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Abstract The paper addresses the issue of research-
ing into the engineering characteristics of rotational
strong ground motion components and rotational
effects in structural response. In this regard, at first,
the acceleration response spectra of rotational
components are estimated in terms of translational
ones. Next, new methods in order to consider the
effects of rotational components in seismic design
codes are presented by determining the effective
structural parameters in the rotational loading of
structures due only to the earthquake rotational
components. Numerical results show that accord-
ing to the frequency content of rotational compo-
nents, the contribution of the rocking components
to the seismic excitation of short period structures
can never be ignored. During strong earthquakes,
these rotational motions may lead to the unexpect-
ed overturning or local structural damages for the
low-rise multi-story buildings located on soft soil.
The arrangement of lateral-load resisting system in
the plan, period, and aspect ratio of the system
can severely change the seismic loading of wide
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symmetric buildings under the earthquake torsional
component.
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1 Introduction

The study on the seismic behavior of the engineering
structures during the past strong ground motion (SGM)
has shown that parts of earthquake damages or even
collapse of structures cannot only be attributed to the
translational components of SGMs. Indeed, some unex-
pected failures of structures such as tall asymmetric
buildings or irregular frames (Ghafory-Ashtiany and
Singh 1984), bridges (Kalkan and Grazer 2007), slender
tower-shaped structures (Zembaty and Boffi 1994), nu-
clear reactors (Rutenberg and Heidebrecht 1985), verti-
cally irregular buildings (Ghafory-Ashtiany and
Falamarz-Sheikhabadi 2010), and even ordinary multi-
story buildings near earthquake faults (Trifunac 2009),
can be associated with the seismic loading due to spatial
variation of seismic waves. The spatial derivatives of
translational SGMs are named rotational components of
the SGM and their influences on the seismic behavior of
structures have been the subject of many theoretical
researches during the past 40 years (Newmark 1969;
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Trifunac 1982; Ghafory-Ashtiany and Singh 1986; Twiss
et al. 1993; De La Llera and Chopra 1994; Hao 1996;
Shakib and Tohidi 2002; Li et al. 2004; Ghayamghamian
and Nouri 2007; Pujol 2009; Lee and Trifunac 2009).
However, due to the lack of the recorded data on the
rotational components, the earthquake-resistant design of
structures are mainly performed by considering the influ-
ences of the translational components and the seismic
loading due to the rotational components are ignored or
underestimated by most seismic codes.

So far, the effects of the rocking components on the
seismic loading of structures are only regarded by
Eurocode 8, part 6 (EC8.6, 2005) which recommends
that the rocking seismic excitations should be consid-
ered for the tall structures (higher than 80 m) designed
in regions of high seismicity. The response spectrum
for the rocking component is defined as (Eurocode 8 et
al. 2005):

1.72SA,(T

SAg(T) = T() (La)
where SA,(7T) is the elastic horizontal response spec-
trum defined for the site classes, based on the average
shear wave (S-wave) velocity over the uppermost
30 m of the ground profile, V;, and T is the natural
period of structure. Formula 1.a represents only rock-
ing excitations and does not take into account soil-
structure interaction effects, which may excite struc-
tural rocking even only from the horizontal SGM. This
code also presents a formula similar to Eq. l.a to
consider the effects of the torsional component:

_ 7SAL(T)

SAg:(T) VT

(1.b)

However, in most of the seismic codes, the effects
of torsion are usually considered in the case of the
structural irregularities. This can be done by applying
the equivalent lateral forces at a distance e; (design
eccentricity) from the center of rigidity (CR). Some
codes also specify the design eccentricity with respect
to the shear center. The code provision for the design
eccentricity at the fth floor, ey, can be expressed in a
general form as:

eqr = aer + by (2.)

eqr = ey + Pby (2.b)
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where e, is the static eccentricity at the fth floor
defined between the floor center of mass (CM)
and the CR, b, is the plan dimension of the fth
floor normal to the considered direction of ground
motion, and coefficients «, 3, and ¢ are the code-
specified constants. The second term in Egs. 2.a
and 2.b is introduced in codes to account for
differences between the analytical and actual loca-
tion of centers of mass, shear, and resistance in
structures during an SGM. This accidental eccen-
tricity is assumed to be a fraction of the plan
dimension, (3b;, where the coefficient 3 based on
the finding of the elastic analysis of rigidity sup-
ported structures and on engineering judgment is
proposed to be in the range of 0.05-0.1 in most of
the seismic design codes.

Past studies have shown that Eqgs. 1.a and 1.b for
the rotational excitations require further research and
empirical scaling (Ghayamghamian et al. 2009). The
same is true when it comes to the formulas for struc-
tural eccentricities (Zembaty 2009).

In this study, methods for inclusion of the load-
ing effects of earthquake rotational components in
building codes are proposed. To achieve this, at
first, the characteristics of rotational components
and their relations with corresponding translational
components are reviewed. Next, the effective struc-
tural parameters and their influences on the rota-
tional excitation of structures subjected to the
earthquake rotational components are determined.
Besides, the random responses of the structures
under the combined action of the translational and
rotational components are analyzed. Finally, based
on the obtained results of dynamic analyses, the
simple formulas for the estimation of the seismic
loading of structures due to the earthquake rotation-
al components are presented.

2 Characteristics of rotational components

The rotational components of ground motions, {ég },

induced by the spatial variation of seismic waves can
be obtained in terms of the translational components,

(u§ U uf ), along Cartesian coordinates axes (x, y, z)

for small deformation as follows. Defining Cartesian
coordinate system on the ground surface (z = 0),
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displacement gradient, VU, which is a second tensor
order, will become:

ouf 1 (08 | o
Ox 2 ( Ox + 6y 0
L(ow | o [
VU = 2 (ax + dy dy 0
0 y 0 0 13,3
1 (0 oLl _ d_”f 3
0 —3 (W - W) o ®)
(0w out ol
T (W — 0 %
Ox dy 3x3

where the symmetric matrix corresponds with the
strain tensor in small deformation and the anti-
symmetric matrix is the rotation tensor. From this

equation, the rotational components vector, 6, can be
expressed as:

%-3_ Ou, - 1 (3uy 5'ux>]—{» (4)

"= a2

The first two terms in right side of Eq. 4 are known
as the rocking components related to the vertical
ground motion, and third term entitled the torsional
component is related to the horizontal motions. Trans-
forming Eq. 4 into the frequency domain, the rotation-
al displacements corresponding to the linear SGMs
can be obtained as:

{#)} =2ni ‘l‘g((;‘)’)) -2 z:g((s)) 7 ’”'(u%g_(w) - uj%(@) 7

where w is the circular frequency, 1; is the wavelength
of seismic waves along jth-direction on horizontal
surface, and i = v/—1. By introducing the equivalent
constant apparent velocities for x- and y-directions, as
the velocity at which a plane wave appears to travel
along horizontal surface, the rotational acceleration
components of the linear earthquake ground motions
can be estimated as:

(o 122

where V; is the constant apparent velocity along
jth-direction. This simple relation can be used as
a first-order approximation in calculating the ac-
celeration response spectra of rotational compo-
nents of SGMs with an acceptable approximation
except in the highly attenuated medium. For a
homogeneous isotropic and elastic semi-infinite
medium, the apparent velocity in Eq. 6 can be
assumed as Vs_g/sin¢, which V_ is the propaga-
tion velocity of the shear waves in the medium
and ¢ is the incident angle. Thus, in this case, the
theoretical value of the apparent velocity is in the
range of the propagation velocity of the shear
waves in the medium and infinity. From engineer-
ing aspect, considering the fact that the soil be-
neath each structure is usually assumed to be
horizontally layered, in most of the seismic codes,
a constant velocity equal to the S-wave velocity
over the uppermost 30 m of the ground profile is
considered as the apparent velocity of seismic
waves. It should be kept in mind that such an
assumption usually gives the most conservative
form of the rotational components unless some
special situations which site effects cause seismic
waves propagate horizontally. Here, it should also
be mentioned that based on the authors’ knowl-
edge, there is not any exact theoretical method to
estimate rotational components in near field and
we can only estimate rotational motions in the far
distances from fault zone, appropriately. In fact,
for the estimation of the rotational components in
near field, we have infinity solutions for solving
seismic wave propagation problem. Using shear
wave velocity at surface layer instead of apparent
velocity in seismic codes is probably due to this
difficulty in defining and estimating phase veloc-
ity. Since authors have recently improved the
concept of bidirectional phase velocity in the
middle-field zone, to present engineering formula
for the rotational loading of structures, it has been
assumed V,=V,=V,. The reason of such a simpli-
fication will be discussed in future in another
authors’ paper. However, it should be mentioned
that the assumption of bidirectional phase velocity
is considered against the current classical assump-
tion of radial wave propagation (point seismic
source case).

Noting that the torsional component about z-axis is
independent of x- and y-axes the approximate
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relationship between the spectral density function
(SDF) of rotational, S5 (@), and translational acceler-
ations can be obtained as:

{S(@)} = {wz S";(jw) ;o

5 Siz(@) @

) (Sulo) +50(0) |
(7)

where S,,(w), S,,(w), and S,..(w) are, respectively, the
SDF of the translational accelerations along principal
axes. Considering the fact that random vibration-based
response spectra of ground motions can be written as:

Sp? = 2 / " S(0)|H (@) Pdo (8.2)
SV2 = (2 / h *S(0)|H (0)*dw (8.b)

where H(w) is the frequency response function, SD
and SV are respectively displacement and velocity
response spectrum, and also C, and C, are their
corresponding peak factors. Moreover, assuming
that the S, (w) and S, (w) are equal, the approxi-
mate forms of the acceleration response spectra of
the rotational components, SAy, can be obtained
by substituting Eq. 7 into Eq. 8.a and considering
Eq. 8.b as follows:

27 - SA,. V27 - SA.
SAgy =SAp =" SA,, =" " (9
6 Oy TQ'VA 0: TQ'VA ( )

in which SA,, and SA,. are the acceleration re-
sponse spectra of the translational components
along x- and z-axes, and T, is fundamental period
of rotational single degree of freedom system.
However, the acceleration response spectrum usu-
ally decrease with increase of the period of system
vibration, but this reduction according to Egs. 8.a
and 8.b is more pronounced for rotational compo-
nents than translational ones.

Figure 1 shows the normalized acceleration re-
sponse spectra of translational and rotational compo-
nents corresponding to a local earthquake recorded at
HACC station of HGS-array with six components
(Taiwan, 2007). Here, it should be noted that Fig. 1
shows the mean spectra of horizontal and rocking
components of this event. As it can be seen, rotational
acceleration response spectra rapidly decrease with
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Fig. 1 Acceleration response spectra of translational and rota-
tional components for damping ratio of 0.05

increasing structural period; and the effects of rota-
tional components are negligible in the long periods of
vibration. From here, it can be inferred that the rota-
tional acceleration components can only be destructive
in seismic loading of structures which are stiff (short-
period) like nuclear reactors, or sensitive to the high-
frequency motions such as irregular structures or sec-
ondary systems. For instance, the high-frequency con-
tent of rocking components may severely increase the
contribution of the specific higher modes of vibration
to structural responses of vertically irregular structures
and cause local structural and non-structural damages
during SGMs.

Herein, the dynamic analysis of the seismic
behavior of the structures subjected to the rotation-
al motions is performed using the random vibra-
tion theory. Also, to model the SDF of the input
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translational acceleration, the filtered Kanai-Tajimi
spectrum (Ruiz and Penzien 1969), is used:

S(w) 1 +4§§(a)/a>s)2

S [1- /e +480/0)

(0/0)’
1= (0/0,)] +4&(0]o,)’

(0/wy)’
eXp (— W) (10)

where wg, wy, &, &, and S, are the empirical
parameter determined by fitting Eq. 10 to the
SDF of the recorded accelerograms. Table 1 shows
the considered values of these empirical parameters
in this study. Using Eq. 10, the SDF of the hori-
zontal and vertical acceleration components have
been drawn in Fig. 2. Also, considering Eq. 7, the
SDF of the rotational acceleration components for
a medium soil are obtained using Vy = 0.6Km/s
and their frequency contents have been shown in
Fig. 3.

X

3 Rocking component in structural loading

In this section, the influences of the rocking components
on the lateral force of ordinary buildings are studied. It
has been assumed that (1) supporting columns rest di-
rectly on the soil without any mat foundation and the
dynamic soil structure interaction effects is neglected;
(2) responses are small and remain in the linear elastic
range.

3.1 Contribution of rocking component to lateral
earthquake force

The differential equations of motion for a shear-type
building model with N-degrees of freedom subjected

Table 1 Parameters of filtered Kanai-Tajimi spectrum

SDF So &y Wy (rad/s) & wy (rad/s)
z 0.4 0.6 1 0.4 10
X 1 0.6 0.75 0.3 7.5
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Fig. 2 The SDF of the translational acceleration components
given by Eq. 10

to the base excitation of the rocking acceleration com-

ponent, 0,,, can be expressed as:

) - { U} +[C]- {0} + K] - {U} = =[M] - {h} - 6y

(11)
where [M], [C], and [K] are the mass, damping, and
stiffness matrices, {4} is the influence vector, {U(f)} =
{ip}[g(9)] is the displacement vector of structure, and
{¢} is the mode shape vector. In the case of propor-

tionally damped matrix, the jth modal coordinate, g;,
is:

(1) + 25, 4,(1) + 0l q;(t) = 7'i0g (12)
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Fig. 3 The SDF of the rotational acceleration components
given by Eq. 7
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where w; and &; are the modal frequency and damping
N
—(I/Mj’”) ;miqﬁijhi, h; and m; are the

height and mass of ith floor above the base, and M" is

ratio, y'j =

the jth modal mass. For such a system, the jth modal
response becomes:

—y,H/ hi(t — 7)dr (13)
where
N
;mi%—hi N
Hy = S0 = 3 D% (14)
Zlmi% 7=

and A(t-7) is the unit impulse response function of i
mode. Also, the story shear can be obtained by:

N

KI{U(D} =D o]

J=1

(0} = [M]{9;}4;(1) (15)

Using Eq. 15, the induced base shear due to the
excitation of the rocking component becomes:

Va(2) me

In special case, when the first mode shape can be
assumed linear (¢;; = h;/H), using the orthogonality
property of modes and note to >, le,-q)ijh[ =

Zyj o M"q; (16)

H{¢1}TM{¢j}, it can be shown that for all j#1, the

effective modal heights, H;, are zero. In this case,
Eq. 16 becomes:

Vo (1) = yla)zM’”Hl/ Oy (T)hj(¢ — 7)d7 (17)
From Eq. 17, the maximum base shear due to the

rocking component by using Eq. 9 can be written
as:

2ﬂM1H1

Tl VA SPAw(a)l7§1) (18)

V@yfmax =
where SPA is the pseudo-acceleration response
spectrum and M; = yIM}" is the effective mass
of the first mode of the structural vibration. On
the other hand, the base shear due to the excitation
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of the horizontal acceleration can similarly be
expressed as:

(1) = Z Y?wajm /Ot u’g(r)hj(t —1)dt (19)

=

Similarly the maximum base shear due to the hor-
izontal component can be written as:

Vimax = nMISPAu(wlaél) (20)

where 7 is a non-dimensional factor with value in the
range between 1 and 1.5 for typical multi-story build-
ings. Defining p,,, = SPA,,/SPA, and assuming \ as
the cross-correlation coefficient of the rocking and
horizontal motions, the maximum base shear due to
the combined action of the horizontal and rocking
components can be written as:

SPAu(Tlvgl)
ey

Vaty—max = (1+6,)>+200-1)0,- W (21)
where g is the gravitational acceleration, W = nM,g is

the effective weight of the structure vibration, and 6; =

N N
(27p,, 1)/ (T1V4n) in which H, = Zmlh?/z mih;.
i=1 =1

The H, for a N-story building with regular configuration
in elevation, can be obtained by (2N + 1)H /3N. Two
conservative assumptions are necessary to obtain a prac-
tical formula for the base shear, ¥, in seismic design
codes due to the combined action of the horizontal and
rocking components: (1) considering a linear fundamen-
tal mode shape for low-to-moderate rise buildings; (2)
assuming that the horizontal and rocking components
are perfectly correlated. In this case, code base shear can
be modified using Eq. 21:

Vi = V(1 +6)) (22)

To examine the applicability of the Eq. 22, at first,
the variations of p,,, as a function of period for the
assumed SDFs is calculated (see Fig. 4). Next, the
variations of parameter #, versus vibration periods is
compared with the exact ratio of V,,,/V calculated from
the dynamic analysis of a single degree of freedom
system under considered SDFs and it is shown in
Fig. 5. It can be seen that the proposed formula can
conservatively evaluate the seismic loading of struc-
tures subjected to the rocking component. It can also
be observed that for tall and short period structures,
such as nuclear reactors, the seismic loading of
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Fig. 4 Variations of p,,, versus period

rocking components can be as large as translational
ones or even larger. This phenomenon occurs because
of the differences in the frequency content between
rotational and translational components, and it can
seriously affect seismic behavior of structures located
on soft soil.

For engineering application, in order to use Eq. 22
in seismic design codes, it may be assumed that the
apparent velocity is conservatively equal to the aver-
age shear wave velocity (V) in the top 30 m of the
ground profile, p,,,=2/3, and n=1. In this case, #; can
approximately be expressed as:

4.2H,
Vs

(=1

(23)

where T is the fundamental period of the structure.

Fig. 5 Variations of 6, calculated from proposed formula (black
lines) and from dynamic analysis (gray lines) versus the struc-
tural periods of a single degree of freedom system for H=20, 40,
and 60 m

4 Torsional component in structural loading

The concept of center of rigidity (CR) arises from
single-story structures with rigid floor diaphragm
where there is always a point on the floor (CR) which,
if a static load (of arbitrary magnitude and direction) is
applied through this point, will translate the floor
without rotation. This concept cannot always be ex-
tended to multi-story structures in terms of a set of
points at the floor levels that possess the same prop-
erty. However, there is a very special class of multi-
story buildings, namely buildings having vertical
resisting elements with proportional stiffness matrices,
in which a set of the CRs can be defined in the
aforementioned strict sense and lie on a common
vertical line (Riddel and Vasquez 1984; Tso 1990).
Since seismic provisions are usually based on the
studies concerning the torsional response of single-
story systems and dynamic response of plane frames
(Kan and Chopra 1977; Tso and Dempsy 1980; Hejal
and Chopra 1989; Ghafory-Ashtiany 2001); therefore,
these provisions rigorously apply to the uniform multi-
story shear or flexural type structures (proportionate
buildings).

Thus, in this section, a new formula for the inclu-
sion of the loading effects of rotational ground
motions on the accidental eccentricity corresponding
to the proportionate buildings is presented. In this
case, because of the relationship between the base
shear and accidental eccentricity in seismic codes, it
is necessary to consider combined action of horizontal,
rocking and torsional on structural loading. To achieve
this, at first, in order to give a basic insight into
torsional loading, the accidental eccentricity due only
to torsional loading is presented in a static form. Next,
a relation to evaluate the equivalent accidental eccen-
tricity is derived using the numerical results obtained
from the dynamic analyses.

4.1 Static accidental eccentricity for a single-story
building

Consider a linear single-story building with orthogo-
nal arrangement of lateral-load resisting system
connected by rigid floor diaphragm as shown in
Fig. 8. For lateral force analysis in the x-direction,
the building plan is treated as symmetric about the y-
axis without loss of generality because building codes
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need such independent analyses in the x- and y-
directions.

In order to determine the static accidental eccentric-
ity, eS¢, with no important loss of generality, the UBC
1997 values o = 6 = 1 is chosen in Egs. 2.a and 2.b.
The static accidental eccentricity is introduced as ratio of
the induced maximum torsional moment due only to the
earthquake torsional component, ., to lateral force due
to the simultaneous excitations of the earthquake rock-
ing and horizontal components as follows:

static M — “ue_ﬁ.%

e =

24
p v (24)

K ma
in which M’ is the total torque induced in the system due
to seismic loading of ground motions, K and K, are the
lateral and torsional stiffness of the structure, 0, is the
peak rotational displacement due only to the torsional
excitation. The normalized static accidental eccentricity
is given using Eqgs. 9 and 22:

estatic _ eztatic _ \/§K€w9 ) SDu(a)9,§)
“ b 2bKV,(1+61) SDy(w1,$)

(25)

where b is the plan dimension of the structure normal to
the considered direction of ground motion. Defining
N=awy/o, = Kg/}”zK as the ratio between the
uncoupled torsional frequency and the lateral frequency
of'the structure, assuming V=V and using Eq. 23, then
Eq. 25 can be simplified to:

estatic ~ \/57[ i FZ‘Q . SPAu ((09,5)
@b T b(42H, + TVs) SPA,(w,&)

(26)

where the radius of gyration about CR is r =
V(B2 +a?)/12 = b\/(1 + £2)/12 in which e=a/b is
the plan aspect ratio, « is the side dimension parallel to
the lateral seismic loading, and the SPA is the pseudo-
acceleration response spectrum. From Eq. 26, it can be
deduced that the main effective structural parameters in
the torsional loading of an equivalent linear symmetrical
one-story building are H;, T, b, ¢, and €.

4.2 Equivalent accidental eccentricity for single-story
buildings

In order to determine the equivalent accidental eccen-
tricity, e,, consider the linear single-story building
shown in Fig. 6. The modified base shear, V,,, is
applied at the distance e from the CR produces a
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Fig. 6 Considered model for an unbalance torsionally structure

rotational displacement equal to #. The maximum
dynamic rotational displacement due only to the rock-
ing and horizontal components of ground motion (3=
0) can be written as:

Vive

0= X,

(27)

By applying the same static force, V,,,, at the dis-
tance e+e, relative to the CR, where e,=3b; the max-
imum dynamic rotational displacement of the system
with accidental eccentricity (considering the effects of

the torsional motion), 5, becomes:

Viu(e + eq)
Ky

0= (28)

Solving Eqgs. 27 and 28 for e, and considering u=
V,./K as the peak dynamic translational displacement
at the floor CR, we obtain:

Ca @ B 9) 22
=—=——21) 29
= T (29)
Using Eq. 29, the general trends of the equivalent
static accidental eccentricity calculated for the various
sets of the linear structures with different dynamic
properties under varied excitations showed that the
equivalent accidental eccentricity for the proportionate
buildings can approximately be evaluated by:

* 45072 T>04S
w _ Cq ) p(e+1vg) -
€ap = ? - 22502 7<0.4S (30)
B(H, +0.27g) S0

in which T is the lateral fundamental period of struc-
ture for while the structure is considered uncoupled. In
continuation, the applicability of Eq. 30 in estimating
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007
the equivalent accidental eccentricity is examined. To b=20m |20t =0
achieve this, the equivalent accidental eccentricity for 0.06 |
different values of the effective structural parameters oosh —
is calculated by considering the system shown in
Fig. 6. The influences of the effective structural 2 R
parameters on the accidental eccentricity are shown ® o003
in Figs. 7-11. S
As it can be seen in Fig. 7, with the increase of the
plan dimension and lateral fundamental frequency of 2.3
the structure the accidental eccentricity will increase. 0
Also, the equivalent accidental eccentricity decrease
with the increase of the static eccentricity. In general,
the accidental eccentricity arrives at its maximum val- 0.14
ue for symmetric structures. Figure 8 shows that for a 012
constant value of b, the decrease in the plan aspect
ratio of structure, ¢, leads to the decrease of the acci- o
dental eccentricity. In fact, since the reduction in the o 008
ratio a/b results in decreasing the ratio r/b; therefore, o -
according to Eq. 26, it can easily be inferred why this
causes that the accidental eccentricity reduces. 0.04
Figures 9 and 10 show the effects of the frequency o002l
ratio §2 on the value of the accidental eccentricity. Two
points can be drawn from these figures: First, the in- -
crease in e, is largest for symmetric torsionally stiff
structures. Also, the increase in accidental eccentricity 02
calculated by dynamic analysis for the symmetric sys- 048 b=60m |20 |
tem with {2 < 1 tends to be smaller than that predicted -l ——— efr=0.2
by proposed formula given in Eq. 30, and vise versa for o014l —
2~ 1and T >~ 0.9sec. Second, for asymmetric struc- 0.12
tures the effects of the static eccentricity on e,;, decrease 2 o,
with the increase of period and decrease of frequency o o
ratio. This variation of 2 and its influence on the value 006
of the accidental eccentricity implies to an important ol
property of torque loading due to the torsional compo- 0.02
nent. Indeed, a common assumption in seismic design of 0

structures is that the effects of the lateral-torsional cou-
pling on the seismic response of in-plan irregular sys-
tems decrease as increasing (2, but here, it has been
shown that increase in the value of {2 can conversely
increase torque loading of torsional components. Thus,
it should be kept in mind that increase of {2 does not
generally result in reducing the torsional effects in seis-
mic behavior of structures. Apparently, for a deeper
insight into this area requires more research.

As shown in Fig. 11, when the height of structure
increases the rotational loading due to the rocking
motions can cause the accidental eccentricity
decreases. Indeed, when the total lateral loading force
of structure increases, the simultaneous seismic

Fig. 7 Variation of accidental eccentricity as a function of
period for structure with square plan and for effective parame-
ters of e/r=0, 0.1, 0.2, 2=1, H=0, and b=20, 40, 60m

loading of the rocking and translational motions cause
that a smaller accidental eccentricity is needed to
produce a constant torsional moment in structure.
Although proposed formula underestimates the ac-
cidental eccentricity for symmetric tall structures
which are torsionally stiff, relative to the numerical
results of dynamic analysis but this difference between
the results is negligible. The above observations indi-
cate that the proposed formula can efficiently estimate
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the maximum values of the normalized equivalent
accidental eccentricity, e, for the type of the struc-
tural systems that have considered in this study. It
should also be noted that the accidental eccentricity
specification of $=0.05 is not an acceptable estima-
tion for wide symmetric multi-story buildings which
having short fundamental period and large value of (2.
However, since the symmetric structures are very rare
and even in such systems, an uneven distribution of
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mass (for example live load) may cause eccentricity;
therefore, the value of 3=0.05 in seismic codes may
be a fairly good approximation of the maximum acci-
dental eccentricity in common structures due only to
the earthquake torsional component. To verify this,
further research and study on multi-story buildings
with modern structural designs are needed.
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5 Limitations

The relationships developed in this study are based on
the some major limitations as follows:

First, the effects of spatial variation of body waves
have only been considered to present formulas for the
rotational loading of structures. It should be noted that
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Fig. 11 Variation of accidental eccentricity as a function of
period for structure with 5=60 m and for effective structural
parameters of e/r=0, 0.1, 0.2, 2=1, e=1, and H=0, 20, 40m

there are other phenomena that can lead to the rota-
tional excitations of structures such as surface waves,
special rotational waves, block rotation, topographic
effects, and soil structure interaction.

Second, a single apparent velocity has been assumed
to take into account the wave passage effects. Although,
authors are aware that this assumption ignores the dis-
persion of SGM waves, but we believe that its use is
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justified as a first step in the development of simple
quantitative criteria for engineering applications.

Third, the effect of the phase-delay between earth-
quake rotational and translational components on the
seismic loading of structures has conservatively been
ignored. It should be kept in mind that in real con-
ditions, due to the phase-shift and interaction between
the rotational and translational components, the effects
of rotational components may be beneficial on the
seismic loading of the structures and lead to the re-
duction of structural responses.

Finally, the new formulas proposed herein does not
account for inelastic actions of the structures. Al-
though, this approach has the advantage of clear phys-
ical interpretation of seismic behavior of structures
subjected to rotational excitation but the conclusions
drawn are only applicable to the engineering structures
which remain elastic during small and moderate
earthquakes.

6 Conclusions

The new formulas for inclusion of the earthquake
rotational motion effects in the seismic loading of
low-rise multi-story buildings have been presented.
The effective structural parameters in the rotational
loading of such structures have been determined and
their influences on the linear dynamic behavior of
structures have been studied. The following conclu-
sions based on the trends of the numerical results
obtained and under the assumptions of this study
may be drawn:

* The acceleration response spectra of rotational
components tend to decay faster than corresponding
translational ones as periods of vibration increase.
Thus, the seismic loading of these motions on the
overall behavior of long-period structures (7>2 s)
may be ignored.

* The rotational acceleration components are of more
high frequency than corresponding translational
ones. Thus, they may remarkably change seismic
loading of the structures which are sensitive to the
high-frequency motions, such as the secondary sys-
tems. The contribution of these components to the
seismic excitation of tall short-period structures like
nuclear reactors can be as large as translational ones
or even larger.

@ Springer

e The effects of the torsional acceleration compo-
nent on structural loading tend to increase with the
increase of ) and the radius of gyration of the
building floors. In contrast, it decreases by increas-
ing the static eccentricity and fundamental lateral
period of building.

* In asymmetric structures, with the increase of pe-
riod and the decrease of frequency ratio 2, the
influences of static eccentricity on e, decrease
and it approaches to a small constant value. Be-
sides, the effects of torsional motions can be ig-
nored for tall multi-story buildings which have
strong asymmetry in plan.

* The value of the eccentricity 0.056 which pre-
scribed in most of the current seismic design codes
for the accidental torsional effects is mostly a
conservative approximation for accidental eccen-
tricity due only to the influences of the torsional
component in asymmetric buildings.
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