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Abstract 17 

One of the pivotal steps in seismic assessment of structures is the definition of functional 18 

relationships between Engineering Demand Parameter (EDP) and an ground motion Intensity 19 

Measure (IM). This paper investigates the correlation between widely used non-spectral and 20 

cumulative-based ground motion intensity measures and corresponding engineering demand 21 

parameters for regular and irregular structures as bidirectional single-degree-of-freedom (2D- 22 

SDOF) systems. Such correlation is investigated under sequential earthquakes in terms of 23 

efficiency and sufficiency, considering various seismic incident angles. Structural performance 24 

is expressed as maximum inelastic displacement, MD, maximum inelastic absolute 25 

acceleration, MA, residual displacement, RD, and hysteretic energy, EH. The results of the 26 

extensixe parametric analysis show that if the MD, MA, EH and RD of regular systems are 27 

considered as demand parameters, the optimal IMs in terms of efficiency and sufficiency are 28 

vsq, arms, vrs and vsq, respectively. 29 
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1. Introduction  33 

Numerous aftershocks can be triggered by a strong mainshock due to both static stress and 34 

dynamic stress changes occurring during fault mechanism generating ground motions. 35 

Mainshock-damaged structures are more vulnerable to severe damage or even collapse during 36 

aftershocks. The past earthquakes showed that mainshock-aftershock sequences can cause 37 

major disasters and, in turn, lead to significant economic losses. For instance, about 42,719 38 

aftershocks occurred after the 2008 Wenchuan, China mainshock earthquake (Mw=7.9). More 39 

than 70,000 victims were reported in the Wenchuan earthquake and its aftershocks. In addition, 40 

the economic loss induced by this earthquake was estimated to be around $150 billion. 24 hours 41 

after the earthquake in Chile (Mw=8.8) on February 27, 2010, approximately 90 aftershocks 42 

with magnitudes equal to or larger than 5.0 were recorded, and the total economic loss was 43 

estimated at $30 billion [1].  44 

After the 2011 great Tohoku earthquake in Japan with Mw=9.0, around 588 aftershocks with 45 

magnitudes equal to or larger than 5.0, 60 aftershocks with magnitudes larger than 6.0 and three 46 

over 7.0 were recorded. As a result, 15,782 deaths, 240,332 half destroyed and 128,530 totally 47 

destroyed houses were documented due to these seismic sequences and resulting tsunami [2]. 48 

The destructive east Indian Ocean earthquake struck Indonesia on April 11, 2012, with moment 49 

magnitude 8.6 (Mw=8.6), followed by several strong aftershocks with the largest measured at 50 

Mw=8.2 just over two hours later [3]. In recent years, several sequential earthquakes took place, 51 

such as the 2016 Central Italy earthquake [4], the 2017 Ezgeleh-Sarpole-Zahab earthquake in 52 

Iran [5], and the Haiti Earthquake in 2021 [6], which imposed major structural damage. It is 53 

therefore of paramount importance to investigate the effects of multiple earthquakes on seismic 54 
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performance of structures and infrastructure. Note that frequency content characteristics and 55 

duration of the mainshock and the corresponding aftershock can differ significantly. 56 

Meanwhile, a strong correlation is observed between the mean occurrence rate and the 57 

distribution of aftershocks with the mainshock magnitude.  58 

Several studies have addressed the seismic assessment of structures under seismic sequences 59 

by focusing on single-degree-of-freedom (SDOF) [7-11], and multiple-degree-of-freedom 60 

(MDOF) [12-18] systems. It should be pointed out that current seismic codes don’t consider 61 

sequential ground motions to design of structures.  62 

The earthquake incident angle plays a significant role on seismic performance of structures. 63 

The majority of preiovus works have focused on the effects of seismic incident angle on the 64 

seismic response of structures (e.g. [19-28]). A limited number of researchers examined the 65 

seismic behavior of structures against multiple earthquakes considering the effect of seismic 66 

incident angle [29-35].   67 

Hatzivassiliou and Hatzigeorgiou [29] evaluated the seismic performance of four three- 68 

dimensional reinforced concrete (RC) structures (two regular and two irregular buildings) 69 

under five real seismic sequences using nonlinear dynamic analyses. Irregular buildings  were 70 

analyzed for different sitting configurations to investigate the effect of earthquake incident 71 

angle were considered. It was found that ductility demands strongly depend on the direction of 72 

earthquakes applied to the buildings.   73 

Recently, Kostinakis and Morfidis [31] addressed the impact of seismic sequences on the 74 

damage level of 3D multi-story RC buildings with various structural systems taking into 75 

account the influence of incident angles on the structural response. To this aim, six medium- 76 

rise RC buildings were studied under 40 single ground motions as well as for 80 bidirectional 77 

seismic sequences. The results revealed that the incident angle can drastically affect the 78 
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successive earthquake, depending on characteristics of the structure, number of the repeated 79 

strong motions, and distance of the record from the fault.  80 

Hosseinpour and Abdelnaby [36] assessed the seismic performance of two eight-story RC 81 

buildings (regular and irregular) subjected to 2010–2011 Christchurch multiple earthquakes 82 

taking into account the ground motion directionality influence. For this purpose, the sequences 83 

were applied in only two different directions and concluded that earthquake direction can affect 84 

the number of plastic hinges, drift and residual drift demands. 85 

Omranian et al. [32] examined the fragility curves of a typical skew RC bridge located in 86 

California by considering the variety of different parameters such as incident angle and skew 87 

angle of deck under seismic sequences. Seven incident angles were taken in this regard. They 88 

demonstrated the direction of excitation plays a pivotal role in the seismic vulnerability of the 89 

skew bridge.   90 

 In another study, García et al. [33] investigated the seismic performance of 3D multi-story 91 

steel moment-resisting buildings (including or not including interior gravity frames) subjected 92 

to real mainshock-aftershock sequences with five different angles of incidence. This research 93 

showed that inter-story drift demand is dependent on earthquake direction and modeling 94 

approach of the 3D analytical models.  95 

Wang et al. [34] evaluated the effect of ground motion directionality on seismic behavior of 96 

a typical concrete gravity dam-reservoir-foundation system under as-recorded multiple 97 

earthquakes. The sensitivity of the maximum structural demands was conducted for two 98 

different seismic incident directions. The results indicated that seismic damage propagation 99 

processes can be changed by considering the earthquake direction.  100 

Moreover, Weiping Wen et al. [35] examined the necessity of rotating mainshock- 101 

aftershock sequences considering the change in the critical orientation. They assessed different 102 

seismic demands of nonlinear SDOF systems under an ensemble of rotated seismic sequences 103 
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as well as the variation of strength reduction factor, hysteretic models and relative aftershock 104 

intensity levels. This study revealed that aftershocks may change the seismic critical angle with 105 

respect to mainshocks, such that its value can increase by . Additionally, rotating 106 

sequences is of paramount significance, increasing the responses to 25%. 107 

More recently, Di Sarno et al. [37] investigated the effects of both directions of mainshock 108 

and subsequent aftershock on nonlinear demands of structures, as SDOF systems. They 109 

revealed that when incident angles of mainshock and aftershock would not be the same, more 110 

critical responses can be obtained. Additionally, Amiri et al. [38] examined the sufficiency of 111 

the aftershock polarity (positive and negative) in multiple earthquakes to determine maximum 112 

residual displacements of structures by considering relative differences between the incident 113 

angles of sequential ground motions. 114 

Performance-Based Earthquake Engineering (PBEE) is an approach which aims to quantify 115 

the seismic performance of a structure using intensive but comprehensive nonlinear analyses. 116 

In this procedure, it is necessary to define a suitable Intensity Measure (IM) of ground motion 117 

which correlates reliably with an Engineering Demand Parameter (EDP) of a case study or 118 

portfolio of structure. Moreover, a successful correlation between the IM and EDP depends on 119 

the selection of an appropriate EDP, which should be a reliable indicator of the structural 120 

seismic response. 121 

Numerous researchers have investigated the correlation between IMs and EDPs for buildings 122 

[39, 40], bridges [41-44] and pipelines [45-47] under single earthquakes. Limited studies have 123 

been performed to assess this correlation against multiple earthquakes [48, 49], in which only 124 

few numbers of IMs and EDPs have been taken into account. Moreover, in these studies, the 125 

effect of earthquake direction was ignored. 126 

As mentioned above, there are a limited number of studies that have evaluated the effect of 127 

mainshock-aftershock sequences on inelastic responses of structures considering the seismic 128 

30
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incident angle. Also, only one research work has been conducted so far by the Authors [37] in 129 

this regard, in which the impacts of incident angles of both mainshock and subsequent 130 

aftershock are taken into account. In multiple earthquakes, the peak-based IMs, such as the 131 

Peak Ground acceleration (PGA), are not efficient ground motion indicators [48, 49], thus, 132 

considering the cumulative-based IMs can be effective in the correlation process. In addition, 133 

the appropriate selection of peak-based IM between mainshock, aftershock, and sequence, or 134 

their combination as a single IM can be a challenging task.  135 

The objective of the present paper is to examine the correlation between a large number of 136 

non-spectral and cumulative-based ground motion IMs and different EDPs of the structures as 137 

2D-SDOF systems under seismic sequences in terms of efficiency and sufficiency [50, 51], 138 

considering a wide variety of incident angle. In this study, the relative difference between 139 

directions of consecutive ground motions is considered as well. 140 

2. Methodology 141 

This paper investigates the correlation between different ground motion IMs, including non- 142 

spectral and cumulative-based ones, and a number of EDPs of 2D-SDOF systems with the 143 

elastic-perfectly plastic behavior model, when the angles of mainshock and subsequent 144 

aftershock can be different. As demonstrated in [37], if the directions of sequential ground 145 

motions would not be identical, the resulting structural nonlinear responses may be higher, 146 

compared to the situation where they are equal. Hence, this circumstance can lead to reliable 147 

seismic assessment of structures under multiple earthquake. The correlation in terms of 148 

efficiency and sufficiency is carried out herein in the case of 2D-SDOF systems having two 149 

principal structural axes, namely the X and Y direction. In this study, sequences with one 150 

mainshock and one aftershock are considered and then both mainshock and subsequent 151 

aftershock are rotated to different angles, which are not necessarily identical. Thus, the first 152 

step for the investigation, is generating rotated multiple earthquakes, such that there is a relative 153 
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difference between two consecutive incident angles. Afterwards, for rotated sequences related 154 

to each original multiple earthquake, EDPs are extracted from nonlinear time history analyses 155 

in various angles. Then, the maximum EDP obtained from all directions is accounted for as a 156 

representative response for that sequence. Obviously, the critical demand occurs at a specific 157 

combination of angles of mainshock and aftershock. This combination is considered as the 158 

directions corresponding to maximum EDP. Finally, efficiency and sufficiency analyses are 159 

carried out between the IMs values related to these directions, and the corresponding EDPs 160 

values for all earthquakes and structures considered in the paper. It is noted that that square- 161 

root-of-sum-of-squares (SRSS) method is used to obtain one unique value of IM and EDP from 162 

two perpendicular axes. The results are reported as the most efficient and sufficient IM for each 163 

EDP type in terms of response spectra and polar figures. Figure 1 shows the flowchart for the 164 

generation of rotated multiple earthquakes, so that each seismic shock is applied to structures 165 

with a specific angle. A procedure is then utilized to quantify maximum EDPs and then finding 166 

the most efficient and sufficient IM, which its flowchart is indicated in Figure 2. 167 

It is worth noting that in this paper, n, the number of successive shocks in a seismic sequence 168 

is two, namely one mainshock and one aftershock. This is due, herein, for sake of brevity of 169 

results. The assessment will be more complicated if n is selected more than two, as discussed 170 

in [37]. Hence, each mainshock and subsequent aftershock are rotated from their initial 171 

orientation by angles ,  respectively. These angels can come from the same seismic 172 

source and hence may be dependent on each other, however, they are not necessarily identical 173 

with respect to each other. Thus, each earthquake excitation required for carrying out dynamic 174 

analysis is a seismic sequence with one mainshock rotated by the angle of , a time-interval 175 

of 50 sec possessing zero acceleration ordinates to stop the structure after the  first event, and 176 

one succeeding aftershock rotated by the angle of . A wide range of incident angles is taken 177 

into account for both mainshock and aftershock, . It is 178 

m a

m
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apparent that the increment of both incident angles is  and as a result, 11 11=121 rotated 179 

seismic sequences are generated as input ground motions for dynamic analyses. 180 

After performing analyses, the maximum value of EDP from 121 existing combinations is 181 

determined for two perpendicular horizontal components of earthquake. Then the SRSS 182 

method is employed to obtain one unique value as a representative damage measure of these 183 

cases. Moreover, the ground motion IM corresponding to the maximum EDP is specified. After 184 

that, the efficiency investigation using the Pearson correlation coefficient and also the 185 

sufficiency evaluation in terms of earthquake magnitude, Mw  and epicentral distance, R, are 186 

conducted.    187 

10 
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Fig. 1. Generation of rotated seismic sequences taken from [33] 202 
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Fig. 1. Generation of rotated seismic sequences taken from [33] 206 
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Fig. 2. Flowchart showing the required steps to find the most appropriate IM 215 
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In order to perform time history analyses under two horizontal components of earthquake, 216 

two orthogonal SDOF presented with 2D-SDOF is employed in this paper as the reference 217 

structural system. To model this system, two orthogonal elastic perfectly plastic springs are 218 

used. These springs are used to achieve the target fundamental vibration period (T), which is 219 

one of three values of 0.5, 1.0, and 2.0 sec for each orthogonal direction. The lateral strength 220 

of the system is quantified by the strength modification factor (R) using Eq. (1): 221 

(1)  

where, m is the mass of the system, Sa denotes the spectral acceleration, and Fy stands for the 222 

lateral yield strength. This parameter is employed for both orthogonal directions with the values 223 

of 2.0, .0, and 6.0. In total, nine combinations of R and also nine combinations of T are selected 224 

for the directions, namely Tx, Ty= 0.5 sec, 1.0 sec, and 2.0 sec, and Rx, Ry=2.0, 4.0, and 6.0. 225 

Furthermore, the viscous damping ratio (ξ) is considered as a constant value of 5%. 226 

3. Mainshock-aftershock sequences 227 

In this study, 40 real mainshock-aftershock sequences are selected from the Pacific 228 

Earthquake Engineering Research (PEER) database [52]. The sequences including one 229 

mainshock and one subsequent aftershock are taken into account based on the following criteria 230 

as presented in [7]: (1) moment magnitude (Mw) is not less than 5.0; (2) average horizontal 231 

Peak Ground Acceleration (PGA) is not less than 0.04 g; (3) average horizontal Peak Ground 232 

Velocity (PGV) is not less than 1.0 cm/sec; (4) closest site-to-fault-rupture distance is less than 233 

75 km, and (5) average shear-wave velocity for the upper 30 m soil depth (VS30), is within 100 234 

and 1000 m/sec. The seismic sequences used in this study are shown in Table 1. It should be 235 

noted that preferences regarding the epicentral distance of the selected records are not 236 

considered. In addition, a 60-sec time gap with zero acceleration is considered between the 237 

mainshock and the subsequent aftershock in order to rest the structure after the first seismic 238 

y

a
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event. The distribution of the moment magnitude versus PGA and epicentral distance is shown 239 

in  Fig. 3. 240 

Table 1. Mainshock–aftershock sequences 241 
Epicentral distance (km) Significant duration (td) (Sec) 

Site 
Magnitude 

Earthquake 
Aftershock Mainshock Aftershock Mainshock Aftershock Mainshock 

7.57 4.06 7.53 10.1 D 5.20 6.24 
Managua, 
Nicaragua 

(1972.12.23) 

13.33 

13.86 

14.43 

15.19 

15.83 

12.45 

17.24 

13.16 

13.01 
 

5.09 

3.95 

7.05 

10.45 

2.68 

7.65 

12.45 

1.35 

10.13 
 

6.96 

6.4 

8.715 

12.265 

7.01 

5.11 

6.46 

7.055 

9.25 
 

8.255 

6.685 

11.04 

9.665 

11.81 

8.7 

11.45 

6.95 

7.76 
 

D 5.01 
6.53 

Imperial 
Valley 

(1979.10.15) 

20.53 15.25 11.315 24.67 D 5.62 

26.06 

22.02 
 

20.53 

20.92 
 

19.035 

5.605 
 

25.235 

10.31 
 

D 5.42 5.80 
Livermore 

(1980.01.24) 

9.46 
 

6.63 
 

7.425 9.18 D 5.69 6.06 
Mammoth 

Lakes 
(1980.05.25) 

15.04 
 

19.71 
 

4.535 7.305 D 5.70 5.91 
Mammoth 

Lakes 
(1980.05.25) 

10.76 
 

9.40 7.115 7.19 D 5.31 5.34 
Mammoth 

Lakes 
(1983.01.07) 

19.56 

8.83 

44.41 

22.69 
 

8.18 

17.64 

29.8 

30.07 
 

14.8161 

19.0128 

18.6586 

20.5262 
 

19.5141 

23.3376 

26.6713 

24.534 
 

C 

6.20 6.90 
Irpinia, Italy 
(1980.11.23) 

D 

27.14 

20.98 

24.45 

27.8 

25.67 

15.19 

22.98 

14.84 

14.02 
 

25.86 

20.82 

23.29 

25.94 

24.08 

15.18 

22.73 

15.94 

14.66 
 

11.28 

12.22 

10.79 

10.79 

16.145 

5.25 

4.005 

3.63 

4.425 
 

7.655 

9.255 

9.525 

13.59 

11.46 

8.005 

10.06 

11.415 

5.27 
 

D 

5.27 5.99 
Whittier 
Narrows 

(1987.10.01) 

C 

13.51 

29.89 

23.99 

23.44 

27.82 

36.73 
 

8.66 

29.88 

24.03 

23.41 

26.45 

36.62 
 

9.52 

15.02 

7.38 

7.26 

9.14 

12.65 
 

12.98 

16.58 

12.02 

13.18 

8.78 

11.63 
 

D 5.28 6.69 
Northridge 

(1994.01.17) 
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Epicentral distance (km) Significant duration (td) (Sec) 
Site 

Magnitude 
Earthquake 

Aftershock Mainshock Aftershock Mainshock Aftershock Mainshock 
28.69 20.72 8.56 9.08 C 5.93 

6.58 15.37 10.945 11.79 D 7.14 7.51 
Kocaeli & 

Duzce, Turkey 
(1999.08.17) 

67.91 59.8 29.02 44.275 D 6.20 
7.62 

Chi-Chi, 
Taiwan 

(1999.09.20) 
59.98 
70.37 

34.18 
42.16 

38.165 
10.48 

41.805 
27.204 

C 6.30 

 242 
 243 

(a) (b) 

Fig. 3. The characteristics of mainshocks and aftershocks: (a). Moment magnitude–PGA 
distribution; (b). Moment magnitude–distance distribution 

 244 

 245 

3. Intensity Measures (IMs) and Engineering Demand Parameters (EDPs) 246 

In this paper, the correlation between a large number of ground motion IMs, including non- 247 

spectral and cumulative-based ones and four EDPs is investigated. Peak-based IMs, such as 248 

PGA, cannot be always used as efficient measures of earthquake in the case of multiple ground 249 

motions. Hence, the selection of IMs is performed based on the cumulative-based and non- 250 

spectral IMs, such that the appropriate choice of the peak-based IM between mainshock, 251 

aftershock, and sequence, or their combination as a unique IM would not be a challenging 252 

effort. Table 2 indicates 15 IMs employed in this study. 253 
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Moreover, four EDPs including (a) maximum inelastic displacement, MD, which is a broadly 254 

accepted seismic response in practice; (b) maximum inelastic absolute acceleration, MA, as an 255 

appropriate indicator to investigate nonstructural elements; (c) residual displacement, RD, 256 

which can be a significant measure of structural inelasticity; and (d) hysteretic energy, EH, as 257 

an effective proxy of cumulative structural damage. 258 

 259 
Table 2. Non-spectral and cumulative-based Intensity Measures 260 

N.O. Intensity Measure (IM) Definition 

1 Squared acceleration  

2 
Squared velocity 

Specific Energy Density [53]  

3 Squared displacement  

4 Root square acceleration [54]  

5 Root square velocity   

6 Root square displacement  

7 Arias intensity [55]  

8 Significant duration [56]  

9 Cumulative Absolute Velocity [57]  

10 Cumulative Absolute Displacement [58]  

11 Cumulative Absolute Impulse  

12 
Root-Mean-Square (rms) of acceleration 

[59]  

13 Root-Mean-Square (rms) of velocity [59]  

14 
Root-Mean-Square (rms) of displacement 

[59] 
 

15 Characteristic intensity [60]  

 261 

 262 

 263 

 ft
a dttaEa

0

2
sq )(

 ft

v dttvEvSED
0

2
sq )(

 ft
d dttdEd

0

2
sq )(

sqaa rs

sqvv rs

sqdd rs

AI  ft
dtta

g 0

2)(
2



)05.0()95.0( AAd ItItt 

CAV 
ft

dtta
0

)(

CAD 
ft

dttv
0

)(

CAI 
ft

dttd
0

)(

rmsa  ft

d

dtta
t 0

2)(
1

rmsv  ft

d

dttv
t 0

2)(
1

rmsd  ft

d

dttd
t 0

2)(
1

cI 5.05.1
rms )( dta



14 
 

4. Efficiency 264 

Ground motion intensity measure (IM) is defined as an efficient IM, if it is capable of 265 

resulting in a reduced variability in the seismic demands of structures for a given value of IM. 266 

In order to determine the best IM predicting the considered EDPs, the correlation coefficient 267 

of regression is applied. If the Pearson correlation coefficient would be a relatively high value, 268 

a higher efficiency is obtained. The simple model shown in the following equation is employed 269 

for the regression analysis [61]: 270 

 (2) 

where a and b are the regression coefficients. In logarithmic space, Equation (2) is as: 271 

 (3) 

in which, e stands for a zero-mean random variable that shows the variability of ln(EDP) 272 

given the IM. It should be noted that the results presented in this study are based on the 2D- 273 

SDOF systems with modelling simplification. Complicated systems with more degrees of 274 

freedom are needed to extend the results. 275 

Figure 4 indicates the Pearson correlation coefficient (ρ) between the 15 ground motion IMs 276 

and the maximum displacement (MD) of regular systems (Tx=Ty=T and Rx=Ry=R) with the 277 

variety of T and R values. As shown in this figure, the value of ρ between SED and MD of 278 

Tx=Ty=0.5 sec and Rx=Ry=6 is 0.956, between vrms, and MD of Tx=Ty=1.0 sec and Rx=Ry=6 is 279 

0.950, and between drms and MD of Tx=Ty=0.5 sec and Rx=Ry=6 is 0.953. This demonstrates 280 

that these IMs have higher efficiency compared with the other ones in the case of MD of the 281 

regular structures under mainshock-aftershock sequences, depending on the values of T and R. 282 

Figure 5 represents the ρ values between the considered IMs and the four EDPs of regular 283 

(Tx=Ty and Rx=Ry). Also, the efficiency of the 15 IMs is indicated based on the Pearson 284 

correlation coefficient for irregular structures (Tx≠Ty or Rx≠Ry) in Figs. 6 and 7. 285 

bIMaEDP 

eaIMbEDP  )ln()ln()ln(
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It can be concluded from Fig. 5(a), namely the structures with Rx=Ry=2, Tx=Ty=0.5 sec, that 286 

for the vast majority of the IMs (14 out of 15), the correlation with the MD demand is stronger 287 

compared to the other demands. While in Fig. 5(b) and (c), the values of ρ for the majority of 288 

the IMs are higher when EH is considered as the response parameter. It shows that for the short- 289 

period regular structural systems with low strength reduction factor, more IMs considered are 290 

expected to be correlated well with MD (ρ > 0.7), whereas for the moderate-to-long period 291 

regular systems, the most appropriate demand quantity is EH. This is also observed for irregular 292 

structures (Tx≠Ty or Rx≠Ry) according to Figs. 6 and 7, such that EH is correlated efficiently 293 

with more IMs, compared to the other given EDPs. 294 

   
IM1 IM2 IM3 

   
IM4 IM5 IM6 

   
IM7 IM8 IM9 
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IM10 IM11 IM12 

   
IM13 IM14 IM15 

 
IM16 

Fig. 4. The Pearson correlation coefficient (ρ) between the 15 ground motion IMs and the maximum 295 
displacement of regular systems 296 
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(a) 

 
(b) 

 
(c) 

Fig. 5. The Pearson correlation coefficient (ρ) between the 15 earthquake IMs and the four EDPs of 
regular systems (Tx=Ty or Rx=Ry): (a) Rx=Ry=2, Tx=Ty=0.5 sec; (b) Rx=Ry=4, TX=Ty=1.0 sec; (c) 

Rx=Ry=6, TX=Ty=2.0 sec  
 297 
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(c) 

Fig. 6. The Pearson correlation coefficient (ρ) between the 15 ground motion IMs and the four 
EDPs of irregular systems (Tx=Ty or Rx≠Ry): (a) Rx=2, Ry=4, Tx=Ty=1.0 sec; (b) Rx=2, Ry=6, 

Tx=Ty=1.0 sec; (c) Rx=4, Ry=6, Tx=Ty=1.0 sec 
 298 
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(a) 

 
(b) 

 
(c) 

Fig. 7. The Pearson correlation coefficient (ρ) between the 15 ground motion IMs and the four 
EDPs of irregular systems (Tx≠Ty or Rx=Ry): (a) Rx=Ry=4, Tx=0.5 sec, Ty=1.0 sec; (b) Rx=4, Ry=4, 

Tx=0.5 sec, Ty=2.0 sec; (c) Rx=Ry=4, Tx=1.0 sec, Ty=2.0 sec 
 300 

 301 
Table 3 shows the efficient IMs for different EDPs of the regular and irregular systems. 302 

Considering the values of ρ for three IMs are high and close to each other, Table 3 indicates 303 

three efficient IMs for various EDPs of the regular and irregular structures. As concluded from 304 

the table, vrms, vsq, vrs are  generally the most efficient IMs. 305 
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Figure 8 indicates the histogram of the candidate IMs, stated in Table 3, for all seismic 306 

sequences considered (121×40 records). This figure demonstrates that three ranges can be 307 

considered for the IMs. The appropriate range for asq, vrs, and Ic are concluded in the first half 308 

of their ranges. While this range is in the first third of their variety of vsq and vrms. Also, the 309 

relatively uniform distribution is observed for arms, such that it selection is not dependent on 310 

the selected range. As a result, arms can be the most reliable IM among the candidate IMs 311 

considering the structures and seismic sequences examined in this study. 312 

 313 

Table 3. The candidate efficient non-spectral and cumulative-based Intensity Measures for 314 
regular and irregular structures 315 

Irregular Regular 
IMs EDP IMs EDP 
vsq 

MD 
vrms 

MD vrms vsq 

vrs vrs 

Ic 

MA 
Ic 

MA arms arms 

asq asq 

vrs 
EH 

vrs 
EH vsq vsq 

vrms vrms 
vsq 

RD 
vrms 

RD vrs vrs 
vrms vsq 

 316 
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Fig. 8. Histogram of the candidate IMs 317 

5. Sufficiency 318 

A ground motion intensity is sufficient, if it would be independent of any other 319 

seismological parameter, particularly the earthquake magnitude and the epicenteral distance 320 

[51]. The sufficiency property of the IM is determined using regression analyses on the 321 

residuals of the EDP, EDPres, relative to the magnitude (M) and also the epicentral distance (R) 322 

of the seismic sequences, including both mainshock and aftershock, which is shown as 323 

EDPres|IM. Since the magnitude and epicentral distance of mainshock and subsequent 324 

aftershock can be different to each other, four investigations are performed to assess the 325 

efficiency of IMs relative to the magnitude and epicentral distance of both mainshock and 326 

aftershock. In this regard, the magnitude and epicentral distance of mainshocks are indicated 327 

by MM and RM respectively. Similarly, the characteristics related to aftershocks are shown by 328 

MA and RA respectively. In General, EDPres|IM is defined as the differences between the EDP 329 

computed from numerical analyses and that calculated using the regression fit line, which the 330 
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latter is obtained from the efficiency process of the IM. Therefore, the sufficiency is quantified 331 

by computing the relevant p-values from the regressions of EDPres|IM relative to the 332 

seismological characteristics (M and R) of the sequential earthquakes selected in this study. A 333 

cut-off p-value of 0.05 is considered to differentiate between sufficient and insufficient ground 334 

motions IMs [51]. 335 

 Figs 8-11 illustrate the computed p-value for the 15 ground motion IMs and the four EDPs 336 

of both regular and irregular structures through regression analyses of EDPres|IM relative to M 337 

and R of the selected multiple ground motions. It is observed from these figures that the p- 338 

value for most of the IMs and most of the regular structures is more than 0.05 in the case of 339 

MD, EH and RD. However, when MA of the regular systems is considered as the seismic 340 

response, the p-value is less than 5% for IM7 to IM15. Moreover, the sufficiency for most of the 341 

IMs and EH and RD of most of the irregular structures is high (p-value > 0.05). Additionally, 342 

in the case of MD and MA of the irregular structures, p-value lower than 0.05 is attributed to 343 

IM7 to IM15. In general, if the MD, MA, EH and RD of the regular systems are taken into 344 

account as the demand parameters, the optimal IMs in terms of efficiency and sufficiency are 345 

IM2, IM12, IM5 and IM2, respectively. 346 

  347 
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(a) 

 
(b) 

 
(c) 

Fig. 8.  p-value for regular systems (Tx=Ty or Rx=Ry): (a) Rx=Ry=2, Tx=Ty=0.5 sec; (b) Rx=Ry=4, 
TX=Ty=1.0 sec; (c) Rx=Ry=6, TX=Ty=2.0 sec through regression analyses of EDPres|IM relative to 

the magnitudes (M) of mainshocks 
 348 
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(a) 

 
(b) 

 
(c) 

Fig. 9. p-value for regular systems (Tx=Ty or Rx=Ry): (a) Rx=Ry=2, Tx=Ty=0.5 sec; (b) Rx=Ry=4, 
TX=Ty=1.0 sec; (c) Rx=Ry=6, TX=Ty=2.0 sec through regression analyses of EDPres|IM relative to 

the epicentral distance of mainshocks 
 350 
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(a) 

 
(b) 

 
(c) 

Fig. 10.  p-value for regular systems (Tx=Ty or Rx=Ry): (a) Rx=Ry=2, Tx=Ty=0.5 sec; (b) Rx=Ry=4, 
TX=Ty=1.0 sec; (c) Rx=Ry=6, TX=Ty=2.0 sec through regression analyses of EDPres|IM relative to 

the magnitudes (M) of aftershocks 
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(a) 

 
(b) 

 
(c) 

Fig. 11. p-value for regular systems (Tx=Ty or Rx=Ry): (a) Rx=Ry=2, Tx=Ty=0.5 sec; (b) Rx=Ry=4, 
TX=Ty=1.0 sec; (c) Rx=Ry=6, TX=Ty=2.0 sec through regression analyses of EDPres|IM relative to 

the epicentral distance of aftershocks 
 352 

6. Summary and conclusions 353 

This study investigates the correlation between 15 non-spectral and cumulative-based ground 354 

motion IMs and the four EDPs of the structures characterized by 2D-SDOF systems under 355 

multiple ground motions in terms of the efficiency and sufficiency considering a wide variety 356 

of incident angle. In this regard, the relative difference between directions of mainshocks and 357 

subsequent aftershocks is considered. These angels can come from the same seismic source 358 
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and therefore, the results presented in this article should be analyzed by 359 

considering certain level of correlation between both angles. Considering the multiple incident 360 

angle, a large number of repeated seismic sequences are generated as the input excitation of 361 

nonlinear dynamic analysis of the systems. It is concluded from the extensive parametric 362 

analyses carried out in the paper that vsq, vrms, and drms have higher efficiency in comparison 363 

with the other selected IMs in the case of MD of the regular structures subjected to multiple 364 

earthquakes. Correlation between the vast majority of the IMs (14 out of 15) and the MD of 365 

these systems is stronger compared to the other demands, namely MA, EH, and RD. However, 366 

higher values of ρ are obtained for the majority of the IMs in the case of EH of the same 367 

structures. In addition, for the short-period regular systems with low strength reduction factor, 368 

more IMs correlate well with MD (ρ > 0.7), while for moderate-to-long period regular systems, 369 

the most appropriate EDP is EH. Also, for irregular structures, the correlation between more 370 

IM and EH is high. Generally, three candidate IMs in terms of the efficiency are vrms, vsq, and 371 

vrs for MD, EH, and RD, whereas for MA the efficient IMs are Ic, arms, and asq. Furthermore, 372 

when the MD, MA, EH and RD of the regular systems are considered as the seismic demands, 373 

the optimal IMs in terms of efficiency and sufficiency are vsq, arms, vrs and vsq, respectively. 374 
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