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Abstract

This paper has been written within a research framework investigating the destructive potential of seismic
events. The elastic response spectra seem insufficient to explain the behaviour of structures subject to large
earthquakes in which they experience extensive plastic deformations. Recent works emphasise that there were
many difficulties in the definition of a single parameter linked to the destructive potential of an earthquake. In
this work a study on the effect of frequency content on structural damage has been carried out. The behaviour
of two different elastoplastic oscillators has been analysed, considering several artificial earthquakes. The re-
sults obtained suggest a method for evaluating the destructive seismic potential of an earthquake through the
response spectra ad the frequency content of the signal, and through the mechanical characteristics of the
structures within the analysed area.

Key words seismic destructive potential — JSre- in terms of acceleration, velocity ad displace-
quency content — elasto-plastic oscillator — response ment, researchers are able to evaluate the seis-
spectra

mic action intensity as a function of frequency
content. Frequency content is most important
for the evaluation of expected damage of dif-
ferent building classes, grouped by their dy-
namic behaviour, as are the vibration period,
Damage charts have been widely utilised  the resistance level and allowable ductility.

1. Introduction

in historical seismicity to illustrate the actions All this is of great importance, and the most
and intensities of the seismic event, evaluated recent results show a correlation between the
«a posteriori» and related to the damage to the  gejsmic destructive potential, representative of
built-up environment. the global effect of the event, the duration of
It is understandable that the information ob- the event, its frequency content, and the peak
tained from these maps correlates the seismic level of the ground acceleration.
action with the observed effect on a certain The damage parameters proposed by some
class of buildings, and is not directly valid for researchers are based on seismic parameters
a generic intensity evaluation of ground-shak- that seem to be correlated with the damage suf-
ing. In fact, the damage suffered by construc- fered by the building, and do not take into ac-
tions differs, being a function not only of the count the real behaviour of the structure; par-
material resistance of the elements in the struc- ticularly the structural decay connected with a

ture, but also of their dynamic properties seismic action, as recently shown by Bertero
(Abruzzese and Como, 1993), and in most (1989).

cases this means their vibration period De Pasquale and Cakmak (1989) suggest a
(Abruzzese and Petrazzuoli, 1993). Since it is method to evaluate the integrity of a structure
possible to record a seismic event and to anal- after a strong earthquake. They compare the
yse it, producing response spectra of the signal, values of the vibration period of the structure
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before and after the damage, assuming the
«softening» d as the main damage parameter:

d=1- Tinit/Tmax .

Chang and Franklin (1987) analyzed the corre-
lation between reported damage (MMI, Mer-
calli Modified Intensity Scale) and the PGA,
RMSA and PSDF (Power Spectrum Density
Function) parameters, with particular reference
to the local response. Alter the manipulation of
421 seismic records, most of them recorded in
Italy, they point out that only the PSDF param-
eter seems, in some way, to agree with the ex-
tensive damage which occurred to the build-
ings on soft soil. Chiostrini ef al. (1991) pointed
out that even masonry buildings can change their
vibration period remarkably during a seismic ac-
tion, using the results obtained in a dynamic test
of a full scale masonry structure.

The dynamic analysis of the structure, per-
formed via linear-elastic analysis (elastic re-
sponse spectra), seems insufficient to give reli-
able results concerning the dynamic behaviour
in the case of earthquakes of medium-strong
intensity, particularly when the deformations
are large, causing parts of a structure to reach a
plastic state.

2. Modelling the elasto-plastic oscillator

Generally speaking, it is usually possible to
model a real structure as an elasto-plastic oscil-

lator, assuming that the elastic state of the
structure is the state in which plastic hinges
have not yet appeared, while the plastic state is
that in the which the structure contains a large
number of elements in the plastic state. Differ-
ent types of elasto-plastic oscillators can be
adopted to model non-linear behaviour, or, in
other words, the behaviour of structures be-
yond the elastic limit, during a dynamic ac-
tion.

The models with decay, which match the
structure collapse with maximum plastic defor-
mation, are most used for reinforced concrete
structures (Takeda, 1988), and are usually the
most reliable. Such models depend on loading
and unloading cycles and include a stiffness re-
duction during the loading process (A model)
(fig. 1).

We can observe that the characteristic path
of the oscillator follows a bi-latera, in which
the stiffness is equal to the elastic stiffness
(Ks = K1) for every load cycle (1)(5), while
the unloading cycle (2)(7) follows a path with
a stiffness Kcl and Kc2 which are monoton
decreasing functions of the limit values uxjy,
Fyn. After each step over the elastic limit
(plastic state) the limit values x;;,,, and F;, are
modified.

A second model with decay, which is less
common, is the so called «origin-oriented»
(B model). Such a model seems more effective
to model reinforced concrete buildings or ma-
sonry buildings with decay due to shear mech-
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Fig. 1. Elasto-plastic models (stress-strain relationship).
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anisms (Cosenza and Manfredi, 1991). The
plastic side of the model is almost horizontal,
and every step over the elastic limit modifies
the limit value for the deformation x;;,, (soften-
ing).

The load and unload paths are characterised
by the same stiffness and by a lack of plastic
residual deformation (passing through the ori-
gin). It seems evident that such a model allows
a very low energy quantity to be dissipated.

3. The frequency content effect on the
structural damage

The first approach to the problem has been
a study of the dynamic behaviour of an elasto-
plastic oscillator type A and B, and the effects
of the frequency content on the structural dam-
age. In this first case the shape of the external
actions has been assumed to be a perfect «sin»
function, having the intensity of:

2
‘r—")

where Fy;,, means the elastic limit force for the
oscillator. The structural damping has been as-
sumed equal to 5%. The parameter characteris-
ing the decay of the oscillator is the well
known kinematic ductility:

Fe(t):Flim'Sin(

[J = xmax/xlim»
where x;;p, is the limit elastic displacement and
Xmax the maximum displacement.

The limited validation of this parameter as a
damage functional is well known (Cosenza
et al., 1991), but we considered it more conve-
nient to use this function in order to define in a
simple way the damage to a structure.

Figure 2a-d shows the response curves of
several elasto-plastic oscillators having initial
oscillating period (7},;) in the range 0.3-0.7 s
for model A and 0.1-0.5 for model B. The
results also show values of the kinematic duc-
tility.

This figure illustrate that the periods induc-
ing a greater damage level (Thea) may be very
different from the initial vibration period value
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(Tiyip)- The values of the Toea! Tinit Tate obtained
by starting from the K2/K1 rate, from the vi-
bration period of the oscillator and depending
on the model types A and B, are shown in
table I.

The decay effect, as a stiffness reduction,
makes a frequency content of approximately
l's, and a slightly greater low frequency in-
duces considerable damage even on framed re-
inforced concrete buildings, of medium-low
height (4-8 floors) with high stiffness, or on
masonry buildings having a vibration period
shorter than 0.5 s.

To produce a strong decay action on an os-
cillator it is necessary for the seismic action to
have a high intensity with a period of around
1.5-2 times the value Ti;. In order to verify
the results and the remarks made for the analy-
sis of a perfect sinusoidal external action an
analysis has been performed which considers a
real seismic action. In this case, a signal of 5
different accelerograms was artificially gener-
ated and the non linear response spectra of an
oscillator was evaluated as previously. The five
seismic actions considered have a different fre-
quency content.

The first and second actions correspond to
the spectra S1 and S2, as suggested by the
National Italian Group for the Defense against
the Earthquakes (GNDT, 1984); the third is
characterised by periods ranging from 0.8 and
1 s, the fourth with periods ranging from 0.5
and 1 s, and the fifth with periods ranging from
0.5 and 1.5 s (fig. 3). It is interesting to note
that the spectrum S1, characterised by an ac-
tion stronger in the lower periods, represents
the expected effect on a structure lying on a
rock, while the spectrum S2 represents the
analogous effect expected for a structure lying
on a softer soil.

We use artificial accelerograms, having the
same duration and amplitude function, instead
of real ones to emphasise the effect of the fre-
quency content on the structural damage.

Figure 4 shows the response spectra of
elastoplastic oscillators with behaviour model
A and model B, corresponding to the 5 artifi-
cial seismograms considered. Model A repre-
sents the behaviour of reinforced concrete
structures, with destructive periods in the range
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Fig. 2a-d. Response curves for elasto-plastic oscillators with natural initial period (7},;,) variable in the range
of 0.3 and 0.7 s for the reinforced concrete structure (a,b,c) and in the range of 0.1 and 0.5 for masonry build-

ing (d).

Table I. Value of the Tjcu/Tiy; rate versus the
K2/K1 rate and initial vibration period (for model
A) and versus the initial vibration period (for model
B).

Rate Tpeak /Tiuil

K2/K1 Model A Model B
Tinit 0.1 0.25 0.5 Tinit
0.3 2.33 1.57 1.27 0.1 3.00
04 2.20 1.58 1.30 0.2 2.75
0.5 2.26 1.64 1.30 0.3 2.50
0.6 2.25 1.67 1.28 0.4 2.37
0.7 2.33 1.64 1.33 0.5 2.20
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Fig. 3. Spectral shape of the artificially generated
earthquakes.
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Fig. 4. Comparison between the response spectra of the oscillators A and B, in term of the kinematic ductility

request by the i-th seismic action.

0.5-1.5 s. The events with a greater ductility
demand are S5 and S4, while the effects of the
S1 and S2 earthquakes are relatively low.

For model B, representing the behaviour of
a considerable number of masonry structures,
the most destructive actions are S1 and S2. It is
possible to state that for this model, and hence
for masonry buildings, the range of the destruc-
tive periods corresponds to the interval 0-0.5 s.

However, the curves corresponding to mod-
els A and B are not strictly comparable, be-
cause for type B oscillators the seismic action
has been reduced by 30%.

Indeed, when applying the whole value for
the seismic action considered, the ductility de-
mand is too high to plot both response curves
for the two models on the same diagram.

A lower ductility demand occurs for both
models A and B during the S3 seismic action.

4. Conclusions

This paper shows the importance of the fre-
quency content on the destructive power which
is related to a seismic action.
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The correct design for a building exposed to
strong seismic actions must take into account
two fundamental aspects of the whole phe-
nomenon.

The first is the non linear behaviour of the
structure, related to the elasto-plastic behaviour
and to the obvious consequent decay; the sec-
ond is the frequency content of the seismic ac-
tion at ground level.

In the analysis described here, we have
shown that in the case of reinforced concrete
buildings, which have a vibration period in a
range between 0.3 and 0.7 s the periods be-
tween 0.5 and 1.5 s are the most destructive.

However if the vibration period is smaller,
that is to say smaller than 0.3 s (this is the case
with masonry buildings (Foraboschi et al,
1993) or less stiff r.c. buildings), the critical in-
terval is 0-0.5 s.

This suggests that one method to evaluate
the destructive power (P,) of seismic events
might be to integrate the acceleration spectra in
a critical interval T}-T, of the period,

T,
P, = f S, (T)-dT.
T,
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According to the presented analysis we can
state that the value of the periods T, and 7, ap-
proximately are:

— for masonry buildings:
T,=0;, T,=05s

— for reinforced concrete buildings:

T,=05 T,=15s.

Furthermore it can be shown that strong seis-
mic actions, characterised by a narrow band fre-
quency content, as for the S3 action, may pro-
duce a reduction in damage, while a moderate in-
tensity seismic action, with a large band fre-
quency, may produce greater damage.

We accept that the real behaviour of build-
ings is more complex because some important
parameters not well known, for example, the
allowable actual ductility value and the pres-
ence of the phenomena of fragility, which ap-
plies mainly to masonry buildings.

We also recognise that the elasto-plastic os-
cillator models utilised in the paper are fairly
simple, but the aim of the research was to
show the effect of the frequency content on po-

tential structural damage.
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