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This paper conducts a parametric study on the seismic response of multistorey bidirectional eccentric structures from elastic stage
to inelastic stage. Based on a simplified multistorey bidirectional eccentric model composed of bidirectional lateral load-resisting
members, a general law is proposed for three-stage natural frequency variation behaviour from elastic stage to inelastic stage of
eccentric frame structures with different layers. Different simplification treatments are conducted on each stage and the three stable
parameter analysis stages are defined. The corresponding dynamic stiffness matrices and motion equations in different loading
stages are derived. On this basis, a parametric analysis of seismic response of a three-storey bidirectional regular eccentric structure
from elastic stage to inelastic stage is conducted. Effects of the uncoupled torsion to lateral frequency ratios (Ω) and bidirectional
eccentricities on the seismic responses are investigated.The results reveal that asΩ increases, translational displacement in the load
direction first decreases and then increases; meanwhile, the displacement perpendicular to load direction and torsion displacement
first rise and then decrease sharply. WhenΩ = 1.1, the coupling effect between the translation in the load direction and the torsion
is at its strongest condition. Increasing the eccentricities leads to a decrease in the displacement in the load direction as well as
an increase in the displacement perpendicular to load direction and torsion displacement. Variation regularity of inelastic seismic
response is remarkably different from that in elastic stage.The lateral-torsional coupling effect of the bidirectional eccentric structure
is closely related to both the period ratio and the bidirectional eccentricities.

1. Introduction

The trends toward developing modern buildings with com-
plex and irregular shapes have led to serious concerns with
problems associated with structural irregularities. In these
irregular structures having an uneven distribution of mass or
stiffness, the centers of resistance do not coincide with the
centers of mass. When these structures, so-called eccentric
buildings, are subjected to earthquake ground motions, they
undergo both translational and rotational motions, even
though the earthquake excitation is purely unidirection
translational. Observations following seismic events have re-
vealed that these eccentric structures tend to suffer from
structural damagemore seriously than noneccentric ones be-
cause of the influence of lateral-torsional coupling [1, 2]. The

lateral-torsional coupling behaviours of eccentric structures
have since attracted continuous attention from scholars and
engineers alike, andmany research results have been reported
[3–6].

The initial research focused on the single-storey eccentric
structure. The system parameters of a single-storey, one-
way eccentric structure in an elastic earthquake response
can be analytically determined. These parameters include
the uncoupled torsion to lateral frequency ratio, the stiffness
eccentricity of the floor, and the natural period of the struc-
ture [7, 8]. Kan andChopra [9] conducted the first parametric
studies on the inelastic response of single-storey one-way
eccentric structure. They declared that the lateral-torsional
coupling effect in inelastic stage depends significantly on
uncoupled torsion to lateral frequency ratio. The system in
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inelastic stage is more and more close to the translation mo-
tion of a systemwith a single degree of freedom. In contrast to
these findings, scholars such as Tso, Sadek, and Bzorgnia [10,
11] reported that eccentric system does not respond primarily
translation in inelastic stage. The different or even contra-
dictory conclusions provided by these studies are mainly
attributed to the fact that the researchers adopted different
analysis models or parameter calculation methods. Kan and
Chopra [9] adopted a very simple model that consisted of a
single lateral load-resisting member. Meanwhile, studies by
Tso and Sdek [10] and Bozorgnia and Tso [11] utilized models
consisting of three lateral load-resisting members. Kan and
Chopra [9] and Tso and Sadek [10] defined and calculated
the uncoupled torsion to lateral frequency ratioΩ based on a
vertical axis around themass center, while Bozorgnia and Tso
[11] selected a vertical axis around the stiffness center. From
the above literature, it is known that the study of single-
storey eccentricity structure is moremature. As a result of the
comprehensive literature, experts have arrived at a universal
conclusion about lateral-torsional coupling in the elastic stage
of single-storey eccentric structure. However, the studies
of lateral-torsional coupling in the inelastic stage have not
always got generally applicable conclusions. And there are
more research and discussion on this aspect [12–14].

The seismic responses of multistorey eccentric structures
in elastic and inelastic stages are more complex than the
responses of single-storey, one-way asymmetrical buildings
subjected to earthquake motion. Currently, the available in-
vestigations primarily concentrate on the dynamic analysis of
these regularly asymmetrical multistorey buildings. Maru ̆sić
et al. [15] studied the elastic and inelastic seismic response
of a multistorey regular eccentric steel frame structure under
bidirectional earthquakemotions.They found that the reduc-
tion in lateral stiffness due to plastic deformations in a certain
direction may considerably influence the lateral load-resist-
ing member in the orthogonal direction. Magliulo and
Ramasco [16] compared the seismic response of amultistorey
one-way eccentric frame structure under the influence of uni-
directional and bidirectional earthquakes. Their results indi-
cated that the maximum base shear and the top displacement
are not very sensitive to the presence of the orthogonal com-
ponent, which, conversely, leads to a large increase in the col-
umn plastic excursions. Jiang and Kuang [17] investigated the
influence of uncoupled torsion to lateral frequency ratio and
bidirectional eccentricities on the normalized frequencies of
multistorey bidirectional stiffness eccentric structures from
elastic stage to inelastic stage. Bosco et al. [18] proposed new
corrective eccentricity aiming at generalizing and simplifying
the previous corrective eccentricity method, and these equa-
tions of corrective eccentricities are defined based on the re-
sponse of a set of single-storey systemsrepresentative of build-
ings. This research lays the foundation for the application of
nonlinear static method in seismic assessment of eccentric
structures.Wang [8] took strength eccentricity as the inelastic
impact factor and studied the inelastic seismic response of
multistorey eccentric structures.They declared that under the
influence of earthquakes with different intensities, the maxi-
mum displacement ductility requirement mostly occurred in
stiff side members, where it was about two to four times the

value found in the flexible side members. Scholars including
Wu et al. [19] analyzed the seismic responses of asymmetric
regular multistorey buildings in both the elastic and inelastic
stages. They found that the ductility responses of members
at the stiff side increase with the increase of eccentricities.
By adopting a 3D plastic hinge model, which closely approx-
imates actual frame structures, Stathopoulos et al. [20] con-
ducted inelastic dynamic time history analysis of multistorey
bidirectional eccentric structures. In contrast to related non-
eccentric systems, the so-called flexible side frames hadmore
ductility requirements than that of stiff side frames; this
finding was also different from previous results using the
simplified one-storey model [21]. Rizwan et al. [22] utilized
the SAP2000 to construct a plastic hingemodel of a 3D frame
structure and conducted nonlinear dynamic history analysis
on two kinds of asymmetric structures. The first kind was
a mass symmetric system, with strength, stiffness, and both
strength and stiffness eccentricities. The second kind was a
mass eccentric system. Rizwan’s results indicated that, for the
first kind of system, the response can be better corelated to the
strength eccentricity. And the second kind of system exhib-
ited almost uniform ductility demand in beams of various
frames for smaller eccentricities. Halabian et al. [23] studied
mass eccentricity and stiffness eccentricity in terms of the in-
elastic seismic response of a multistorey bidirectional eccen-
tric frame-shear structure and evaluated the torsion effect
using the unified ductility requirement distributed along the
structure’s height direction.The results demonstrated that, as
for a system consisting of dual lateral load-resistingmembers,
column at the corner of the flexible side has greater ductility
requirements than that of a similar frame system.

It can be seen that [8, 19, 20, 22, 23] drew different conclu-
sions, which can be attributed to the differences among the
analytical models, parameter calculation methods, eccentric-
ity types, and input seismic waves adopted in these studies.
Reference [19] calculated the approximate floor stiffness
eccentricity based on the first order of the stiffness of lateral
load-resisting members in each layer. Meanwhile, [20, 22]
conducted push-over analysis of each frame and obtained
related force-displacement curves. By fitting the results to a
second-line model, the elastic lateral load-resisting stiffness
of each frame was obtained, and the stiffness eccentricity was
calculated. Reference [8] primarily analyzed the influence of
mass eccentricity on the inelastic response, while [20, 22, 24]
demonstrated that the inelastic response of the mass eccen-
tricity structure differs from that of the stiffness eccentricity
structure.Therefore, the findings of [8] require further valida-
tion in order to determine if they are applicable tomultistorey
structures with stiffness eccentricity.

In addition to the dynamic time history analysis, some
experts have expanded the parameter analysis, but most of
them are confined to the elastic stage. Chopra et al. [7, 25]
conducted elastic parametric analysis of the seismic re-
sponses of multistorey eccentric structures using the mode-
superposition response spectrummethod.Their results indi-
cated that the effects of lateral-torsional coupling on the
response of amultistorey eccentric building and its associated
one-storey system are similar. Duan and Chandler [26, 27]
further reported that a single-storey structural model is not
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on its own sufficient to investigate completely the inelastic
torsional effects in multistorey regularly asymmetric build-
ings which are unlike elastic studies. Anagnostopoulos et al.
[28] pointed out that conclusions based on the widely used
simplified, one story, eccentric systems of the shear-beam
type, to actual, nonsymmetric buildings and consequent
assessments of the pertinent code provisions, can be quite
erroneous, unless special care is taken to match the basic
properties of the simplified models to those of the real build-
ings. It can been seen that the lateral-torsional coupling
behaviour is well understood within the limits of elastic
deformations but is still far from being fully understood in
inelastic stage even for a special multistorey regular eccentric
structure. Studies show that the lateral-torsional coupling
behaviour in inelastic stage is obviously different from that in
elastic stage [17]. After entering the inelastic stage, the lateral
load-resisting members experience buckling, unloading, and
reverse loading under the influence of earthquake motion.
Under these circumstances, the locations of stiffness centers
continue to move, and the stiffness center of each layer no
longer remains in the same vertical axis direction, creating
difficulties for investigation and analysis. Therefore, the mul-
tistorey eccentric model should be adopted in the inelastic
parameter analysis so as to obtain some regular conclusions.

A thorough review of the literature summarized above
leads to the conclusion that no consensus has been reached
concerning the inelastic behaviours of multistorey eccen-
tric structures. Only by conducting systematic parametric
analysis can we obtain the variation regularity of seismic
response in the inelastic stage. The primary aim of this paper
is to present a systematic parametric study on the variation
of lateral-torsional coupling behaviour of multistorey bidi-
rectional eccentric structure, thereby providing a basis for
intensive studies leading to their effective improvement on
other aspects. Therefore, based on the proposed multistorey
eccentric simplified model composed of bidirectional lateral
load-resisting members, this paper outlines a general law for
the three-stage natural frequency variation behaviour from
elastic to inelastic stage of eccentric structures with different
layers. Different simplification treatments are conducted in
these three stages; accordingly, three stable parameter analy-
sis stages are defined, and the motion equations of different
stages are deduced. The structural seismic response of each
stage is gained by solving the motion equation in each stage.
On this basis, parametric analyses on seismic responses of
multistorey bidirectional regular eccentric structures are con-
ducted from elastic to inelastic stage. Influences of uncoupled
torsion to lateral frequency ratios and bidirectional eccentric-
ities on the structural seismic response are investigated, and
a general law of seismic response is obtained, changing with
different parameters in all three stages. Finally, the variation
regularity of torsion-translation displacement ratio with the
period ratio under different eccentricities is discussed. The
results can provide references for the design and earthquake-
proofing of relevant structures.

2. Analytical Model and Motion Equation

2.1. Establishment of the Eccentric Simplified Model. A rein-
forced concrete bidirectional eccentric frame structure with
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Figure 1: Plan view of structure investigated.

Figure 2: Plan view of the simplified model.

𝑝 × 𝑞 spans and N-storey is illustrated in Figure 1. Only the
stiffness eccentricities caused by the irregular planar distri-
bution of columns are considered in this example, and no
changes are presented along the vertical direction of the
columns; in other words, the structure investigated herein is
a regular eccentric structure. CM and GC stand for the mass
center and geometric center of each layer, respectively; CS
stands for the stiffness center, with a coordinate of (𝑒𝑥𝑗, 𝑒𝑦𝑗). A
spatial shear-torsional type series rigid plate layer model with
bidirectional lateral load-resisting members is introduced
in order to conveniently conduct parametric analysis of
structural models with different uncoupled torsion to lateral
frequency ratios or stiffness eccentricities. The assumptions
of this model, shown in Figure 2, are as follows:

(1) The mass center (CM) of each floor distributes in one
line and is located at the geometric center (GC) of the
slab.The radius of gyration of the mass center of each
floor is the same.

(2) The masses of slab and columns of each floor are
concentrated at the mass center of that floor.

(3) The degrees of freedom of each floor are located at the
mass center of the slab. Each floor has three degrees
of freedom: translation degrees of freedom in the 𝑥
and𝑦 directions as well as a torsion degree of freedom
around the vertical axis.

(4) The slab is rigid within its plane, and the out-of-plane
stiffness is small and can be ignored.
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(5) Out-of-plane stiffness and torsional inertia of each
lateral load-resisting member are assumed to be
negligible and thus ignored in the analysis.

The slab for each floor is supported by four massless,
axially inextensible load-resisting members: frame A, frame
B, frame C, and frame D. By combining the frame in the 𝑥
direction of the jth floor of the original structure to double
sides, frames A and B are formed, which provide lateral stiff-
ness in the 𝑥 direction. Similarly, by combining the frame in
the𝑦 direction of the jth floor of the original structure to dou-
ble sides, frames C and D are formed, which provide lateral
stiffness in the 𝑦 direction. Frame A and frame B are located
at equal distance 𝑏 from, but on opposite sides of, x-axis;
frame C and frame D are located at equal distance 𝑎 from,
but on opposite sides of, y-axis. Compared to the jth floor
of the original model, the jth floor of the simplified model
has the same total lateral stiffness on the horizontal axis, the
same torsion stiffness about the mass center, and equal bidi-
rectional eccentricities. The calculation formulas of the sim-
plified model are listed as (1)–(3). The simultaneous solution
of six formulas in (1)–(3) yields the parameters of the simpli-
fied model, which are listed in (4)–(6).𝐾𝑥𝑗𝑏 + 𝐾𝑥𝑗𝑎 = 𝐾𝑥𝑗,

𝐾𝑦𝑗𝑑 + 𝐾𝑦𝑗𝑐 = 𝐾𝑦𝑗 (1)

𝐾𝑥𝑗𝑏 × 𝑏2 + 𝐾𝑥𝑗𝑎 × 𝑏2 = ∑𝑘𝑥𝑗𝑖 × 𝑦𝑗𝑖2,
𝐾𝑦𝑗𝑑 × 𝑎2 + 𝐾𝑦𝑗𝑐 × 𝑎2 = ∑𝑘𝑦𝑗𝑖 × 𝑥𝑗𝑖2 (2)

𝐾𝑥𝑗𝑏 × 𝑏 + 𝐾𝑥𝑗𝑎 × (−𝑏)𝐾𝑥𝑗𝑏 + 𝐾𝑥𝑗𝑎 = 𝑒𝑦𝑗,
𝐾𝑦𝑗𝑑 × 𝑎 + 𝐾𝑦𝑗𝑐 × (−𝑎)𝐾𝑦𝑗𝑑 + 𝐾𝑦𝑗𝑐 = 𝑒𝑥𝑗

(3)

𝑎 = √∑𝑘𝑦𝑗𝑖 × 𝑥𝑗𝑖2𝐾𝑦𝑗 ,

𝑏 = √∑𝑘𝑥𝑗𝑖 × 𝑦𝑗𝑖2𝐾𝑥𝑗
(4)

𝐾𝑥𝑗𝑏 = 𝐾𝑥𝑗2 (1 + 𝑒𝑦𝑗√ 𝐾𝑥𝑗∑𝑘𝑥𝑗𝑖 × 𝑦𝑗𝑖2) ,
𝐾𝑥𝑗𝑎 = 𝐾𝑥𝑗2 (1 − 𝑒𝑦𝑗√ 𝐾𝑥𝑗∑𝑘𝑥𝑗𝑖 × 𝑦𝑗𝑖2)

(5)

𝐾𝑦𝑗𝑑 = 𝐾𝑦𝑗2 (1 + 𝑒𝑥𝑗√ 𝐾𝑦𝑗∑𝑘𝑦𝑗𝑖 × 𝑥𝑗𝑖2) ,
𝐾𝑦𝑗𝑐 = 𝐾𝑦𝑗2 (1 − 𝑒𝑥𝑗√ 𝐾𝑦𝑗∑𝑘𝑦𝑗𝑖 × 𝑥𝑗𝑖2)

(6)

where kxji and kyji denote the lateral stiffness of the ith column
of floor 𝑗 in the 𝑥 and 𝑦 directions, respectively; 𝑥𝑗𝑖 and 𝑦𝑗𝑖
are, respectively, the 𝑥 and 𝑦 coordinates of the ith column
of floor j; 𝐾𝑥𝑗 = ∑𝑘𝑥𝑗𝑖 and 𝐾𝑦𝑗 = ∑𝑘𝑦𝑗𝑖 represent the total
translational stiffness of floor 𝑗 in the 𝑥 and 𝑦 directions,
respectively; 𝐾𝜃𝑗 = ∑𝑘𝑥𝑗𝑖 × 𝑦𝑗𝑖2 + ∑𝑘𝑦𝑗𝑖 × 𝑥𝑗𝑖2 denotes the
torsional stiffness about the mass center of floor j; 𝑒𝑥𝑗 and𝑒𝑦𝑗 designate the 𝑥 and 𝑦 coordinates of the stiffness center
(CS) of floor 𝑗. As in multistorey buildings, the center of
rigidity cannot be exactly defined, an approximateCS of floor𝑗 is computed herein for reference purposes, 𝑒𝑥𝑗 = ∑𝑘𝑦𝑗𝑖𝑥𝑗𝑖/𝐾𝑦𝑗, 𝑒𝑦𝑗 = ∑𝑘𝑥𝑗𝑖𝑦𝑗𝑖/𝐾𝑥𝑗 [23]. The normalized stiffness eccen-
tricities of floor 𝑗 are defined as 𝑏𝑥𝑗 = 𝑒𝑥𝑗/𝑟𝑗, 𝑏𝑦𝑗 = 𝑒𝑦𝑗/𝑟𝑗; 𝑟𝑗 is
the radius of gyration of the mass center of floor𝑗. Kxjb, Kxja,
Kyjd, and Kyjc are the lateral stiffness of each frame in the jth
floor of the simplified model.

It can be seen from (1)-(2) that 𝑘𝑥𝑗𝑖 and 𝑘𝑦𝑗𝑖 of floor 𝑗 of the
original model are kept constant in the elastic stage; thus,𝐾𝑥𝑗
and𝐾𝑦𝑗 also remain constant. Consequently, 𝑏 and 𝑎 of floor𝑗 of the simplified model do not vary. When the structure
enters the inelastic stage, 𝑘𝑥𝑗𝑖 and 𝑘𝑦𝑗𝑖 vary with the load, and
correspondently, 𝑏 and 𝑎 will also vary. It is suggested that
when conducting inelastic analysis by adopting a simplified
model in replace of the original structure, the values of 𝑏 and𝑎 can be adjusted so that the simplified model can be used to
accurately replace the original model for inelastic analysis.

2.2. Solving the Motion Equation. The stiffness matrix of an
N-storey bidirectional eccentric structure can be acquired
based on the direction stiffness method [29], which also
allows its motion equation to be deduced. Take a three-storey
bidirectional eccentric structure serving as an example, the
motion equation under an earthquake ground motion in the𝑥 direction can be expressed as

[M𝑠] {�̈� (𝑡)} + [C𝑠] {�̇� (𝑡)} + [Κ𝑠] {𝛿 (𝑡)}
= − [M𝑠] l1�̈�𝑔 (𝑡) (7)

where [M𝑠], [K𝑠], {𝛿(𝑡)}, and l1 are the mass matrix, stiffness
matrix, displacement matrix, and transformation matrix,
respectively, as described in [22]. The damping matrix [C𝑠]
and [K𝑠] share the same modality. That is to say, [C𝑠] is
assumed to be proportional to the stiffness matrix [K𝑠]. It is
defined by

[C𝑠] = 𝛽 [K𝑠] (8)

in which 𝛽 = 2𝜁/𝜔1, 𝜔1 is the first natural angular frequency,
and 𝜁 is the corresponding damping ratio. According to the
provisions by Code for Seismic Design of Building [30], 𝜁 is
advisable to 0.05.

Equation (7) is a differential equation in the time domain,
and its calculation process is tedious.Therefore, it is necessary
to transform it into a linear equation in complex frequency
domain.𝑈𝑠(𝜛) is defined as the Fourier transformation of the
displacement {𝛿(𝑡)}.Thus, the Fourier transform is applied to
(7), and the following results can be obtained:
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− 𝜛2 [M𝑠]U𝑠 (𝜛) + [K𝑠]U𝑠 (𝜛) + 𝑖𝜛 [C𝑠]U𝑠 (𝜛)
= 𝜛2 [M𝑠] l1𝑋𝑔 (𝜛) (9)

Equation (9) can be solved using the modal analysis
method. However, because there are nine degrees of freedom,
the solution cannot be explicitly expressed. Therefore, soft-
ware programming is required to calculate the natural fre-
quency and related vibration modeΦ via numerical method.
By expanding the structural seismic response in complex fre-
quency domain with its inherent vibration mode as the base,
there is

U𝑠 (𝜛) = ΦZ (𝜛) (10)

where Z(𝜛) = {𝑍𝑘} is the column vector of modal displace-
ments of structure and 𝑍𝑘 is the modal displacement of kth
modal.

Assuming that a structure on a rigid foundation possesses
classical normal modes, its natural frequency and vibration
mode satisfy the following orthogonality conditions [31]:

Φ
T [M𝑠]Φ = I,
Φ

T [K𝑠]Φ = diag [𝜔𝑘2] ,
Φ

T [C𝑠]Φ = diag [2𝜁𝑘𝜔𝑘]
(11)

where I is N x N identity matrix, 𝜔𝑘 and 𝜉𝑘 are, respectively,
the natural frequency of kth mode and the damping ratio of
kth mode, and diag[∙] denotes a diagonal matrix.

Introducing the transformation of (10) and applying the
orthogonality conditions (9), when premultiplied by ΦT,
become

diag [−𝜛2 + 𝑖2𝜛𝜉𝑘𝜔𝑘 + 𝜔𝑘2]Ζ (𝜛)
= 𝜛2ΦT [M𝑠] l1𝑋𝑔 (𝜛) (12)

Defining the modal structure transfer function H(𝜛)
H (𝜛) = diag [𝐻𝑘 (𝜛)] (13)

𝐻𝑘 (𝜛) = − 1𝜔𝑘2 − 𝜛2 + 𝑖2𝜛𝜉𝑘𝜔𝑘 (14)

H(𝜛) is also called the complex frequency response func-
tion. The modal displacement can be obtained from (12).

Z (𝜛) = −𝜛2H (𝜛)ΦT [M𝑠] l1𝑋𝑔 (𝜛) (15)

Substituting (15) into (10), the structural seismic response
in complex frequency domain can be obtained.

U𝑠 (𝜛) = ΦZ (𝜛) = −𝜛2ΦH (𝜛)Φ𝑇 [M𝑠] l1𝑋𝑔 (𝜛) (16)

The ratio of the displacements in complex frequency
domain at the mass center of each floor to Fourier transform
of the ground motion displacement, denoted as |U𝑠(𝜛)|/|𝑋𝑔(𝜛)|, is referred to as the displacement transfer function.
And |U𝑠(𝜛)|/|𝑋𝑔(𝜛)| is a physical parameter representing its

own characteristics and only related to the frequency of earth-
quakemotion𝜛, regardless of the type of earthquakemotion.
As the ratio |U𝑠(𝜛)|/|𝑋𝑔(𝜛)| reflects the dynamic response
of the system under unit harmonic excitation, the transfer
function can represent the structural dynamic response when
given the same input. The interstory displacement is defined
as follows: Δ𝑈𝑠𝑥𝑗 (𝜛) = 𝑈𝑠𝑥𝑗 (𝜛) − 𝑈𝑠𝑥(𝑗−1) (𝜛) ,

Δ𝑈𝑠𝑦𝑗 (𝜛) = 𝑈𝑠𝑦𝑗 (𝜛) − 𝑈𝑠𝑦(𝑗−1) (𝜛) ,
Δ𝑈𝑠𝜃𝑗 (𝜛) = 𝑈𝑠𝜃𝑗 (𝜛) − 𝑈𝑠𝜃(𝑗−1) (𝜛)

(17)

|Δ𝑈𝑠𝑥𝑗(𝜛)|/|𝑋𝑔(𝜛)| and |Δ𝑈𝑠𝑦𝑗(𝜛)|/|𝑋𝑔(𝜛)| are, respec-
tively, the interstory translation displacement transfer func-
tions in the 𝑥 and 𝑦 directions of floor j; (𝑟|Δ𝑈𝑠𝜃𝑗(𝜛)|/|𝑋𝑔(𝜛)|)max is the interstory torsion displacement transfer
function of floor j.

3. Analysis Methods

3.1. Natural Frequency Analysis of Multistorey Eccentric Frame
Structures. This analysis takes a typical 5×3 spans three-
storey bidirectional regular eccentric frame structure with
spans of 6.9 m and 6.3 m as an example. Its plane layout is
shown in Figure 1. And its layer height is 3.9 m.The columns
in Figure 1 marked as KZ1 have dimensions of 0.5 m × 0.55 m
(𝑏𝑥 × ℎ𝑦, similarly hereinafter), with a total column number
of 6. The remaining frame columns marked as KZ2 have
dimensions of 0.40 m × 0.45 m, with a total column number
of 18. The cross-sections of the longitudinal beams are 0.25
m × 0.6 m, the cross-sections of the transverse beams are
0.25 m × 0.55 m, and the dimensions of the secondary beams
are 0.2 m × 0.4 m. The thickness of the floor slab is 0.1 m.
The concrete strength of the floor, beam, and column is C30.
Moreover, there is no variation in each column along the
vertical direction. That is, the structure investigated herein is
a regular eccentric structure. Applying the method described
in Section 2.1 yields the simplified model of the eccentric
frame structure. In order to carry out the full-process analysis
from elastic to inelastic stage, the original structure is treated
as a shear frame structure, and the corresponding column is
considered to be a member with shear deformation as the
main part. That is to say, the restoring force model used in
this article is based on the member. The force-displacement
relationship of each lateral load-resisting member-both in
the 𝑥 and 𝑦 directions of the original and simplified models
is simulated by the bilinear hysteretic model as shown in
Figure 3.𝐾1 denotes the stiffness of the member in the elastic
stage; 𝐾2 designates the stiffness after yielding, taken as 10%
of the elastic stiffness, and it is tangent stiffness [32]; and Δ 𝑦
is the yield displacement, which can be calculated according
to empirical equations [33].

The nonlinear static analyses are, respectively, carried out
on the original three-storey bidirectional eccentricmodel and
corresponding simplified model. Through gradual loading,
inverted triangle static loads in the 𝑥 direction are applied on
themass centers of each floor. Nonlinear problems are settled
based on the load increment method. The eccentricities and
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Figure 3: Bilinear restoring force model for each lateral load-resist-
ing member.

the displacement of each floor are calculated at each step.
Then, the displacement of each member is calculated accord-
ing to its coordinate position. Next, the stiffness of each
member is also modified according to the its displacement
and related restoring forcemodel at each step in order to form
a new stiffness matrix for the next step analysis. Therefore,
the nonsynchronization of the displacements of themembers,
which is induced by the torsion of the floor, can be considered
in detail during analysis. When the story drift angle 𝜃𝑝 of a
certain layer reaches 1/50 of the inelastic story drift angle limit
of frame structures dictated in the Code for SeismicDesign of
Building [30], loading is stopped. The entire analysis process
is achieved by M language programming in MATLAB.

The normalized stiffness eccentricities bx1 and by1 of the
original model and the corresponding simplified model are
evaluated in Figure 4, where the loading coefficient 𝛼 of the
horizontal axis is defined as the proportion of the applied load
to the entire final load on the structure, with a maximum
value of 1. It can be noted from Figure 4 that the variation
curve of bx1 with 𝛼 has no mutation points, indicating that
the members perpendicular to the load direction on the first
floor do not yield. Conversely, mutation points appear on the
variation curve of by1 with 𝛼, suggesting that the members in
the load direction on the first floor gradually yield. Variations
of by2 and bx2 are respectively similar to those of the first floor.
Moreover, by3 and bx3 remain straight lines with 𝛼, which
indicate that all themembers on the third floor do not yield. It
also can be seen from Figure 4 that, during the entire loading
process, variation of by1 of the simplified model matches
favorably with that of the original model. Only during the
yielding process of somemembers, there are some differences
between the original model and the corresponding simplified
model. For the overall analysis of lateral-torsional coupling
behaviour of the eccentric structure in this paper, the impact
of this difference is within the acceptance of engineering
applications.
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Figure 5: Variation of the natural frequencies of the three-storey
eccentric structure with 𝛼.

The first-order natural frequencies of the two models
are illustrated in Figure 5. As shown in Figure 5, the first-
order natural frequency of the eccentric frame decreases from
2.569 Hz to 0.873 Hz. At the same time, the second- and
third-order natural frequencies also experience reductions
in amplitude smaller than that of the first-order natural
frequency. Throughout the entire loading process, the first
three natural frequencies of the two models agree well with
each other; the elastic stages of the first-order frequency of the
two models have a difference of 0.20%, while the maximum
deviation in the inelastic stage is 8.25%.These results indicate
that, in the elastic stage, the simplified model can effectively
fill the role of the original model during analysis. As for the
inelastic stage, there are only minor differences during the
yielding process of some lateral load-resisting members, but
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the deviation is still acceptable for engineering. The stable
variation of the natural frequencies reflects stable variation
of the structural integral stiffness, which indicates that the
structural stiffness changes of the two models are consistent
in the process from elastic to inelastic stage. Therefore, the
proposed simplified model is also suitable for analysis in the
inelastic stage, and it can reliably replace the original model
for full-process parameter analysis.

It can be noted from Figure 5 that the natural frequency
reduces gradually through the whole process from elastic to
inelastic stage, with the variation occurring in three obvious
stages. The first stage takes the form of a horizontal straight
line, the second stage is a huge reduction segment like a
diagonal line, and the third stage is an approximately horizon-
tal segment with relatively small variation amplitude. When
the loading coefficient is larger than 0.92, the structure is
close to sustaining severe damage; therefore, the analysis
does not consider this stage. To further validate the variation
tendency of the natural frequency of multistorey eccentric
frame structures, typical five- and seven-storey structures are
selected to analyze vibration regularity. The planar layouts of
five- and seven-storey regular eccentric frame structures are
similar to that displayed in Figure 1, with a floor height of 3.9
m. The cross-section dimensions of the large columns (KZ1
frame columns) of five-storey eccentric frame structure are
0.60m× 0.65m,while those of the small columns (KZ2 frame
columns) are 0.50 m × 0.55 m.The cross-section dimensions
of the large and small columns of seven-storey eccentric
frame structure are 0.65 m × 0.70 m and 0.55 m × 0.60 m,
respectively. The simplified models of eccentric frame struc-
tures with five and seven layers can be obtained according to
the method described in Section 2.1. The force-displacement
relationship of each member of the original and simplified
models of the five- or seven-storey structures is also described
by the bilinear hysteretic model shown in Figure 3. The
corresponding parameters (𝐾1, 𝐾2, and Δ 𝑦) are calculated
by the same method as the three-storey model. Full-process
nonlinear static analyses can then be conducted with these
two models. The variation curves of the first-order natural
frequencies are shown in Figures 6 and 7.

A comparison of Figures 5, 6, and 7 indicates that the fre-
quency variation regularities of five- and seven-storey eccen-
tric frame structures is similar to that of the three-storey
eccentric frame structure; that is, all of the curves are char-
acterized by three different stages. Although the three-, five-,
and seven-storey eccentric structures have the same structure
plane, their cross-sections of the members are different. The
corresponding elastic lateral stiffness and yielding displace-
ment values also differ from each other, as do the initial
bidirectional eccentricities and uncoupled torsion to lateral
frequency ratios. That is to say, the three examples analyzed
above represent common multistorey frame structures, and
the three-stage variation regularity represents the general law
of multistorey eccentric frame structures. This finding agrees
with the frequency variation regularity obtained in other
types of analysis [34].

The frequency variation amplitude is largest in the second
stage, during which time it also has its maximum influence
on the structure. This indicates that the second stage is the
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Figure 6: Variation of 𝑓1 of the five-storey eccentric structure with𝛼.
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Figure 7: Variation of𝑓1 of the seven-storey eccentric structurewith𝛼.
most important component for analysis. According to the
second stage variation tendency of the natural frequency
in different layers, the frequency during this stage is fitted
into a slant line with a linear relationship to the loading
coefficient via the least-squares method, making the analysis
procedure more convenient. In the third stage, the frequency
variation amplitude is very small. During analysis, the average
frequency value can be selected for the third stage to simplify
the calculation process. The general form of the three-stage
frequency can be expressed by

𝑓1−1 = 𝑓𝑒
𝑓1−2 = 𝑘𝛼 + 𝑠
𝑓1−3 = 𝑓𝑒3

(18)
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Figure 8: Comparison of the simplified three-stage frequency and
original frequency of the three-storey eccentric frame structure.

where 𝑓𝑒 is the first-order natural frequency in the elastic
stage of the structure; k and 𝑠 are, respectively, the monomial
coefficient and constant term of the linear variation of
frequency in the second stage; and f e3 is the third stage fre-
quency, with its value is equal to the average frequency of this
stage. The specific values of the first-order frequency in three
stages for the three-storey eccentric frame structure are given
in

𝑓31−1 = 2.569 (Hz) (𝛼 ≤ 0.664)
𝑓31−2 = −9.134𝛼 + 8.633 (Hz) (0.664 < 𝛼 ≤ 0.833)
𝑓31−3 = 1.028 (Hz) (0.833 < 𝛼 ≤ 0.916)

(19)

in which 𝑓31-1, 𝑓31-2, and 𝑓31-3 are, respectively, the values of
the simplified three-stage of the first-order natural frequency.
Figure 8 illustrates the variationcurves of the simplified three-
stage frequency and the original frequency.

Similar methods can be adopted to obtain corresponding
simplified three-stage frequencies for frame structures with
other numbers of layers.

3.2.Description of the Full-ProcessThree-StageAnalysis. Start-
ing from the three-stage variation features of the natural
frequency, three stable parametric analysis stages are defined
as the first, second, and third stage. Using the first-order
frequency curve in Figure 8 as an example, any one point in
the first and third stages can represent the state of the entire
segment. Meanwhile, because the second stage is a slant line,
selecting any one point as a representative allows the rest of
the points to be obtained based on the linear relationship. It
can be noted that the structure is in elastic during the first
stage parametric analysis, without any lateral load-resisting
member yielding. During the second stage, the lateral load-
resisting members on the first floor yield gradually along the

load direction. For different values of 𝛼, the related frequency
and the total lateral stiffness of the first floor are also different,
implying different degrees of inelasticity development in this
stage. In the second stage, a point near the center is selected
for representativeness. In the third stage, members on the
first floor all yield along the load direction, while those on
the second floor yield gradually. At the same time, the lateral
load-resisting members on the third floor remain elastic.
Through the above analysis, we can know that the variation
curves of bx1, bx2, and bx3 with 𝛼 all stay straights. It shows
that, under the load in the 𝑥 direction, all the members
perpendicular to the load direction of the system studied in
this article are still in the elastic stage when the loads are
limited by 𝜃𝑝 = 1/50. Hence, in order to carry out the full-
process parametric analysis, the following analyses only
consider the elastic stage of themembers perpendicular to the
load direction. The story stiffness of each floor in each stage
together with other parameters of the entire system in that
stage is substituted into the stiffnessmatrix so as to determine
the stiffnessmatrix in each stage.Themotion equation of each
stage can also be acquired by substituting the stiffness matrix
into (7). The motion equation of each stage can be solved by
(9)–(16) and parametric analysis of each stage can be con-
ducted.

4. Parametric Analyses of
the Structural Seismic Responses

Scholars pay special attention to the amplitude of interstory
displacement of multistorey eccentric structures, and the in-
terstory displacement can determine the deformation distri-
bution of each floor. Therefore, the peak values of the inter-
story translational displacement transfer functions in the𝑥 and 𝑦 directions, that is, (|Δ𝑈𝑠𝑥𝑗(𝜛)|/|𝑋𝑔(𝜛)|)max and(|Δ𝑈𝑠𝑦𝑗(𝜛)|/|𝑋𝑔(𝜛)|)max, are studied. And the peak value
of the interstory torsion displacement transfer function(𝑟|Δ𝑈𝑠𝜃𝑗(𝜛)|/|𝑋𝑔(𝜛)|)max is also investigated.This section dis-
cusses the variation regularity of these peak values with
uncoupled torsion to lateral frequency ratios and bidirec-
tional eccentricities. For the convenience of discussion, the
peak value of the displacement transfer function is called “dis-
placement.” Here, Ω is defined as the ratio of the first-order
pure torsional frequency to the first-order pure translational
frequency in the 𝑥 direction of the corresponding symmetric
system. For a certain 𝑏𝑦 and 𝑏𝑥, different ratios Ω can be
generated by adjusting the distribution of the lateral load-
resisting members in the 𝑦 direction and the value of 𝑎. At
the same time, the distribution of the lateral load-resisting
elements in the 𝑥 direction and the total lateral stiffness are
kept as constant. That is to say, a set ofΩ can be generated by
changing Kyjc, Kyjd, and 𝑎. Meanwhile, Kxja, Kxjb, b, 𝑏𝑥, and𝑏𝑦 and the sum of Kyjc and Kyjd are kept invariant. There are
nine degrees of freedom for the three-storey bidirectional
eccentric simplified model analyzed in this paper, and the
explicit solution cannot be given directly whenΩ is adjusted.
Therefore, it is necessary to use the numerical calculation
method of developed MATLAB program. With MATLAB’s
M program language, the corresponding Kyjc, Kyjd, and 𝑎
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Figure 9: Interstory translation displacement in the 𝑥 direction under differentΩ values.

can be easily obtained when some other parameters are kept
constant. Then, the value of Ω of the symmetric system cor-
responding to the eccentric model can be obtained by using
the “eig” function trial calculation in MATLAB. The corre-
sponding parameters are constantly adjusted according to
this method until the desired value of Ω is transferred. The
simplified models with different values of 𝑏𝑦 and 𝑏𝑥 can be
established by adopting the approach specified in study [17].
The range ofΩ is 1.0 to 1.8, and the range of 𝑏𝑦 and 𝑏𝑥 is 0.1 to
0.4 [35].

4.1. The Effect of Ω on Interstory Displacement. Variations of
interstory translation displacements in the 𝑥 direction withΩ from the first to the second and then to the third stage
are analyzed in Figure 9. It is evident from Figure 9(a) that
the interstory translation displacement in the 𝑥 direction
decreases firstly and then increases with the adding of Ω
in the first stage. The turning point is at Ω=1.1. When Ω is
greater than 1.4, the increase amplitude is only 1.71% to 5.33%,
tending to stable. Massive calculations reveal that, within the
range of 1.0 to 1.4,Ω plays the dominant role in the translation
displacement along the 𝑥 direction when 𝑏𝑥 is less than or
equal to 0.2. When 𝑏𝑥 is greater than 0.2, the key range ofΩ is between 1 and 1.6. Compared to the first stage, the
second and third stages (Figures 9(b) and 9(c)) see smaller
magnitudes of changes in the translational displacements,
and the variation of the interstory translation displacement in
the 𝑥 direction with Ω is no longer consistent. The influence
of Ω on the translation displacement is reduced by the in-
depth development of structural inelasticity, and the variation
tendencies of displacements of each floor with Ω are also
affected to a certain degree.

The effects ofΩ on the interstory translation displacement
in the 𝑦 direction and the torsion displacement in different
stages are, respectively, expressed in Figures 10 and 11. As
Figures 10(a) and 11(a) imply, the translation displacement in
the 𝑦 direction and the torsion displacement increase firstly
and then decrease sharply with the increase of Ω in the first
stage, with the turning point occurring at Ω=1.1. From the
first to the second and then to the third stage, the reduction

amplitude of the translation displacement in the 𝑦 direction
becomes smaller and smaller, while that of torsion displace-
ment in the secondstage remains relatively large (Figure 11(b)).
Moreover, the torsion displacement demonstrates a tendency
toward slow increase with relatively large values of Ω in the
third stage.

Comparing Figures 9, 10, and 11 reveals that, in the
first stage, increasing Ω causes the torsion displacement to
increase whenΩ is less than or equal to 1.1.WhenΩ increases
to 1.1, the torsion displacement reaches its maximum value,
and the translation displacement in the 𝑥 direction is at its
minimum.The coupling effect between the translation in the𝑥 direction and the torsion becomes quite strong, which is
extremely unfavorable to the torsion resistance design. With
the increase of Ω (Ω>1.1), the structural seismic response
gradually approaches the pure translation along the load
direction, and the coupled torsional displacement and the
translational displacement perpendicular to the load direc-
tion become increasingly smaller.The coupling effect between
the translation in the load direction and the torsion is sub-
stantially reduced.The above finding is due to the fact that the
eccentric structure with a largerΩ has a larger torsional stiff-
ness and a larger ratio of torsional stiffness to lateral stiffness;
thus, the lateral-torsional coupling effect and the torsional
effect will be weak. That is to say, the structural seismic
response will gradually approach the pure translation along
the load direction with the increase ofΩ. Therefore, it will be
good practice in design to achieve a large Ω value, thereby
avoiding torsion failure.

4.2. The Effect of 𝑏𝑦 on Interstory Displacement. Figure 12
presents the effects of 𝑏𝑦 on the interstory translation dis-
placements in the 𝑥 direction from the first to the second and
then to the third stage. It can be noted from Figure 12(a) that
increasing 𝑏𝑦 causes translation displacement in the 𝑥 direc-
tion to decrease uniformly. Specifically, the average reduction
percentage in the translation displacement in the 𝑥 direction
achieves 5.43% when 𝑏𝑦 increases 0.1. After entering the
second stage (Figure 12(b)), translation displacement in the𝑥 direction on the first floor decreases gradually, while those
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Figure 10: Interstory translation displacement in the 𝑦 direction under differentΩ values.
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Figure 11: Interstory torsion displacement under differentΩ values.

on the second and top floors still increase. In the third stage
(Figure 12(c)), translation displacement in the 𝑥 direction on
the first floor slightly increases, while those on the second
and top floors decrease slowly, in total contrast to the second
stage. These findings indicate that, in the first stage, varia-
tion tendencies of the interstory translation displacements
in the 𝑥 direction with 𝑏𝑦 are similar, while different inelastic-
ity development stages have comparably large influences on
the variation regularity.

The effects of 𝑏𝑦 on the interstory translation displace-
ment in the 𝑦 direction and the torsion displacement in
different stages are, respectively, evaluated in Figures 13 and
14. It can be seen from Figures 13(a) and 14(a) that the
translation displacements in the 𝑦 direction and the torsion
displacement increase with the increase of 𝑏𝑦 in the first
stage, and the increase percentages reduce slowly. Compared
to the first stage, increasing 𝑏𝑦 exerts greater effects on the
translational displacement in the 𝑦 direction and torsional
displacement in the second stage when 𝑏𝑦 is approximately
greater than or equal to 0.3. For example, as 𝑏𝑦 increases
from 0.3 to 0.4, the variation percentages of the translational
displacement in 𝑦 direction and the torsional displacement

are, respectively, 4.1% and 17.9% in the first stage. In the
second stage, the variation magnitudes increase to 57.9%
and 65.6%, respectively. In the third stage, the displacement
variation amplitude is clearly reduced. Figures 13 and 14 also
indicate that the variation tendencies for interstory transla-
tion displacement in the𝑦direction and torsion displacement
with 𝑏𝑦 are similar on all floors. During the second stage, the
development of structural inelasticity enhances the increase
amplitude of the displacements. In the third stage, the influ-
ence of 𝑏𝑦 on displacements is reduced.

4.3. The Effect of 𝑏𝑥 on Interstory Displacement. The effects
of 𝑏𝑥 on the interstory translation displacements in the 𝑥
direction in the different stages are shown in Figure 15. It is
evident from Figure 15(a) that the translation displacement
in the 𝑥 direction gradually decreases as 𝑏𝑥 increases in the
first stage, and the reduction amplitude rises. Figures 15(b)
and 15(c) show that increasing 𝑏𝑥 exerts smaller effects on the
variation of translation displacement in the 𝑥 direction in the
second and third stages than in the first stage. It also can be
noted from Figure 15(c) that the translation displacement in
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Figure 12: Interstory translation displacement in the 𝑥 direction under different 𝑏𝑦 values.
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Figure 13: Interstory translation displacement in the 𝑦 direction under different 𝑏𝑦 values.
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(c) The third stage

Figure 14: Interstory torsion displacement under different 𝑏𝑦 values.
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(c) The third stage

Figure 15: Interstory translation displacement in the 𝑥 direction under different 𝑏𝑥 values.
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(c) The third stage

Figure 16: Interstory translation displacement in the 𝑦 direction under different 𝑏𝑥 values.
the 𝑥 direction of the second floor slowly increases and those
of the other two floors slightly decrease with the increase of𝑏𝑥. These findings demonstrate that the variation tendencies
of interstory translation displacements in the 𝑥 direction
with 𝑏𝑦 are similar in the first stage. With the yielding of
the lateral load-resisting members, the influences of 𝑏𝑥 on
the displacements are weakened in the second and third
stages. And the variation regularity of interstory translation
displacements in the 𝑥 direction is no longer consistent.

The influences of 𝑏𝑥 on the interstory translation dis-
placement in the 𝑦 direction and the torsion displacement in
different stages are given in Figures 16 and 17. It is evident
from Figure 16(a) that increasing 𝑏𝑥 causes translation dis-
placement in the 𝑦 direction to increase in the first stage, and
the corresponding increasing percentage gradually decreases.
Meanwhile, the torsion displacement gradually increases
with the increase of 𝑏𝑥 and tends to be stable implied in
Figure 17(a). Compared to the first stage, the second stage sees
smaller variation percentages of translation displacement
in the 𝑦 direction and the torsion displacement. It can
be seen from Figure 16(c) that the translation displacement

in the 𝑦 direction increases slightly with the increase of𝑏𝑦 in the third stage. Figure 17(c) shows that the torsion
displacements of the first and second floors first reduce and
then increase slowly, and the torsion displacement of the
top floor decreases gradually, but the variation amplitude is
relatively small in this stage. These findings imply that the
development of structural inelasticity weakens the influences
of 𝑏𝑥 on displacements and changes the variation tendency of
interstory torsion displacement with 𝑏𝑥.

The parametric analysis of lateral-torsional coupling
effect of multistorey bidirectional eccentric structures has
indicated that the first-order natural frequency of the eccen-
tric structure becomes closer to that of the corresponding
symmetric system from the first to the second and then
to the third stage, and the lateral-torsional coupling effect
in the first vibration mode is significantly reduced [17].
Accordingly, the first-order vibration mode tends toward the
pure translation vibration mode in the load direction. This
also determines that the translation displacement in the load
direction becomes greater during this process; the coupled
torsional displacement and the translational displacement in



Shock and Vibration 13

0.1 0.2 0.3 0.4

�e first floor
�e second floor
�e top floor



2.5

2.0

1.5

1.0

0.5

0.0

(




(

)
/


g(

)
) m

ax
|

|
|

|

(a) The first stage

0.1 0.2 0.3 0.4

�e first floor
�e second floor
�e top floor



2.5

2.0

1.5

1.0

0.5

0.0

(




(

)
/


g(

)
) m

ax
|

|
|

|
(b) The second stage

0.1 0.2 0.3 0.4

�e first floor
�e second floor
�e top floor



2.5

2.0

1.5

1.0

0.5

0.0

(




(

)
/


g(

)
) m

ax
|

|
|

|

(c) The third stage

Figure 17: Interstory torsion displacement under different 𝑏𝑥 values.
the 𝑦 direction become increasingly smaller (Figures 9–17).
In particular, the translation displacement in the 𝑥 direction
of the first floor presents the largest increase amplitude from
the first stage to the second stage. For a system with Ω=1.4
and 𝑏𝑦=𝑏𝑦=0.2, its translation displacement in the 𝑥 direction
of the first floor increases 53.6% from the first to the second
stage and only 14.9% from the second to the third stage.
The above finding is due to the fact that the members in
the load direction of floor one firstly yields in the second
stage and further yield in the third stage, while members
on other floors in the load direction and the members
perpendicular to the load direction do not yield.The yielding
of the members leads to a considerable reduction on the
overall lateral stiffness in the load direction of floor one. As
a result, the first floor becomes increasingly weak compared
to other floors.The peak values of the interstory translational
displacement transfer function in the load direction of floor
one increase significantly. In the third stage, all the lateral
load-resisting members in the load direction of floor one
enter yield, and the members in the load direction of floor
two begin to yield; therefore, the increase amplitude of the
translation displacement of floor one in the load direction
reduces. The overall structural seismic response gradually
approaches the pure translation in the load direction, and
the coupled torsional displacement and the translational
displacement perpendicular to the load direction become
relatively smaller.The coupling effect between the translation
in the load direction and the torsion is greatly reduced.

Through the parametric analysis of the structural dis-
placement, a general law for the seismic response of multi-
storey bidirectional eccentric structures varying with differ-
ent parameters in the elastic and inelastic stages is obtained.
These research results can provide references for structural
and seismic design in engineering.

In the process of inelastic development, the actual damp-
ing of the structure is increased [36]. The damping problem
in inelastic stage needs further research and discussion in
basic theory and experimental verification, and this is another
complex research topic. So the damping is assumed to be
in direct proportion only to the linear portion of stiffness

in this paper. When the stiffness-proportional damping is
adopted, the actual damping in the second and third stages
will be lowered, which will increase the response of the
structure. This paper focuses on conducting a parametric
analysis of the whole process from elastic to inelastic stage.
And the influence regularities of uncoupled torsion to lat-
eral frequency ratios and bidirectional eccentricities on the
structural seismic response are mainly investigated. Due to
the reason of damping change, the responses of the structure
in the second and third stages are larger than the actual
reactions. However, for the study of the variation law in the
parametric analysis, this effect is not particularly sensitive.

5. Discussion of Torsion-Translation
Displacement Ratio under
Different Eccentricities

Theparametric analysis above indicates that the bidirectional
eccentricities have a considerable influence on the translation
and torsion displacements of the eccentric structures, and
they also affect the ratio of torsion displacement to translation
displacement. This section primarily focuses on the ratio of
torsion displacement to translation displacement in the load
direction, and torsion-translation displacement ratio of the
top floor is defined as follows:

𝜆𝑥3 = (𝑟 △𝑈𝑠𝜃3 (𝜛)max)△𝑈𝑠𝑥3 (𝜛)max
(20)

The torsion-translation displacement ratio of the top
floor 𝜆𝑥3 varying with coupled period ratio 𝑇t/𝑇1 in the
first stage is shown in Figure 18. 𝑇t is the first natural peri-
od of vibration mode which is chiefly torsion, and 𝑇1 is
the first natural period of vibration mode which is pri-
marily translational movement. According to the findings in
Figure 18, an increased 𝑇t/𝑇1 with any 𝑏𝑥 and 𝑏𝑦 causes the
displacement ratio 𝜆𝑥3 to increase. And the lateral-torsional
coupling effect of the eccentric structure becomes stronger. It
also can be noted from Figure 18 that the displacement ratio
changes significantly with the bidirectional eccentricities 𝑏𝑥
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Figure 18: Variation of 𝜆𝑥3 with 𝑇t/𝑇1.
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(b) 𝑏𝑦 = 0.2

Figure 19: Variation of coupled period ratio and noncoupled period ratio with Ω.
and 𝑏𝑦 when 𝑇t/𝑇1 is the same. In other words, values of𝑇t/𝑇1 of eccentric structures with different bidirectional
eccentricities are remarkably different from each other when
the displacement ratio 𝜆𝑥3 is the same.The results reveal that
the structure with larger values of 𝑏𝑥 and 𝑏𝑦 has a smaller𝑇t/𝑇1. As implied in Figures 18(a) and 18(b), the displacement
ratio gradually increases as 𝑏𝑦 increases from 0.1 to 0.4 when
the coupled period ratio is constant. Similarly, it can be seen
fromFigure 18(c) that increasing 𝑏𝑥 causes the coupled period
ratio to decrease when the displacement ratio is fixed. These
findings indicate that the value of 𝑇t/𝑇1 corresponding to
a specific displacement ratio gradually decreases with the
increase of 𝑏𝑦 and 𝑏𝑥. Similar phenomena not discussed here
also occur under other values of 𝑏𝑦 and 𝑏𝑥.

Reference [37] studied the elastic lateral-torsional cou-
pling effect of high-rise buildings with one-way mass eccen-
tricity and the approximated calculation formula for the top
floor relative torsion effect (torsion-translation displacement
ratio) associated with eccentricity and 𝑇t/𝑇1 was obtained.
Based on these results, the authors proposed recommended
period ratio limit values to control the relative torsion effect of
one-way mass eccentricity structures. Related results have

been adopted in Technical Specification for Concrete Struc-
tures of Tall Building (JGJ 3-2010) [38]. The results of this
paper indicate that the lateral-torsional coupling effect of
bidirectional eccentric structures is not only related to the
period ratio, but also affected by the bidirectional eccentric-
ities. High-rise buildings, which are more sensitive to the
torsion effect, require additional attention.

Figure 19 displays the variation of coupled period ratios
and noncoupled period ratios corresponding to different
values of Ω. Obviously, the noncoupled period is the recip-
rocal of Ω, while the coupled period is obtained via cal-
culation. It is evident from Figure 19 that the coupled period
ratios of the structures with various eccentricities differ
from the noncoupled period ratios. The greater the bi-
directional eccentricities, the greater the difference between
the coupled period ratio and noncoupled period ratio. The
difference is most significant in structures with Ω=1, where
the coupled period ratio is as much as 31.8% greater than the
noncoupled period ratio. When Ω is greater than or equal to
1.1, the coupled period ratio is smaller than the noncoupled
period ratio. AsΩ increases, however, the difference reduces,
although it remains notable. Even for eccentric structure with
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Ω=1.6, the difference still reaches 8.47% when 𝑏𝑥=0.2 and𝑏𝑦=0.4.
The preceding analysis clearly demonstrates the relation-

ship between the coupled period ratio, noncoupled period
ratio, and bidirectional eccentricities in multistorey bidirec-
tional eccentric structures. Reference [37] suggested that,
under the premise of satisfying the required displacement
ratio when the period ratio is between 0.8 and 0.9 [38], the
difference between the noncoupled period ratio and coupled
period ratio is within 5%. Obviously, this one-way mass
eccentricity analysis result is not appropriate for multistorey
structures with bidirectional stiffness eccentricities.

6. Validation of the Dynamic Response of
Eccentric Simplified Model

6.1. Construction of the 3D Refined Model. Section 3.1 has
already analyzed and discussed the applicability of the sim-
plified model in the inelastic stage. To further validate the
accuracy and reliability of the proposed simplified model
in the parametric analysis of the seismic response, a cor-
responding 3D refined model for the three-storey eccentric
structure with its plane layout as Figure 1 is established. And
the dynamic responses of the proposed simplified model are
validated by the nonlinear dynamic time history analysis.
The beam element of BEAM188 which can define the cross-
section dimension is applied to simulate the frame beams
and columns, and the shell element of SHELL63 is used to
simulate the floor slab. The related structural parameters of
the three-storey eccentric structure are the same as those
in 3.1 Section. When the nonlinear dynamic time history
analysis of the 3D refined model is conducted by ANSYS, the
simulation process becomes difficult if the structure directly
utilizes the force-displacement resilience model. Hence, the
elastic-plastic constitutive models of the beam and column
elements adopt the bilinearity isotropic hardening model
(BISO)which follows flow rules related toVonMises yielding.
Only the elastic modulus before yielding, the tangent modu-
lus after yielding, and the yield strength should be defined
in ANSYS, and the tangent modulus after yielding is also
set as 10% of the elastic modulus [39]. The stiffness matrix
coefficient calculation of damping defined by ANSYS is the
same as the damping coefficient defined in Section 2.2.

Since this study focuses on the overall analysis of the
structure and considers the coupling effect between trans-
lational displacement and torsional displacement of the
eccentric structure, an integral analysis model of reinforced
concrete is selected. It is assumed that rebars are dispersed in
the whole element and the element is considered as a con-
tinuous homogeneous material. The contribution of rebars
to the whole structure is realized by increasing the material
elastic modulus via the stiffness EI equivalence principle
[40].

𝐸𝐼 = 𝐸𝑐𝐼𝑐 + 𝐸𝑠𝐼𝑠 (21)

in which E and 𝐼 are, respectively, the elastic modulus and
cross-section inertia moment; superscripts 𝑐 and 𝑠 refer to
the concrete part and rebar part, respectively.Themoment of
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Figure 20: The 3D refined model corresponding to the simplified
model.

inertia of the concrete is calculated considering the uncracked
cross-section.

The dimension of mesh should also be taken into consid-
eration during the construction of the finite element model.
When the mesh size is small, the calculation accuracy is
high, but due to the high degrees of freedom, the required
calculation time, calculation amount, and memory space are
great accordingly. Meanwhile, when the mesh size is smaller
than 5 cm, the calculationmay become difficult. Similarly, the
mesh size cannot be too oversized; otherwise, the calculation
accuracy will be affected. Based on above aspects, the 3D
refined model is constructed, as shown in Figure 20.

6.2. Selection of SeismicWaves. Theselection of seismicwaves
should meet the requirements of three seismic oscillation
elements, i.e., spectral characteristics, time of duration, and
amplitude. The spectral characteristics can be described by
the seismic influence coefficient curves and determined ac-
cording to the site classification and designed seismic group-
ing. Reference [38] stipulates that the last duration of seismic
waves should not be less than five times of the building basic
period and 15 s, and the time interval of seismic waves can
be set as 0.01 s or 0.02 s. The NS component of the 1976
Tianjin earthquake record, the NS component of the 1940
EL-Centro earthquake record, and an artificial Tianjin wave
are selected as the external load of dynamic analysis. The
selected seismic waves include a main energy section lasting
duration of 15 s and an interval of 0.02 s. The seismic forti-
fication intensity in Tianjin is 7 degrees. According to the
Code for Seismic Design of Building [30], the basic seismic
acceleration is designed as 0.15g. To conduct analyses under
frequently occurred earthquake and rare earthquake, the
seismic waves are proportionally increased to maximum
values of 0.55 m/s2 and 3.1 m/s2.

The acceleration time history records of these three seis-
mic waves (amplitude increased to 3.1 m/s2) and the corre-
sponding spectra are shown in Figures 21 and 22, respectively.
The frequency components of these three seismic waves are
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Figure 21: Acceleration time history curve of seismic wave.

Tianjin wave

A
m

pl
itu

de
 (m

·Ｍ
-1

)

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

Frequency (Hz)
0 3 6 9 12 15 18 21 24

(a) Tianjin wave
EL-Centro wave

A
m

pl
itu

de
 (m

·Ｍ
-1

)

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

Frequency (Hz)
0 3 6 9 12 15 18 21 24

(b) EL-Centro wave

Tianjin artificial wave
A

m
pl

itu
de

 (m
·Ｍ
-1

)

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

Frequency (Hz)
0 3 6 9 12 15 18 21 24

(c) Tianjin artificial wave

Figure 22: Seismic wave frequency spectra.

quite different. The Tianjin wave is mainly composed of
low frequency components, and the high frequency content
is low. The frequency components of EL-Centro waves are
moderate, while the high frequency components of Tianjin
artificial wave are relatively high. The frequency components
and preeminent frequencies of seismic waves have a great
influence on the dynamic responses of structures. Therefore,
the conclusions obtained by the selected waves with different
frequencies components will be more representative.

6.3. Comparison of the Dynamic Response of 3DRefinedModel
and Simplified Model. The dynamic time history analyses of
both simplified model and 3D refined model are carried out
under the action of the ground motion in the 𝑥 direction.
And the dynamic responses of the two models are compared.
Under the action of frequently occurred earthquake, the
structure is in the elastic stage. And under the action of rare
earthquake, the structure enters the inelastic stage. The time
history curves of the top floor displacement at the center
of mass under the action of EL-Centro wave are shown in
Figures 23 and 24. ux3 and uy3 denote the top floor trans-
lational displacement in the 𝑥 and 𝑦 directions, respectively.
And 𝑢𝜃3 represents the top floor torsional angle. The corre-
sponding peak values of the top floor displacement are given
in Tables 1 and 2. The peak value of the top floor torsional

displacement is equal to the peak value of the torsional angle
multiplying the corresponding radius of rotation.

It is evident from Figure 23 that the displacement time
history curve of the simplified model is in good agreement
with that of the 3D refined model under the action of EL-
Centro wave. Under the action of the other two kinds of
seismic waves, the displacement time history curves of two
models are also coincided with each other. Restricted to the
length of the article, the corresponding displacement time
history curves are not presented in the paper. It also can be
seen from Table 1 that the peak values of displacement in the𝑥 direction of the two models deviate within 5%. Meanwhile,
the peak values of translational displacement in the 𝑦 direc-
tion and the torsional displacement of the two models have
differences within 10%. Figure 24 displays that the displace-
ment time history curves of the two models differ a little
under the action of rare earthquake but still agree with each
other generally. As evidenced in Table 2, the peak values of
translation displacement in the 𝑥 direction differ within 10%.
For the rest displacement peak values, beside two values
deviate greater than 13%, the rest values all vary within 10%.

In this paper, the overall response of the structure under
the action of ground motion in the 𝑥 direction is mainly
analyzed. In the inelastic stage, the peak values of displace-
ment in the 𝑦 direction and torsional displacement have
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Table 1: The peak values of the top floor displacement under frequently occurred earthquake.

Seismic wave Displacement peak
values (mm) 3D refined model Simplified model Error

Tianjin wave
𝑢𝑥3 -5.270 -5.240 0.57%𝑢𝑦3 0.775 0.683 11.93%𝑟𝑢𝜃3 -1.119 -1.186 -6.01%

EL-Centro wave
𝑢𝑥3 4.320 4.480 -3.70%𝑢𝑦3 -0.846 -0.807 4.61%𝑟𝑢𝜃3 -0.953 -1.029 -8.04%

Tianjin artificial wave
𝑢𝑥3 4.190 4.020 4.06%𝑢𝑦3 0.843 0.782 7.29%𝑟𝑢𝜃3 -0.086 -0.080 6.75%

Table 2: The peak values of the top floor displacement under rare earthquake.

Seismic wave Displacement peak
values (mm) 3D refined model Simplified model Error

Tianjin wave
𝑢𝑥3 25.640 23.140 9.75%𝑢𝑦3 -2.310 -2.620 -13.42%𝑟𝑢𝜃3 -5.551 -6.159 -10.95%

EL-Centro wave
𝑢𝑥3 23.527 25.145 -6.88%𝑢𝑦3 -4.270 -3.870 9.37%𝑟𝑢𝜃3 5.469 6.331 -15.77%

Tianjin artificial wave
𝑢𝑥3 22.601 23.473 -3.86%𝑢𝑦3 4.310 3.820 11.37%𝑟𝑢𝜃3 -5.871 -5.172 11.90%

relatively large errors, but their actual values are very small
and have limited influence on the structure. The main struc-
tural response is the translation displacement in the 𝑥 direc-
tion. And the translation displacements in the 𝑥 direction of
the two models all have minor errors in both the elastic and
inelastic stages, which are within the acceptance of engineer-
ing applications. Hence, for the parametric analysis of the
coupling effect between translation and torsional displace-
ment of the eccentric structure under the external load in the𝑥 direction conducted in this study, the simplified eccentric
model proposed is accurate and reliable.

7. Conclusions

Based on the simplified multistorey bidirectional eccentric
model, this study conducted a full-process parametric analy-
sis of structural seismic response fromelastic stage to inelastic
stage. It can be clearly seen that the lateral-torsional coupling
behaviours in the inelastic stage are remarkably different
from that in the elastic stage. The variations of structural
seismic response with parameters are related to the degree of
inelasticity development. The following specific conclusions
can be drawn:

(1) Taking a typical multistorey bidirectional regular ec-
centric frame system as an illustrative example, a
simplified bidirectional asymmetric multistorey dual

lateral load-resisting model is constructed. The sim-
plified model is applicable to inelastic parametric
analysis. The development of simplified model laid
the foundations for the successive parametric analyses
in the following work.

(2) During the full process from elastic stage to inelastic
stage, the natural frequency of eccentric frame struc-
tures with different layers exhibits three-stage vari-
ation regularity. Different simplification treatments
were conducted on these three stages. The second
stage, which plays a key role during analysis, is fitted
into a slant line via the least-squares method with
a linear relation to the loading coefficient. Based on
this, three-stage analyses are defined to provide con-
venience for parametric analysis of different inelas-
tic development stages. The corresponding dynamic
stiffness matrices and motion equations in different
loading stages are derived.

(3) Based on the three defined analysis stages, the full-
process parametric analysis of lateral-torsional cou-
pling behaviour of the multistorey bidirectional ec-
centric structure is conducted for the first time from
elastic to inelastic stage. The variation tendencies of
the lateral-torsional coupling behaviours under the
major parameters, including the uncoupled torsion
to lateral frequency ratios and eccentricities with
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Figure 23: The top floor displacement curves at the center of mass under frequently occurred earthquake (EL-Centro wave).
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Figure 24: The top floor displacement curves at the center of mass under rare earthquake (EL-Centro wave).

different values and stages, are analyzed. The general
laws of each parameter affecting the lateral-torsional
coupling behaviours in three stages are concluded.
The analysis results reported that the coupling effect
between the translation in the load direction and the
torsion is the strongest when Ω is equal to 1.1, which
is extremely unfavorable for the torsion resistance
design.

(4) From the first to the second and then to the third
stage, the overall structural seismic response gradu-
ally approaches the pure translation in the load direc-
tion, and the coupled torsional displacement and the
translational displacement perpendicular to the load
direction become relatively smaller. The coupling ef-
fect between the translation in the load direction and
the torsion is greatly reduced.

(5) Compared to noncoupled period ratios, coupled peri-
od ratios are different under different eccentricities.
The greater the bidirectional eccentricities, the greater
the difference between the coupled period ratio and
noncoupled period ratio. Analytical results indicate
that the lateral-torsional coupling effect of bidirec-
tional eccentric structures is closely related to both

the period ratio and the bidirectional eccentricities.
High-rise buildings, which are more sensitive to the
torsion effect, require additional attention. It is sug-
gested that the effect of eccentricities should be con-
sidered when the coupled period ratio is limited by
the relevant specifications.

(6) Through the nonlinear dynamic time history analysis
of the proposed simplifiedmodel and the correspond-
ing 3D refinedmodel established on ANSYS software,
the dynamic response of the simplified model is veri-
fied. Results show that the displacement time history
curves of the two models agree well with each other,
and the differences in the displacement peak values of
the elastic and inelastic stages are within 5% and 10%,
respectively. It is proved that the simplified model
proposed in this paper is completely feasible for the
parametric analysis of the overall response of the
eccentric structure along the force direction, and the
results are accurate and reliable.
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[15] D. Marušić and P. Fajfar, “On the inelastic seismic response
of asymmetric buildings under bi-axial excitation,” Earthquake

Engineering & Structural Dynamics, vol. 34, no. 8, pp. 943–963,
2005.

[16] G. Magliulo and R. Ramasco, “Seismic response of three-di-
mensional r/cmulti-storey framebuilding under uni- and bi-di-
rectional input ground motion,” Earthquake Engineering &
Structural Dynamics, vol. 36, no. 12, pp. 1641–1657, 2007.

[17] X. Jiang and Y. Kuang, “Inelastic parametric analysis of two-way
asymmetrical multi-storey buildings,” Advances in Structural
Engineering, vol. 19, no. 5, pp. 806–824, 2016.

[18] M. Bosco, A. Ghersi, E.M.Marino, and P. P. Rossi, “Generalized
corrective eccentricities for nonlinear static analysis of build-
ings with framed or braced structure,” Bulletin of Earthquake
Engineering, vol. 15, no. 11, pp. 4887–4913, 2017.

[19] X. H. Cai, R. F.Wu, and S. B. Xu, “Research on the inelastic seis-
mic responses of shear type multistorey buildings with regular
asymmetry,”AppliedMathematics andMechanics, vol. 22, no. 11,
pp. 1129–1134, 2001.

[20] K. G. Stathopoulos and S. A. Anagnostopoulos, “Inelastic tor-
sion of multistorey buildings under earthquake excitations,”
Earthquake Engineering & Structural Dynamics, vol. 34, no. 12,
pp. 1449–1465, 2005.

[21] K. G. Stathopoulos and S. A. Anagnostopoulos, “Inelastic earth-
quake response of single-story asymmetric buildings: An
assessment of simplified shear-beammodels,” Earthquake Engi-
neering & Structural Dynamics, vol. 32, no. 12, pp. 1813–1831,
2003.

[22] S. M. Rizwan and Y. Singh, “Effect of Strength Eccentricity on
Torsional Behaviour of RC Frame Buildings,” Journal of The
Institution of Engineers (India): Series A, vol. 93, no. 1, pp. 15–
26, 2012.

[23] A. M. Halabian and M. S. Birzhandi, “Inelastic response of bi-
eccentric-plan asymmetric reinforced concrete buildings,” Pro-
ceedings of the Institution of Civil Engineers - Structures and
Buildings, vol. 167, no. 8, pp. 469–485, 2014.

[24] R. K. Goel andA. K. Chopra, “Inelastic seismic response of one-
storey, asymmetric-plan systems: Effects of stiffness and strength
distribution,” Earthquake Engineering & Structural Dynamics,
vol. 19, no. 7, pp. 949–970, 1990.

[25] R. Hejal and A. K. Chopra, “Earthquake response of torsionally
coupled, frame buildings,” Journal of Structural Engineering
(United States), vol. 115, no. 4, pp. 834–851, 1989.

[26] X. N. Duan and A. M. Chandler, “Inelastic seismic response of
code-designed multistorey frame buildings with regular asym-
metry,” Earthquake Engineering & Structural Dynamics, vol. 22,
no. 5, pp. 431–445, 1993.

[27] A. M. Chandler and X. N. Duan, “A modified static procedure
for the design of torsionally unbalanced multistorey frame
buildings,” Earthquake Engineering & Structural Dynamics, vol.
22, no. 5, pp. 447–462, 1993.

[28] S. A. Anagnostopoulos, C. Alexopoulou, and K. G. Stathopou-
los, “An answer to an important controversy and the need for
caution when using simple models to predict inelastic earth-
quake response of buildingswith torsion,”Earthquake Engineer-
ing & Structural Dynamics, vol. 39, no. 5, pp. 521–540, 2010.

[29] A. K. Chopra, Dynamics of Structures. Theory Applications to
Earthquake Engineering, Pearson Prentice Hall, Upper Saddle
River, NJ, USA, 3rd edition, 2007.

[30] GB50011-2010, Code for Seismic Design of Building, China
Architecture and Building Press, Beijing, China, 2010.

[31] W. Wu and H. A. Smith, “Efficient modal analysis for struc-
tures with soil-structure interaction,” Earthquake Engineering&
Structural Dynamics, vol. 24, no. 2, pp. 283–299, 1995.



20 Shock and Vibration

[32] X. P. Zhang,Non-linear Analysis of Reinforced Concrete Aseismic
Structures, Sciense Press, Beijing, China, 2003.

[33] Z. He and J. P. Ou, Non-linear Analysis of Reinforced Concrete
Structure, Harbin Institute of Technology Press, Harbin, China,
2007.

[34] H. S. Zhang, Study on Mixed Constraint Modal Synthesis Meth-
od for Local Nonlinear of Soil-Structure Interaction, Tianjin
University, Tianjin, China, 2015.

[35] H. N. Li and Z. Q. Yin, “Torsionally coupled response of eccen-
tric structures to multi-dimensional ground motions,” Earth-
quake Engineering and Engineering Dynamics, vol. 8, no. 4, pp.
45–53, 1988.

[36] Z. Yang, J. Huang, and J. Tian, “On damping in elastic-plastic
static and dynamic method under rare earthquakes,” Earth-
quake Engineering and Engineering Vibration, vol. 29, no. 6, pp.
115–120, 2009.

[37] P. F. Xu, J. F. Huang, andC. J.Wei, “Response of Torsional Vibra-
tion of Tall Building Structures Induced by Seismic Action,”
Building Science, vol. 16, no. 1, pp. 1–6, 2000.

[38] JGJ 3-2010, Technical Specification for Concrete Structures of
Tall Building, China Architecture and Building Press, Beijing,
China, 2011.

[39] X. M. Wang, Numerical Analysis of Engineering Structure by
ANSYS, China Communications Press, Beijing, China, 1st
edition, 2007.

[40] B. Chen, X. L. Lv, P. Z. Li, and Y. Q. Chen, “Modeling of dynamic
soil-structure interaction by ANSYS program,” Earthquake
Engineering and Engineering Vibration, vol. 22, no. 1, pp. 126–
131, 2002.



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

