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Simplified approaches for Arias Intensity correction

of synthetic accelerograms

Zheng Li1 • Panagiotis Kotronis2 • Hanliang Wu3

Abstract For the generation of synthetic accelerograms, spectrum compatibility is usually

emphasized. However, it is well known that the correct evaluation of the seismic response

depends on suitable seismic inputs. For example, Arias Intensity, that measures the energy

of an earthquake and which attracts more and more attention in probabilistic seismic

analysis, cannot be ignored. Thus, simplified methods which could generate both spectrum-

compatible and energy-compatible accelerograms are required. This study focuses on the

correction of Arias Intensity when generating artificial synthetic accelerograms for given

specific earthquake records. Two simple and efficient approaches are proposed. The first

approach introduces an energy-compatible algorithm to the spectrum-compatible model,

which enables the generated accelerograms to match both the target response spectrum in

the frequency domain and Arias Intensity in the time domain. The second approach refers

to an empirical way in which empirical envelope shape functions are directly defined based

on the energy distribution profile of given earthquake records. The two approaches are

validated using various earthquake records, their performance is proven satisfactory and

their application is straightforward in the relative fields of earthquake engineering.
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1 Introduction

Modern building codes or guidelines usually adopt design response spectra to define the

seismic load. For this reason and when transient dynamic analysis are necessary, it is often

required that the spectra of the input accelerograms are similar to or envelope the pre-

scribed target design spectra. This kind of seismic inputs are called spectrum-compatible

accelerograms. Spectrum-compatible time histories received great popularity for earth-

quake design (Naeim and Lew 1995) and different spectrum-compatible models have been

proposed (Gasparini and Vanmarcke 1976; Kaul 1978; Iyengar and Rao 1979; Cacciola

et al. 2004; Zentner and Poirion 2012). Spectrum-compatible models are also widely used

for performance based safety assessment and probabilistic risk assessment studies (Zentner

et al. 2011).

Recently, the importance of the seismic input for a correct evaluation of the seismic

response has been highlighted (Kwon and Elnashai 2006; Nanos and Elenas 2006; Masi

et al. 2011). Actually, the nonlinear dynamic response is highly influenced by the non-

stationary behavior of the input signals in both time and frequency domains (Yeh and Wen

1990; Wang et al. 2002; Spanos et al. 2007). Zentner and Poirion (2012) pointed out the

need to correctly reproduce the natural variability of the ground motion parameters (such

as peak ground acceleration (PGA), cumulative absolute velocity and Arias Intensity)

observed for recorded time histories. Masi (2003) reported that integral intensity measures,

such as the Arias Intensity (Arias (1970)), are very effective in representing the damage

potential of a ground motion. Arias Intensity can be seen as the premise that the damage

experienced during an earthquake is proportional to the energy per unit weight dissipated

by the structure during the total duration of the earthquake (Villaverde 2009).

The effectiveness of Arias Intensity in predicting the likelihood of damage of short-

period structures has been recently demonstrated (Travasarou et al. 2003). Arias Intensity

can be considered as a suitable ground motion measure in probabilistic seismic hazard

analysis (PSHA) (Stafford et al. 2009a). For a better seismic risk assessment, Cabañas

et al. (1997) look at Arias Intensity as a parameter to relate the energy of the ground

motion and the damage occurrence. It has been shown that the Local Medvedev-Spon-

heuer-Karnik (MSK) Intensity has good correlation with Arias Intensity (Cabañas et al.

1997). Arias Intensity as ground motion measure can also be applicable in geotechnical

engineering such as in the determination of rock falls and landslides occurence (Harp and

Wilson 1995; Del Gaudio et al. 2003) or liquefaction (Egan and Rosidi 1991; Kayen and

Mitchell 1997; Kramer and Mitchell 2006).

Acknowledging the importance of Arias Intensity (energy content) in seismic analysis,

it is necessary to reproduce a reasonable Arias Intensity for the seismic input. In other

words, besides a spectrum compatibility the energy compatibility of the seismic input

should be sought. Different studies have been proposed to generate energy-compatible

accelerograms. Yazdani and Takada (2009) proposed a wavelet based method to generate

artificial earthquake signals that are both energy and spectrum compatible. Sheng et al.

(2012) used the wavelet method to adjust the energy of multi-dimensional ground motions.
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Stafford et al. (2009b) proposed an energy-based envelope function for the stochastic

simulation of earthquake accelerograms.

Based on the well-known spectrum-compatible model proposed by Gasparini and

Vanmarcke (1976), two simplified approaches are proposed in this paper to improve the

Arias Intensity of the (energy-compatible) synthetic accelerograms. For specific earth-

quake records, the proposed two methods are proven simple, efficient, enabling both

spectrum and energy compatibility in time and frequency domain.

2 Spectrum-compatible model

Among the synthetic accelerogram generation models (Gasparini and Vanmarcke 1976;

Kaul 1978; Iyengar and Rao 1979; Cacciola et al. 2004; Rezaeian and Kiureghian

2008, 2010; Rezaeian 2010; Zentner and Poirion 2012), the most popular and commonly

used is probably the one proposed in 1976 by Gasparini and Vanmarcke (1976), for its

simplicity and efficiency. The advantage of this model is that the spectra of the generated

accelerograms are directly matched with the target spectrum (either the spectrum from a

recorded earthquake or the spectrum from design codes). This method is nowadays

introduced in various softwares (Masi et al. 2011; Zentner et al. 2014), for example

SeismoArtif (Seismosoft 2016). In the Gasparini-Vanmarcke model, the artificial

accelerograms are generated by a series of modulated sinusoidal waves, see Eq. (1):

aðtÞ ¼ qðtÞ
X

n

i¼1

Aisinðxit þ UiÞ ð1Þ

where q(t) is a deterministic envelope function (or modulating function), defining the

transient temporal earthquake nonstationary; Ai, xi and Ui are respectively the amplitude,

frequency and phase angle of the ith sinusoidal wave. In order to match the prescribed

target spectrum, the amplitudes Ai have to be adjusted and corrected.1 Normally, this

correction is an iterative process. A simple iterative linear correction could be applied

(Gasparini and Vanmarcke 1976), see Eq. (2). For the jth iteration:

Ajþ1 ¼
Sv;target

Sv;computed

Aj ð2Þ

where Sv is the velocity spectrum. Since for elastic response spectrum, Sa ¼ xdSv, Eq. (3)

is derived:

Ajþ1 ¼
Sa;target

Sa;computed

Aj ð3Þ

The recommended number of iterations is j� 3. A greater iteration number results in a

more precise matching with the target spectra increasing however the necessary compu-

tational time.

In this study, instead of using a fixed number of iterations, a convergence criterion is

adopted. More specifically, Eq. (4) is used to evaluate the relative error between the target

and the computed results.

1 The amplitudes Ai are related to the Power Spectral Density Function (PSDF) as: GðxiÞDx ¼ A2
i =2.

GðxiÞDx represents the contribution of the sinusoid with frequency xi to the total power of the motion.
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R ¼
jjXtarget � Xcomputedjj

jjXtargetjj
% ð4Þ

where R is the relative error; Xtarget the target value and Xtarget the computed value. The

more strict is the tolerance (smaller R) the more iterations are required. It is found that with

a tolerance of R 6 TOL ¼ 20%, 3–5 iterations are usually needed to achieve convergence.

Following this procedure, the artificial acceloergrams can be obtained by adjusting the

amplitudes Ai. In this way, the spectrum matching is performed in the frequency domain.

Considering the time domain, the envelope q(t) plays an important role on the properties

of the generated accelerograms (Greco et al. 2014). Different envelope functions have

been proposed in the literature such as a trapezoidal shape (Hou 1968) and a ‘boxcar’

(stationary) shape (Gasparini and Vanmarcke 1976) or other seismological indices based

envelope (Marano et al. 2013). Three commonly used envelope functions are studied in

this paper: (a) the exponential modulating envelope proposed by Liu (1969); (b) the piece-

wise envelope shape proposed by Jennings et al. (1968) and (c) the ‘gamma’ envelope

curve proposed by Saragoni and Hart (1974). For more details on these envelope functions,

refer to Appendix 1. The influence of the q(t) envelope shape on the Arias Intensity

(energy distribution) of the artificial accelerograms is highlighted hereafter.

The Arias Intensity (IA), introduced in 1970 by Arias (1970), is defined in Eq. (5):

IA ¼
p

2g

Z td

0

a2ðtÞdt ð5Þ

where a(t) denotes the ground acceleration; g the gravitational acceleration; td the total

ground motion duration. The unit of Arias Intensity is m/s (velocity). It characterizes the

energy content of a strong motion record and captures the potential destructiveness of an

earthquake (Travasarou et al. 2003). It is clear from Eq. (1) that a(t) strongly depends on

the modulating control function q(t). To simulate the natural shape of a real earthquake

record, the chosen envelope shape usually contains an ‘ascending’ and a ‘descending’ part.

In addition, the total duration of the non-zero length of the envelope controls the final total

cumulative energy. In other words, the ‘shape’ of the envelope q(t) governs the energy

distribution a(t) of the simulated earthquake and therefore the Arias Intensity. For a given

real earthquake record, if the modulating envelope is not properly defined, this will cause

significant discrepancies between the Arias Intensity of the simulated and target

accelerograms.

The model proposed by Gasparini and Vanmarcke (1976) generats accelerograms that

are spectrum compatible with the target one. Nevertheless, the Arias Intensity compati-

bility (or energy distribution) is not guaranteed, results depend on the chosen modulation

envelope function q(t) in the time domain. Some examples are given hereafter.

All the earthquake records studied in this paper are listed in Table 1. A statistical

analysis was also carried out with the Loma Prieta earthquake. As shown in Fig. 1, when

the number of simulations approaches 1000, the mean PGA of the generated accelerograms

is stable. In the following, all the statistic results presented are made using 1000

simulations.

The influence of the chosen envelope shape on the produced spectra and Arias Intensity

is investigated hereafter. The Loma Prieta earthquake (Table 1) is chosen as the target

earthquake. The response spectra damping ratio is set to n ¼ 5%. Considering the different

envelope shapes q(t) proposed (a) by Liu (1969), (b) by Jennings et al. (1968) and (c) by
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Saragoni and Hart (1974) and after matching the spectrum with the target (TOL ¼ 20%),

results in terms of spectra and Arias Intensity are shown in Figs. 2 and 3 respectively.

As often mentioned in the literature, the model proposed by Gasparini and Vanmarcke

(1976) ensures the spectrum compatibility in the frequency domain, see Fig. 2. Results

however are different in terms of Arias Intensity. Figure 3 shows the Arias Intensities from

the simulated and the target accelerograms. The dash line and the shaded area denotes the

mean Arias Intensity of 1000 simulations and its standard deviation, respectively. It can be

seen that none of the three envelope shapes can effectively provide similar Arias Intensity

with the target earthquake. In time domain, the q(t) envelope shape has a significant influence

on the Arias Intensity of the simulated accelerograms and should be properly tuned.

The influence of the amplitude of the envelope shape on the spectrum and Arias

Intensity is presented hereafter. Consider the piece-wise envelope shape q(t) proposed by

Jennings et al. (1968) (Appendix 1). The artificial accelerograms are matched with the

target Kobe earthquake (Table 1) with the same piece-wise envelope shape but different

amplitudes i.e. q(t), 0.5q(t) and 0.2q(t). The chosen parameters for q(t) are T1 ¼ 3:0,
T2 ¼ 8:0 and a ¼ 0:2. The damping ratio of the response spectrum is n ¼ 5%. The com-

parisons of the resulting spectra and Arias Intensities are shown in Figs. 4 and 5,

respectively. It can be seen that changing the amplitude of the envelope shape does not

influence the matching of the spectra in frequency domain. In a similar way, the influence

of the envelope shape amplitude on the Arias Intensity (time domaine) is negligible. This

can be simply explained looking at Eq. (1). If q(t) is amplified or reduced m times during

the iterative process in order to match the target spectrum, the amplitudes of the sine waves

Table 1 Strong motion records

Earthquake Date Station Mw Re (km) PGA (g)

Kobe 1995-01-16 JMA, 0 6.9 1.0 0.821

Imperial Valley 1940-05-19 El Centro, 180 6.9 12.2 0.319

Loma Prieta 1989-10-18 Gilroy Array station #1, 090 7.0 2.8 0.442

Northridge newhall 1994-01-17 Fire station, 090 6.7 10.9 0.583

Note: 1. Strong motion records are extracted from the COSMOS (Consortium of Organizations for Strong-

Motion Observation Systems), COSMOS Strong-Motion Virtual Data Center. http://www.cosmos-eq.org/;

http://www.strongmotioncenter.org/vdc/scripts/default.plx

2. Mw, moment magnitude of an earthquake; Re, closest distance to fault
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Fig. 1 Number of simulations

versus mean of PGA of generated

accelerograms. Loma Prieta

earthquake (Table 1)
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Ai are automatically reduced or amplified by 1/m times. Thus, the amplitude of the

envelope shape q(t) does not influence the spectrum and the Arias Intensity of the gen-

erated accelerograms.

The following conclusions can be therefore be made:

• the envelope shape q(t) does not influence the matching of the spectra (frequency

domain),

• the envelope shape q(t) greatly influences the matching of the Arias Intensities (energy

distribution, time domain),

• The Arias Intensities of the artificial accelerograms depend on the choice of the

envelope shape q(t).

Two novel simplified approaches are proposed hereafter to address these issues.

Fig. 2 Comparison of spectra of

simulated and target

accelerograms, Loma Prieta

earthquake (Table 1), damping

ratio n ¼ 5%. Simulated

accelerograms using a the

envelope shape by Liu (1969),

b the Piece-wise envelope shape

by Jennings et al. (1968) and

c the ‘Gamma’ envelope shape

by Saragoni and Hart (1974)
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3 Simplified approaches for Arias Intensity correction

As mentioned in the previous section, due to the influence of the modulating function on

the simulated artificial accelerograms, the resulting Arias intensities often have significant

differences compared to the Arias intensities of the target recorded earthquake signals. In

this section, two simplified approaches are introduced to correct the Arias Intensity of the

generated synthetic accelerograms.

3.1 Correcting Arias Intensity by matching the target energy distribution

in time domain

According to Gasparini and Vanmarcke (1976), q(t) in Eq. (1) is a deterministic function

which does not change in each iteration. It is proposed hereafter to abandon this hypothesis

Fig. 3 Comparison of Arias

Intensities of simulated and target

accelerograms (dash line mean

value after 1000 calculations,

shaded area standard deviation),

Loma Prieta earthquake

(Table 1), damping ratio n ¼ 5%.

Simulated accelerograms using

a the envelope shape by Liu

(1969), b the Piece-wise

envelope shape by Jennings et al.

(1968) and c the ‘Gamma’

envelope shape by Saragoni and

Hart (1974)
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and to adjust q(t) according to the differences between the target and simulated energy

distributions such as to achieve energy compatibility at the end of the iterative procedure.

Arias Intensity is related to the energy content EsðtÞ of the earthquake signal, calculated
as, Eq. (6):

EsðtÞ ¼

Z td

0

aðtÞ2dt ð6Þ

EsðtÞ is the cumulative of the square of the ground acceleration a(t). The Arias Intensity

can be therefore seen as the variation of the earthquake energy EsðtÞ. We note hereafter the

content of aðtÞ2 in time domain as I(t), see Eq. (7):

Fig. 4 Comparison of spectra of

simulated and target

accelerograms, Kobe (Table 1),

damping ratio n ¼ 5%. Simulated

accelerograms using the Piece-

wise envelope shape by Jennings

et al. (1968). Envelope shape

equals to a q(t), b 0.5q(t) and

c 0.2q(t)
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IðtÞ ¼ aðtÞ2 ð7Þ

In order to achieve Arias Intensity (energy) compatibility, IcomputedðtÞ has to match the one

of the target earthquake, ItargetðtÞ. Then, the envelope shape function q(t) should be

accordingly adjusted based on the difference between IcomputedðtÞ and ItargetðtÞ. To avoid

convergence problems during the iterations, an averaged IaðtÞ is introduced instead of the

original energy content I(t). IaðtÞ is obtained by the Multiple-times Short-window Moving

Averaging (MSMA) method. More specifically:

For certain time point ti, IaðtiÞ is defined as:

Fig. 5 Comparison of Arias

Intensities of simulated and target

accelerograms, Kobe (Table 1),

damping ratio n ¼ 5%. Simulated

accelerograms using the Piece-

wise envelope shape by (Jennings

et al. 1968). Envelope shape

equals to a q(t), b 0.5q(t) and

c 0.2q(t)
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IaðtiÞ ¼
Iðti�1Þ þ Iðtiþ1Þ

2
ð8Þ

The procedure is to apply Eq. (8) several times until the averaged IaðtÞ is smoothed. The

advantage of the MSMA method is that it results to very small modifications of the

cumulative energy. Its effects on the energy distribution in time domain are clearly shown

in Fig. 6. While increasing the times of averaging produces smoother curves, see Fig. 6a,

the resulting cumulative energy stays always close to the original, see Fig. 6b. The Matlab

subroutine for the Multiple-times Short window Moving Averaging method (MSMA) is

provided in Appendix 1.

Similar to the spectrum matching process, the envelope q(t) has to be adjusted itera-

tively. For the jth iteration, q(t) is updated according to Eq. (9):

qðtÞjþ1 ¼
Ia;target

Ia;computed

� �p

qðtÞj ð9Þ

where qðtÞj and qðtÞjþ1 are the envelope shapes of the jth and jþ 1th iterations; Ia;target and

Ia;computed the target and computed energy distributions; p a factor controling the conver-

gence speed. The convergence criterion of Eq. (4) is again adopted. A double iterative

algorithm is proposed to achieve spectrum-compatible and energy-compatible accelero-

grams, briefly summarized in the boxed Algorithm 1 (with R1 and TOL1 the error and

tolerance respectively on spectra, R2 and TOL2 the error and tolerance on energies and

k the maximum number of iterations provided by the user.
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The two parallel iterations of the algorithm are interdependent. In order to easily

obtain convergence, the factor p in Eq. (9) has to be tuned to match the target spectrum

first. After several numerical tests, the good values for p are found to be about 0.1–0.3.

In the examples presented hereafter, p ¼ 0:3. In order to satisfy the two converge cri-

teria, about 15–20 iterations are found to be necessary. At the beginning of the algo-

rithm, a baseline correction (Boore 2001) is applied on the artificial accelerograms by

subtracting the low frequencies from the signal. In this study, a simple linear polynomial

curve is used to fit the time-history values which represents the low frequency compo-

nent of the earthquake record. Then this linear fitting curve will be subtracted from the

earthquake time-history.

An example of the simulated accelerograms using the spectrum-compatible and

energy-compatible matching method for the Kobe earthquake is shown in Fig. 7. The

adopted convergence criteria (tolerances) for spectrum and energy matching are TOL1 ¼
20% and TOL2 ¼ 10% respectively. The response spectrum damping ratio is n ¼ 5%.

Comparisons of the spectra and Arias Intensities of the simulated and target accelero-

grams are shown in Fig. 8. Results show that both spectrum and Arias Intensity are well

matched with the targets. Concerning energy compatibility, the mean of the simulated

Arias Intensity follows closely the target one with a small standard deviation (shaded

area). The proposed algorithm was further validated on other earthquakes. For example,

results on the Elcentro earthquake (Table 1) with a higher spectrum damping ratio n ¼
20% are shown in Fig. 9.
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3.2 Correcting Arias Intensity with an energy-based envelope shape

In this section, an empirical and simple approach to correct the Arias Intensity of the

artificial accelerograms is presented. The method adopts energy-based envelope shapes

which can be directly obtained from the earthquake records. As discussed in Sect. 2, the
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Fig. 7 Spectrum-compatible and energy-compatible accelerograms using the double iterative process of

Algorithm 1. Kobe earthquake, JMA station, component: 0. Response spectra damping ratio n ¼ 5%

Fig. 8 Comparison of simulated

and target accelerograms using

the double iterative process of

Algorithm 1. Kobe earthquake

(Table 1), damping ratio n ¼ 5%.

a Spectra, b Arias Intensities
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shape of the envelope function q(t) plays an important role for the Arias Intensity of the

generated accelerograms. The main idea is therefore to introduce the trend of the energy

distribution of the recorded earthquake to the generated accelerograms, see Eq. (7). The

definition of the new envelope shape is thus directly based on the energy distribution

profile I(t) of the target record.

Two examples of the energy-based envelope shapes (Loma Prieta and Northridge

Newhall earthquakes) are shown in Fig. 10. It can be observed that each envelope shape is

defined by the various peaks observed on the I(t) profile. To find this curve, the procedure

has as follows:

The Matlab subroutine for finding the energy-based envelope shape is provided in

Appendix 1. As discussed in Sect. 2, the amplitude of the envelope shape does not

influence the spectrum and energy content of the artificial accelerograms. For simplicity

reasons, the envelope shape is therefore normalized by its maximum value (see Fig. 10).

The proposed empirical energy-based envelope represents approximately the ascending

Fig. 9 Comparison of simulated

and target accelerograms using

the double iterative process of

Algorithm 1. Elcentro earthquake

(Table 1), damping ratio

n ¼ 20%. a Spectra, b Arias

Intensities

13



and descending trends of the energy distribution. Furthermore, the total effective duration

of an earthquake is well reflected. It is therefore expected that with this type of envelope

shape, the generated artificial accelerograms will have similar spectra and Arias Intensities

with the target one.
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Fig. 10 a Energy-based

envelope shape for the Loma

Prieta earthquake (see Table 1),
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earthquake (see Table 1). acc in
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earthquake record
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Fig. 12 Comparison of

simulated and target

accelerograms using an energy-

based envelope shape. Loma

Prieta earthquake (Table 1),

damping ratio n ¼ 5%. a Spectra,

b Arias Intensities

Fig. 13 Comparison of

simulated and target

accelerograms using an energy-

based envelope shape. Northridge

Newhall earthquake (Table 1),

damping ratio n ¼ 20%.

a Spectra, b Arias Intensities
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This simple approach is hereafter validated with several earthquake records. The sim-

ulated accelerograms for the Loma Prieta earthquake are shown in Fig. 11 (damping ratio

n ¼ 5%). The comparisons of spectra and Arias Intensities are shown in Fig. 12. Results

show that although the standard deviation is found increased especially at the end of the

earthquake, the mean of the simulated Arias Intensity follows closely the target. The

method is also validated for higher damping ratio earthquakes, for example the Northridge

Newhall earthquake (response spectrum damping ratio n ¼ 20%, see Fig. 13).

Compared with the first approach presented in Sect. 3.1, the energy-based envelope

shape method is not so precise. However, it requires only the modification of the envelope

shape function, without introducing an additional (double) iterative process in the general

Algorithm 1. The computational efficiency is thus higher than the first method. For the

cases studied in this paper, 3–5 iterations are sufficient to achieve convergence.

4 Conclusions

In this paper, two simplified approaches are introduced to correct the Arias Intensity of

synthetic artificial accelerograms for given specific earthquake records. The proposed

methods enable the generation of both spectrum-compatible and energy-compatible

accelerograms. The first approach matches the spectrum and energy distribution of arti-

ficial and target accelerograms with a double iterative process. The second method is an

empirical approach based on the energy profile of earthquake record. The first method

provides better results but with needs of more computational time. Both approaches are

validated and proved to be simple and efficient tools for generating artificial accelerograms

in earthquake engineering.

The Matlab subroutines for the two methods proposed in this study are available online:

https://www.dropbox.com/sh/fq1jrupjwdzz7tg/AAAhuZEdZQ_QKO-Rfp3ZHPvEa?dl=

0 and

http://cn.mathworks.com/matlabcentral/fileexchange/59931-spectrum-and-energy-com

patible-artificial-accelerograms
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Appendix 1: Commonly used envelope functions

Exponential envelope shape, Liu (1969)

qðtÞ ¼ a0ðe
�at � e�btÞ ð10Þ

The envelope shape proposed by Liu (1969) (with selected parameters a ¼ 0:2 and

b ¼ 0:6) is shown in Fig. 14.
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Piece-wise envelope shape Jennings et al. (1968)

In 1986, Jennings et al. (1968) propose a piece-wise envelope shape as, Eq. (11).

qðtÞ ¼

t

T1

� �2

0� t� T1

1:0 T1\t�T2

e�aðt�T2Þ T2\t� td

8

>

>

>

<

>

>

>

:

ð11Þ

where, T1 and T2 denote the start and end times of an earthquake motion; a is the model

parameter and td is the total duration of an earthquake. The envelope shape with selected

parameters (T1 ¼ 3:0, T2 ¼ 8:0 and a ¼ 0:2) is shown in Fig. 15.

Gamma envelope shape proposed by Saragoni and Hart (1974)

Saragoni and Hart (1974) proposed a ‘gamma’ function to simulate the temporal nonsta-

tionary. The ‘gamma’ function is proportional to the gamma probability density which is

the reason for the name. The ‘gamma’ function reads:

qðtÞ ¼ a1t
a2�1e�a3t; t� 0 ð12Þ

The ‘gamma’ has its maximum equals to a1e
1�a2 ½ða2 � 1Þ=a3�

a2�1
, when t is ða2 � 1Þ=a3.

The ‘gamma’ envelope shape with selected parameters (a1 ¼ 0:4618, a2 ¼ 3:0 and

a3 ¼ 0:5) is shown in Fig. 16.
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Fig. 14 Envelope shape

proposed by Liu (1969). a ¼ 0:2
and b ¼ 0:6
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Fig. 15 Envelope shape

proposed by Jennings et al.

(1968). T1 ¼ 3:0, T2 ¼ 8:0 and

a ¼ 0:2
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Appendix 2: Matlab subroutines

Matlab subroutine for computing energy distribution shapes of earthquake

records
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Fig. 16 Gamma envelope shape

proposed by Saragoni and Hart

(1974). a1 ¼ 0:4618, a2 ¼ 3:0
and a3 ¼ 0:5
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Matlab subroutine for finding the envelope shapes of earthquake records
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