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Abstract.

For energy-based seismic design, a simplified normalized cumulative hysteretic energy spectrum proposed for

obtaining hysteretic energy as energy demand is the main objective in this paper. The dimensionless parameter, Sen, is presented
to express hysteretic energy indirectly. The Sen spectrum is constructed directly through subtracting the hysteretic energy of
single degree-of-freedom (SDOF) system energy equation. The simplified Sen spectral formulation as well as pseudo-
acceleration spectrum of modern seismic provisions is developed based on the regression analysis of the large number of seismic
responses of SDOF system subjected to earthquake excitations, which considers the influence of earthquake event, soil type,
damping ratio, and ductility factor. The relationship between PGV and PGA is established according to the statistical analysis
relied on a total of 422 ground motion records. The combination of Sen spectrum and PGV/PGA equation allows determining the

cumulative hysteretic energy as a main aseismic design indicator.
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1. Introduction

The current seismic design philosophy followed in
many earthquake-prone countries is still force based seismic
design. This method can only take into account the effect of
maximum response, however, the cumulative plastic cycle
energy during the severe seismic excitations cannot be
precisely considered (Fajfar and Vidic 1994). Housner
(1956) suggested to develop a seismic designh methodology
based on energy criteria. Energy based seismic design
considered that a structure can survive under a severe
earthquake if the structural energy absorption capacity is
greater than seismic input energy. This method is more
advanced in that the accumulation of earthquake-induced
damage can be taking into account reasonably. The energy-
based seismic design approach is gaining extensive
attention (Goel 1997, Leelataviwat et al. 2002, Choi et al.
2006, Teran-Gilmore et al. 2010, Sahoo and Chao 2010,
Kharmale and Ghosh 2013, Habibi et al. 2013, Khampanit
et al. 2014, Heidari and Gharehbaghi 2015). According to
the energy concept and energy balance equation, the
seismic input energy imparted to a structure is equal to the
sum of kinetic energy, elastic strain energy, damping
energy, and energy dissipation by hysteretic behavior of the
components. The hysteretic energy is related to the
structural damage, so it should be considered as much more
reasonable design parameter. Therefore, the construction of
hysteretic energy spectrum becomes the most important
work.

In earlier researches, some researchers (e.g., Kato and
Akiyama 1975, Fajfar and Fischinger 1990, Uang and
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Bertero 1990) considered the input energy was a very stable
parameter of the structural response, and it hardly depended
on the structural properties. The hysteretic energy spectrum
could be obtained through the relationship between input
energy and hysteretic energy indirectly (Fajfar and Vidic
1994). Akiyama (1985, 1988) and Surahman (2007)
adopted the part of energy attributed to structural damage as
design indicator, which could be computed from input
energy through subtracting the damping energy. Decanini
and Mollaioli (2001) firstly proposed a procedure for
determining inelastic design earthquake input energy
spectrum considering the influence of ductility, soil type,
source-to-site distance, and magnitude. Subsequently, the
spectrum of the hysteretic to input energy ratio was
constructed for different soil types and target ductility
ratios. Lopez-Almansa et al. (2013) also proposed the
design input energy spectra in terms of an equivalent
velocity based on the Turkish strong ground motion
records, in which the soil type, surface magnitude Ms, and
the relevance of the near-source effect were considered. The
empirical criteria for estimating the hysteretic energy from
the design input energy were suggested. Bruneau and Wang
(1996) proposed the normalized hysteretic energy spectrum
based on the simple rectangular pulse and sine-wave ground
excitations. Riddell and Garcia (2001) studied the inelastic
response of single degree-of-freedom (SDOF) systems
subjected to earthquake motions, and proposed a new
method to derive hysteretic energy dissipation spectrum.
Manfredi (2001) obtained the hysteretic energy spectrum
from the knowledge of the pseudo-velocity spectrum, and
introduced an important parameter Ip to estimate the cyclic
work required by an earthquake. Chou and Uang (2000)
established an attenuation relationship of the absorbed
energy based on a total of 273 ground motion records from
15 significant earthquakes in California, and some
important influencing  factors, including earthquake
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magnitude, source-to-site distance, site class, and ductility
factor, were considered in this regressive formula. Dindar et
al. (2015) proposed the input and plastic energy demand
spectra, which incorporate different soil types, elastic
perfectly plastic constitutive model, 5% viscous damping
ratio, different ductility levels, and varying seismic
intensities. However, most of these studies have been
conducted with either less earthquake records sample or not
considered the effect of earthquake event. Specially, the
hysteretic energy derived from Ei/En formula is related to
the accuracy of input energy formula. Furthermore, some
regressive formulas of hysteretic energy are too complex,
not suitable to use in design.

The objective of this study is to present a simplified
normalized hysteretic energy spectral formula, i.e., Sen
spectrum, directly based on the nonlinear time history
results, and account for a large number of earthquake
records. To do this, the details of the definitions and
characteristics of fen spectrum are presented herein. The fgn
spectrum is computed based on elasto-plastic model under a
total of 422 earthquake records. The effects of earthquake
event, soil type, damping ratio, ductility, and post stiffness
ratio on the fgn spectrum are analyzed and discussed.
Finally, the design formula of a simplified normalized
hysteretic energy spectrum is proposed for adopting in
energy-based seismic design.

2. Structural model and strong ground motion
records

A simple SDOF system was used in this study, with the
force-displacement relationship given by two non-linear
models: elasto-plastic and bilinear. The strength
deterioration and stiffness degrading were not considered in
restoring force model. The restoring force models are
shown in Fig. 1.

Elasto-plastic Vv
model

. FS

Bilinear \Y
model

Fig. 1 Hysteretic models of SDOF

A total of 422 earthquake records were selected and
classed from PEER database according to shear velocity.
Table 1 lists the detailed information regarding the source
magnitude, soil type, site-source distance, as well as PGA,
PGV, and PGD. These records contain time histories
ranging from a magnitude M=4.9 (Anza, Pinyon Flat, 1980)
to a magnitude M=7.6 (Chi-Chi, Taiwan 1999), and whose
distances from the site to source ranges from 0.3 to 194.1
km. Most of the records obtained from instrumental stations
described as free-field, or located at ground level in small
buildings.

3. Normalized hysteretic energy spectrum for SDOF
system

The equation of motion for an inelastic SDOF system
subjected to undirectional horizontal ground motion is

mX +cX + f; =—mX, (1)

where m is the mass; and ¢ is the viscous damping
coefficient; f; is the restoring force; x; and x are the ground
displacement and relative displacement of the mass with
respect to the base, respectively.

The energy equation can be derived from Eq. (1)
through integrating over the entire duration of the
earthquake (e.g., Kato and Akiyama 1975, Zahrah and Hall
1982), that is

t ---dt t --dt tf -dt t . -dt
IO MX +J'chx +J'O Xdt = —jomxgx ?)
Eq. (2) can be rewritten as follows
E« +Ep+Ec+E, =E, 3)

where
E( = J: mxxdt; Ej = I;cXth;
t t
Ee +E, = fdt; E, =—[ mxdt

Here Ei represents the kinetic energy, which becomes
null if the initial velocity is zero and the integration is
carried out long enough until the system comes to rest; Ep is
the energy dissipated by the viscous damping; Er is the
elastic strain energy stored in SDOF system; Ey is defined
as the hysteretic energy, which dissipated by inelastic
behavior; Er denotes the total input energy introduced by
the earthquake.

Ey is related to the damage of structure, and can be
expressed in terms of the equivalent pseudo-velocities, Ven,
which is defined as follows

Ven =4[— “4)

In order to have a general dimensionless hysteretic
energy measure, the equivalent velocity of hysteretic
energy, Ven, can be normalized by dividing the peak ground
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velocity (PGV) of earthquake excitation

VEh
PGV

Where PGV is the peak ground velocity of earthquake
wave; fen is dynamic magnification ratio based on the
hysteretic energy.

Through changing the period of SDOF system, the
cumulative hysteretic energy and fen spectrum are
computed and constructed based on the nonlinear time
history analysis.
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Fig. 2 The construction of normalized hysteretic
energy spectrum based on a typical earthquake wave

Fig. 2 shows the time history of acceleration, energy
composition, hysteretic energy, and Sgn spectrum, according
to a typical earthquake wave.

4. Influence factor analyses on the normalized
hysteretic energy spectrum

The normalized hysteretic energy spectrum represented
by Egs. (1) to (5) is controlled by some primary factors. In
order to determine the main influencing parameters, the
following aspects of earthquake and structural
characteristics are then investigated, including earthquake
event, soil type, damping ratio, ductility, and post-stiffness
ratio. In the present study, design variable considered is the
fundamental period of the structure.

4.1 Influence of earthquake event

It is well known that earthquake event has a certain
effect on the results of seismic response. Specially, when
many ground records are taking from one earthquake event,
the structural seismic response is mainly rely on this
earthquake, and the contribution of other earthquake
characters is weakened. To evaluate this earthquake event
bias, two methods are adopted:

Method I: The seismic response of each earthquake
record is used to represent an individual statistical sample,
and conduct statistical analysis with other earthquake record
result.

Method II: The mean seismic response of ground
records from each earthquake with same soil type is used to
represent this earthquake event, and conduct statistical
analysis with other earthquake event result.

Fig. 3 compares the earthquake event effect on pfgn
spectrum from 422 selected earthquake records considering
the different soil type.

The analysis results displayed in Fig. 3 indicate that
earthquake event is an important influencing factor on the
Pen spectrum. Plots from these figures show that the
discrepancy of fn analytical result based on two methods is
very obvious except for soil S3 seismic response. The
method I uses the seismic response of each earthquake
record as an individual statistical sample, which leads to the
average fen spectrum significantly depending on the
number of earthquake records from a certain earthquake
event. For example, the subset named S1-set3 (Table 1)
includes 60 earthquake records from Chi-Chi Taiwan (1999)
earthquake event. When the method I is adopted, the
seismic responses of 60 earthquake records will be regarded
as 60 individual statistical samples, which results in the
average PBgn spectrum feature of soil S1 controlled by Chi-
Chi earthquake event. However, the method II is different,
because the average seismic response of 60 earthquake
records is only regarded as an individual statistical sample.
Thus, the effect of earthquake event for constructing pSen
spectrum can be eliminated. Similarly, FEMA P-695 (2009)
also suggests that no more than two of the strongest
earthquake records are taken from each earthquake.
Therefore, the method II proposed in this paper is much
validated to take into account the effect of earthquake event.
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Fig. 3 The influence of earthquake event on Sen spectrum

4.2 Influence of soil type

In this section, the influence of soil type on the pgn
spectrum was examined through considering the four soil
classes S1, S2, S3, and S4. This results presented herein
were based on the following parameters: elasto-plastic
model, post stiffness ratio=0.00, x=2, and damping
ratio=5%. Fig. 4(a) allows comparing the trend of the mean
Len spectrum, and Fig. 4(b) depicts the variation coefficients
of fen spectra with different soil type.

- === S0il 2
Soil 3

1.2

09+t

506
Q

-===Soil 2

03f — Soil 3
—— Soil 4
0.0 -
0 1 2 3 4 5 6

T(s)

(b) variation coefficients
Fig. 4 The influence of soil type

As it can be seen, Fig. 4(a) indicates that soil type
produces a significant influence on fen spectral shape. The
four spectral shapes are notably different from one another.
The maximum values of fgn spectrum are close to 1.65 for
soil S1, 1.75 for S2, 2.2 for S3, and 2.1 for S4. Generally,
the peak of fen tends to move toward the zone of low
frequencies as the soil condition becomes soft. From the
examination of all the mean normalized hysteretic energy
spectrum, the first turning period depends strongly on the
soil condition, and can be approximately taken as 0.15,
0.25, 0.4, and 0.5s, respectively, for the soil S1, S2, S3, and
S4.

The knowledge of the coefficient of variation (COV)
allows comparing the degree of uncertainty involved in the
estimation of Sen spectrum. As shown in Fig. 4(b), it can be
recognized the dispersion is generally considerable. For this
parameter COV varies from a minimum of 0.26 to a
maximum of 1. The soil type has a certain influence on the
values of the variation coefficient.

4.3 Influence of damping ratio

The total energy imparted to the inelastic SDOF system
by earthquake excitation is dissipated by damping and
inelastic deformation. In order to investigate the influence
of the damping on the fen spectral shapes, the following
analysis has been carried out and the results are shown in
Fig. 5.

In Fig. 5, the distribution of fgn for soil S2 and u=2 is
presented. This analysis put in evidence that the value of fgn
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tends to decrease as the damping ratio increase. Specially,
such phenomenon was observed essentially during the high
frequency region. The curve of fgn tends to more smooth
with the damping ratio increasing. Normally, the character
period of earthquake record is almost in the range of high
frequency region, which leads to the resonance of SDOF
system with similar frequency or period, and produces
greater dynamic response. It is generally known that the
damping ratio has an important role of reducing the peak,
and makes the curve smoother. For low frequency region,
the reducing peak function of damping ratio is not obvious
except for decreasing the response of SDOF system.
Generally, when the similar input energy imparts to the
structure subjected to earthquake excitations, the energy
dissipation due to damping ratio increases with the increase
of damping ratio, and the energy dissipation of structural
components due to inelastic deformation decreases
obviously.

4.4 Influence of ductility

This analysis of the ductility effect on the fen spectral
shapes has been carried out for the soil S2 and for a
ductility from 1.5 to 6, which is a reasonable range of
ductility factor implicit in current seismic design, illustrated
in Fig. 6.

3
------- £=0.00

; - - E20.02
P — =005
2-.:,, N PP PPN £=0.10

T()

Fig. 5 The influence of damping ratio on the mean
Len spectrum: p=0, u=2, soil S2

Fig. 6 The influence of ductility on the mean fen
spectrum: p=0, £&=5%, soil S2

T(s)

Fig. 7 The influence of post-stiffness on the mean
Ben spectrum: u=2, £&=5%, soil S2

In Fig. 6, ductility is found to have an important effect
on the fgn spectral shapes, and a clear trend was detected,
i.e., the value of Sen spectrum is lower for smaller ductility
value than for larger ductility. In other word, the larger
ductility factor also implies greater hysteretic energy
dissipation. However, the increment of prn spectrum
becomes small gradually with the increase of ductility
value. For instance, for an increase in ductility value from 2
to 3, and from 4 to 5, respectively, the maximum value of
Prn increases from 1.76 to 1.99, and from 2.08 to 2.14.

4.5 Influence of post-stiffness ratio

The post-stiftness ratio of bilinear model has a certain
effect on the absorbing energy of inelastic SDOF system. In
order to evaluate this effect, Fig. 7 shows the influence of
post-stiffness ratio on the fen spectral shape based on the
soil S2, &=5%, and pu=2.

As it can be seen, the fSen spectral shape is not sensitive
to the post-stiffness ratio. When the post-stiffness ratio
varies from 0 to 0.2, the maximum value of Sgn spectrum
varies from 1.76 to 1.85. Therefore, it seems that it appears
reasonable to ignore the influence of post-stiffness, when
proposing the formulation of Sen spectrum.

5. A simplified normalized hysteretic energy design
spectrum

The normalized hysteretic energy spectral shape should
be associated with simple mathematical expressions and
smoothened curves. Based on the results of parameter
analysis, the normalized hysteretic energy spectral shape is
mainly associated with soil type, damping ratio, and
ductility, except that the effect of post-stiffness can be
ignored. Therefore, the mathematic formulation of Sen
spectrum can be written as

Ben = T(T.&,1,8) (6)

where 7 is the vibration period; ¢ is the damping ratio; yu is
the ductility; S is the soil type.

Referring to the research results of Decanini and
Mollaioli (2001), the normalized design hysteretic energy
spectral shape was individuated by smooth curves
accounting for the fundamental trends and defined by
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BEh: anEh“u ﬁEh‘max

Ber=(To/ T) M:Reny Benmax

ﬂsn:(T{ T M:Rens Benmoe

0

=

T: 6 T

Fig. 8 Normalized hysteretic energy spectral shape

simple mathematical relationships. The graph of the
adopted normalized hysteretic energy spectral shape,
plotted in Fig. 8, consists of three regions characterized by
the following patterns:

1. Linear variation for the high frequencies;

2. A constant branch for the intermediate frequencies;

3. A decaying curve for the low frequencies.

The Pen spectrum can be written in the following
equations

T
Pen = (.ITJ i REh,pﬂEh,max 0<T<T,

1
Ben =m REh,yﬂEh,maX T, <T<T, 7

T}
Ben = (?zj anEh,yﬂEh,max T,<T<6s

Where, T represents the period corresponding to the
beginning of the constant region of the spectrum, and 7> is
the period corresponding to the beginning of the decaying
branch; fenmax 1s the maximum spectral value relative to the
constant region of the fgn spectrum; y is the decaying
parameter, which is relate to the damping ratio, and can be
determined in Eq. (8)

L 005-¢ ©
PN 0368

A simplified formulation of Eq. (9) was proposed to
consider the effect of damping ratio, which is equal to

0.05-
m _14 20 )
0.1+15¢

Ductility has a significant effect on the fen spectral
shape, and then the following expression can be derived

pu-15
Ehu =1+
* 1.6u

T, T», y1and Penmax depend on the soil type, which can
be determined in Table 2. The period 71, corresponding to
beginning of the plateau (region 2), is taken as the first
turning period, which is equal to 0.15, 0.25, 0.4, and 0.5s,

(10)

respectively for the soil S1, S2, S3, and S4, fairly similar to
that suggested by Decanini and Mollaioli (2001). The
period T3, corresponding to the end of the constant branch
(region 2), is equal to the second turning period determined
by the mathematical fitting method. The original average
Pen spectrum is firstly fitted through the simplified three-
region mathematical formulas. When the correlation
coefficient (R?) of the two curves is the largest, the second
turning period is recorded as 7>.

The parameter, Senmax, represents the maximum value of
Pen and characterizes the constant range of the spectral
shape. The average value of fen between 71 and T is
computed, and the maximum of average Sen is used as a
representative value of Penmax. Fig. 9 illustrates the
distribution of fen between T and 7> for different soil type.

Table 2 Parameters Senmax,71 and 7> depending on soil type

Soil type ﬁEh,max 71 T T»
S1 1.35 0.45 0.15 0.8
S2 1.45 0.60 0.25 1.0
S3 1.85 1.00 0.40 1.2
S4 1.75 0.35 0.50 1.4
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Fig. 9 The determination of Senmax: () soil S1; (b)
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Fig. 10 Comparison between fen spectral shape from Eq.
(7) and the mean spectra calculated by 141 real
earthquake waves of S2 soil condition for x=2, and P=0

5.1 The verification of simplified Ben spectrum formula
considering damping ratio

The Pen spectral shape calculated by Eq. (7) has been
compared with the mean value calculated by 141 real
earthquake waves of S2 soil condition, considering the
different damping ratio, for x=2, and P=0, as illustrated in
Fig. 10.

5.2 The verification of simplified Ben spectrum formula
considering ductility

The ductility is another significant parameter, and Eq.
(10) is used to reflect ductility effect. In Fig. 11, the
reasonability of Eq. (10) is evaluated, and compares the
proposed Sen spectra with the mean value calculated by 141
real earthquake waves of S2 soil condition, considering the
ductility, for &=5%, and P=0.

5.3 The verification of simplified Ben spectrum formula
considering soil type

Fig. 12 reports the Sen spectral shape calculated by Eq.
(7), and compares with the mean value calculated by four
sets earthquake waves from four soil types, for &=5%, u=2,
and P=0.

As it can be noticed from Fig.10 to Fig.12, the spectral
shapes of fit curves agree well with the shapes of the mean
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Fig. 11 Comparison between fen spectral shape from Eqg.
(7) and the mean spectra calculated by 141 real
earthquake waves of S2 soil condition for ¢=5%, and P=0
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Fig. 12 Comparison between fSen spectra shape from Eg.
(7) and the mean spectra calculated from four soil types
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On the basis of statistical analysis, the relative formula
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plus-one-standard-deviation of PGV/PGA ratio are

Fig. 13 The PGV/PGA ratios of all the records used

in this analysis
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_16P8Y (11)
PGA

PGV
PGA

Where PGV /PGA is the mean ratio of peak ground
velocity and peak ground acceleration of original real
earthquake records; PGA is the design peak ground
acceleration under the earthquake design level provided by
current seismic specification; PGV is the design peak
ground velocity having the same design level with PGA.
The constant 1.6 is obtained by fit PGV /PGA ratio to the
mean-plus-one-standard-deviation of Table 3.

With reference to Fig. 13, it is obviously that there is not
direct relationship between PGV and PGA of earthquake
records. So, the mean and standard deviation of PGV/PGA
are computed based on statistical analysis. The mean of
PGV/PGA for different soil type is 0.127, 0.098, 0.103 and
0.237, and standard deviation is 0.088, 0.065, 0.062 and
0.141, respectively. The mean value plus a standard
deviation of PGV/PGA is used to construct the statistical
regression formula. For simplification, the mean of
PGV/PGA parameter is defined to 0.13, 0.1, 0.1, and 0.24
for soil S1 to S4. In Table 3, the PGV/PGA according to the
statistical analysis is calculated based on the proposed mean
value of PGV/PGA, and the guaranteeing probability of
calculating value is approximately 80%.

The seismic design level of Chinese seismic
specification (GB50011-2010) is provided in Table 4.
According to Eq. (11) and Table 4, PGV can be obtained,
consisting with the same seismic design level representing
PGA in Chinese seismic specification.

Fig. 14 illustrates the equivalent velocity spectra of
hysteretic energy for given values of &=5%, u=2, and P=0

Table 3 The statistical data of PGV/PGA

PGV /PGA(The o 0 i

Sl _pGuingny  Devation "OVTOR 40O POR Guamnteeng
“ h 4 uto

S1  0.127 0.13 0.088 0.215 0.208 82.12%

S2  0.098 0.1 0.065 0.163 0.160 83.01%

S3  0.103 0.1 0.062 0.165 0.160 82.11%

S4 0237 0.24 0.141 0.378 0.384 85.15%

Table 4 The maximum PGA in time history analysis of
Chinese seismic code (cm.s2)

seismic seismic

with different seismic intensity under 2%~3% probability of
exceedance in 50 years. With reference to Fig. 14, an energy
combination approach (Kalkan 2006) according to the first
several structural periods is used to generate total structural
hysteretic energy, which can be adopted in energy-based
seismic design.
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Fig. 14 Hysteretic energy spectra based on the
regressive formula
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7. Conclusions

In this paper, a simplified normalized hysteretic
spectrum has been proposed for SDOF system subjected to
earthquake excitations. The thoughts and conclusions are
summarized as follows:

* The hysteretic energy relate to structural damage is an
ideal design parameter in the energy-based seismic
design. The dimensionless parameter, Sgn, is presented to
express structural hysteretic energy, and the computing
method of normalized hysteretic energy spectrum is
given in this paper.
* The effect of earthquake event, soil type, ductility, and
damping ratio on the Sgn spectrum is significantly
considerable, which need to be taken into account
constructing Sen spectrum. However, the post-stiffness
ratio of nonlinear SDOF system is not sensitive to fen
spectrum, which can be ignored.
* The simplified mathematical formula of Sy spectrum
as a function of structural period, damping ratio, and
ductility. This formula can provide results generally in
good agreement with the exact values.
* The relationship between PGV and PGA is proposed
based on the statistical analysis of 422 earthquake
records. According to Eq. (11), the seismic hazard level
representing by PGV parameter can be obtained, which
has the same seismic hazard level expressing by PGA
indicator in current seismic code.
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