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The actual behavior of structural systems subjected to
severe earthquakes is dynamic and nonlinear. Time history
analysis using a step-by-step direct time integration method
and an iterative method for nonlinear solution is the most
powerful method to analyze the initial value problems
defining the dynamic nonlinear behavior of structural
systems, especially when the external load is because of a
severe earthquake. After discretization in space by methods
such as finite or boundary elements, the ordinary initial value
problem defining the above-mentioned nonlinear dynamic
behavior can be expressed as:

Mii+f =1 ()
u(t =0)=u,
u(t=0)=u,
£ 0 =0) =1,

Q<0

0<t<t,,

(1)

In Eq. (1), M is the mass matrix, u is the vector of unknown
displacements, f;, is the vector of unknown internal forces,

f (t) is the vector of external forces, ¢ implies the independent

variable (time), ¢, is the time duration of the dynamic
behavior, each top dot implies once differentiation with respect
to time, and ‘0’ as a right subscript implies that the argument

is at its initial condition, i.e. the status at # =0. As implied
above, together with an iterative method for nonlinear solution,
time integration defines the most versatile approach for
analyzing Eq. (1), and the parameter with most effectiveness
on the results of this analysis, especially on the accuracy of the
response, the analysis run-time, and the computational effort, is
the integration step. The broadly accepted relation suggesting a
value for the integration step is as follows:

At = Min(Atcr,T, fAz]
v4

10 When the behavior is linear
100

1000 When the behavior is nonlinear and involved in impact

2

7= When the behavior is nonlinear but not involved in impact

where, At is the upper-bound to preserve numerical stability,
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as well as consistency, 7 is the smallest period with notable
contribution in the target response, and ,A¢ implies the step

at which the external forces (the f (t) in Eq. (1)) is digitized.

This study has shown through various numerical tests,
that the results of Eq. (2) can be insufficient and unnecessary
for the accuracy of the target response. The numerical
observations are compared with the scattered data reported
in the literature. In view of the consistency between the
tests and the existing data, the phenomenon is studied
theoretically and its reason is explained. In brief, though
the main parameter affecting the results of analysis of Eq.
(1) is the integration step, for nonlinear analyses, there are
other contributors, with considerable effects, as well; e.g. the
tolerance of nonlinear iterations.

The consequence of studying the existing nonlinearity
using an iterative nonlinear solution method is nonlinearity
residuals at the integration stations where nonlinearity
is detected. This is regardless, of using implicit/explicit,
single-/multi-step, single-/multi-stage unconditionally/
conditionally stable . . . integration method, the method
used for nonlinear solution, and the tolerance of the iterative
nonlinear solution. Therefore, at the steps after the detection
of nonlinearity, the computed response is under the influence
of the problem’s actual parameters, the characteristic of the
time integration specifically the integration step, and also the
nonlinearity residual at the last step. As aresult, Eq. (2) cannot
be correct because of not considering all the influencers in
the accuracy of the response. The incorrectness can appear
as insufficiency or lack of necessity of the integration step
for the accuracy of the target response. The reason is the fact
that the two sources of error originated in time integration
and iterative nonlinear solution are independent. Still, for
problems with the nonlinearity of the piece-wisely linear
type, when the time step is sufficiently small, the effect of
the residuals disappear, and more accuracy is obtainable
for the target response, when using smaller integration
steps. The “sufficiently small” in the previous sentence
however depends on the problem and potentially even on
the integration method.

Considering the explanation above, a good way to
use Eq. (2) for assigning an appropriate value to At is to
pay attention to the comments in structural dynamics and
numerical analysis of ordinary initial value problems,
regarding repetition of the analyses with smaller steps, and
comparing the computed responses till convergence of the
responses. This is somehow materialized in the analysis
procedure presented for nonlinear response history analysis
in the seismic code of New Zealand, NZS 1170.5:2004. The
procedure can to some extent guarantee the sufficiency, but
cannot guarantee the necessity, of the integration step, for
the response accuracy. This can be explained on the basis
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of convergence of responses obtained from analyses carried
out with sufficiently small steps, and the ending steps of the
analysis procedure presented in NZS 1170.5:2004.

In view of the importance of response history analysis
in structural engineering, earthquake engineering, and many
other fields, and that time integration is the only versatile
method for analyzing nonlinear dynamic behaviors,
the results of this research are very important. Several
suggestions have therefore been made to continue the
research, especially towards more appropriate step selection
criteria in seismic regulations.
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