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Keywords Abstract: In energy-based seismic design approach, earthquake ground motion is
Earthqua}ke ground motion, considered as an energy input to structures. The earthquake input energy is the
Hysteretic energy, total of energy components such as kinetic energy, damping energy, elastic strain
Input energy, energy and hysteretic energy, which contributes the most to structural damage. In
NLTH analysis, . . . .

SDOF system literature, there are many empirical formulas based on the hysteretic model,

Hysteretic energy to input damping ratio and ductility in order to estimate hysteretic energy, whereas they

energy ratio do not directly consider the ground motion characteristics. This paper uses
nonlinear time history (NLTH) analysis for energy calculations and presents the
distribution of earthquake input energy and hysteretic energy of single-degree-of-
freedom (SDOF) systems over the ground motion duration. Seven real earthquakes
recorded on the same soil profile and three different bilinear SDOF systems having
constant ductility ratio and different natural periods are selected to perform NLTH
analyses. As results of nonlinear dynamic analyses, input and hysteretic energies
per unit masses are graphically obtained. The hysteretic energy to input energy
ratio (En/E)) is investigated, as well as the ratio of other energy components to
energy input. En/E; ratios of NLTH analysis are compared to the results of
empirical approximations related En/E; ratio and a reasonable agreement is
observed. The average of En/E; ratio is found to be between 0.468 and 0.488
meaning nearly half of the earthquake energy input is dissipated through the
hysteretic behavior.

Deprem Etkisindeki TSD Yapilarda Histeretik Enerji Talebi:
Analitik ve Ampirik Sonuglar

Anahtar Kelimeler Ozet: Enerjiye dayah sismik tasarimda deprem yer hareketi yapilara enerji girisi
Deprem yer hareketi, olarak dikkate alinmaktadir. Sisteme giren enerji kinetik enerji, soniim enerjisi,
Histeretik enerji, elastik sekil degistirme enerjisi ve histeretik enerji seklindeki bilesenlerin toplami
Giren enerji, olup histeretik enerji dogrudan yapisal hasar ile iliskilidir. Literatiirde histeretik

Zaman tanim alaninda s . . R . L . oy
- . enerjinin belirlenmesine yonelik histeretik modeli, soniim oranini ve siinekligi esas
dogrusal olmayan analiz,

TSD sistem alan ¢ok sayida ampirik bagint1 vardir. Buna karsin bu bagintilar yer hareketinin
Histeretik enerji/toplam ozelliklerini dikkate almamaktadir. Bu ¢alismada, enerjilerin hesabi i¢in zaman
enerji orant tanim alaninda dogrusal elastik olmayan analiz kullanilmis ve tek serbestlik

dereceli (TSD) sisteme giren deprem enerjisi ile histeretik enerjinin yer hareketi
sliresi boyunca degisimi incelenmistir. Dinamik analizlerde ayni zeminler lizerinde
kaydedilmis yedi adet yer hareketi ve farkl siineklik oranlar1 ve dogal periyotlari
bulunan ii¢ adet bilineer TSD sistem kullanilmistir. Dogrusal olmayan dinamik
analizlerin sonucunda birim kiitle basina enerji girisi ve histeretik enerji grafiksel
olarak elde edilmistir. Histeretik enerji/toplam enerji orani (Ey/E)) ile diger enerji
bilesenlerinin giren enerjiye orani arastirilmistir. Dogrusal olmayan dinamik
analizlerden elde edilen Ey/E; oranlan ile ampirik yaklasimlara ait oranlarla
karsilastirilmis ve tutarli sonuglar elde edilmistir. Ortalama Ex/E; orani 0.468 ile
0.488 arasinda degismektedir ki bu da toplam enerji girdisinin yarisina yakin
kisminin dogrusal olmayan davranis yoluyla tiiketildigini gostermektedir.
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1. Introduction

Conventional design and analysis methods mainly
focus on establishing a particular peak demand
parameter such as member force, maximum
displacement and displacement ductility. In these
design procedures, capacity of structural components
is taken to be independent of the earthquake
excitation and the cumulative damage associated
with ground motion duration and numerous inelastic
deformation cycles that the structure might
experiences is not accounted for. Although
displacement-based  seismic  design  methods
correlating the imposed displacement to the
structure and the structural damage have recently
been developed, the problem related to the
cumulative damage has not been overcome.
Accordingly, neither force-based methods nor
displacement-based methods provide the whole
necessary information to quantify the level of
structural damage.

More recently, it has been widely recognized that the
energy is one of the key factors related to the
structural damage in strong ground motions since the
level of damage depends on both maximum
deformations and response history characteristics.
Accordingly, more rational seismic design methods
based on energy criterions incorporating forces and
displacements have been developed where the
loading effect of earthquake is interpreted in terms of
input energy (E;) [1-14]. These pioneer studies have
provided new insights into the field of modern
earthquake engineering and the energy concept is an
important topic of current interest [15-27]. Since the
earthquake input energy is estimated as the integral
of velocity response of inelastic system with respect
to earthquake duration, all of the inelastic
deformation cycles are considered in energy-based
methods. Another major advantage of energy-based
approach is that the structural resistance and the
earthquake effect in terms of energy are basically
uncoupled since input energy is a quite stable
response parameter and hardly depends on
hysteretic ~ characteristics of the  structure.
Accordingly, there have been extensive attempts for
estimating earthquake input energy [28-42].

Usually, the design criterion in energy-based methods
is satisfied by providing adequate capacity to
dissipate the seismic energy imposed on structures
by earthquake ground motions. Therefore, in order to
achieve energy-based design criterions, it seems
quite imperative to have the accurate evaluation of
both seismic energy demands and energy dissipation
capacity of structural components which strongly
depends on the loading history. Meanwhile,
quantification of the demand in terms of energy is the
preliminary task. When the structure comes to rest at
the end of the ground motion, the kinetic energy (Ex)
and the elastic strain energy (Es) of the system
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essentially vanishes and the total energy imposed by
the earthquake excitation is dissipated in part by the
damping energy (Ep) and the hysteretic energy (En)
components. Meanwhile, estimation of hysteretic
energy demands imparted to structures by
earthquake ground motion is a crucial issue since it is
associated with the damage potential of structures. In
this regard accurate estimation of the portion of
cumulative hysteretic energy to energy input is of
great importance. Moreover, it would be quite easy to
compute the hysteretic energy demand from input
energy spectra if the ratio of hysteretic energy to
energy input was known. Accordingly, several
approximations have been proposed in order to
estimate hysteretic energy demand and the hysteretic
energy to input energy ratio (Ey/E;) in structures
[43-57].

The main objective of the paper is to obtain input and
hysteretic energy time history curves of several
inelastic SDOF systems by means of NLTH analysis
and to investigate the effectiveness of some
approximate methods related to hysteretic and input
energy. Accordingly, three SDOF systems having
natural periods as 0.2 s, 0.6 s and 1.0 s are selected to
perform energy analyses. Firstly, the hysteretic
energy to energy input ratio versus time (Eu/Ej-t)
graphs of bilinear SDOF systems with a damping ratio
of 5% and a ductility ratio of 2 are obtained from
NLTH analyses. Subsequently, Ex/E; ratios obtained
from reference approximations are indicated in these
graphs with the result graphs of nonlinear dynamic
analyses. Finally, En/E; ratios from time history
analyses are compared with En/E; values of
approximate estimations. The results and findings of
the study are presented by graphs and tables.

2. Seismic Energy Components

The general energy balance of structural systems can
be derived by integrating the governing equation of
motion with respect to relative displacement of the
mass. Energy components which are defined in
energy-based seismic design and evaluation rise from
the integral terms of this equation. Consequently, the
energy balance equation of an SDOF system can be
written as in the form of its well-known expression
from dynamics of structures as given in Eq. (1) [2, 4,
5,13, 15, 21, 25, 26, 32, 37, 40, 41, 46].

u

J

f mii(t)du +
0 0

cu(t)du +ffs du

w (1)

= —fmilg(t)du
0

In the basic energy balance equation; m is the seismic
mass of the structure, c is the damping coefficient, u is
the relative displacement of the system, f; is the
restoring force, i, (t) is the horizontal ground



T. Ucar, O. Merter / Hysteretic Energy Demand in SDOF Structures Subjected to an Earthquake Excitation: Analytical and Empirical Results

acceleration, u(t) is the relative velocity and ii(t) is
the relative acceleration of the system. The right-
hand side of Eq. (1) expresses the total energy input
to the system (E;) with the strong ground
acceleration. The energy input (E;) points out the
energy demand of an earthquake and imposes the
seismic energy to the structure. The first term on the
left-hand side of Eq. (1) represents the kinetic energy
of the mass (Ek), the second term represents the
damping energy (Ep) and the last term indicates the
total absorbed energy by the structure with both
linear-elastic and nonlinear behavior (E;). The
summation of these energy components constitutes
the total energy input and Eq. (1) can be rewritten by
using the symbolic seismic energy terms as:
Ex +Ep+E, =E (2)
The absorbed energy (E,) term also includes both the
elastic strain energy component (Es) and the
hysteretic energy component (Ex). Hysteretic energy
is generally considered to be the most important
energy component contributing to structural damage
[13, 21, 46, 56]. It may be thought that the hysteretic
energy composing the very significant portion of the
absorbed energy is directly related with inelastic
response of the system. Besides Eq. (2) can be
rewritten by expanding the total absorbed energy
(Eq) in terms of the elastic strain energy (Es) and the
hysteretic energy (Ex) as:
Ex + Ep +{Es + Ey} = E; (3)
Eq. (3) yields the energy response parameters of
SDOF systems subjected to earthquake excitation. Es
has the significant portion in the elastic response of
the system whereas it approaches nearly to zero at
the end of the ground motion. In inelastic behavior of
the system, the components Ex and Es are negligible
compared to Ey and almost at the end of the
earthquake ground motion, Eq. (3) may be practically
expressed as:
Ep +Ey = E (4)
3. Reference Approximations for Hysteretic to
Input Energy Ratio

In scientific literature there exist many previous
studies related to the hysteretic energy to input
energy ratio (En/E;) of SDOF systems. Researchers
generally defined Ey/E; ratio as functions of viscous
damping ratio (&), ductility factor (x) and the
hysteretic behavior [2, 3, 43, 44, 56, 57]. Akiyama
proposed a relationship between the input and
hysteretic energies in terms of equivalent velocities
[3]- Based on analysis of SDOF systems having elastic-
perfectly plastic restoring force characteristics,
Akiyama expressed the ratio of damage velocity (as a
function of the energy contributing to damage) to the
equivalent velocity (as a function of Ej) in terms of the
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viscous damping ratio (&). At the end of the
earthquake ground motion duration since Ex and Es
components are almost zero, the energy which
contributes to structural damage can Dbe
approximately taken equal to the hysteretic energy
En [40]. Accordingly, Akiyama’s empirical expression
is given below [3]:

1
C(1+3-8+1.2-,/8)?

(5)

Fajfar and Vidic [43] proposed an expression based
on the results of some parametric studies considering
elastic-perfectly plastic SDOF systems. They
expressed Ey/E; ratio as a function of viscous
damping (&), ductility factor (x) and hysteretic
behavior [43, 56]. Their simple formula to describe
En/Eratio is as follows:

Ey
E,

(=D

p (6)

Cg

where cg and cy coefficients depending on the type of
hysteretic model and damping model are taken to be
1.05 and 0.95 for 5% damping, respectively [43].
These coefficients used within the study are for
bilinear hysteretic model and instantaneous-
stiffness-proportional damping.

Manfredi [44] used many earthquake acceleration
records and carried out statistical analyses on the
used ground motion records. The following
expression was given by Manfredi for the damping
ratio equal to 0.05:

EH (.uc - 1)
—=072—— 7
EI He ( )

where s is the cyclic ductility ratio [44].

Khashaee [57] eliminated the cyclic ductility g in
Manfredi's formula and applied regression analysis
on hysteretic and input energy data obtained from
160 accelerograms and proposed an expression for
En/E;ratio for systems having #=2, 3,4 and 5 as:

Ey

— . _ 1 0.7
g =072 (- (8)

In addition to the above empirical formulas, an
extensive research has been devoted to estimate the
ratio of Ey/E;. Kuwamura and Galambos [4], Akbas et
al. [15], Decanini and Mollaioli [16] and Benavent et
al. [32, 37] are some of the leading researchers who
made studies to estimate the ratio of Ey/E; in SDOF
systems [40]. It was clearly seen from these
researchers’ studies that proposed expressions to
estimate the ratio of En/E; are overly conservative
and generally overestimate the Ey/E; ratio [25].
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Table 1. Major seismological parameters of the assembled ground motions

. RiB Vsso  PGA PGV  PGD
Record Name Earthquake & Year Station M
d " (km) (m/s) (g) (cm/s)(cm)
BIGBEAR_HOS180 Big Bear-01, 1992 flaor;;i;ﬁ?;dmo']z& 646 3498 296.970.101 11.85 3.36
BORREGO_A-ELC180  Borrego Mtn, 1968  ElCentro Array #9  6.63 4512 213.440.133 26.71 14.56
ERZINCAN_ERZ-EW  Erzincan, Turkey, 1992 Erzincan 669 0.0 352050496 78.16 28.04
KOCAELI_DZC180 Kocaeli, Turkey, 1999 Duzce 751 13.60 281860312 58.85 44.05
LANDERS_YER360 Landers, 1992 Yermo Fire Station ~ 7.28 23.62 353.630.152 29.60 24.83
MANAGUA_A-ES0180 glfnlagg;;' Nikaragua- 1 20ua, ESSO 624 351 288770330 30.76 6.20
TRINIDAD.B_B-RDL270 Trinidad, 1980 Rio Dell Overpass-FF 7.0 76.06 311.750.151 8.88 3.63
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Figure 1. Acceleration time histories of the assembled ground motions

In the presented study, both the input energy and
hysteretic energy demands of SDOF structures and
Ey/E; ratios are obtained by means of NLTH analysis
using the assembled ground motions and the results
of En/E; ratios are compared with those of Egs. (5)-

(8).
4. Ground Motion Database

A total of seven real accelerograms are assembled
considering the magnitude, distance, fault type, and
soil profile type information. The accelerograms are
compiled from the strong ground motion database of
Pacific Earthquake Engineering Research Center [58].
The accelerograms have a magnitude range of 6.5 to
7.5 and a source-to-site distances less than 80 km.
The peak ground acceleration (PGA) value of the
earthquake ground motions is larger than 0.1g,
where g is the gravitational acceleration. The site
conditions of the assembled accelerograms represent
the features of NEHRP site class D (stiff soil)
according the available average shear-wave velocity
to 30 m depth of subsoil (Vs30). The selected ground
motions have strike-slip focal mechanism. It should
also be noted that the selected ground motion
records are identified as no pulse-like records in the
Pacific Earthquake Engineering Research Center
(PEER) ground motion database. The overall
characteristics of the collected strong ground motion
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records are presented in Table 1, where M, is the
moment magnitude of earthquake, Rz is the Joyner-
Boore distance, PGV and PGD are the peak values of
ground velocity and ground displacement,
respectively. Meanwhile, the acceleration time
histories of the assembled ground motions are
demonstrated in Fig. 1.

Horizontal components of actual accelerograms are
considered in NLTH analysis for energy calculations
and the structural response to one horizontal
component is evaluated. The action effects due to the
combination of the horizontal components of ground
motion is not taken into consideration in order to
obtain input (E;) and hysteretic (Ex) energy time
history curves, as well as Ey/E; variations.

Plotted in Fig. 2 is the non-scaled inelastic
acceleration response spectra of individual records
developed for a damping ratio of 5%. Response
spectra are constructed using PRISM software [59].
The ground motion records are not scaled since the
paper does not focus on estimating of input and
hysteretic energy time history curves of inelastic
SDOF systems subjected to earthquake ground
motions compatible with elastic design acceleration
spectra of any earthquake design code. The study
only evaluates Ey/E; ratios the selected SFOF systems
under a set of non-scaled recorded earthquake under
ground motions.
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Figure 2. Inelastic acceleration spectra of the records

5. Characteristics of SDOF Systems and Energy
Graphs

Three SDOF systems having various natural periods
of T,=0.2 s, 0.6 s and 1.0 s are selected as shown in
Fig. 3. A constant ductility demand of x=2 is taken
into consideration. Pre-yield damping ratio is taken
as &5%.

Figure 3. SDOF systems having different natural periods
with p=2

The non-linear material behavior is modeled as a
bilinear non-degrading hysteretic model with post-
yield strain-hardening ratio of 10% (Fig. 4). Strength
degradation and pinching effects are neglected within
the study. Many structures subjected to reverse cyclic
loading exhibit some level of stiffness and strength
degradation [59]. However, the implemented
hysteretic model does not incorporate any level of
strength or stiffness degradation. The motivation of a
simpler bilinear hysteretic model relies on the fact
that the approximate formulas considered in the
study are mainly based on elasto-plastic (a bilinear
strength hardening model with post-yield stiffness
equal to zero) or bilinear non-degrading hysteretic
model.

a=0.10

Force'

A/

Figure 4. Bilinear non-degrading hysteretic model with
10% strain hardening

Displacement :
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Both the input energy and hysteretic energy graphs
of SDOF systems in Fig. 3 are obtained by using the
relevant expressions in Eq. (1). Earthquake input
energies are computed from the right-hand side of
general energy balance equation and hysteretic
energies are determined from the last term (inelastic
part) of the left-hand side of the same equation.
Velocity time histories of inelastic SDOF systems
subjected to horizontal component of earthquake
ground motions in Fig. 1 are computed by using
PRISM Software [60]. Then, hysteretic energies and
input energies are computed by using the Excel
programming written by the authors.

Fig. 5 is a representative figure which explains the
graphs of input and hysteretic energy time histories.
Hysteretic energy tends to be constant over very
large duration of earthquake ground motion and is
considered to be the main design parameter in
energy based seismic design of structures [15, 25].
Nonetheless, hysteretic to input energy (Ex/E;) ratio
generally tends to be constant over the certain
duration of ground motion.

0.16

0.14 .
—L m u,l.(t,l du: Input Energy

0.12
0.10
0.08

E/m (mis)y

{_rnu fz du — Eg}: Hysteretic Energy

0.06
0.04
0.02

0.00

0 20 40 60 50 100
t (sec)
Figure 5. Input and hysteretic energy graphs of an SDOF

system under an earthquake effect

6. Hysteretic to Input Energy Ratios of SDOF
Systems

Nonlinear response parameters (i.e. nonlinear
displacements and velocities) of the SDOF systems
subjected to assembled ground motions are obtained
through NLTH analysis. Firstly, seismic energy input
to the systems is determined by integrating the
product of ground motion accelerations and
nonlinear velocities over the entire duration of the
earthquake. In this way time histories of seismic
input energy per unit mass are assessed. Then,
hysteretic energy demands for SDOF systems are
obtained by integrating the resulting nonlinear forces
of dynamic analysis over the earthquake duration. It
is quite significant to estimate the hysteretic energy
demand since in energy based design procedures the
structural damage is limited by providing adequate
dissipated energy capacity of the structural system.
Accordingly, shown in Fig. 6 are the input and
hysteretic energy time histories of inelastic SDOF
systems subjected to assembled ground motions.
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Fig. 6 indicates that the maximum input and
hysteretic energies occur at the end of the earthquake
excitation. Therefore, the duration of earthquake
ground motion affects these energy components. The
dissipated hysteretic energy increases as SDOF
systems experience inelastic deformations. However,
it is almost zero at the linear elastic response of the
systems. Similarly, elastic input energy is very small.
The maximum E;/m values obtained for the
considered SDOF systems are listed in Table 2.

Table 2. Maximum input energy per unit mass

Elmax/m (mZ/SZ)

Earthquake (1=2, &5%, =0.10)

T=0.2s T=06s T=1.0s
Big Bear EQ 0.0311 0.1242 0.0958
Borrego Mtn EQ 0.0123 0.0674 0.1195
Erzincan EQ 0.3134 0.9215 0.7886
Kocaeli EQ 0.0494  0.3971 0.4970
Landers EQ 0.0718  0.1603 0.2621
Managua EQ 0.2251 0.5962 0.2855
Trinidad EQ 0.0461 0.0712 0.0501
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Figure 6. Input and hysteretic energy time histories of SDOF systems with = 2, =0.10 and £=5%
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After estimating the seismic energy demand imposed
by the earthquake, the percentage of the input energy
to be dissipated through inelastic hysteretic behavior
is calculated and the variation of hysteretic energy to
input energy (En/E;) ratio is obtained (Fig. 7). The
results of the time history analyses show that this
ratio is a stable quantity. Additionally, the constant
En/E; ratios obtained from the reference empirical
approximations are also plotted in Fig. 7.
Approximate Ey/E; ratios are quite close to each
other and it is found that the reference approximate

formulas estimate En/E; ratios within reasonable
limits.

Table 3 summarizes the maximum Ey/E; ratios of the
individual ground motions as well as the approximate
estimations of different researchers. It is observed
that the average of Ey/E; ratios is rather constant and
the reference empirical formulas estimate this value
quite reasonable rather than the En/E; ratios of
individual earthquakes.
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Table 3. En/E; ratios at the end of the duration of earthquakes (u= 2, =0.10, £=5%)

En/E This Study This Study This Study Akiyama  Fajfar&Vidic ~ Manfredi Khashaee
I (T=0.2's) (T=0.6'5) (T=1.0s) (1985) (1994) (2001) (2004)
Big Bear EQ 0.627 0.504 0.419
Borrego Mtn 0.449 0.297 0.533
EQ 0.715 0.640 0.472
Erzincan EQ 0.436 0.517 0.512
Kocaeli EQ 0.261 0.427 0.511 0.497 0.525 0.480 0.443
Landers EQ 0.368 0.550 0.451
Managua EQ 0.344 0.516
Trinidad EQ 0.421
MEAN 0.468 0.468 0.488 0.486
Table 4. Energy ratios of bilinear SDOF systems near the end of the earthquake duration
Ex+Ep+Es (%) En (%)
Earthquake T=02s T=06s T=10s T=02s T=06s T=10s
Big Bear EQ 37.31 49.61 58.09 62.69 50.39 4191
Borrego Mtn EQ 55.10 70.35 46.70 4490 29.65 53.30
Erzincan EQ 28.53 36.09 52.82 71.47 63.91 47.18
Kocaeli EQ 56.42 48.29 48.80 43.58 51.71 51.20
Landers EQ 73.90 57.30 48.90 26.10 42.70 51.10
Managua EQ 63.20 44.99 54.90 36.80 55.01 45.10
Trinidad EQ 57.90 65.58 48.40 42.10 34.42 51.60
The portion of the earthquake input energy earthquake input energy and hysteretic energy time

distributed among the total of the kinetic energy of
the mass, the damping energy and the elastic strain
energy (Ex+Ep+Es) and the hysteretic energy (En) is
listed in Table 4 in percent. For all period values, the
summation of these values corresponds to the total of
the input energy (Ej). All earthquake ground motions
reflect their own characteristics to results. It should
also be noted that more realistic results may be
calculated using ground motion records containing
accelerograms of two horizontal components.
However, considering the limits of the software used
for seismic response analysis of SDOF systems in the
study, the seismic action is described by one
horizontal component. This point should be taken
into consideration in order to evaluate the results of
the input and hysteretic energy computations of this
study.

7. Conclusions and Recommendations

Earthquake input energy can be used as a measure of
the intensity of ground motion and besides it
accounts for the duration of ground motion. Having
estimated the energy input to the system (e.g. from
energy input spectrum), one can easily determine the
portion of the input energy converted to hysteretic
energy since Eu/E; is generally supposed to be a
stable quantity. In this study, input and hysteretic
energy time histories of SDOF structures having
bilinear behavior under the effect of selected
earthquakes are investigated. Eu/E; ratio graphs are
obtained from nonlinear time history analyses and
compared with some approximate formulas given by
prior researchers.

Earlier studies indicated that structural properties
such as ductility, damping ratio and the shape of
hysteresis loop do have a significant influence on
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histories of structures. It is found that the
characteristics of the employed earthquake ground
motions significantly affect the energy time histories.
Maximum input energies have tendency to increase
from T,=0.2 s to T,=0.6 s for almost all selected
earthquakes while there is an increasing or
decreasing in the energies from 7,=0.6 s to T,=1.0 s.
Erzincan Earthquake gives the maximum input and
hysteretic energies among all selected earthquakes,
for SDOF systems having p=2, &5% and «=0.10.
Considering the results of the presented study, it can
be concluded that the input energy and especially the
hysteretic energy tend to be constant over a wide
duration range. In respect to this, Ey/E; ratios are
generally obtained almost constant at the same
duration range. Nonlinear time history results are
compared to the approximate results given in Egs.
(5)-(8). Fajfar and Vidic’s estimation about Ex/E; ratio
gives the maximum value as 0.525, the second
maximum is Akiyama'’s approximation as 0.497, then
Manfredi’'s formula gives Ey/E=0.480 and finally the
value of 0.443 is obtained from Khashaee’s equation
as the minimum among all considered estimations in
the study. Time history results for Ex/E; ratios give
very compatible results with selected researchers’
approximate estimations. For Ey/E; ratios; the mean
result of time history analyses for T,=0.2 s and T,=0.6
s is obtained as 0.468 and the mean result for T,=1.0
s is obtained as 0.488. The mean value of selected
researchers’ formulas is calculated as 0.486. The
mean results of Ey/E; ratios are obtained too close
within this study when the results of time history
analyses and approximate equations are compared.

Further research may be conducted to obtain more
detailed conclusion about the dissipation of
hysteretic energy in SDOF systems and the variation
of Ey/E; ratios. More ground motion records can be
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used to generalize the energy results. Using a wide
range of ground motion set may lead to more
sensitive and more reliable generalizations about the
En/E; ratios. Analyses may be performed to
determine the input energy and hysteretic energy
dissipation of multi-degree-of-freedom (MDOF)
systems. Moreover, different hysteretic models,
ductility ratios, damping ratios and characteristics of
earthquake ground motion records used in the
analyses can change the energy results. The other
researchers’ estimations may be investigated to
compare the degree of approximation of Ex/E; ratios
with the results of dynamic analyses.

In this study, ground motion records are selected
based on magnitude, distance, and focal mechanism
and it is only aimed to obtain Ex/E; ratios from time
history analyses and from approximate formulas. If
seismic assessment is to be performed, the rigorous
selection of ground motions will be an important
consideration and holistic ground motion selection
methods should be used for realistic structural
responses.
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