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A B S T R A C T

Numerous aftershocks can be triggered by a strong mainshock and may cause more severe and widespread struc-
tural damage with respect to a single seismic event. This study investigates the effect of relative differences be-
tween the incident angles of consecutive earthquakes on seismic demands of structures as bi-linear Single-De-
gree-Of-Freedom (SDOF) systems. To this aim, constant-strength spectra are developed based on different Nor-
malized Engineering Demand Parameters (NEDPs) to identify this impact as a new seismic uncertainty. Several
seismic sequences with one aftershock and also two aftershocks are generated considering different directions
of both mainshocks and subsequent aftershocks as input excitations in nonlinear dynamic analyses of SDOF sys-
tems. The results demonstrate that taking into account the relative differences of the incident angles of sequential
earthquakes can affect significantly seismic responses.

1. Introduction

A mainshock may trigger a cluster of aftershocks during a short
time interval. Aftershocks can cause further structural and non-struc-
tural damage. Given that the current seismic codes are only based on
single earthquakes [1,2], thus, considering the effects aftershocks on
seismic investigations is of paramount importance. Several efforts have
been directed on assessment of structures subjected to multiple earth-
quakes, including SDOF systems [3–7], reinforced concrete and steel
frames [8–15], and existing structures that may exhibit stiffness degra-
dation and strength reduction [16,17].

Another critical concern in Earthquake Engineering is the impact of
earthquake direction on structural responses. However, numerous re-
searchers have examined the effect of seismic incident angle on the per-
formance of structures under single earthquakes [18–24], limited works
recently have evaluated seismic behavior of different structural systems,
namely SDOF systems [25], MDOF systems [26–31] against sequential
earthquakes accounting for the effect of seismic incident angle. In these
studies, the incident angles of consecutive earthquakes would be iden-
tical. In other words, the relative difference between successive ground
motion orientations has not been considered. However, it is physically
and seismologically possible to have rotated ground motion sequences.
For instance, Yukutake and Lio [32] investigated the focal mechanisms
of aftershocks after the Western Tottori Earthquake occurred in 2000.
They showed that the aftershocks around the mainshock fault were dis-
tributed within zones of 1.0–1.5 km in thicknesses, and also their focal
mechanisms were significantly diverse.

The objective of this paper is to reveal the effect of the relative
difference between incident angles of mainshock and subsequent after-
shocks, as a new seismic uncertainty, on nonlinear seismic responses
of structures as SDOF systems. For this purpose, after generating main-
shocks and aftershocks with various incident angles, constant-strength
spectra based on different Normalized Engineering Demand Parameters
(NEDPs) are developed. Furthermore, seismic sequences including one
aftershock and also two aftershocks are considered in this regard.

2. Methodology

The epicenter location is not certainly determined before the occur-
rence of an earthquake, thus the direction of ground motion with re-
spect to the orientation of a structure is not identified as a priori. Hence,
one of the most important uncertainties in the process of determining
the structural damage is the orientation of the earthquake record. Ad-
ditionally, there are no specific and detailed provisions about determin-
ing the most critical direction of earthquake excitation in current seis-
mic regulations. This can lead to more unreliable seismic design and as-
sessment of structures. Moreover, this concern is more complicated re-
garding consecutive earthquakes, since multiple incident angles can ex-
ist corresponding to each ground motion as shown in Fig. 1. In this
figure, three successive ground motions, denoted by GM1, GM2, and
GM3 are rotated by different angles of , , and , respectively. In
other words, aftershocks, generated by slip distributions on the fault
plane, are typically characterized by their epicenter, which does not
necessarily coincide with that of the mainshock [32]. In addition, in
Fig. 1, x and y represent principal axes of a structure, while x' and y'
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Fig. 1. Seismic incident angles of consecutive earthquakes.

are mainshock axes, x'' and y'' stand for the first aftershock axes, and
x''' and y''' denote the second aftershock axes. In fact, there is only one
ground motion incident angle parameter in the case of single earth-
quake, i.e. mainshock, but there are at least two parameters associated
with ground motion incident angle, one related to mainshock and an-
other related to subsequent aftershock, for multiple earthquakes. It is
noted that the number of earthquake incident angle parameter will be
more than two parameters, if the number of aftershocks is more than
one, or as the number of sequences increases. Thus, it is necessary to
rotate all n successive shocks to consider the effects of seismic incident
angles on structural responses. In this way, each shock is rotated by
, i = 1, 2, …, n, such that this angle is not necessary equal throughout
the sequence. That is, each motion, including mainshock or aftershock,
can be rotated by a different angle. The flowchart indicated in Fig. 2
describes the generation of rotated multiple earthquakes, so that each
shock is applied to structures with a specific angle.

In this paper, two and three successive motions, including sequences
with one mainshock and one aftershock and also one mainshock and
two aftershocks are taken into account, then any of them is rotated
with the increment of 45° for the brevity and simplicity of the com-
putations and results. Hence, mainshock, the first aftershock and the
second one are rotated from their initial orientation by angles ,
and respectively, such that these angles are not necessarily identi-
cal with respect to each other. Therefore, each rotated input seismic se-
quence for dynamic analyses includes a mainshock rotated by the an-
gle of incidence of , a time-gap (50 s) having zero acceleration ordi

nates to rest of the structure, the first aftershock rotated by the an-
gle of , a time-gap of 50 s, and the second aftershock rotated by
the angle of . As mentioned, various incident angles are consid-
ered for mainshocks and subsequent aftershocks, namely

. Thus,
5 × 5 × 5 = 125 rotated sequences are generated, when there are one
mainshock and two aftershocks.

In order to quantify the effect of the relative differences of the in-
cident angles of mainshock and subsequent aftershocks, namely when

, on the structural performance, the Normalized Engineer-
ing Demand Parameter (NEDP) is considered. Hence, for each value of

this parameter ( ) at
various and are computed using Eq. (1).

(1)

where is responses of structures against seismic sequences
at angles of when

, and EDP0 stands for seismic responses when the differ-
ences between the mainshock and subsequent aftershocks incident an-
gles are zero, i.e. . Therefore, in the case of two-sequence
earthquakes, EDP0 shows when the incident angle of aftershock is equal
to that of mainshock. Similarly, for three-sequence earthquakes, EDP0 is
seismic response of structures, when the angles of both aftershocks equal
the mainshock angle.
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Fig. 2. Flowchart showing the methodology for generating rotated multiple earthquakes.

3. Structures and seismic sequences

3.1. Structures

The current paper aims to introduce the additional parameters in-
duced by the rotation of successive earthquakes, as discussed in Section
2, for SDOF systems with the elastic-perfectly-plastic model, as a prelim-
inary study to investigate the effect of this new seismic uncertainty on
nonlinear responses. However, different hysteresis models can be used
in this regard, as indicated in [33–38] for better investigations, which
will be considered in further research works. It is noted that in order
to compute seismic responses of SDOF systems in different angles in the
horizontal plane, the well-known transformation is used, which is em-
ployed in [22,39]:

(2)

where , including , and , stands for the incident angle of

earthquake, presented in the previous section, and denote the
accelerogram components of the un-rotated records.

The constant-strength spectra are developed for all combinations of
mainshock and subsequent aftershock incident angles, considering the
variations of the natural vibration period (T), T = 0.1–2.8 s with a step
of 0.3 s, and also the strength reduction factor (R), R = 2, 4, 6. Three
different EDPs are extracted to identify the seismic performance of struc-
tures: (a) maximum inelastic displacement, MD, as a widely accepted
seismic demand in practical issues; (b) maximum inelastic absolute ac-
celeration, MA, which is appropriate for assessing of non-structural el-
ements; and (c) normalized hysteretic energy, NHE, as an effective rep-
resentative of cumulative structural damage, which is expressed as Eq.
(3).

(3)

where EH denotes the hysteretic energy dissipation of an inelastic struc-
ture, Fy and Dy stand for the yield strength and the yield displacement.

3
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It is noted that each EDP is normalized according to Eq. (1), to quantify
the effect of the relative differences of the incident angles of consecutive
earthquakes on structural performance.

3.2. Seismic sequences

Two sets of real mainshock-aftershock sequences from the California
region, including Imperial Valley, Livermore, Whittier Narrows, Mam-
moth Lakes, Coalinga, Chalfant Valley, Northridge, as well as Chi-Chi
earthquakes, with one aftershock and also two aftershocks, are em-
ployed as seed earthquakes to generate rotated seismic sequences. Each
set includes 10 seismic sequences, totally 20 mainshock-aftershock se-
quences. The ground motions are gathered from the Pacific Earthquake
Engineering Research (PEER) [40], by satisfying these criteria: (a) two
horizontal components should be accessible for a given station; (b) mo-
ment magnitude (Mw), is greater than or equal to 5.0; (c) average hori-
zontal peak ground acceleration (PGA) is greater than or equal to 0.04 g;
(d) average horizontal peak ground velocity (PGV) is greater than or
equal to 1.0 cm/sec; (e) average shear-wave velocity in the uppermost
30 m (VS30), is within 100 and 1000 m/s; (f) closest site-to-fault-rupture
distance is less than 75 km, and (g) recording station is at free field or
in light construction.

As mentioned in Section 2, five different angles are considered
for either mainshock or aftershock/aftershocks,

. Thus, for each mul-
tiple earthquakes, with one mainshock and one aftershock, there are
5 × 5 = 25 rotated ground motions, while in the case of sequences
including one mainshock and two aftershocks, 5 × 5 × 5 = 125 ro-
tated records are generated for each sequence. Hence, 10 × 25 = 250
records are used as two-sequence earthquakes and 10 × 125 = 1250
records are also employed as three-sequence ground motions. As a
result, 250 + 1250 = 1500 seismic sequences are considered in this
work.

4. Statistical results

After carrying out nonlinear time history analyses of the structures
under mainshock-aftershock sequences rotated to various angles, the
normalized responses, i.e. for three different EDPs, stated in
sub-section 3.1, are computed using Eq. (1). Only some results are pre-
sented in this Section for the sake of brevity of the paper. The max-
imum value of normalized responses, , for all combinations of
incident angles of mainshocks and subsequent aftershocks, namely 25
and 125 combinations of and for two-sequence and three-se-
quence earthquakes, respectively, are obtained for each ground mo-
tion. Then the mean value of them for 10 sequences including one
aftershock and also those having two aftershocks are shown in Figs.
3 and 4, respectively. The figures situated on the left side, namely
Fig. 3(a), 4(a), Fig. 3(c), 4(c) and Fig. 3(e), 4(e) indicate the mean
maximum . Moreover, the SDOF system with R = 2 is taken
into account as the reference structural model for better comparison
of in the structures with different R values over the vibra-
tion period range considered. Therefore, the figures located on the
right side, namely Fig. 3(b), 4(b), Fig. 3(d), 4(d) and Fig. 3(f), 4(f)
show the difference between the systems with R = 2 and those
having R = 4 and R = 6. This parameter is represented by
in these figures, thus, , and

.
A glance at Fig. 3, provided for sequences with one mainshock and

one aftershock, reveals when the directions of mainshocks and after-
shocks would be different, , the values of the EDPs can be sig-
nificantly higher than the case of , i.e. . According
to Fig. 3(a), 3(c) and 3(e), for all values of T considered in
this study, and also for three types of demands, is greater than one,
such that its value for MD in the case of stiffer structures (T 0.7 s)
with R = 2 reaches approximately 2.15 on average (see Fig. 3(a)). This

means when , seismic responses can rise considerably by 115%
with respect to the case of . However, in these systems, the nor-
malized MD declines, as R increases. The average value of which is about
1.58 for both R = 4 and 6. In addition, of maximum displace-
ment would be 1.27 on average for T 1.0 s and three values of R.
In view of Fig. 3(c), average value for MA is just over 1.16.
Moreover, the average normalized response computed due to NHE for
short-to-moderate period structural systems (T 1.6 s) possessing R = 2
is roughly 1.4 (see Fig. 3(e)), which indicates the value of NHE can see
a rise of 40% when the incident angles of mainshock and aftershock are
not identical, compared to the situation that they are equal with one
another. On the other hand, these structures having T > 1.6 s experi-
ence a constant value of , such that it is around 1.25. Moreover,
the mean normalized response almost follows a stable trend for larger R
(R = 4 and 6), reaching about 1.34 for all values of T considered. Fur-
thermore, Fig. 3(b), 3(d) and 3(f) confirm when T tends to increase, the
effect of R on would be minor, so that
for long-period systems. These differences also converge to zero for these
structures. However, the values of and in Fig.
3(d) are close to zero throughout the period range, such that the ab-
solute maximum their value is nearly 0.12. It can be concluded that the
EDPs of long-period structures can be affected slightly, when
compared with .

As mentioned previously, Fig. 4 delineates the mean inelastic spec-
tra in terms of three different EDPs under sequences including one main-
shock and two aftershocks. It can be observed that the presence of the
relative differences between successive incident angles ( )
can lead to increase of responses ( ). According to Fig. 4(a),
maximum displacement of structures (MD) faces at least a marked rise
of 30% ( ) for all values of R. In addition, the average nor-
malized EDP for short-to-moderate period structural systems (T 1.0 s)
with R = 2 is approximately 1.74. This reveals that these structures are
more sensitive to the differences between incident angles under multi-
ple earthquakes. The mean sees a sudden fall as the vibration
period increases, reaching just above 1.41 in the range of T 1.3 s. Fur-
thermore, when R tends to rise (R = 4 and 6), the variation of
decreases to a great extent, so that its value would be 1.57 throughout
the period range (0.1 s T 2.8 s).

In view of Fig. 4(c), the normalized response based on the MA wit-
nesses an almost constant trend over the period variety considered, ex-
ceeding 1.23 on average for all three values of R. Moreover, Fig. 4(e)
shows if , SDOF systems having T = 1.0 s as well as R = 2
experience seismic damage in terms of NHE which can be 80% more
than the situation of , i.e. = 1.8. This parameter
declines rapidly, as the strength reduction factor (R) goes up, reaching a
stable value of 1.3 for all vibration periods. Additionally, Fig. 4(b), 4(d)
and 4(f) delineate the long-period region is not significantly sensitive to

, and the values of and move to zero in
this region. Also, the effect of R is not important on MA in comparison
with the other demands, so that the absolute maximum of
and would be 0.15 for all period values (see Fig. 4(d)). As a
result, Figs. 3 and 4 demonstrate short-period structures can be vulner-
able against seismic sequences, when the incident angles of mainshock
and subsequent aftershocks are not identical. It is noted that short-pe-
riod structures have been traditionally referred to as the ones having
T < 0.7 s. However, it appears that there is a lack of theoretical back-
ground for such an assumption in the technical literature. Additionally,
further studies are being conducted with a series of constitutive laws,
thus it seems reasonable to stress the current limit of this investigation
in the paper. Although, based on the outcomes of the numerical investi-
gation, the present approach can be extended to the N2 method (equal
energy period range) [41].

Polar diagrams are also employed to represent the variations of
at various incident angles. To this aim, the changes of this ratio

for three seismic demands (MD, MA, NHE) are depicted in Fig. 5 for a
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Fig. 3. Mean inelastic spectra in terms of and under sequences with one aftershock for (a), (b). MD; (c), (d). MA; and (e), (f). NHE.

typical SDOF system, with T = 1.3 s and R = 4, under the Livermore
sequence including one mainshock and one aftershock, when the angle
of aftershock is varied, namely
and the angle of mainshock is equal to , i.e.

. These combinations ( ) and (
) are selected from existing 25 combinations of

and , because the normalized response due to them is more than one,
as shown in Fig. 5(a) and Fig. 5(b), respectively. It is useful to depict

over to by reflection in Fig. 5. The due to
the maximum displacement, MD, is 1.87 at and
(Fig. 5(a)). Additionally, this parameter reaches 1.25, when

and (Fig. 5(b)). As seen in Fig. 5, the maxi-
mum for the other demands, MA and NHE, can occur in differ-
ent angles. This figure shows if the directions of mainshock and subse-
quent aftershock would be different ( ), more critical structural
responses can be obtained.

Similarly, for the same oscillator (T = 1.3 s and R = 4), the changes
of at different angles of combinations the second aftershock (

), varied from to , in a sequence with two aftershocks,
Coalinga earthquake, when and

are presented in Fig. 6(a) and (b), respec-
tively. The combinations ( and

5
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Fig. 4. Mean inelastic spectra in terms of and under sequences with two aftershocks for (a), (b). MD; (c), (d). MA; and (e), (f). NHE.

) are considered from existing 125 combina-
tions of , and , since in which the maximum value of
is considerable. According to Fig. 6(a), MD can rise by about 38% at

in comparison with the case of
, namely = 1.38. This increase for both MA and NHE occurs
at , such that it is around 12% and 20% for these de-
mands, respectively. Furthermore, a similar trend is observed in Fig.
6(b), so that can see its maximum value at 1.58 for MD, when

. These figures denote if consecutive ground motions are
applied to the structure with different orientations ( ),

higher responses can be resulted in, compared to the case of
.

5. Summary and conclusions

This study investigates the effect of the relative differences between
successive incident angles on various seismic responses of nonlinear
structures. To this aim, structures as SDOF systems are taken into ac-
count with a variety of T and R. Moreover, a methodology to generate
rotated seismic sequences is presented. Then constant-strength spectra
are developed under rotated mainshock-aftershock sequences including
one aftershock and two aftershocks, rotated to various angles, from

6
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Fig. 5. Polar diagrams in terms of the normalized response under sequences with one aftershock, when (a). ; (b). .

Fig. 6. Polar diagrams in terms of the normalized response under sequences with two aftershocks, when (a). , ; (b). , .

to , such that the angles of consecutive ground motions are not
necessarily identical. In other words, , and can be different
with respect to each other. Three EDPs of nonlinear structures are ex-
tracted at different combinations of , and . After that, for
each value of , the responses are normalized to when
at various and to quantify the impact of different directions of
mainshock and subsequent aftershock/aftershocks on structural behav-
ior. Afterwards, the mean maximum normalized responses, , of
all existing combinations of mainshock and aftershock incident angles,
for two-sequence and three-sequence earthquakes considered in this pa-
per are computed. The main conclusions of this paper are summarized
as follows.

(a) Short-period structures (T 0.7 s) with R = 2 can experience much
more seismic damage under multiple earthquakes, including one
mainshock and one aftershock, if there is a relative difference be-
tween incident angles of mainshock and subsequent aftershock. For
instance, when , the maximum displacement, MD, of these
systems can increase approximately 115% on average, with respect
to the case of . Moreover, the average value of the nor-
malized MD of these structures, , would be about 1.58 for
higher R (4 and 6). The values of for the other demands,
MA and NHE, are also more than one for all three R values through-
out the period range considered. It is worth noting that the present
approach can be extended to the N2 method (equal energy period
range).

(b) For sequences with two aftershocks, the normalized response in
terms of MD can exceed 1.3 ( ) for all values of R. In
addition, the average value of this ratio for short-to-moderate pe-
riod structural systems (T 1.0 s) having R = 2 is about 1.74. The

based on the MA can see an almost constant trend over the
period variety considered, reaching 1.23 on average for all three val-
ues of R. Moreover, in the case of , SDOF systems with
T = 1.0 s and R = 2 would face the rise of NHE which can be 80%
more than the situation of , i.e. = 1.8.

(c) Polar diagrams are presented for an oscillator with T = 1.3 s and
R = 4, under the Livermore sequence including one mainshock and
one aftershock, and also under the Coalinga sequence with one
mainshock and two aftershocks. The observations prove that the
normalized maximum displacement can reach 1.87 at
and for the two-sequence earthquake. Furthermore, in
the case of the three-sequence earthquake, this demand increases
by almost 38% at and . The
maximum for the other demands, MA and NHE, can occur at
different angles of mainshock and subsequent aftershocks as well.

(d) The results demonstrate considering the relative differences of con-
secutive incident angles in multiple earthquakes can lead to more
critical structural responses. Therefore, it is necessary to rotate both
mainshock and aftershocks by different angles for reliable seismic
assessment of structures.

7
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