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DAMPING EFFECT ON ELASTIC INPUT ENERGY
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ABSTRACT

According to performance-based seismic design method by using energy concept, in this paper
it was tried to investigate the structural damping effect on elastic input energy spectra due to
strong ground motions. Using acceptable Iranian earthquake accelerograms recorded on the
four types of soils, structures with different damping ratios were analyzed. For each earthquake
record, equivalent velocity spectrum was computed by using its input energy spectrum. These
spectra were normalized by their PGA and were drawn with different structural damping
ratios. Then effect of structural damping was investigated on these spectra. Finaly it was
concluded that in different soil types, structural damping effect on input energy is not very
consderable and among structures with different viscous damping ratios, input energy to
structures with damping ratio about 5% has minimum value.
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INTRODUCTION

Design of structures based on performance-based seismic design, especialy based on energy
concepts, is one of methods that has been noticed by researchers in the recent years [Akbas et
al., 2001; Benavent-Climent et al., 2002; Decanini and Mollaioli, 1998 and 2001; Ledataviwat
et a., 1999; Manfredi, 2001; Ordaz et a., 2003; Trifunac et al., 2001]. Unlike the methods
which are based on acceleration spectra and ignore duration and hysteretic behavior effects on
structural design, design method based on energy concepts not only consider the effects of
these parameters, but also it can describe treatment of structures during an earthquake, better
than the acceleration-based methods. In energy based method, energy criterion expresses that
when the energy capacity of structure is lower than its demand energy, the structure collapses.
The input energy to the structure must be dissipated through inelastic deformations and
structural dampers. But in a structure, if its capacity energy was larger than its imposed energy,
all of energy that input to this structure during ground motion is dissipated through damping
and hysteretic cyclic behavior of structure at the end of ground motion. Also, this inelastic
cyclic behavior cause partial damages in structures which may collapse with accumulating
these partial damages.

Researchers in this field considered that among various types of energy, the input energy, E, ,
is very stable parameter in structural response, and is suitable for energy-based seismic design
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method. Input energy is a measure of energy that earthquake inputs to structures during
ground motion.

Therefore input energy demand can be assumed as a reliable tool to predict the seismic hazard
and seismic design. Thus evaluation of structural parameters, characteristics of earthquake
records and soil conditions effects on input energy are important. In this paper effects of
viscous damping of structure on input energy were studied, by use of 110 Iranian earthquake
records.

LITERATURE REVIEW

Previoudy many of researches investigated the damping of structure influences on input energy
and obtained different conclusons. Zahrah and Hall [1984] computed the input energy for
eight earthquake records and they considered that ductility, damping and past-to-pre yield
stiffness ratios have small effects on the input and hysteretic energies for a structure with
bilinear behavior. Based on many analyses, McKevitt et a. [1980], Akiyama [1985] and
Nakashima et al. [1996] observed that damping does not have a significant influence on the
earthquake input energy. Results of the study by Bruneau and Wang [1996] indicated that
damping ratios smaller than 5% have a minor influence on input energy.

Khashaee et a. [2003] computed the relative input energy for structures with damping ratios O,
2, 5, 10, 20 and 40% for three accelerations with short duration and three with long duration
of strong ground motions. They observed that for damping ratios smaller than 5%, it has little
influence on input energy, but for damping ratios greater than 5%, this effect will be a
significant influence on input energy spectra They concluded that for very long natural
periods, when structural damping increases, input energy increases. In this paper effects of the
viscous damping of structure on input energy were studied.

THEORETICAL BACKGROUND

When a single mass oscillatory system, SDOF , make to vibrate subject to a unidirectional
horizontal ground motion, its balance equation can be expressed as follows [Akiyama, 1985].

Mé +C¥ + F(y) = - M&, (1)
WhereM ,C, F(y) andy are mass, structural damping coefficient, restoring force and relative
displacement, respectively. ¥ and $are the first and second derivation of y, with respect to
time, respectively and &, is ground acceleration. If both sides of last equation is multiplied by
dy(= ¥dt) and then is integrated over the entire duration of an earthquake,t,, Equation (1)

reduces to the following energy balance equation:
E.+E, +E, =E, 2
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Here E, , E and E,are kinetic energy, the energy dissipated by structural damping mechanism
and the energy absorbed by spring, respectively and E, defined as the total amount of energy

imposed by an earthquake to a structure (i.e. input energy). The strain energy deposited by
spring system consists of cumulative plastic strain energy that dissipate in nonlinear hysteretic



cyclic behavior of spring, and recoverable elastic strain energy at the instant when earthquake
motion vanishes.

Akiyama [1985] expressed E, in terms of equivalent pseudo-velocity, Ve, which is defined as

follows:
2E
Ve =25, ©

Also, for a given earthquake record, he defined a relationship between the input energy, E, ,
expressed in terms of the equivalent pseudo-velocity V. by equation (3), and the natural period
of system, T, asinput energy spectrum, Vo versus T .

In this research for obtaining input energy spectrum and for normalizing it, the following steps

were performed:

1. For each ground motion acceleration record, the input energy is sum of the total input
energy exerted by the north-south and east-west of equivalent pseudo-velocity for input
energy components (i.e. two horizontal components of V. ).

2. For each ground motion record, similar to the previous step, the total of peak ground
accelerations (PGA) exerted by two acceleration horizontal components of ground motion
was computed.

3. Because of different records are collected from different earthquakes with various PGA,
also in order that the earthquake PGA effects in response of each analyses are vanished,
and further more these responses can be added together, for each record, the amount of V.
(computed in the first step) was divided by its PGA (computed in the second step) and
consequently f =V /PGA for each record was computed and spectrum curve of f versus

T was drawn.

SELECTION OF EARTHQUAKE RECORDS

Similar to many other researches, in this research and in its first step, selection of suitable
earthquake records was needed which these records were chosen in Iranian earthquake
records. Iran is one of countries that is located over high seismicity region (Alpine-Himalaya
seismic belt) and is very often subjected to relatively strong ground motions and have lost
many human lives and a lot of money due to the occurrence of destructive earthquakes. This
country had many destructive strong ground motions e.g. Naghan, Tabas, Manjil earthquakes
and recently Bam earthquake that happened in December 26, 2003 and killed more than 40000
and injured more than 25000 people in Bam city [Ahmadizadeh et a., 2004].

Since the authors had a relatively complete knowledge of Iranian earthquake databases and the
related necessary information (availability of data regarding the causative earthquakes, the
possibility of proper correction of the records and geological information about the earthquake
recording stations), 110 records were selected. After a comparative study of the different
researches that have been performed in Iran in the past [Mahdavian, 2000; Mirzaei et a., 1999;
Zare et a., 1999a; 1999h], the ground types on which recording machines were located on
were classified according to the soil conditions defined by Iranian Earthquake Code of
Practice, Standard No. 2800 [2005], which is based on the geological characteristics and the
shear wave velocity [Ghodrati Amiri et al., 2003 and 2005]. In this code soils divided in 4



types, based on shear wave velocity, V. These groups are ground type 1 with V¢ >750 nvs,
ground type 2 with 375 m/s < V<750 nvs, ground type 3 with 175 m/s < V<375 nvs and
ground type 4 with V¢ <175 my/sthat can be named bed rock, stiff soil, medium soil and soft

soil, respectively. By these definition 110 records used in this research divided in 30, 27, 39
and 14 records for ground types 1, 2, 3 and 4, respectively. The minimum and maximum
earthquake durations for these records are (1.25s, 34.76s), (0.35s, 20.48s), (0.77s, 38.66s) and
(4.5s, 30.11s) in four ground types, respectively. All of these records have shallow focal depth
and 82% of them have epicenteral distances smaller than 60 km.

INPUT ENERGY SPECTRA

For each ground motion record, the pseudo-velocity response spectrum, V. versusT ,
corresponding to an elastic SDOF system was obtained by calculating pseudo-velocity
components (i.e.Vg s and Ve g, ) and then thiswas normalized by its PGA.

In the first step, based on the amount of earthquake durations, the ground type 3 records were
divided in three groups and each of the other ground types records were divided in two
groups. For each set, the normalized pseudo-velocity response spectra were calculated for
elastic SDOF system with 10% damping ratio (Figures 1 to 4). Then for accessing structural
damping ratios effects on input energy, these spectra were calculated and were drawn for
elastic SDOF system with damping ratios x= 1, 3, 5, 7, 10, 15 and 20% with different
durations (Figure 5). Finally, for each ground types, the mean values of these spectral curves
were calculated and were shown in Figures 6 and 7. It should be noted that in all following
curves duration is based-intensity parameter that by definition is time between 5% and 95% of
the tota energy induced by result of two horizontal components of earthquake [Trifunac and
Brady 1975].

RESULTS AND DISCUSSIONS

Figure 5 shows structural damping effects on input energy. This figure indicates that in all
ground types, damping effects on spectral normalized pseudo-velocity (or input energy) is
small and with increasing in damping ratios almost f remains constant, in each natural period.

Figure 6 that was drawn for mean f versus damping ratios for different natural periods,
approves this result more obvioudly. But Figure 7 that was drawn by more noticeably and more
exactly sense, shows damping ratios influence on input energy. This figure caculated for all
natura periods, indicates that in all of ground types in small damping ratios (x =< 5%) and in
large damping ratios (x > 5%), f (or input energy) decreases and increases with increasing in
damping ratios, respectively. In the other word, the amount of f in x=5% is minimum.
However, in each two parts (smal and large damping ratios) the variation of f is not fast.

These results approve the results that were concluded by Bruneau and Wang [1996] and
Khashaee et a. [2003].
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Figure 1. Input energy spectra of the ground motions recorded in ground type 1

for duration £ 6 sec (b) for duration > 6 sec
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Figure 2. Input ener gy spectra of the ground motions recorded in ground type 2
for duration £ 8 sec (b) for duration > 8 sec
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Figure 3. Input energy spectra of the ground motions recorded in ground type 3 (a) for duration
£ 7 sec (b) for 7sec < duration £ 10sec (c) for duration> 10 sec
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Figure 4. Input ener gy spectra of the ground motions recorded in ground type 4
(a) for duration £ 10 sec (b) for duration > 10 sec
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Figure5. Spectral input energy versus damping ratio for structureswith different natural periods
of the ground motions recorded in ground (a) type 1 (b) type 2 (c) type 3 (d) type 4
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SUMMARY OF RESULTS

The main objective of this paper is to assess structural damping ratio effects on elastic input
energy in SDOF systems. Using Iranian earthquake records, at first 110 earthquake records
selected and divided in four ground types based on Iranian seismic code of practice [2005].
Then the elastic input energy spectra through dynamic response analyses were calculated with
different damping ratios and expressed in terms of pseudo-velocityV.. Next V. was

normalized with respect to the absolute peak ground acceleration of the results of two
horizontal components (PGA). Finaly by investigating results, it was concluded that in all of
ground types in damping ratios smaller and larger than 5% with increasing in the amount of
damping, input energy decreases and increases, respectively. In the other words, the amount of
input energy in damping ratio 5% is minimum. However, this variation is not very
condderable.
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