factor to explain
this effect. In the case & > 1, for a given value aht/T, the relative amplitude error for the transient
response less than that for the steady-state response for both integration methods is also observed.

It has been found that for both integration method3si# Cr (R< 1) thanT,e> Swe (Thve> Shve
and if Cs<Cr (R>1) than Tue< Swe (The<Sho. Obviously, this effect is in favor of both
integration methods for accurate integration of the structural response since a large relative
amplitude error always corresponds to a small contribution coefficient and a small relative amplitude
error is always correspondent to a large contribution coefficient for any vaRie of

As a summary of this study, the constant average acceleration method and its integral form have
about the same capability in capturing the variation of harmonic loadify<far However, foR > 1
this capability possessed by the integral form of the constant average acceleration method is better
than that of the constant average acceleration method, especially for a large #Ralue of
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5. The upper bounds of At/T for accurate integration of linear systems

In order to investigate the advantages of using the integral form of the constant average
acceleration method in performing the step-by-step dynamic analysis, the upper baufidas a
function of R for linear systems is explored for both integration methods, using a specific required
accuracy. We would like to establish this upper boundMéT so that the period distortion is not
greater than 1% and the amplitude growth or decay is less than 3% after ten times of the period of a
single-degree-of-freedom system.

For this purpose, the response of a single-degree-of-freedom system subjected to a harmonically
varying load is computed by using the constant average acceleration method and its integral form.
The natural period of the system is designed to be 1 sec. The motion starts from the rest and the
sinusoidal force is given as:

f(t) = 5005in%’ftg (32)
The results for the upper bound A&f/T for accurate integration of a linear single-degree-of-

freedom system subjected to a sinusoidal force are depicted in Fig. 7 where least-squares fit with

fixed knots is used to produce the two curves. Obviously, for both integration methods, the

capability to trace the rapid changes of dynamic loading highly depends upon the vRlug ief

clear that these two curves drop very sharply fRm 0 toR = 1, then increase less steeply until

R = 2 for the constant average acceleration methodRand for the integral form, finally they both

decrease gradually. It is worth noting that there is a big spilRe chsses to 1 for both integration

methods. This might be due to the resonant effect.

— Averagé Acceleration :Method !
|-~ Integral Form of Average Acceleration Mcthod

Upper Bound of At/T
w
o
Il
:

0.0 T T T T T T T T T
0.0 20 40 60 80 100 120 14.0 160 18.0 20.0

R=T/T

Fig. 7 Upper bound oht/T versusT/T"
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In general, for accurate integration of linear systems, both integration methods have roughly the
same upper bounds At/T in the range oR< 2. On the other hand, f&> 2 the integral form of
the constant average acceleration method has larger upper bounds than that of the constant average
acceleration method and this phenomenon seems to become more significant with the inGease of
This clearly indicates that using a same time step the integral form of the constant average
acceleration method possesses better capability to trace the rapid changes of harmonic loading than
that of the constant average acceleration methd@l>a® while for R< 2 both integration methods
can provide almost the same accurate solutions. These upper bounds obtained here are in good
agreement with the theoretical study results in the above section.

This figure also shows that to yield reliable solutions based on this criterion, the size of time step
is almost controlled by the capability to trace the rapid changes of dynamic loading and not by the
linear accuracy consideration. This is because that almost all the upper boiis fof accurate
integration of linear systems subjected to a harmonic load are less than 0.056. For thé\ddse of
= 0.056, the constant average acceleration method and its integral form will introduce 1% of the
relative period distortion error that is the maximum value of the criterion to construct these upper
bounds. It should be mentioned that for nonlinear systems the presence of nonlinearity is also a very
stringent constraint in the size of time step. In fact, in general, for a highly nonlinear system, it
might use a time step much smaller than that required by the accuracy consideration or the
capability to capture the rapid changes of dynamic loading to reduce or eliminate the linearization
error (Chang 1994).

6. Numerical examples

In the following investigations, some linear examples are proposed to illustrate the advantages of
using the integral form of the constant average acceleration method in tracing the rapid changes of
dynamic loading. It should be mentioned that the use of linear systems is intended to avoid dealing
with the difficulties caused by the abrupt changes in stiffness due to yielding or unloading or the
smooth variation of resistance due to material and/or geometric nonlinearities. The loading cases for
a harmonically varying load, an earthquake load and an impact load are considered.

6.1 Example(1). A harmonic input

The single-degree-of-freedom system and the sinusoidal force used previously in the development
of the upper bounds dt/T are also employed here. The applied natural pdfio set to be 0.1
sec and, thusR=10 for T=1sec. The forced vibration responses obtained by using both
integration methods are shown in Fig. 8. The numerical results are considered axaitte “
solutions if using the constant average acceleration method with a time step of 0.005sec. The
integral form of the constant average acceleration method provides very accurate results by using a
time step of 0.025 sec while for this time step the solutions obtained from the constant average
acceleration method are deviated significantly from the exact solutions. This can be explained by
Fig. 7. It indicates that to obtain reliable results =10 by using the constant average
acceleration method, the size of time step must be less than 0.008 sec. In other words, in this case
the constant average acceleration method requires a time step about one-third of that used by the
integral form of the constant average acceleration method to yield an accurate result.
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Fig. 9 Response of a SDOF system subjected to El Centro EQ

6.2 Example(2). An earthquake input

In this example, a single-degree-of-freedom system whose period is 1.5 sec is considered. The
system is subjected to the 1940 El Centro earthquake record by scaling its peak ground acceleration
to 0.25 g. This corrected accelerogram has been presented as values given every 0.02 sec. The time
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Fig. 10 Effect of time integration for digital data

history response of this system is shown in Fig. 9. The solutions obtained from the constant average
acceleration method using a time step of 0.02 sec are considerezkaad’ ‘solutions. Both
integration methods are also employed to perform the dynamic analysis with a time step of 0.04 sec.
The sub-step size of 0.02 sec is used to obtain the time integral of external force for the application
of the integral form method. Again, the integral form of the constant average acceleration method
gives very accurate solutions while a very significant amplitude growth is observed by using the
constant average acceleration method. This is due to the fact that the digital data with a high-
frequency content has been smoothed out and an extra data point within the time step was taken
into account by the procedure of time integration for using the integral form of the constant average
acceleration method.

Fig. 10 is used to schematically illustrate the effect of the time integration of a set of digital data.
All the data points connected by solid lines have the equal time interval of 0.02 sec and those
connected by dotted line are 0.04 sec. The upper plot shows the assumed ground acceleration data
points and the corresponding ground velocity data points are shown in the lower plot. The velocity
data are obtained from integrating the acceleration data with time once using the trapezoidal rule
with a time increment of 0.02 sec. It is clear that the changes of the acceleration data or velocity
data can be entirely captured if the step size of 0.02 sec is used to perform the time integration. On
the other hand, if the time step of 0.04 sec is used, the characteristics of the acceleration data as
indicated by the dotted line in the upper plot are totally misleading. Meanwhile the characteristics of
the velocity data as shown by the dotted line in the lower plot still can be simulated very reliably.
Obviously, this is because that the middle data point is not considered for the acceleration while it is
taken into account for the velocity through the time integration.

6.3 Example(3). An impact problem

The impact problem for a one-dimensional uniform steel bar with one end fixed and the other end
free is considered. The bar is initially at rest and the tip loading is imposed at the free end. Fig. 11
shows the bar and the shape of the half-sine impulse whose maximum ampliRgdel300 N
and the loading duration ts= 1.0 x 107 sec. The structural properties of the steel bar/are625
mm?, E=2.0 x 18 N/mn?, p = 8.0 x 10° N-se&mm’* andL = 500 mm.

The steel bar is modeled by using 40 truss elements and its highest frequency is found to be
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Fig. 11 Stress time history at the fixed end for the steel bar

8.0 x 10 rad/sec. Unlike the structural dynamic problems where only the low frequency modes are
of interest, all the modes must be integrated accurately to obtain reliable results for the impact
problem since for an impact problem the response contributions from the high frequency modes are
also very important (Belytschko and Hughes 1983, Clough and Penzien 1967). Both the constant
average acceleration method and its integral form are used to solve the impact problem. In Fig. 11,
the results obtained from the constant average acceleration method with the step size of 4e&x 10

are considered asXact’ solutions. The constant average acceleration method with the use of a
time step of 5.0 x I8 sec cannot provide accurate results while the integral form of the constant
average acceleration method usingj= 3.0 x 107 sec still gives acceptable solutions. This is
because that the time integral of external force can effectively capture the characteristics of the
external force even though the step size is 3 times of the duration of the short impulse. It is worth
noting that it is impossible for any currently available integration methods to use a step size bigger
than the duration of an impulse to yield accurate results. The CPU time for each case is listed

below:

Case Integration method Time step CPU
1 Ave. Acc. method At=1.0x108 129.25 sec
2 Ave. Acc. method At=5.0x 108 26.29 sec
3 Integral form of A.A.M. At=3.0x 107 4.17 sec

It is clear from this table that the saving of computational efforts for the integral form of constant
average acceleration method is very significant.

The improved capability in capturing the rapid changes of dynamic loading for the integral form
of the constant average acceleration method is manifested by the three numerical examples. The
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favorable smoothing effect of time integration eliminates the need of using a very small time step to
capture the rapid changes of dynamic loading.

7. Linearization errors

In the step-by-step integration, the errors introduced by the assumption that the structural properties
remain constant during each time step will be termgedrization errors. These errors will be
carried to subsequent computations. Consequently, the numerical result in any step depends upon an
interaction from every previous step. Owing to this cumulative error propagation effect and the large
number of steps, numerical results may diverge significantly from the correct solutions, even though
errors introduced in a single step are relatively small. In a linear system, there will be no linearization
error since the actual structural properties of the system are actually constant in a time step, which is
consistent with the basic assumption of linearized approximations. On the other hand, for a nonlinear
system the linearization errors may be caused by the rapid changes in stiffness due to yielding or
unloading or the smooth variation of resistance due to material and/or geometric nonlinearities.

In the currently available direct integration methods, this linearization problem is, in general,
overcome by using a very small time step or by using an iterative procedure where the structural
properties are updated in the time interval to reduce or eliminate the linearization errors (Chang
1994). It seems that the time integration technique can provide a new way to deal with the
linearization problem since the variation of restoring force within each time step can be taken into
account appropriately through the time integration of the restoring force. Fig. 12 schematically
explores the advantage of using the time integration technique. In this figure, the big arc area is the
linearization error occurred in tha € 1)-th time step if the variation of the restoring force within
the step is not taken into account. On the other hand, if the original time step is subdivided into 3
equal sub-steps, the linearization error will be significantly reduced to the sum of the three small arc
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L ¥
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Fig. 12 The smooth variation of the restoring force
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areas. This is because that the restoring foregs,, s rang , are considered in the
computations of the time integration of the restoring forces.

In order to illustrate that the time integral of the restoring force can effectively reduce linearization
errors, we consider an undamped single-degree-of-freedom system whose mass is 1 kg and stiffness

is taken as a function of displacementith the unit ofN/m. In fact, the stiffness is
k = 41+ au”) (33)

where 47 is the initial stiffnessa is the coefficient of the nonlinear structural stiffness pis an
integer exponent that describes the nature of the nonlinearfyislfeven, the system possesses a
hardening characteristic for positive and a softening characteristic for negativeThe external
force is given a$(t) = 50 cos(1E)N.

The displacement responses for a hardening systenpwithanda = 0.1 and a softening system
with p=2 anda =-0.05 are plotted in Figs. 13 and 14, respectively. In this example, two different
cases as indicated in Fig. 12 are considered for the computation of the integration of the restoring
force when the integral form of the constant average acceleration method is employed. The
following equations are obtained from the direct applications of the trapezoidal rule and will be
used to compute the time integral of restoring forge,

Scheme (&) Ty = Tt 5(A(f+ Foar)

_ _ 1
Scheme (b) T = To+ E(At)%n + 2rn+% + 2|rn+§ + rn+1g (34)

At=0.01, Average Acceleration Method
****** At=0.03, Average Acceleration Method

- At=0.03, Integral Form of A.A.M. - - - Scheme (a)
""""""" At=0.03, Integral Form of ALA.M. - - - Scheme (b)
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Fig. 13 Response of a hardening systent f@r= 50 cos(1f)
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Fig. 14 Response of a softening systemf {gr= 50 cos(16)

where 2the termsr,,,,3 and,,. s each represents the restoring forde tat %(At) and

t=t,+ §(At), respectively. Scheme (a) implies that only the restoring forces at the beginning and the
end of the step are taken into account while for the use of Scheme (b) two extra values of the
restoring forces are used to computg ; . In Figs. 13 and 14, numerical solutions obtained from the
constant average acceleration method with a time step of 0.001 sec are consideseactas “
solutions. The results obtained from the constant average acceleration method and its integral form
using Scheme (a) lead to unreliable results for both the hardening and softening system. Meanwhile
the integral form of the constant average acceleration method with Scheme (b) gives very accurate
results for both hardening and softening nonlinear systems. This indicates that the time integral of the
restoring force can effectively reduced the linearization errors. This is also very promising in
performing a pseudodynamic test since the restoring forces can be experimentally measured several
times or even continuously within each time step and then be integrated to obtain the time integral of
the restoring forces. The detailed explanations are in the next section.

7. Applications to pseudodynamic testing

The pseudodynamic method (Shing and Mahin 1984) is to solve the governing equations of
motion by using a step-by-step integration method with experimental testing. This method is very
similar to the conventional time history analysis using a direct integration method. A test specimen
is first idealized as a discrete system such that the equations of motion for the system can be
formulated. The inertial and viscous damping properties of the test structure are analytically
formulated such that the dynamic characteristics of the system can be accurately represented.
During a pseudodynamic test, the equations of motion are solved by means of a step-by-step
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integration procedure. The displacements computed in each time step are imposed upon the test
structure quasi-statically through servo-hydraulic actuators. The restoring forces developed by
structural deformations are then measured by using load transducers, and are fed back to the next
step displacement computations (Shing and Mahin 1984 & 1987 & 1990). This clearly indicates that
the use of mathematical models of structural components to mimic the force-deformation
relationships of the test structure is not required. In this procedure, an on-line digital computer is
employed for all the numerical computations and experimental control.

Unlike the nonlinear dynamic analysis, nho computation of the restoring force is needed in
pseudodynamic tests since the restoring force within each time step can be experimentally measured
many times or even continuously through a data acquisition system and be integrated to yield the
time integral of the restoring force. Therefore, the variation of the resistance within each time step is
totally considered and the linearization errors can be significantly reduced or eliminated. This
advantage and the smoothing effect will make the time integration technique be very promising to
improve the accuracy of a pseudodynamic test. In fact, it has been very successfully implemented in
an actual test (Chargt al. 1998, Chang 1996).

8. Conclusions

In performing the step-by-step time history analysis, the superiority of solving the integrated
equations of motion over the very commonly used equations of motion is further investigated in this
paper. The capability to capture the harmonic loading for the use of the constant average
acceleration method and its integral form is analytically evaluated and compared. Analytical results
indicate that this capability for the integral form of the constant average acceleration method is
much better than that of its original form. In addition, both are closely related to the ratio of the
natural vibration period to the applied driving period. Thus, the smoothing effect of time integration
is analytically confirmed since any dynamic loading can be considered as a combination of a series
of harmonic loadings. It is also illustrated that it is possible to use a time step that is larger than the
loading duration of an impulse in the solution of an impact problem or a wave propagation problem
if the time integration technique is applied. This implies that the time integration technique is also
very competitive in the time history analysis of impact problems or wave propagation problems.
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