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1. Introduction
Considering that the accelerograms recorded in different

earthquakes are in the form of numbers that were measured
in short intervals of time, as a result, the numerical
evaluation of the dynamic response of structures is of great
importance. In addition, in severe earthquakes, the
structures enter the field of non-linear behavior and it is
necessary to calculate the non-linear behavior of the
structures using conventional numerical methods. Due to
the short distance of the accelerogram points from each
other, the points are usually connected with segments. As
aresult, at the junction of the segments, their slopes are not
necessarily equal to each other and only the values of the
function are equal to each other at the junction.
Considering that the linear interpolation of excitation is
one of the simplest interpolation methods, as a result, if the
time intervals between the points are small compared to
the natural period of the structure, the linear interpolation
is acceptable and has sufficient accuracy. But if the
structure in question is a structure with high stiffness,
which has a very small period and in other words, has a
very high frequency, the use of the linear excitation
interpolation method can be a challenge.

2. Interpolation by cubic spline method

This study compared the non-linear pseudo-acceleration
response spectra of elastoplastic systems with constant
ductility for the accelerogram of El Centro, which were
obtained by the linear interpolation method of excitation
and also by using the cubic spline function. Interpolation
by the cubic spline method is such that if there is n+1 point
and therefore n interval, a 3rd degree polynomial

f; (x):aix3+bix2+cix+di must be obtained for each

interval. As a result, in total 4n equation is needed to obtain
the unknown coefficientsa,;,b ,C;andd; by solving

them. This 4n equation is obtained as follows:

a) The values of the f; functions must be equal to the
values of the data in the internal points, which is
equivalent to obtaining the 2n-2 equation;

b) The first and last of the f; functions (f; and f,) must pass
through the beginning and the end of the data.
Applying these two conditions is equivalent to
obtaining 2 equations;

¢) The first derivatives of fi must be equal to each other in
the internal points, which is equivalent to obtaining
n—1 equation;

d) The second derivatives of fi must be equal to each other
in the internal points, which is equivalent to obtaining
n-1 equation;

e) The second derivative of the first and the last of f; (f.and
fn) must be equal to zero at the beginning and end of
the data. Applying the two conditions equals obtaining
2 equations.

Consider a sine wave with a period of one second and

a unit amplitude. Three cycles of this wave are drawn in

figure (2).
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Figure 1. diagram of sinusoidal curve along with its linear
approximation and also approximation with cubic spline function
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By connecting these 10 points to each other with straight
lines, a toothed diagram is obtained, which is very different
from the real sine wave. But when these 10 points are
connected to each other with cubic spline curves, it can be
seen carefully in Figure (1) that a smooth graph is
obtained, which is much less different from the real sine
wave.

Nonlinear response spectra were calculated for 1, 1.5,
2, 4, and 8 ductility. The nonlinear response spectrum for
ductility 1 is actually the same as the elastic spectrum. In
this study, the response spectrum with constant ductility
for El Centro accelerogram is presented. To calculate this
spectrum, it was done as follows. First, the maximum
displacement of the system is calculated by assigning a
very large number for the yield deformation uy. This
displacement is equal to the maximum displacement of the
corresponding linear system of the elastoplastic system.
Corresponding linear system means a system that has the
same stiffness as the elastoplastic system during its initial
loading and has the same mass and damping as the
elastoplastic system. As a result, the period of the natural
vibration of the corresponding linear system in oscillations
with small amplitude (u < uy) is equal to the period of the
elastoplastic system. In the amplitudes of movement larger
than uy, the period of natural vibration is not defined for
inelastic systems.

After calculating the maximum deformation of the
linear corresponding system, the yield deformation uy is
considered a little smaller than the maximum deformation
of the linear corresponding system. The value of the
maximum deformation of the elastoplastic system is
obtained in this case. By dividing this value by the yield
deformation uy, the ductility of the system is obtained.
Then, we compare this ductility with the target ductility. If
it is less than that, again consider the yield deformation uy
a little less than the previous time, and if the obtained
ductility is greater than the target ductility, the yield
deformation, we consider uy a little more than previous
time and repeat this process until we reach the target
ductility for a certain period. By multiplying the amount of
yield deformation uy that leads to the target's ductility by
the square of the angular frequency of the corresponding
linear system, the value of Ay is obtained. The Ay
dimension is of acceleration and the spectrum related to
this parameter is called pseudo-acceleration response
spectrum, similar to linear systems. In this study, nonlinear
response spectra were calculated for 1, 1.5, 2, 4, and 8
ductility.

For a more detailed analysis, the time interval between
the points of the accelerograms were divided into 2, 5, 10,
20, 50 and 100 equal parts, respectively, and new
accelerograms were produced once using linear
interpolation and again using spline interpolation. Then,
the response spectra of these types of non-linear

accelerograms were compared with each other. The results
indicated that the maximum and minimum values had
significant differences. In addition, in most cases, the
maximum value of the difference was greater than the
absolute value of the corresponding minimum difference.
Most of the differences were related to periods below 0.3
seconds, although violations were also observed. The
meaning of the maximum and minimum values of the
difference is that once the elastoplastic spectrum was
calculated using the assumption of linear interpolation of
excitation and this spectrum was considered as the basis of
comparison, and in the second time, the elastoplastic
spectrum was calculated using the assumption of spline
interpolation of excitation and then the latest spectrum was
compared with the main spectrum. The maximum spectral
values obtained from the excitation spline interpolation
method were mostly higher than the corresponding
maximum spectral values obtained from the linear
excitation interpolation method, which occurred in the
range of 0.03 to 0.3 seconds. Moreover, the acceleration
magnification range in the interpolation method the spline
was wider than the linear interpolation method.

3. Conclusion

In this article, the non-linear pseudo-acceleration spectrum
of elastoplastic systems was calculated for 1, 1.5, 2, 4 and
8 ductility for El Centro accelerogram. The time interval
between the points of this accelerogram was 0.02 seconds.
To make the analysis more accurate and to reduce the time
interval between the points, new accelerogram were
created once using linear interpolation and another time
using cubic spline interpolation. The non-linear spectrum
that was calculated for these two types of accelerogram did
not have much difference in most of the periods, but in the
small periods which are related to stiff structures, the
difference was significant. The maximum values of the
difference between the two spectra were greater than the
absolute value of the minimum difference in the vast
majority of cases.
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Comparing Nonlinear Response Spectra of Elastoplastic Systems resulting from Two Excitation
Interpolation Methods

Masoud Mahmoodabadi MohammadJavad Hosseiny

Abstract In this article, the non-linear pseudo-acceleration response spectra of elastoplastic systems with constant
ductility for El Centro accelerogram, which were obtained by the linear interpolation method of excitation and also by
using the cubic spline function, have been compared with each other. Non-linear response spectra were calculated for 1,
1.5, 2, 4 and 8 ductility. For a more detailed analysis, the time interval between the points of the accelerogrgm were
divided into 2, 5, 10, 20, 50 and 100 equal parts, respectively, and new accelerograms were generated once using linear
interpolation and once using spline interpolation. The non-linear response spectra of these two types of accelerograms
were compared. The results of the work indicated that the maximum and minimum values had significant differences. In
addition, in most cases, the maximum value of the difference was greater than the absolute value of the corresponding
minimum difference. The main differences were related to periods below 0.3 seconds, although violations were also
observed. The meaning of the maximum and minimum values of the difference is that once the elastoplastic spectrum
was calculated using the assumption of linear interpolation of excitation and this spectrum was considered as the basis of
comparison, and in the second order, the elastoplastic spectrum was calculated using the assumption of spline
interpolation of excitation and then This last spectrum was compared with the base spectrum. The maximum spectral
values obtained from the excitation spline interpolation method were in most cases higher than the corresponding
maximum spectral values obtained from the linear excitation interpolation method, which occurred in the range of 0.03
to 0.3 seconds, and the acceleration magnification range was The spline interpolation method was wider than the linear
interpolation method.

Key words Linearly interpolated excitation, Cubic spline interpolation function, Elastoplastic mass-spring-damper

system, Constant-ductility response spectrum
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