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A new modal pushover procedure is proposed for seismic assessment of asymmetric-plan buildings
under bi-directional ground motions. Although the proposed procedure is a multi-mode procedure and
the effects of the higher and torsional modes are considered, the simplicity of the pushover procedure is
kept and the method requires only a single-run pushover analysis for each direction of excitation. The
effects of the frequency content of a specific ground motion and the interaction between modes at each
direction are all considered in the single-run pushover analysis. For each direction, the load pattern is
derived from the combined modal story shear and torque profiles. The pushover analysis is conducted
independently for each direction of motion (x and y), and then the responses due to excitation in each
direction are combined using SRSS (Square Roots of Sum of Squares) combination rule. Accuracy of the
proposed procedure is evaluated through two low- and medium-rise buildings with 10% two-way
eccentricity under different pairs of ground motions. The results show promising accuracy for the

proposed method in predicting the peak seismic responses of the sample buildings.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, the performance based design (PBD) methodology
has been widely accepted by earthquake engineering community
as a rigorous approach in design of civil structures. Since struc-
tures experience inelastic deformation in low performance lev-
els (e.g., Life Safety), PBD methodology requires using nonlinear
analysis to quantify the seismic response of structures. Nonlinear
static procedures (NSPs) have been widely proposed as a practical
tool in seismic evaluation guidelines and design codes [1-4].
Recently, to improve the efficiency of these procedures numerous
advanced pushover procedures have been proposed [5-13].
Furthermore, application of the pushover procedures is extended
to seismic assessment and design of non-building structures such
as bridges [14-16].

However, most of these pushover procedures are originally
developed for two dimensional (2D) models of building structures.
Although in some procedures the effect of the torsional modes in
asymmetric-plan buildings subjected to one-directional ground
motion are considered [17-32], it is well recognized in the
literature that for a reliable seismic assessment, considering the
influence of simultaneous bi-directional ground motions (angle of
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incidence) on seismic demands of inelastic asymmetric-plan
structures is inevitable [33-34].

In this regard, Fajfar et al. have extended the N2 method in
order to take into account the bi-directional ground motions
effects on asymmetric-plan structures [35]. Recently, Reyes and
Chopra have also extended the well-known modal pushover
analysis (MPA) to analyze asymmetric-plan buildings subjected
to two horizontal components of ground motions [36]. Further-
more, the extended versions of the conventional pushover proce-
dures are adopted by seismic codes [2-3]. These extended versions
of original procedures are developed based on the superposition
principle and the original pushover procedure is implemented
independently in each horizontal direction and the resulting
responses from each direction are combined by SRSS (Square
Roots of Sum of Squares) rule. In the extended version of the
MPA procedure, the effects of the higher and torsional modes are
considered; however, since the original MPA procedure requires
running several independent pushover analyses according to the
considered modes in each direction, the extended version of the
MPA procedure for bi-directional ground motions requires addi-
tional analyses.

Recently, Manoukas et al. have also developed a multi-mode
pushover analysis similar to the extended MPA procedure for
asymmetric-plan buildings under bi-directional ground motions,
which leads to a significant reduction in computational cost [37].
In this procedure, it is assumed that the two components of the
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bi-directional excitation are proportional to each other and based
on this assumption a new concept of the equivalent single degree
of freedom system is introduced. Therefore it is not required
independent analysis in each direction of excitation and the
directional combination in the nonlinear range is avoided. Man-
oukas and Avramidis have also proposed improved version of
multi-mode pushover procedure for tall asymmetric-plan build-
ings under bi-directional seismic excitation [38].

Furthermore, Poursha et al. have extended the consecutive
modal pushover procedure for seismic assessment of asymmetric-
plan tall buildings subjected to two horizontal components of
ground motions [39]. In pursue of developing advanced pushover
methods to assess the seismic response of the building structures
under bi-directional excitation, in this paper, a new multi-mode
pushover procedure is proposed. Nevertheless the proposed pro-
cedure is a multi-mode approach and the effects of the higher and
torsional modes are considered in the procedure, the method
requires only a single-run analysis for each direction of motion.
The single-run pushover analysis is run independently for each
direction of motion (x and y), then the responses from each
direction are combined through a combination rule proposed for
multi-direction motions (e.g., SRSS) [40-42]. The proposed proce-
dure is denoted as ST-Bi (story-Shear-and-Torque-based pushover
procedure for Bi-direction excitation). As the proposed method
roots from dynamics of structures, the related equations are
presented in the following section.

2. Equation of motion

The equations of motion governing the displacements U of a
multi degree of freedom (MDOF) system with 3 x n degrees of
freedom (n: number of story with rigid diaphragm in a building)
subjected to simultaneous ground motion along two horizontal
components are:

MU(t)+CU(t)+KU(t) = — MIitg(t) — MP it (t) 1)

where M, C and K are respectively the mass, damping and stiffness
matrices. U(t), U(t) and U(t)are respectively acceleration, velocity
and displacement vectors. ilg(t) and ilg(t) are the ground motion
acceleration in x and y directions. I and P are excitation influence
vectors respectively corresponding to x and y directions.

F=¢(1 0 0)7 P=¢0 1 0) 2

where 1 and 0 are vectors of dimension n with all elements equal
to unity and zero, respectively.

Based on the superposition principle in linear elastic system,
the vector of displacement U(t) could be divided into two
components U*(t) and U”(t) due to seismic excitations in x and y
directions (i.e.,ily(t) and ity (t)), respectively.

U(t) = UX(t)+ U (t) 3

The U*(t) and U (t) vectors could be expressed in the following
expanded forms:

UX(t) = < Ut U uz<t>> (4)

;
3nx1
UY(t)=<U¥(t) Uyt Uy >;X] (5)

where Uj(t), U§(t) are the n x 1 displacement vectors of n stories
along x and y translational directions, respectively, due to excitation
in x direction il;(t) ; Uj(t) is the n x 1 rotation vector of n stories
around z (vertical to x and y plane) axis, due to excitation in x
direction; U%(t), U%(t), and UY(t) are the same vectors as Ux(t), Uj(t)
and Uj(t), respectively, but due to excitation in y direction (ﬁ}g'(t)).

Based on Eq. (3), Eq. (1) could be expressed for each horizontal
component of bi-directional ground motions (fl;(t) and ﬁé(t)) in x
and y direction, independently by the following equations:

MU (6)+CU" () +KUX(t) = — MFiE(0) (6)

MU' (6)+CU" () + KUY (t) = —MPiLy() (7)

Based on the modal decomposition concept, the responses of
the structure due to excitation in each horizontal direction (i.e.,
ilg(t) or ilg(t)) can be decomposed into responses of individual
modes:

X 3n X 3n M

U = Z U]— = 2 (quj (8)
j=1 ji=1
3n 3n

W= ¥ U= X &9 ©)
1= J=

where @; is the mode shape vector; qy and ¢’ are respectively the
generalized modal coordinate for jth mode due to excitation in x
and y direction.

By transforming the total response due to each horizontal
excitation into the modal coordinate, each of Egs. (6) and (7) are
decomposed into 3 xn (n is the number of stories) equations
(Egs. (10) and (11)):

i +2&w+wlql = — Il (10)
@) + 25w+ 0fq) = — Iy a1

where ['{=L;/M; and I']=L/M; are the modal participation
factor corresponding to excitation in x and y directions, respec-

tively.
Mj=&'M®P; Lj =DMl L} =DMV (12)

The &; vector consists of two translational vectors in x and y
directions and rotational vector as presented in Eqs. (13)-(16).

D = (Dy, Dy, Dy)" (13)
Dy =(Px, Py, by, )T (14)
Dy, =(Py, Dy, &y, N7 (15)
Dy, =(Po, Do, $o, )" (16)

The maximum induced modal forces and torques in each mode,
because of excitation in x direction are computed by Egs. (17)-(19)
and also, the maximum induced modal forces and torques in each
mode due to the excitation in y direction are computed by
Egs. (20)-(22).

Fy, = Ty myS, (17)
F;i] :F}((DYUmyiSZj (18)
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