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The present paper investigates the correlation between a large number of widely used ground motion
intensity measures (IMs) and the corresponding damage to medium-rise 3D, R/C buildings. To accomplish
this purpose the seismic performance of two symmetric and two asymmetric in plan 5-storey buildings
subjected to 64 bidirectional earthquake ground motions are determined. Structural performance is
expressed in terms of the maximum and the average interstorey drift as well as the overall structural
damage index and it is determined for many angles of seismic incidence. For each individual pair of
accelerograms and each seismic input angle the values of the aforementioned seismic damage measures
are determined. Then, the correlation between the damage measures and the IMs is evaluated. The results
reveal that the spectral acceleration at the fundamental period of the structure shows the strongest
correlation with the maximum and average interstorey drifts, followed by the velocity related seismic
IMs. Moreover, the vast majority of the examined ground motion IMs are proved to be inadequate to
predict the overall structural damage index of frame-wall (dual) systems.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

An important area of research in seismic risk analysis is the
evaluation of expected seismic damage of structures under a
specific earthquake ground motion. To estimate the structural
damage potential of an earthquake it is necessary to introduce
two intermediate variables, one describing the structural
performance and the other describing the ground motion intensity.
A successful correlation of the aforementioned variables ensures
more accurate evaluation of seismic performance and a sufficient
reduction in the variability of structural response prediction.
Consequently, the identification of an optimal intensity measure,
which sufficiently correlates with an appropriate engineering
demand parameter, is of great importance. The expected seismic
performance is usually described by displacement demands, such
as maximum interstorey drift, as well as deformation demands in
the structural elements. On the other hand, many ground
motion intensity measures (IMs) have been proposed as efficient
predictors of the structural response level.
Elenas [1,2] and Elenas and Meskouris [3] studied the interde-
pendency between several seismic acceleration parameters and
the damage state of a 6-storey [1] and an 8-storey [2,3] planar
R/C frame structure. The damage response parameters that were
evaluated were the maximum horizontal displacement at the top
of the building [1], the curvature ductility demand at the base of
a column [1], the Park and Ang overall structural damage index
[2,3], the maximum softening index after DiPasquale/Cakmak [2],
the maximum interstorey drift [3] and the maximum floor
acceleration [3]. They observed that for the structures under
consideration spectral and energy related seismic intensity
measures correlate well with seismic damage.

Liao et al. [4], based on limited analyses of planar frames
(5-storey and 12-storey R/C buildings), demonstrated that three
parameters of the near-fault earthquake records, i.e. the PGV/PGA
ratio, the spectral velocity and the input energy, are well correlated
with the maximum storey drift of the structures. Another study
carried out by Riddell [5] examined the efficiency of 23 ground
motion intensity measures to characterize the maximum inelastic
displacement and the dissipated energy of simple SDOF systems
representative of the three characteristic spectral regions. The
results showed that none of the ground IMs was satisfactory over
the entire frequency range. The same conclusion was reached by
San et al. [6], who studied the structural damage of a typical planar
5-storey R/C frame subjected to ground motions from Kocaeli
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(Turkey) earthquake. The seismic damage was expressed in terms
of the maximum interstorey drift ratio, as well as of the overall
structural damage index after Park and Ang. Yakut and Yilmaz
[7] investigated the correlation between maximum interstorey
drift demand of 16 planar R/C frame structures and a number of
widely used ground motion intensity measures. The results of this
study demonstrated that spectral intensity parameters have the
strongest correlation with the maximum interstorey drift.

In a similar investigation, Masi et al. [8] correlated various
measures of seismic intensity with the maximum interstorey drift
of typical 4-storey planar R/C frames taking into account the influ-
ence of the masonry infills. They found that the Housner intensity
is the IM that best correlates with the maximum interstorey drift
for the strong ground motions used in their study. In another study
(Ye et al. [9]), several earthquake intensity measures published in
the literature were evaluated through correlation analysis using
SDOF as well MDOF structural systems (lumped mass shear storey
models and planar shear wall structures). Their analyses revealed
that Peak Ground Velocity shows good correlation with the
structural damage except for very stiff systems with high
frequency.

It must be noted that all the above investigations were
restricted to planar R/C frames, thus taking into account only one
component of the strong motion records. Modern seismic codes
[10–14] suggest that structures shall be designed for the two
horizontal translational components of ground motion (in the
majority of buildings the vertical component may be neglected).
In order to examine the adequacy of seismic intensity measures
to describe the structural response of R/C buildings under
bidirectional strong motions, Cantagallo et al. [15] investigated
correlations between maximum interstorey drift demand of nine
simple 3D structures and a number of IMs. They showed that
spectral and energy IMs provide in general good correlation with
the maximum interstorey drift. Besides, Lucchini et al. [16] studied
the efficiency of 5 IMs in correlating with the maximum interstorey
drift and the peak roof drift ratio (i.e. the ratio of the peak lateral
roof displacement to the building height). In their study they ana-
lyzed the so-called ‘‘Spear building’’ under 120 pairs of recordings.
They concluded that the spectral acceleration corresponding to
the fundamental period of the structure shows a rather weak
correlation with the above mentioned engineering demand
parameters. In these two studies the two horizontal components
of the earthquake records were applied along the structural axes
of the buildings, thus the uncertainty introduced in the structural
response by the seismic excitation angle is ignored.

As it has been shown by many researchers, even for quite
simple buildings, the angle of seismic incidence can radically alter
the analysis results in terms of the elastic response and design of
structures, e.g. [17–19], as well as of the inelastic response and
damage level, e.g. [20–24]. In a preliminary study, Fontara et al.
[25] examined the interrelationship between commonly used
seismic intensity measures and the Park and Ang overall structural
damage index of an asymmetric 3D single-storey R/C building
taking into account several incident angles. The research revealed
that the intensity measures which have strong correlation to the
overall damage index, whether the latter is caused by recorded,
uncorrelated or completely correlated pairs of accelerograms, are
the Arias intensity and the cumulative absolute velocity.

From the abovementioned studies, it is obvious that several
researchers have investigated a large number of earthquake IMs.
Nevertheless, no general consensus exists regarding the best
predictor of the seismic response, since it depends on the
structural system and the ground motions used. Moreover, the
up-to-date research concerns mainly planar frames. Three studies
deal with 3D structures under bidirectional excitation. The two
of them [15,16] do not account for the impact of the seismic
orientation while the third one [25], which accounts for seismic
orientation, deals with only one single storey structure.

The objective of the present paper is to investigate the correla-
tion between a large number of widely used ground motion IMs
and the seismic response of medium-rise, 3D, R/C buildings
considering different orientations of the earthquake ground
motion. For this purpose, four 3D, R/C buildings are analyzed for
64 bidirectional strong motions using Nonlinear Time History
Analysis (NTHA). In order to account for the influence of the
incident angle on the structural response, the two horizontal
accelerograms of each ground motion are applied along horizontal
orthogonal axes forming an angle h = 0�, 5�, 10�, . . . , 355� with the
structural axes. For the evaluation of the inelastic structural
behavior of each building the overall structural damage index, as
well as the maximum and average interstorey drift, are computed.
Then, the aforementioned structural damage parameters are
correlated with the examined IMs. Among the ground motion
intensity measures investigated, the spectral acceleration at the
fundamental period of the structure has the strongest correlation
with damage, followed by the velocity related IMs. Moreover, the
overall structural damage index shows medium or poor correlation
with the majority of the IMs.
2. Ground motions

A suite of 64 pairs of horizontal bidirectional earthquake excita-
tions obtained from the PEER [26] and the European [27] strong
motion databases are used as input ground motion for the
analyses. The seismic excitations, which have been chosen from
worldwide well known sites with strong seismic activity, are
recorded on Soil Type C according to EC8 [11] and have magnitudes
(Ms) between 5.5 and 7.8. The ground motion set employed was
intended to cover a variety of conditions regarding tectonic
environment, modified Mercalli intensity and closest distance to
fault rapture, thus representing a wide range of intensities and
frequency content. Furthermore, note that the duration of the
seismic records ranges between 11.2 s. and 149.1 s. Another aspect
considered on the selection of the seismic excitations is that they
provide a wide spectrum of structural damage, from negligible to
severe, to the buildings investigated in the present study.

The recorded horizontal accelerograms of each ground motion
were transformed to the corresponding uncorrelated ones rotating
them about the vertical axis by the angle ho (Eq. (1)) [28]. Then, the
pairs of the uncorrelated accelerograms have been used as seismic
input for the analyses of the structures, as ASCE 41-06 [10] pro-
poses. The characteristics of the input ground motions are shown
in Table 1 along with the correlation factor of the recorded compo-
nents q [28], which is given by Eq. (1):

q ¼ rxy

rxx � ryy
� �1=2 ; tan 2ho ¼

2rxy

rxx � ryy

with rij ¼
1

ttot
�
Z ttot

0
aiðtÞ � ajðtÞdt

� �
i ¼ x; y ð1Þ

where ax(t) and ay(t) are the recorded ground accelerations along
two horizontal directions of the ground motion; rxx, ryy are the
quadratic intensities of ax(t) and ay(t) respectively; rxy is the corre-
sponding cross-term; and ttot is the duration of the motion.

We note that we have used unscaled accelerograms for the
nonlinear dynamic analyses, because scaling of the earthquake
records would give a falsified value of the interdependency
between the seismic parameters and the structural damage. The
vast majority of the published studies dealing with the correlation
have also used unscaled accelerograms (see for example [3,7,15]).



Table 1
Ground motion recorded on Soil Type C according to EC8 [11].

No. Date Earthquake name Magnitude
(Ms)

Station name Closest distance
(km)

Component
(deg)

PGA
(g)

Duration
(s)

Corr. factor
(q)

1 15/10/1979 Imperial Valley 6.9 Compuertas 32.6 015 0.186 36.0 0.16
285 0.147

2 17/8/1999 Kocaeli, Turkey 7.8 Atakoy 67.5 000 0.105 133.1 �0.04
090 0.164

3 17/8/1999 Kocaeli, Turkey 7.8 Cekmece 76.1 000 0.179 149.1 0.12
090 0.133

4 28/6/1992 Landers 7.4 Coachella Canal 55.7 000 0.104 60.0 0.19
090 0.109

5 18/10/1989 Loma Prieta 7.1 Halls Valley 31.6 090 0.134 40.0 0.04
180 0.103

6 18/10/1989 Loma Prieta 7.1 Agnews State Hospital 28.2 090 0.172 40.0 0.15
180 0.159

7 18/10/1989 Loma Prieta 7.1 Gilroy Array #7 24.2 090 0.226 40.0 �0.30
180 0.323

8 24/4/1984 Morgan Hill 6.1 Hollister City Hall 32.5 001 0.071 28.3 �0.15
271 0.071

9 17/1/1994 Northridge 6.7 Downey – Birchdale 40.7 090 0.165 35.0 0.24
180 0.171

10 17/1/1994 Northridge 6.7 Glendale – Las Palmas 25.4 177 0.357 30.0 �0.05
267 0.206

11 2/5/1983 Coalinga 6.5 Parkfield – Cholame 5W 47.3 270 0.147 40.0 �0.10
360 0.131

12 2/5/1983 Coalinga 6.5 Parkfield – Cholame 8W 50.7 000 0.098 32.0 �0.28
270 0.100

13 1/10/1987 Whittier Narrows 5.7 Bell Gardens – Jaboneria 9.8 207 0.219 34.3 �0.02
297 0.212

14 1/10/1987 Whittier Narrows 5.7 El Monte – Fairview Av 9.8 000 0.120 28.3 0.23
270 0.228

15 1/10/1987 Whittier Narrows 5.7 Santa Fe Springs – E Joslin 10.8 048 0.426 37.8 �0.08
318 0.443

16 19/5/1940 Imperial Valley 7.2 El Centro Array #9 8.3 180 0.313 40.0 �0.13
270 0.215

17 28/6/1966 Parkfield Cholame #5 5.3 085 0.442 43.9 �0.15
355 0.367

18 20/9/1999 Chi–Chi, Taiwan 7.6 TCU 2.94 N 0.251 49.0 �0.33
W 0.202

19 20/9/1999 Chi–Chi, Taiwan 7.6 TCU 4.01 N 0.162 90.0 �0.10
W 0.134

20 20/9/1999 Chi–Chi, Taiwan 7.6 TCU 4.5 N 0.251 90.0 �0.08
W 0.293

21 18/10/1989 Loma Prieta 7.1 Gilroy Array #3 14.4 000 0.555 39.9 0.05
090 0.367

22 1/10/1987 Whittier Narrows 5.7 LA – Fletcher Dr 14.4 144 0.171 32.0 �0.04
234 0.231

23 7/12/1988 Spitak 6.7 Gukasian 20 E–W 0.183 23.0 �0.05
N–S 0.183

24 20/6/1990 Manjil (Iran) 7.4 Abhar 75 N57E 0.132 29.5 �0.33
N33W 0.209

25 20/6/1990 Manjil (Iran) 7.4 Rudsar 61 N40E 0.097 52.2 �0.02
N50W 0.086

26 17/8/1999 Izmit (Turkey) 7.6 Iznik-Karayollari Sefligi
Muracaati

29 W–E 0.129 53.1 0.02
S–N 0.091

27 17/8/1999 Izmit (Turkey) 7.6 Istanbul-Zeytinburnu 80 E–W 0.114 100.0 0.05
N–S 0.110

28 11/9/1976 Friuli (Italy) 5.5 Buia 7 E–W 0.105 20.3 0.04
N–S 0.230

29 15/9/1976 Friuli (Italy) 6 Buia 9 E–W 0.095 26.4 �0.07
N–S 0.109

30 24/2/1981 Aktion (Greece) 6.6 Korinthos-OTE Building 10 N30 0.230 41.9 �0.28
N120 0.310

31 7/12/1988 Spitak Gukasian 10 E–W 0.103 21.4 0.11
N–S 0.147

32 26/9/1997 Umbria Marche
(Italy)

6 Colfiorito 5 N–S 0.199 48.5 �0.11
W–E 0.223

33 12/11/1999 Duzce Turkey) 7.2 LDEO Station No. C1062 FI 14 E–W 0.254 42.3 0.13
N–S 0.114

34 28/6/1992 Landers 7.4 Yermo Fire Station 24.9 270 0.245 44.0 �0.20
360 0.152

35 27/1/1980 Livermore 5.5 San Ramon – Eastman Kodak 17.6 180 0.301 21.7 �0.23
270 0.097

36 18/10/1989 Loma Prieta 7.1 Gilroy Array #4 16.1 000 0.417 40.0 0.06
090 0.212

(continued on next page)
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Table 1 (continued)

No. Date Earthquake name Magnitude
(Ms)

Station name Closest distance
(km)

Component
(deg)

PGA
(g)

Duration
(s)

Corr. factor
(q)

37 18/10/1989 Loma Prieta 7.1 Oakland – Title & Trust 77.4 180 0.195 40.0 0.03
270 0.244

38 18/10/1989 Loma Prieta 7.1 Sunnyvale – Colton Ave. 28.2 270 0.207 39.3 �0.10
360 0.209

39 17/1/1994 Northridge 6.7 Downey – Co Maint Bldg 47.6 090 0.158 40.0 �0.03
360 0.230

40 17/1/1994 Northridge 6.7 LA – Fletcher Dr 29.5 144 0.162 30.0 0.17
234 0.240

41 17/1/1994 Northridge 6.7 LA – N Faring Rd 23.9 000 0.273 30.0 �0.18
090 0.242

42 17/1/1994 Northridge 6.7 LA – S Grand Ave 36.9 090 0.290 30.0 �0.07
180 0.264

43 17/1/1994 Northridge 6.7 La Habra – Briarcliff 61.6 000 0.109 35.0 0.12
090 0.206

44 17/1/1994 Northridge 6.7 Manhattan Beach –
Manhattan

42 000 0.201 35.0 0.07
090 0.128

45 17/1/1994 Northridge 6.7 Pasadena – N Sierra Madre 39.2 180 0.245 19.9 0.12
270 0.174

46 9/2/1971 San Fernando 6.6 LA – Hollywood Stor Lot 21.2 090 0.210 28.0 0.18
180 0.174

47 24/11/1987 Superstitn Hills 6.6 Calipatria Fire Station 28.3 225 0.180 22.1 0.17
315 0.247

48 1/10/1987 Whittier Narrows 5.7 Glendale – Las Palmas 19 177 0.296 31.5 0.04
267 0.166

49 1/10/1987 Whittier Narrows 5.7 Lakewood – Del Amo Blvd 20.9 000 0.277 29.8 0.15
090 0.178

50 1/10/1987 Whittier Narrows 5.7 Studio City – Coldwater Can 28.7 092 0.177 32.4 �0.11
182 0.231

51 8/7/1986 N. Palm Springs 6 Palm Springs Airport 16.6 000 0.158 30.0 0.14
090 0.187

52 17/1/1994 Northridge 6.7 LA – Pico & Sentous 32.7 090 0.103 40.0 �0.05
180 0.186

53 17/1/1994 Northridge 6.7 Leona Valley #6 38.5 090 0.178 32.0 �0.02
360 0.131

54 24/11/1987 Superstitn Hills 6.6 Plaster City 21 045 0.121 22.2 0.27
135 0.186

55 24/1/1980 Livermore 5.5 San Ramon – Eastman Kodak 17.6 180 0.154 21.0 �0.35
270 0.076

56 18/10/1989 Loma Prieta 7.1 APEEL 2E Hayward Muir Sch 57.4 000 0.171 40.0 �0.04
090 0.139

57 17/1/1994 Northridge 6.7 Elizabeth Lake 37.2 090 0.155 40.0 �0.18
180 0.109

58 15/10/1979 Imperial Valley 6.9 Aeropuerto Mexicali 8.5 045 0.327 11.2 �0.07
315 0.260

59 15/10/1979 Imperial Valley 6.9 Calexico Fire Station 10.6 225 0.275 37.8 0.04
315 0.202

60 15/10/1979 Imperial Valley 6.9 El Centro Array #10 8.6 050 0.171 37.0 0.13
320 0.224

61 24/11/1987 Superstitn Hills 6.6 Westmorland Fire Sta 13.3 090 0.172 40.0 0.08
180 0.211

62 24/4/1984 Morgan Hill 6.1 Gilroy Array #4 12.8 270 0.224. 40.0 �0.36
360 0.348

63 15/10/1979 Imperial Valley 6.9 El Centro Array #11 12.6 140 0.364 39.0 0.34
230 0.380

64 24/4/1984 Morgan Hill 6.1 Halls Valley 3.4 150 0.156 40.0 0.16
240 0.312
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3. Ground motion intensity measures

In order to define the intensity of the earthquake ground
motion a large number of seismic intensity measures cited in the
literature are considered in the present study. The definition as
well as a discussion on the employment of each IM is presented
in Kramer [29]. It must be noticed that many of the examined
IMs have been widely used for correlation studies between seismic
intensity and the damage state of planar structures [2–9,15].

In particular, the following ground motions intensity measures
are numerically assessed:

1. IMs determined from the time histories of the records.
1.1. Peak Ground Acceleration: PGA = max|a(t)|.
1.2. Peak Ground Velocity: PGV = max|v(t)|.
1.3. Peak Ground Displacement: PGD = max|d(t)|.
1.4. Peak velocity/acceleration ratio: PGV

PGA.

1.5. Sustained Maximum Acceleration (SMA) defined as the 3rd
largest peak in the acceleration time history.

1.6. Sustained Maximum Velocity (SMV) defined as the 3rd
largest peak in the velocity time history.

1.7. Effective Design Acceleration (EDA) corresponds to the
peak acceleration value that remains after filtering out
accelerations above 9 Hz.

1.8. Root-Mean-Square (rms) of acceleration: arms ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ttot

R ttot

0 aðtÞ2dt
q

.

1.9. Root-Mean-Square (rms) of velocity: v rms ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ttot

R ttot

0 vðtÞ2dt
q

.
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Fig. 1. 5-storey symmetric buildings: (a) SFS and (b) SWS. Plan views, geometrical and design parameters.
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1.10. Root-Mean-Square (rms) of displacement: drms ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ttot

R ttot

0 dðtÞ2dt
q

.

1.11. Arias intensity: Ia ¼ p
2g

R ttot

0 aðtÞ2dt.

1.12. Characteristic intensity: Ic ¼ armsð Þ2=3 ffiffiffiffiffiffiffi
ttot
p

.

1.13. Specific Energy Density: SED ¼
R ttot

0 vðtÞ2dt.

1.14. Cumulative Absolute Velocity: CAV ¼
R ttot

0 jaðtÞjdt.

2. IMs determined from the response spectra of the records.
2.1. Spectral acceleration at the fundamental period of the

structure T1: Sa(T1).
2.2. Acceleration Spectrum Intensity:

ASI ¼
R 0:5

0:1 Sa n ¼ 0:05; Tð ÞdT.
2.3. Velocity Spectrum Intensity: VSI ¼

R 2:5
0:1 Sv n ¼ 0:05; Tð ÞdT.
2.4. Housner Intensity: HI ¼
R 2:5

0:1 PSv n ¼ 0:05; Tð ÞdT.

2.5. Effective Peak Acceleration: EPA ¼ mean S0:1�0:5
a ðn¼0:05Þð Þ

2:5 .

where a(t), v(t) and d(t): acceleration, velocity and displacement
time history respectively; ttot: total duration of ground motion;
n: damping ratio; Sa. Sv: spectral acceleration and velocity respec-
tively; PSv: spectral pseudovelocity.

The aforementioned IMs are determined for each one of the two
components of the 64 bidirectional strong motions. However, in
order to study the correlation of the IMs with the structural dam-
age of the buildings, it was necessary to represent the intensity
parameters corresponding to the two horizontal components by
a single value. To achieve this, the following relations, which are
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common both in seismic codes and in literature for the definition
of horizontal bidirectional ground motion characteristics
[10,13–15,30] are used for each seismic excitation:

� Arithmetic Mean Value ðAMVÞ : IMAMV ¼
IM1 þ IM2

2
ð2Þ

� Geometric Mean Value ðGMVÞ : IMGMV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IM1 � IM2

p
ð3Þ

� Square Root of the Sum of the Squares ðSRSSÞ : IMSRSS ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IM2

1 þ IM2
2

q
ð4Þ

� Maximum Value : IMMAX ¼max IM1; IM2ð Þ ð5Þ
where IM1 and IM2: values of the IMs determined for each one of
the two horizontal components of the ground motion.

4. Description, design and modeling of the nonlinear behavior
of the selected buildings

For the purposes of the present investigation, four 3D, R/C
buildings, with data supplied in Figs. 1 and 2, are studied. All build-
ings are regular in elevation and have load resisting system that
consists of elements arranged in two perpendicular directions
(axes X and Y). The characteristics of the buildings investigated are:

� Symmetric Frame System SFS (Fig. 1a): Double-symmetric build-
ing without walls (frame system according to the structural



Table 2
First 8 natural periods and corresponding modal participating mass ratios of the 4 buildings investigated.

Mode Period T (s) X-axis (%) Y-axis (%) Period T (s) X-axis (%) Y-axis (%)

SFS SWS
1 0.73 75.03 0.00 0.70 73.15 0.00
2 0.72 0.00 77.35 0.65 0.00 75.33
3 0.57 2.43 0.00 0.42 0.15 0.35
4 0.29 13.93 0.00 0.19 0.00 15.15
5 0.28 0.00 14.49 0.19 17.25 0.00
6 0.23 0.45 0.00 0.11 0.04 0.05
7 0.18 3.76 0.00 0.09 0.00 6.01
8 0.17 0.00 3.87 0.08 6.26 0.00

AFS AWS
1 0.97 0.57 68.91 1.00 50.96 10.47
2 0.79 77.77 1.00 0.67 15.48 58.57
3 0.59 0.78 8.70 0.42 8.82 6.73
4 0.37 0.10 11.08 0.34 9.37 2.19
5 0.31 12.30 0.18 0.20 3.96 11.79
6 0.24 0.11 4.31 0.18 3.19 0.66
7 0.23 0.06 1.52 0.12 1.96 1.07
8 0.20 4.92 0.08 0.11 1.86 1.04

p

p
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i

y

My
+

My
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Previous yield
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Fig. 3. Moment (M)–rotation (h) relationship (a) and P–M1–M2 interaction diagram (b) [34].
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types of the EC8 [11]). The building is regular in plan.
� Symmetric Wall System SWS (Fig. 1b): Double-symmetric build-

ing with walls that take approximately 65–70% of the base
shear along both axes X and Y (wall system according to the
structural types of the EC8 [11]). The building is regular in plan.
� Asymmetric Frame System AFS (Fig. 2a): Asymmetric building

without walls (frame system according to the structural types
of the EC8 [11]). The degree of the asymmetry is expressed in
terms of the e0/r ratio (where e0 is the distance between the
centre of stiffness and the centre of mass and r is the ‘‘torsional
radius’’). The value of this ratio along X-axis is e0X/rX = 0.31 > 0.3
and the respective ratio along Y-axis is equal to 0.06. So the
building is irregular in plan [11].
� Asymmetric Wall System AWS (Fig. 2b): Asymmetric building

with walls that take approximately 65–70% of the base shear
along both axes X and Y (wall system according to the structural
types of the EC8 [11]. The e0X/rX ratio along X-axis is equal to
0.4(>0.3) and the respective ratio along Y-axis is equal to
0.58(>0.3). So the building is irregular in plan [11].

All buildings were designed using the assumption that they
behave as medium ductility class (DMC) buildings. Based on the
above data, the process of determining the upper limit value of
the behavior factor q of EC8 [11] led in the following values: Build-
ing SFS: maxq = 3.9, SWS: maxq = 3.0, AFS: maxq = 3.45 and AWS:
maxq = 3.0.
The buildings were analyzed and designed on the basis of
EC8 provisions [11]. As a result, the rigid diaphragm behavior of
the floor slabs as well as the rigid zones in the joint regions
of beams/columns and beams/walls were modeled. The wall
behavior was modeled using an equivalent-column element placed
at the wall cross section centroid. Moreover, the values of flexural
and shear stiffness corresponding to cracked R/C elements were
considered. Finally, the buildings were considered as fully fixed
to the ground. The four structures were analyzed using the modal
response spectrum analysis, as described in EC8 [11]. The R/C
structural elements were designed following the clauses of EC2
[31] and EC8 [11]. It should be noted that the choice of the
dimensions of the structural element cross-sections as well as of
their reinforcement was made bearing in mind the optimum
exploitation of the structural materials (steel and concrete). There-
fore, the capacity ratios (CRs) of all critical cross-sections due to
bending and shear are close to 1.0 (the mean value of CRs ranges
between 0.92 and 0.96). For the design of the buildings the profes-
sional computer program RAF [32] was used. The first 8 natural
periods as well as the corresponding modal participating mass
ratios of all models are given in Table 2.

For the modeling of the buildings’ nonlinear behavior, plastic
hinges located at the column and beam ends as well as at the base
of the walls were used. The material inelasticity of the structural
members was modeled by means of the Modified Takeda
hysteresis rule with zero post-yield stiffness r [33] (Fig. 3(a)).
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It is important to notice that the effects of axial load–biaxial
bending moment (P–M1–M2) interaction at column and wall
hinges are taken into consideration by means of the P–M1–M2

interaction diagram shown in Fig. 3(b), which is implemented in
the software used to conduct the analyses [34]. The yield moments
as well as the parameters needed to determine the P–M1–M2

interaction diagram of the vertical elements’ cross sections
(Fig. 3(b)) are determined using appropriate software [35].
5. Damage indices – nonlinear time history analyses

The four buildings presented in the previous paragraph were
analyzed by Nonlinear Time History Analysis (NTHA) for each
one of the 64 earthquake ground motions taking into account the
design vertical loads of the structures. The analyses were
performed with the aid of the computer program Ruaumoko
[34]. Furthermore, as the seismic incident angle with regard to
structural axes is unknown, the two horizontal uncorrelated
accelerograms of each ground motion were applied along
horizontal orthogonal axes forming with the structural axes an
angle h = 0�, 5�, 10�, . . . , 355�. Thus, for each building and each pair
of accelerograms 72 orientations were considered. As a conse-
quence a total of 18,432 NTHA (4 buildings � 64 earthquake
records � 72 incident angles) were conducted in the present study.

For each ground motion and incident angle, the damage state of
the four buildings was determined. The seismic performance is
expressed in the form of the following parameters: (i) the Maxi-
mum Interstorey Drift Ratio (MIDR), (ii) the Average Interstorey
Drift Ratio (AIDR) and (iii) the Overall Structural Damage Index
(OSDI). The value of each one of the above parameters for incident
angle 0� (common practice of applying the accelerograms along the
structural axes) as well as their maximum value over the 72 inci-
dent angles was determined.

The aforementioned structural response parameters were cho-
sen, since they lump the existing damage in all the cross-sections
in a single value, which can be easily correlated to scalar
seismic intensity measures. So, they have been used by many
researchers for the assessment of the inelastic response of
structures [2–4,6–9,36].

The MIDR, which is generally considered an effective indicator
of global structural and nonstructural damage of R/C buildings,
e.g. [37,38] corresponds to the maximum drift among the four
perimeter frames. In order to determine the AIDR, the horizontal
roof displacement of each perimeter frame was computed and
Table 3
Correlation among ground motion intensity measures determined using the arithmetic m

Intensity
measures

PGA PGV PGD PGV/
PGA

SMA SMV EDA arms

PGA 1.000
PGV 0.521 1.000
PGD 0.156 0.802 1.000
PGV/PGA �0.338 0.549 0.721 1.000
SMA 0.853 0.577 0.340 �0.146 1.000
SMV 0.364 0.817 0.847 0.540 0.550 1.000
EDA 0.999 0.518 0.152 �0.340 0.846 0.356 1.000
arms 0.830 0.604 0.318 �0.104 0.873 0.549 0.825 1.000
vrms 0.355 0.862 0.874 0.604 0.501 0.902 0.347 0.609
drms 0.061 0.703 0.952 0.701 0.268 0.811 0.056 0.252
Ia 0.766 0.761 0.535 0.107 0.874 0.719 0.761 0.882
Ic 0.806 0.727 0.468 0.039 0.899 0.679 0.799 0.947
SED 0.272 0.865 0.940 0.686 0.441 0.907 0.267 0.458
CAV 0.417 0.735 0.700 0.409 0.598 0.783 0.414 0.550
ASI 0.930 0.510 0.148 �0.303 0.872 0.426 0.929 0.894
VSI 0.538 0.931 0.767 0.502 0.598 0.803 0.537 0.642
HI 0.450 0.909 0.822 0.575 0.540 0.832 0.448 0.582
EPA 0.932 0.519 0.157 �0.295 0.873 0.432 0.932 0.897
divided by the total height of the building. Then, the maximum
value among the four perimeter frames was considered.

Moreover, the overall structural damage index (OSDI) of the
buildings was determined. Note that, in general, damage indices
estimate quantitatively the degree of seismic damage that a
cross-section as well as a whole structure has suffered. In the pres-
ent study, the OSDI was computed as a weighted average of the
local damage indices at the ends of each structural element. The
dissipated energy was used as a weight factor (Eq. (6)) [2,3,36,39]:

OSDI ¼
Xn

i¼1

LDIi � ETi

Xn

i¼1

ETi

, !" #
ð6Þ

where LDIi is the local damage index at cross section i (Eq. (7)), ETi is
the energy dissipated at the cross section i and n is the number of
cross sections at which the local damage is computed. For the LDI,
the widely used Park and Ang damage index [40] modified by Kun-
nath et al. [41] has been used. The advantages of this damage index
are its simplicity and the fact that it has been calibrated against a
significant amount of observed seismic damage. It is also important
to mention that the Park and Ang damage index was tested exper-
imentally. At a given cross section the local damage index (LDI) is
given by Eq. (7):

LDI ¼
um �uy

uu �uy
þ b

My �uu

� �
� ET ð7Þ

where um is the maximum curvature observed during the load his-
tory, uu is the ultimate curvature capacity, uy is the yield curvature,
ET is the dissipated hysteretic energy, My is the yield moment of the
cross section and b is a dimensionless constant determining the
contribution of cyclic loading to damage, which is taken equal to
0.5 for the analyses conducted.
6. Comparative assessment of the results

6.1. Computation of correlation coefficients

Correlation coefficients are determined to express the grade of
interdependency between the examined ground motion IMs and
the damage measures of the four buildings. As a first step, the Kol-
mogorov–Smirnov test was used in order to identify whether the
input parameters follow a normal distribution. For the selected
set of ground motions, this test showed that, with a 5% error, the
examined quantities do not follow the normal distribution. So,
ean value of the two horizontal seismic component.

vrms drms Ia Ic SED CAV ASI VSI HI EPA

1.000
0.842 1.000
0.701 0.444 1.000
0.689 0.388 0.983 1.000
0.926 0.868 0.684 0.620 1.000
0.715 0.627 0.839 0.756 0.838 1.000
0.381 0.056 0.832 0.877 0.303 0.490 1.000
0.864 0.666 0.768 0.741 0.848 0.703 0.534 1.000
0.892 0.728 0.723 0.689 0.895 0.710 0.451 0.981 1.000
0.388 0.065 0.837 0.881 0.312 0.497 0.999 0.543 0.459 1.000



Table 5
Correlation among structural damage measures (values for incident angle 0�).

Damage measures OSDI MIDR AIDR

SFS OSDI 1.000
MIDR 0.887 1.000
AIDR 0.935 0.924 1.000

SWS OSDI 1.000
MIDR 0.870 1.000
AIDR 0.856 0.965 1.000

AFS OSDI 1.000
MIDR 0.853 1.000
AIDR 0.798 0.915 1.000

AWS OSDI 1.000
MIDR 0.725 1.000
AIDR 0.704 0.975 1.000
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for the evaluation of the correlation between the investigated
parameters, the Spearman rank correlation coefficient was
adopted.

The Spearman’s rank correlation coefficient is used as an index
to assess how well the relationship between two variables X and Y
can be described using a monotonic function. Its value ranges from
�1 to 1. The values 1 and �1 indicate that each of the variables is a
perfect monotone function of the other while 0 indicates no asso-
ciation between the ranks of the two variables. The Spearman rank
correlation coefficient between two variables X and Y is given by
Eq. (8):

qSpearman ¼ 1� 6
PN

i¼1D2

N N2 � 1
� � ð8Þ

where D: differences between the ranks of corresponding values of
Xi and Yi and N: number of pairs of values (X, Y) in the data.

6.2. Correlation among earthquake intensity measures

Table 3 presents the Spearman rank correlation coefficients for
the examined ground motion IMs. As it was mentioned in Section 3,
four different expressions were used (Eqs. (2)–(5)) to combine the
two IMs corresponding to each one of the two horizontal orthogo-
nal seismic components into a single parameter. The numerical
assessment of the IMs revealed that the values of the correlation
coefficients determined using these expressions are very similar.
Table 3 shows the results produced with the aid of the AMV of
the two horizontal components of the strong motion (Eq. (2)).
The results produced with the aid of GMV, SRSS and Maximum
Value are not presented for brevity. Furthermore, it must be
noticed that the correlation coefficients for Sa(T1) are not presented
in the table, since they depend on the building analyzed.

We can see (Table 3) that PGV, Ia, Ic, VSI and HI show the stron-
gest correlation with the majority of the IMs. On the contrary, the
IMs that show the smallest correlation coefficients are PGV/PGA
and drms. From the same table it is also evident the high correlation
between acceleration related measures, while their correlation
with velocity and displacement related measures is weak. On the
other hand, velocity related measures correlate well between each
other as well as with displacement related measures. Finally, dis-
placement related measures are strongly correlated between each
other.

6.3. Correlation among damage measures

In order to investigate the correlation between the three differ-
ent measures of the buildings’ damage state adopted in the present
study, the Spearman’s correlation coefficients were determined. In
Table 4
Correlation among structural damage measures (maximum values over the 72
incident angles).

Damage measures OSDI MIDR AIDR

SFS OSDI 1.000
MIDR 0.810 1.000
AIDR 0.715 0.960 1.000

SWS OSDI 1.000
MIDR 0.776 1.000
AIDR 0.654 0.904 1.000

AFS OSDI 1.000
MIDR 0.686 1.000
AIDR 0.638 0.931 1.000

AWS OSDI 1.000
MIDR 0.055 1.000
AIDR �0.021 0.930 1.000
Table 4 the correlation coefficients computed for the maximum
values of the damage measures over the 72 seismic incident angles
are given. In Table 5 the correlation coefficients corresponding
to accelerograms applied along the structural axes (incident angle
equals to 0�) are given.

Table 4 clearly indicates that MIDR and AIDR show very strong
correlation between each other and small-to-moderate correlation
with OSDI. This result can be attributed to the fact that both MIDR
and AIDR are determined considering displacement demands,
while the determination of OSDI is based on the deformation
demands of the structural elements. Furthermore, notice that OSDI
exhibits higher correlation with MIDR than AIDR for all the
investigated buildings. Finally, we can see that the values of
correlation coefficients between OSDI and the other two damage
indices are larger for the symmetric buildings, whereas there is
no correlation at all in case of the asymmetric frame-wall system.

From Table 5 we can see that ignoring the incident angle of the
seismic input does not alter significantly the values of correlation
coefficients between MIDR and AIDR. On the other hand, with
regard to correlation between OSDI and the two damage indicators
based on displacement demands, it is evident that this correlation
is stronger in case of applying the accelerograms along the struc-
tural axes. The above deduction is particularly obvious for the
AWS building.
6.4. Correlation between earthquake intensity measures and structural
response

The relative adequacy of the examined seismic IMs as indicators
of the structural response is evaluated by the Spearman’s rank cor-
relation coefficient. More specifically, the maximum value of each
one of the damage measures over the 72 incident angles produced
by the ground motions given in Table 1 was correlated with the 19
IMs presented in Section 3. Figs. 4–7 present the Spearman’s rank
correlation coefficients between the damage indices and the
seismic IMs for the four buildings. The figures illustrate the results
produced by the four different expressions used to combine in a
single parameter the two separate values of IMs corresponding to
the two horizontal seismic components (Eqs. (2)–(5)).

From these figures it can be concluded that, for the vast major-
ity of the IMs the correlation with the structural damage state is
stronger when the damage measures based on displacements
demands (MIDR and AIDR) are used as response parameters. This
conclusion is more obvious for the frame-wall systems, SWS and
AWS (Figs. 5 and 7). A comparison between MIDR and AIDR does
not reveal a general trend, since the interdependency between
them and the IMs depends on both the seismic intensity measure
as well as on the building characteristics. See for example that
EDA and arms correlate better with MIDR than AIDR for the two
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Fig. 4. Spearman’s rank correlation coefficients between seismic intensity measures and maximum damage indices over all incident angles (OSDI (a), MIDR (b), AIDR (c)) for
SFS.
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frame buildings (Figs. 4 and 6). On the contrary, EDA and arms cor-
relate better with AIDR than MIDR for the SWS (Fig. 5), whereas, in
case of the AWS the two IMs (EDA and arms) have almost the same
grade of correlation (Fig. 7). However, we can see that some IMs,
such as PGV/PGA and Sa(T1), exhibit higher correlation with AIDR
than MIDR for all the investigated buildings.

The comparative assessment of the seismic intensity measures
evaluated in the present study shows that Sa(T1) has the strongest
correlation with MIDR and AIDR, followed by VSI, PGV and HI
(Figs. 4b, c, 5b, c, 6b, c and 7b, c). The only exception is the corre-
lation coefficient between HI and MIDR for the SFS (Fig. 4b), which
has smaller value than the values produced by other IMs such as Ia

and Ic. Moreover, the correlation between MIDR or AIDR and the 19
IMs examined herein is of the same order for SFS, AFS and AWS and
slightly smaller for SWS.

Figs. 8–11 illustrate the relationship between the spectral accel-
eration at the fundamental period and the two damage measures
which are based on deformation demands (i.e. MIDR and AIDR).
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Fig. 5. Spearman’s rank correlation coefficients between seismic intensity measures and maximum damage indices over all incident angles (OSDI (a), MIDR (b), AIDR (c)) for
SWS.
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Note that the correlation between Sa(T1) and MIDR or AIDR can be
very high even for the asymmetric in plan buildings (Spearman’s
correlation coefficient can reach the value of 0.96 in case of
AIDR of AFS, Fig. 6c). The effectiveness of Sa(T1) as indicator of
the seismic motion destructiveness is in agreement with previous
studies [1,2,15]. This is due to the fact that it is the only one of the
investigated earthquake intensity measures that incorporates
structural information. Furthermore, as it has been observed by
Riddell [5], velocity related indices, such as PGV, VSI and HI, are
more effective for the medium-to-long period structures
(T1 > 0.5 s). This observation is also true for the herein investigated
buildings, which have fundamental period longer than 0.5 s (see
Table 2).

The results shown in Figs. 4–7 also indicate that the interdepen-
dency between IMs and OSDI is strongly influenced by the load
resisting system. In particular, the values of Spearman’s rank
correlation coefficients are larger for the frame systems than the
frame-wall systems.
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Fig. 6. Spearman’s rank correlation coefficients between seismic intensity measures and maximum damage indices over all incident angles (OSDI (a), MIDR (b), AIDR (c)) for
AFS.
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Furthermore, Figs. 4a and 6a depict that, for the selected frame
systems, there are several IMs, which exhibit medium correlation
with OSDI, since the respective correlation coefficients can reach
the value of 0.6. Such seismic IMs are PGA, EDA, arms, Ia, Ic, ASI
and EPA. Nonetheless, no IM seems to be the best indicator of
structural performance because all of them have similar rank cor-
relation with OSDI.

As far as the frame-wall systems are concerned, from Figs. 5a
and 7a it is evident that OSDI shows poor correlation with the
majority of IMs for the SWS and does not correlate at all with them
in case of AWS. However, as an exception, OSDI correlates moder-
ately (the Spearman’s rank correlation coefficient is 0.61) with
Sa(T1) in case of the SWS (Fig. 5a). The relationships between
Sa(T1) and OSDI for the frame-wall systems investigated (SWS
and AWS) are shown in Figs. 12 and 13.

The inadequacy of the seismic IMs to describe the expected
OSDI of the selected frame-wall systems is attributed to the
assumptions and the inherent uncertainties of the definition of
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Fig. 7. Spearman’s rank correlation coefficients between seismic intensity measures and maximum damage indices over all incident angles (OSDI (a), MIDR (b), AIDR (c)) for
AWS.
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the OSDI (Eq. (6)), as well as to the damage distribution exhibited
by these buildings. In particular, the analyses showed that, for a
large number of earthquakes, the damage observed in the frame-
wall systems studied herein was restricted to a single column or
wall, although the rest of structural elements remained elastic. In
this case, the value of the OSDI is very large, since it takes into
account only the damaged cross sections (Eq. (6)) and ignores
the elastic frame elements, where the dissipated energy is zero.
Such a result is misleading, because in this case large OSDI
indicates very significant structural damage of the whole building,
ignoring the fact that the damage was restricted to a single
structural element.

Figs. 4–7 show that in most cases the least effective IMs are the
PGV/PGA and the drms. Of particular interest is also the fact that the
influence of the variant definitions of a single intensity parameter
corresponding to the two horizontal seismic components on the
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correlation coefficients between IMs and damage measures is
almost negligible. The above conclusion also applies for all the
IMs, damage measures and buildings considered in the present
study.

Furthermore, the Spearman’s correlation coefficients between
the IMs and the values of the three damage response parameters
for seismic incident angle equal to 0� degrees (that is the common
case in engineering practice) were also computed. Indicatively, the
results for the building AWS are presented in Fig. 14.

We can see that the Spearman’s rank correlation coefficients
between IMs and OSDI are much larger for seismic input along
the structural axes than the ones determined when variable orien-
tations of the seismic motion were taken into consideration. This is
more evident for the asymmetric buildings and particularly for
AWS (Figs. 7a and 14a) for which the correlation coefficients
between IMs and OSDI are negligible (Fig. 7a). Note that for some
IMs the correlation between them and OSDI is stronger than the
one produced for response parameters based on displacements
demands (MIDR and AIDR). See for example Ia and CAV of the
building AWS (Fig. 14). Also we see (Fig. 14) that the correlation
coefficients have slightly larger values than the ones produced
for the critical seismic incident angle (that is the one causing the
most severe damage over all incident angles (Fig. 7)). The general
observations based on the results of Figs. 4–13 are also valid when
the seismic motion is applied along the structural axes. More spe-
cifically, when MIDR or AIDR is used as a damage measure, the
first-mode spectral acceleration and the velocity related IMs (VSI,
PGV and HI) exhibit the strongest correlation with the structural
response. However, this is not always the case when OSDI is
adopted as a descriptor of the seismic performance. We can see
that there are some other IMs that also exhibit strong correlation
with OSDI (e.g. SED and vrms, Fig. 14).
7. Conclusions

In this paper the correlation between 19 ground motion IMs
and the damage state of four medium-rise 3D R/C buildings is
investigated. The structural performance was evaluated by NTHA
using 64 bidirectional ground motions and taking into consider-
ation the orientation of the seismic input with regard to structural
axes. The structural damage state was expressed in terms of the
overall structural damage index (OSDI), the maximum interstorey
drift ratio (MIDR) and the average interstorey drift ratio (AIDR).
The comparative assessment of the results has led to the following
conclusions:

� Concerning the interdependency of the examined IMs between
each other, the analyses revealed that PGV, Ia, Ic, VSI and HI
show the highest correlation with the majority of the IMs.
Moreover, acceleration related measures exhibit strong correla-
tion between each other, while their interdependency with
velocity and displacement related measures is weak. On the
other hand, velocity related measures correlate well between
each other as well as with displacement related measures.
� With regard to the correlation between the seismic damage

measures in the case of accounting for the variable earthquake
orientation, it was shown that MIDR and AIDR exhibit very
strong correlation between each other and small-to-moderate
correlation with OSDI. Moreover, the correlation between OSDI
and the other two damage indices is higher for the symmetric
buildings compared to the asymmetric ones. When the
accelerograms are applied along the structural axes the interde-
pendency between OSDI and MIDR or AIDR is much stronger.
� When the incident angle is taken into consideration the correla-

tion between the examined IMs and MIDR or AIDR is higher
than the correlation between them and OSDI. This conclusion
is more obvious for the frame-wall systems. However, when
the horizontal components of the ground motion are applied
along the structural axes, there are cases where the correlation
between certain IMs and OSDI is stronger than the one pro-
duced when the response parameters based on displacements
demands (MIDR and AIDR) are used.
� When the MIDR or AIDR is used as response indicator, the

correlation coefficients are larger for the Sa(T1), followed by
VSI, PGV and HI. On the other hand, the least effective seismic
IMs are, in most cases, the ratio PGV/PGA and drms. However,
this is not always the case when OSDI is adopted as a descriptor
of the seismic performance.
� When different incident angles are taken into account the

majority of IMs show medium correlation with OSDI in case
of the frame systems, whereas no certain seismic intensity mea-
sure seems to be the most efficient. Regarding the frame-wall
systems investigated, the analyses revealed that the correlation
between OSDI and the examined ground motion IMs is weak for
the SWS and negligible for the AWS.
� The Spearman’s rank correlation coefficients between OSDI and

the majority of IMs are larger for the case of applying the accel-
erograms along the structural axes than the ones determined
when variable orientations of the seismic motion were taken
into consideration.

It must be noted that the aforementioned conclusions are valid
for the buildings and ground motions used in the present study.
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Fig. 14. Spearman’s rank correlation coefficients between seismic intensity measures and maximum damage indices for incident angle 0� (OSDI (a), MIDR (b), AIDR (c)) for
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However, they provide a good insight into the correlation between
damage state to 3D, R/C buildings under bidirectional excitation
and the known IMs. Moreover, they provide significant information
relative to the efficiency of the commonly used damage indicators
as well as the influence of the seismic orientation with regard to
structural axes. In order to expand them to other structural
systems, further investigation is necessary. In particular, the
research can be extended to low- and high-rise buildings with
various degrees of asymmetry (e0/r ratio), as well as to structures
with different ratio of the base shear carried by the walls.
Moreover, earthquake records with different characteristics (e.g.
magnitude, epicentral distance, frequency content) could be
considered or, alternatively, the ground motions can be grouped
to ensembles of records based on their duration or frequency
content.
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