
Research Article
Energy Analysis of a Damped Substructure Outrigger System

Liangkun Liu ,1,2 Ping Tan ,3 Zhaodong Pan ,1,4 Bo Di ,1,2 Shumeng Pang ,1,4

and Renyuan Qin 1,5

1School of Environment and Civil Engineering, Dongguan University of Technology, Dongguan, China
2Guangdong Provincial Key Laboratory of Intelligent Disaster Prevention and Emergency Technologies for Urban Lifeline
Engineering, Dongguan, China
3School of Civil Engineering, Guangzhou University, Guangzhou, China
4Dongguan Key Laboratory of Disaster Prevention and Structure Rehabilitation, Dongguan, China
5Department of Architecture and Civil Engineering, City University of Hong Kong, Hong Kong, China

Correspondence should be addressed to Zhaodong Pan; pzd0101@126.com

Received 31 May 2023; Revised 17 July 2023; Accepted 2 August 2023; Published 21 September 2023

Academic Editor: Chia-Ming Chang

Copyright © 2023 Liangkun Liu et al. Tis is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A damped outrigger system (DO) has been proposed to enhance the seismic performance, in which links between outriggers and
perimeter columns are artifcially disconnected and implemented by dampers. Such an operation essentially destroys the
structural integrity and becomes a potential threat for structural safety. Moreover, its performance is very sensitive to the stifness
of perimeter columns. In this study, a mega-sub controlled system is employed to propose a novel outrigger system, i.e., a damped
substructure outrigger system (DSO). Te novel system has good structural integrity due to its main structure consisting of the
core tube, outrigger, and perimeter column. To present further investigation, the govern equations of DSO are derived by the
simplifed model which is regard as a cantilever beam system with a multirotation spring and energy dissipation substructure.
Ten, the energy distribution and seismic performance are parametric investigated. Finally, the damping efects of DSO are
discussed. Te results indicate that DSO possesses the superiority of damping performance. Compared with DO, DSO is less
sensitive to perimeter column stifness. Moreover, the proposed system can obtain the high efciency in energy dissipation but
with less damping cost than that of the viscous damper. Also, the larger stroke of the viscous damper can be found for DSO.

1. Introduction

In modern cities, tall buildings have vastly increased over
the last decades, as they can contribute a high ratio foor
space per area of land [1, 2]. Tall building is one of the
urban symbols, and their structural safety is the primary
requirement. Tall buildings typically consist of structural
systems whose design is governed by the lateral loading
cases [2]. To decrease the structural deformation induced
by lateral loadings such as the wind or earthquake, an
outrigger system is introduced to apply into the tall
building and present a higher later lateral resistance ca-
pacity [3–5]. Te implementation of this working mech-
anism comes from a special collaboration of each structural
element. For instance, when the outrigger system is sub-
jected to the lateral loadings, the core undergoes bending

deformation, which leads to outriggers rotation. In-
terestingly, the rotation will be suppressed by allowing
compression and tension of peripheral columns. Finally,
this mechanism helps to improve the efciency of the core
system by simply introducing the exterior columns to aid in
resisting part of the overturning moment caused by lateral
loads [6–8]. It is thus clear that this excellent performance
owe to the coupling of outriggers, core, and perimeter
columns [9], which also make the outrigger system
a suitable alternative for high-rise building constructions
[10–14]. However, for this system, the huge inner force
occurs in the connection position of outriggers and the core
under an earthquake or wind exercitation, which may cause
serious damage to the structure [7, 15]. Tus, the higher
energy dissipation outrigger system becomes more and
more attractive for tall buildings [16].
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It is known that TMD (tuned mass damper) has been
widely applied for the vibration control of tall buildings in
the past decades [17]. Many research studies have confrmed
that TMD is efective in wind vibration suppression.
However, it should also be noted that its application in
seismic reduction is open to further discussion. Fortunately,
in recent years, a damped outrigger system (DO) is proposed
to enhance the seismic performance, in which the links
between outriggers and perimeter columns in traditional
outrigger system (TO) have been artifcially disconnected;
meanwhile, the viscous dampers are implemented into the
gaps [12, 18–20]. Such operation releases the force between
the outriggers and perimeter columns and hence ofers the
large vertical relative deformation for damper energy dis-
sipation, providing a signifcant damping efect for the whole
structure [16, 21]. Moreover, the intrinsic damping of the
traditional outriggers system has been efectively improved.
In addition, the corresponding damping efects have also
been verifed with the results of real-time hybrid simulation
[22, 23] and shaking table test [15]. At present, DO has been
successfully applied in many practical projects [24–26].

To describe the dynamic behavior of the DO, theoretical
simplifed models, calculation methods, and experimental
tests have been carried out [12, 14, 15, 18, 26–29]. To further
achieve the best damping performance, the maximum
damping ratio was adopted to obtain the optimal position of
the outrigger and damping coefcient [12, 18]. Moreover,
several multiobjective optimization processes were
employed to reduce harmful interstory drift and other
structural seismic responses [16, 30]. It should be noted that
the relative motion between the outer end of the outrigger
and the column may not be large enough to further enhance
energy dissipation. Considering this limitation, Sun et al.
[16, 31–33] introduced the negative stifness devices into the
outrigger system and obtained the better damping perfor-
mance than the conventional damped outrigger. Moreover,
being diferent from a tuned mass damper [34], frequency-
independent damping is introduced to achieve the maxi-
mum value for damping ratios of all modes for the new
system [35]. In addition, Liu et al. [36] proposed a novel
energy dissipation outrigger system with a rotational inertia
damper to increase the energy dissipation efciency.
However, above investigations heavily depend on the sim-
plifedmodel consisting of three critical components, i.e., the
outriggers, the core tube, and perimeter columns. As shown
in Figure 1, the direct connection between the outrigger and
perimeter column of TO plays an important role in en-
hancing the total stifness and maintaining the structural
integrity. Nevertheless, dampers implemented in the gap
between the outrigger and perimeter column of DO con-
tribute to the more available deformation and enhance the
damping efciency. Meanwhile, this operation essentially
disconnects the outrigger and column. Ten, the compo-
sition consisted by the core tube and outriggers, and the
perimeter columns are divided into two independent parts,
in which perimeter columns has few contributions on the
total stifness. Terefore, the artifcial disconnection of the
outrigger and perimeter column for DO is essentially
a potential threat for the structural safety. Fortunately, the

buckling-restrained-brace outrigger system [37–39] is in-
vestigated as another type of dissipation outrigger system
that has been widely applied and attaches more importance
[9]. Also, there are a lot of creative measures, like toggle-
brace, jack-scissor, gyro, and seesaw [40–43], in which they
present well-controlled damping efects without losing the
structural integrity for TO. However, these devices only
make best of “one story” for energy dissipation, so that their
work efciencies are limited. Terefore, the structural in-
tegrity and damping efciency of the outrigger system de-
serve the more researchers’ attentions.

In fact, TO will force the perimeter column and central
tube deform compatibly via outrigger with large stifness,
and thus signifcantly increases the stifness and also
guarantees the integrity of tall buildings. In this regard, TO
can be assumed as tall buildings with mega components (i.e.,
main structure), where outrigger can be assumed to act as
a mega-beam and the central core tube and perimeter
column are mega-column. Tus, the structural integrity can
be well-remained due to enough stifness and loads re-
sistance ofered by the main structure. In addition, the
substructure is located in two outriggers, in which its outer
ends of the beams and columns of top foor are disconnected
to main structure. Meanwhile, the dampers are replaced to
the link between top foor of substructures and outriggers or
core tube. As such, the proposed novel outrigger system is
expected to obtain excellent performance. Tis is attributed
to the larger relative deformation between the top sub-
structure and the corresponding core or outrigger, so that
the implemented damper can present powerful energy
dissipation performance [44, 45]. At present, the structural
integrity and damping efciency of the outrigger system can
be a trade-of for the proposed system.

Based on above, a new structural system is proposed by
combining TO and damped substructures. Te main
structure presents enough stifness and loads resistance,
while the system is potential to obtain the higher efciency in
energy dissipation with less damping cost due to the am-
plifcation efect of concentrated interlayer deformation
between top damped substructures and main structure. Tis
study focuses on the seismic energy distribution and seismic
performance of the novel structural system, which is divided
into the following sections. First, the confguration of the
proposed system is described, and then the govern equation
of DSO are derived by the simplifed model which is regard
as a cantilever beam system with multirotation spring and
energy dissipation substructure. Second, to explore the
energy distribution and seismic performance, the random
mean vibration energy and seismic response are parametric
investigated. Finally, the damping efects of DSO and some
suggestions for practical design are discussed.

2. Damped Substructure Outrigger
(DSO) System

2.1. Formulation of the Proposed System. In this section, the
detailed description of the construction process for DSO
shown in Figure 2(a) is listed as follows. As shown in
Figure 2(b), the main structure is similar to the mega-frame
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and consists of key components such as the outriggers, the
core tube, and perimeter columns, so that the structural
integrity can be well-remained due to enough stifness and
loads resistance ofered by the main structure. In addition,
the substructure is partly disconnected to the main structure,
in which its outer ends of the beams and columns of top foor
are separated from main structure. Tus, the top of sub-
structure shown in Figure 2(c) is eventually the free end.
Meanwhile, the dampers are arranged between top foor of
substructures and the corresponding outriggers or core tube.
As such, the larger relative deformation is concentrated the
gap of top substructure and the corresponding core or
outrigger, in which it is proft for the implemented dampers
to achieve full potential energy dissipation. In other word,
compared with the “one story” deformation, “multistory”
deformation mechanism can be obtained to present the
damping amplifcation. In addition, note that the huge
gravity loads can be supported by the mega beams and the
mega columns of mega substructure [44, 45]. Similarly, the
huge gravity loads also can be supported by the outriggers,
perimeter columns, and the core tube of the proposed
outrigger system. Moreover, the core tube is designed in the
center of the plan and thus the outrigger only withstands half
moment of the mega beams of mega sub-structure. As such,
it is feasible for the proposed outrigger system. However, the
outriggers, perimeter columns, and the core tube should be
strengthened to these of the tradition outrigger system.

Tere is a clear diference between the main structure of
the DSO and mega-frame of the mega subcontrolled system.
Tis is because the mega-frame is mainly shear deformation
under lateral loadings, while the main structure of DSO
shown in Figure 2(b) behaves bending deformation, and
only the substructure shown in Figure 2(c) is shear de-
formation. In view of this, DSO is essentially simplifed to be
a cantilever beam system with multirotation spring and
energy dissipation substructure (seen by Figure 2(d)).
However, as the equivalent multi-rotation-springs made by
the outriggers and columns may casus complex coupling
behaviors, and the seismic analysis will be more difcult with
consideration of substructures. As such, the dynamic

characteristic of DSO is signifcantly diferent from the
mega-sub controlled structure; hence, further investigation
should be carried out to present the well-design suggestions.

2.2. Analytical Model of DSO. According to the above
analysis, DSO can be described as a uniform cantilever beam
(the core tube) system with a multirotation spring, in which
each top foor of substructure and corresponding outrigger
or the core tube is linked by a damper. Tus, the fnal
simplifed model is shown in Figure 2(d). For convenience,
DSO with three outriggers is illustrated in this study, in
which the bending stifness of outriggers and the axial
stifness of perimeter columns are taken into account. Te
bending stifness of outriggers is EoIo and the length of each
outrigger, r, is scaled from its outer end to the centre of the
core tube. Te outrigger stifness ratio is defned as
c � 2EIr/(EoIoH). As shown in Figure 2(d), the core tube
with bending stifness EI is modeled as a cantilever beam and
its length is H. In addition, the distance between the fxed
end of the core and outrigger positions are, α1H, α2H, α3H,
. . ., αvH, where v is the number of substructures. As for the
perimeter columns, each segment can be viewed as a vertical
spring, kej

. Tey can be calculated by ke1
� EcAc/(α1H),

kej
� EcAc/(αj − αj−1)H, j � 2, 3, · · · , v, where EcAc is the

axial stifness of the perimeter columns and the stifness ratio
can be expressed as β � EI/(2r2EcAc). u1, u2, · · · , uv are
vertical displacement of the outer end of outriggers. cdj

is the
damping coefcient of jth outrigger damper and fdj

is the
corresponding damping force. kθj

is the equivalent stifness
of resistance rotation spring which consists of outriggers and
perimeter columns, and can be described as followings.

As the bending stifness of outriggers and the axial
stifness of perimeter columns are taken into account in this
paper, the axial deformation of perimeter column and
bending deformation of outrigger should be considered.
Figure 3 illustrates the process. Te extra vertical de-
formation at outrigger end is Δu (Figure 3(a)), in which
a spring with stifness ko attached at the outrigger end can be
equivalent to outrigger’s bending stifness (Figure 3(b)), and
the bending stifness is regard as the infnite stifness at the

TO DO

Direct
connection

Great
contribution for

total stifness
Few contribution
for total stifness

Indirect connection

Figure 1: Comparison of TO and DO.
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same time. When considering the axial stifness of the pe-
rimeter column, the force generated by the outrigger and
perimeter column can be written as given in the following
equation (Figure 3(d)):

Fk � ko u
′
− u􏼒 􏼓

� keu.

(1)

Te equivalent vertical spring of the outrigger is
ko � 3EoIo/r3. As shown in Figure 3(a), the practical de-
formation u at the end of outrigger is

u � u
′
+ ∆u, (2)

where u′ is the deformation only considering rigid body
rotation of the outrigger. Equation (1) yields
u � kou′/(ke + ko). Combining equation (1) yields (see
Figure 3(d)).

Fk � keou
′
, (3)

where keo � keko/(ke + ko) is the equivalent stifness of the
outrigger and perimeter column.

Hereafter, the equivalent model with infnitely stif
outrigger is adopted (Figure 3(d)), i.e., outrigger stifness
ratio c is assigned as a small value [32].

2.3. Dynamic Equation of DSO. As described before, DSO is
a complex structure system, and the dynamic equation
derivation is also a tedious process. Tus, the basic deri-
vation procedure of the dynamic equation is presented in
Figure 4. First, the fnite-element method is utilized to derive
the governing equation for the core tube under ground
motion, in which the infuences of the outriggers, perimeter

columns, and substructure are taken into account. Ten, the
motion equations of the substructure are obtained by the
force and rotation moment balance. Finally, the whole
structure dynamic expressions can be obtained by com-
bining the dynamic equations of the substructure and main
structure. Te detailed procedure is as follows.

2.3.1. Main Structure. As for the main structure, the core
tube can be modeled by a uniform cantilever beam.Tus, the
fnite-element method is utilized to derive the governing
equation for the core tube under ground motion. Similar to
Section 2.2, the coupling model of multiple outriggers and
perimeter columns can be expressed as

Fk � keou
′
, (4)

where Fk � [fe1
, fe2

, · · · , fenc
]T are the forces generated by

the outriggers and perimeter columns, u′ is the vertical
deformation at the end of outrigger, keo is the equivalent
stifness matrix coupled by the outriggers and perimeter
columns, and it can be written as

keo � ke ke + ko( 􏼁
− 1

, (5)

where ke �

ke1
+ ke2

− ke2
−ke2

ke2
+ ke3
⋱ − keυ
−keυ

keυ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
and

ko �

ko1
ko2
⋱

koυ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

Te displacement at the end of the outriggers is rewritten
as

x

y

H

kθ3

cd3

m3i k3i c3i
α3H

cd2

m2i k2i c2i

α2H

cd1

m1i k1i c1i

α1H

kθ2

kθ1

EIm

Concentrated
deformation

Damping
amplifcation

Structural
integrity

Enough
stiffness

(b) Main structure

(c) Damped substructure(a) DSO
(d) Simplifed model of DSO

Figure 2: Structural composition and simplifcation.
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u′ � rθc � r θ1, θ2, · · · , θυ􏼂 􏼃
T
1×υ, (6)

where θc is the rotation angle vector of all outriggers.
Assuming that the core tube is modeled with nφ beam

elements, the displacement vector containing nodes
1, 2, · · · , nφ can be listed as

uc � uc1
, θc1

, uc2
, θc2

, · · · , ucnφ
, θcnφ

􏼔 􏼕
T

1×2nφ

. (7)

According to equation (7), assume θc � Γθuc, equation
(6) can be rewritten as

u′ � rΓθuc, (8)

where Γθ � [Γθ1; Γθ2; · · · ; Γθυ]υ×2nφ
, Γθj

� [0, 0, · · · ,

1, · · · , 0]1×2nα
, Γθj

(2nj) � 1, and nj represent njth beam ele-
ment linked by jth outrigger. Te force generated by
equivalent spring is

Fk � keou
′
. (9)

Te resistant moments caused by the outriggers and
perimeter columns are

Mθ � −2rFk, (10)

where Mθ � [Mθ1,Mθ2, · · · ,Mθυ]. Substituting equation (8)
into equations (9) and (10), yields the following equation:

Mθ � −2r
2keoΓθuc � kθθc, (11)

where kθ � −2r2keo is the matrix of equivalent resistance
rotation spring. Te additional node force of jth outrigger is
written as

Fθj
� 0 0 0 Mθj

􏽨 􏽩
T
. (12)

Let Mθ add to the beam element, yields the equivalent
node forces

Fθk � ΓTθMθ

� −2r
2ΓTθ keoΓθuc.

(13)

Tus, the vibration equation of motion for the main
structure is given by the following equation:

Mz €uc + Cz _uc + Kzuc − Fθk � Fg − fdΓθ + MIΓs + fkΓs,

(14)

where Mz, Cz, and Kz are the mass matrix, damping matrix
and stifness matrix of the core tube. Fg is the inertial force
caused by earthquake for the core tube and consists of Feg

�

−m€ugL/12 6 L 6 −L􏼂 􏼃
T at each beam element.

fd � fd1
fd2

· · · fdυ􏽨 􏽩1×υ is the damping force.
Γs � [Γθ2; Γθ3; · · · ; Γθυ](υ−1)×2nφ

. MI is the inertia moment

which has the form of MI � MI1
MI2

· · · MIυ􏽨 􏽩1×υ, in
which MIj

can be expressed as

MIj
� − 􏽘

n

i�1
mji €xg + €xsji

+ €xbj−1
− €θbj−1

hsji
􏼒 􏼓hsji

+ fdj
hsjn

,

(15)

where j> 1. fk is the base force of the substructure and can be
expressed as fk � fk2

fk3
· · · fkυ􏽨 􏽩1×υ. fkj

has the form
of

fkj
� − 􏽘

n

i�1
mji €xg + €xsji

+ €xbj−1
− €θbj−1

hsji
􏼒 􏼓hsji

+ fdj
. (16)

2.3.2. Substructure. In fact, the outrigger rotation in prac-
tical outrigger system is an important factor for sub-
structures and then afects structural dynamic characteristic.
Terefore, the rotation efect of the outrigger is also con-
sidered for the substructure. To explain the rotational in-
fuence on substructure, the simplifed model of the (j+ 1)th
substructure shown in Figure 5 is adopted to describe the
dynamic behavior. Te various parameters are defned as
followings. xsj+1,i

is ith foor displacement of the (j+ 1)th
substructure relative to jth outrigger. xg is the displacement
of the ground. xbj

is the displacement of jth outrigger relative
to ground. θjhj+1,i is the displacement caused by the rotation
of outrigger, in which θj is the rotation angle of the jth

OutriggerCore tube

u

u′

ko

ko
koe

keOutrigger

Outrigger

(c)
(b)

(a)

(d)
Δu

u
u′

u

u′ u′

θ

Figure 3: Structural simplifcation: (a) real deformation of outrigger; (b) equivalent model for outrigger; (c) original model; (d) equivalent
model for outrigger with perimeter column.
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outrigger and hj+1,i is the ith foor height of the (j+ 1)th
substructure.

Te frst substructure (j� 1) is a partly independent
system because only its base directly links to the ground (see
Figure 2(d)). Te motion equation is written as

ms1
€xs1

+ cs1
_xs1

+ ks1
xs1

� −ms1
I€xg + fd1

Γ, (17)

where Γ � [0, · · · , 0, 1]T
1×n, n is foor number of the sub-

structure. xs1
� [x11, x12, · · · , x1n]T

1×n is the displacement
vector of substructure, fd1

� cd1
( _xb1

− _xs1n
) is the damping

force vector generated by damper installed between top of
substructure and corresponding the core tube.

If j> 1, the vibration equation of jth substructure is
expressed as

msj
€xsj

+ csj
_xsj

+ ksj
xsj

� −msj
I€xg − msj

I€xbj

− msj
Hsj

€θbj
+ fdj
Γ,

(18)

where xsj
� [xj1, xj2, · · · , xjn]T

1×n
, fdj

� cdj
( _xbj

− _xsjn

− _xbj−1
− _θbj−1

hsjn
), Hsj

� [hsj1
, hsj2

, · · · , hsjn
]T

1×n
,

msj
�

msj1
msj1
⋱

msjn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

n×n

,

ksj
�

ksj1
− ksj2

−ksj2
ksj2

+ ksj3

⋱ − ksjn

− ksjn
ksjn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

n×n

, and

csj
�

csj1
− csj2

−csj2
csj2

+ csj3
⋱ − csjn

−csjn
csjn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

n×n

Based on the rotation moment balance, jth (j> 1) sub-
structure can be expressed as

􏽘

n

i�1
mjihji€xsji

+ 􏽘
n

i�1
mjihji€xbj−1

+ 􏽘
n

i�1
mjih

2
ji

€θj−1 − fdj
hjn

� Mθj
− 􏽘

n

i�1
mjihjixg,

(19)

where Mθj
is the jth outrigger resistant moment generated

by the core tube.

2.3.3. Te Whole Structure. With the dynamic equation of
the substructure and main structure, the whole structure
expressions can be easily obtained. Combine the equations
(14), (18), and (19), yields the total dynamic equation

M€x + C _x + Kx � Fug
, (20)

Figure 4: Te basic derivation procedure of the dynamic equation.

x

y

xsj+1,i

msj+1,i

θjhj+1,i

θj

xbjxg

Figure 5: (j+ 1)th substructure.
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whereM, C, and K are the total mass matrix, damping matrix,
and stifness matrix, respectively. Tey can be expressed as
following forms. Te total mass matrix is written as

M �

M11

 M22 sym

M31  M33

⋮ ⋮ ⋮ ⋱

Mυ+1,1    Mυ+1,υ+1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

2nφ+nυ( 􏼁× 2nφ+nυ( 􏼁

, (21)

where M11 � Mz + Mzs, Mzs(2nj − 1 : 2nj, 2nj

− 1 : 2nj) �
􏽘

n

i�1mji 􏽘
n

i�1mjihji

􏽘
n

i�1mjihji 􏽘
nc

i�1mjih
2
ji

⎡⎣ ⎤⎦, and other elements

are 0. nj is the njth beam element which is linked to the base
of jth outrigger. Mj+1,j+1 � msj

. Mj+1,1(1 : n, 1 : 2) �

mj1 mj1hj1
mj2 mj2hj2
⋮ ⋮

mjn mjnhjn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

n×2

and other elements are 0, j> 1.

Te total stif matrix is written as

K �

Kz + 2r2ΓθkeoΓTθ
ks1

ks2

⋱
ksυ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

2nφ+nυ( 􏼁× 2nφ+nυ( 􏼁

. (22)

Te total damping matrix is written as

C � Cz0 + Czs,

Cz0 �

Czc   · · ·  
   · · ·  
   · · ·  
⋮ ⋮ ⋮ ⋱  

     

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

2nφ+nυ( 􏼁× 2nφ+nυ( 􏼁

,

(23)

where Czc � (ϕT)− 1C∗ϕ− 1 is the damping matrix outrigger
system with substructure but no dampers implemented, ϕ is
the corresponding mode matrix. C∗ is the damping coefcient
matrix, and it is a diagonal matrix which consists of
Ci � 2Miωiξi, i � 1, 2, · · · , nω. Ci is ith modal damping co-
efcient, Mi is ith modal mass, ωi is ith modal frequency, ξi is
ith modal damping ratio, nω is the number of modal order. For
convenience, each damping ratio is assumed as the same value.

Czs �

C11

C21 C22 sym

C31  C33

⋮ ⋮ ⋮ ⋱

Cυ+1,1    Cυ+1,υ+1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

2nφ+nυ( 􏼁× 2nφ+nυ( 􏼁

, (24)

where C11 is the damping matrix 2nφ × 2nφ which has the
same size of Czc. C11(2nj − 1 : 2nj, 2nj − 1 : 2nj) �

cdj
+ cdj+1

cdj+1
hjn

cdj+1
hjn cdj+1

h
2
jn

⎡⎣ ⎤⎦, j � 1, 2, v − 1; If j � v, it can be

C11(2n] − 1 : 2n], 2n] − 1 : 2n]) �
cdυ

0
0 0􏼢 􏼣; C11(2nj, 2nj

−1 : 2nj) � −cdj
−cdj

hjn􏽨 􏽩; C11(2nj − 1: 2nj, 2nj) � CT
11

(2nj, 2nj − 1: 2nj), j� 1, 2, v − 1, Cj+1,j+1 �

0 · · ·

⋮ ⋱ sym
0 · · · 0 0
0 · · · 0 cdj

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

n×n

, j � 1, 2, . . . , v.

When j� 1, C21(n, 2n1 − 1) � −cd1
, in which C21 has the

size of n × 2nφ and other elements are 0. Similarly, j> 1,
Cj+1,1 has the size of n × 2nφ, in which Cj+1,1(n, 2nj−1
−1 : 2nj−1) � [cdj

cdj
hjn], Cj+1,1(n, 2nj − 1) � −cdj

and other
elements are 0. Fug

is the total inertial force vector caused by
ground motion and can be expressed as

Fug
� − €xg

Fg + Fs

F1
F1
⋮
Fυ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

2nφ+nυ( 􏼁×1

, (25)

where Fs(2nj−1 − 1 : 2nj−1) � 􏽐
n
i�1mji 􏽐

n
i�1mjihji􏽨 􏽩

T
and

Fj � msj
I are the contribution of the substructure.

3. The Vibration Energy Distribution and
Parametric Study

In this study, an outrigger system with the height of
H � 210m is illustrated to present the seismic performance
analysis, in which α � 1/3, α � 2/3 and α � 1 of the core
tube are taken as the position for three outriggers. Te
inherent damping is assumed to be 2% for each mode.
Besides, the moment of inertia and the concrete elasticity
modulus of the core tube are I � 600m4 and
E � 3.6 ×1010 Pa, respectively. Te distributed mass along
the height, m � 120000 kg/m (the mass distribution in-
cluding main structure and substructures, and the total
mass is m∗ � mH). Te outer end of outrigger to the center
of the core, r � 12m. Te outrigger stifness ratio is pre-
sented by c � 0.01 to give the convenience for further
investigation, in which the equivalent processes are listed
in Section 2.2. Note that TO, DO, and DSO have the same
building information as above mentioned, while each
substructure for DSO is assumed the same number of
foors (n � 14) and the same storey height h � 5m. To give
the damping performance analysis under random exci-
tation, the Kanai-Tajimi fltered white noise model is
employed to simulate the input ground motion, in which
bedrock spectral density is S0 � 4.65 ×10−4 m 2/s3 and
fltering parameters are ωg � 15rad/s and ξg � 0.6 [46],
respectively.

DSO is a special and complex structure, in which any
single indicator of seismic responses for main structure and
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substructure may not present comprehensive description.
Fortunately, energy is a comprehensive index for structural
dynamic analysis. Te structural energy represents the safety
of the structure under seismic exercitation. Besides, it also
can reveal the damping mechanism for the control system.
Terefore, the vibration energy is a well-suited index for
seismic performance of DSO and the corresponding energy
distribution characteristic is corrected factor to damping
performance. Generally, the random vibration energy can be
expressed as twice the mean kinetic energy [47, 48], i.e.,
E � 􏽐 􏽥m(􏽥v2), in which 􏽥m is the mass or moment of inertia,
􏽥v2 is the corresponding velocity variance or rotation velocity
variance. Terefore, in this study, random vibration energy
is employed to explore the seismic performance of DSO.

In addition, to provide better description for parametric
study for DSO, fs is defned as the frst mode frequency ratio
between substructure and main structure; mass ratio μ is
defned as the total mass of all substructures over main
structure; λ � cd/m∗ is defned as the damping parameter
and each damper damping coefcient is assumed as the same
value, i.e., cd � cd1

� · · · � cdv
. Similarly, each of damper for

DO is cb � cb1
� · · · � cbv

. However, the damper layouts
shown in Figure 6 for simplifed models of DO and DSO are
diferent. For example, each outrigger of DO has two
dampers linked by its end, while only one damper located
nearby the outrigger of DSO. In other word, if three out-
riggers are adopted for DO and DSO, and then six dampers
and three dampers are arranged for them, respectively.

3.1. Stifness Ratio and Damping Parameter Infuence.
Figure 7 presents the total vibration energy over λ and β with
μ � 1, fs � 1. In Figure 7, it is seen that DSO shows well-
controlled performance in total vibration energy reduction, in
which a lot of energy have been dissipated. Interestingly, the
perimeter column stifness ratio β behaves signifcant impact on
vibration energy. For instance, the curve of β � 0.1 presents the
least vibration energy both for TO and DSO, whereas that of
β � 2 can obtain the largest energy reduction for DSO to TO. It
is thus clear that β � 0.1 (larger stifness of perimeter column) is
proft for the structural safety of DSO and TO. Most impor-
tantly, DSO still can remain the excellent control efects even the
small stifness of perimeter column (e.g., β � 2) is selected. For
example, the vibration energy of DSO has a reduction of 71.05%
to that of TO when β � 2 and λ � 1.01. However, note that
small stifness of the perimeter columnwill seriously deteriorate
the damping performance of the DO [12, 49]. Fortunately, DSO
can contribute the stable damping performance.

In addition, the vibration energy is also sensitive to the
damping parameters, in which the energy frst decreases
with the λ rising, and then increases. In other words, there is
an optimal value for the damping parameter, in which the
vibration energy remains in the valley. More importantly, it
can be seen from Figure 7 that the smaller value of β
commonly needs a larger value of optimal λ to achieve better
performance (e.g., λopt � 0.17, λopt � 0.23 and λopt � 0.37

when β � 2, β � 0.5 and β � 0.1). Ten, the corresponding
energy curve trends to be fat as λ> λopt, i.e., λ> λopt is less
impact on the damping performance for DSO.

Total vibration energy is the critical index of DSO, while
the energy distribution of diferent structural components
signifcantly infuences its seismic performance. As shown in
Figure 8, the vibration energy distribution of DSO is pre-
sented, in which the proportion represents the vibration
energy ratio of the substructure or main structure over the
whole vibration energy. Also, the red solid line and blue
dotted line in Figure 8 represent the vibration energy and
energy proportion for each part, respectively. Generally, for
the vibration energy, the main structure and three sub-
structures show the same change laws. For example, they
have optimal damping parameters which locates in range of
0-1 for λ. Besides, the smaller β trends to obtain the larger
optimal λ and leads to lower total vibration energy shown in
Figure 7, such as Ek � 8.49×104 J with β � 0.1 and
λopt � 0.17. However, the vibration energy proportions of
both the main structure and substructure shown in Figure 8
perform various changes when compared to those of energy
distribution.

As seen in Figure 8(a), when λ< 1, the energy ratio of
the main structure increases rapidly with the increase of
λ. However, the energy ratio curves of the substructures
basically display the downtrend shown in Figures 8(c)
and 8(d). Moreover, the stifness ratio β of the perimeter
column shows less impact on the energy ratio except the
2nd substructure. When λ> 1, there is no evidently
change for the energy proportion of the main structure
and the curves gradually tends to be stable value of 0.4.
Moreover, the proportion will be larger when the smaller
stifness ratio β of the perimeter column is adopted.
Meanwhile, the cases of the substructure shown in
Figures 8(b)–8(d) are relatively complex. For example,
the 1st and 2nd substructures present the same change
trend, in which the energy ratios increase with increase of
λ. Te 3rd substructure shows a downtrend, but its
proportion is still close to 0.4. In general, when λ< 1,
more energy transfers to the substructures and the en-
ergy proportion even larger than 0.7. When λ> 1 more
energy focuses main structure (mainly for the core tube)
and the energy proportion is close to 0.4. Interestingly,
the minimum total vibration energy (Figure 7) is located
in the range of λ for 0–0.5, whereas the main structure
and substructures are also obtain the smaller vibration
energy (Figure 8). Moreover, when λopt is selected, the
energy ratio of main structure is close to 0.3 shown in
Figure 8(a) and that of all substructures is close to 0.7
shown in Figures 8(b)–8(d). Terefore, it can be seen that
the main structure not only has the lower energy but also
locates in a lower energy proportion range. Te above
results indicate that main structure can keep in a rela-
tively safe state and the substructure is easier to break
frst. Tis mechanism is actually critical to structural
safety performance.
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Figure 6: Dampers arranged for simplifed model of DO and DSO.
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Figure 8: Continued.

Structural Control and Health Monitoring 9



3.2. Frequency Ratio and Damping Parameter Infuence.
Figure 9 shows the total vibration energy over λ and fs with
u � 1, β � 0.5. When compared to the TO, less vibration
energy can be observed in DSO. Moreover, the frequency
ratio fs signifcantly afects the total vibration energy, in
which fs � 0.5 (blue dotted line) contributes the least energy
Ek � 7.27×104 J when λ � λopt is adopted. Interestingly,
fs � 2.5 (red dotted line) obtains the largest energy
Ek � 1.52×105 J with λ � λopt, but when λ> 0.7, its vibration
energy is always at the lowest value compared with those of
fs � 1 and fs � 0.5. Generally, fs behaves sensitively to vi-
bration energy. Te above results also indicate that smaller fs
can obtain the minimum vibration energy, but the total
vibration energy is more sensitive to λ.

To present further parameters investigation, the vibra-
tion energy distribution for each part of DSO with u � 1, β �

0.5 is shown in Figure 10. It can be seen in Figure 10 that
frequency ratio fs also signifcantly afects the vibration
energy of main structure and substructure. Te basic reg-
ularities of the vibration energy curves concluded by the
Figure 10 are similar to those of Figure 9. However, the 1st
substructure shows the opposite point shown in
Figure 10(b), i.e., fs � 2.5 obtains the lowest vibration energy
for 1st substructure. Interestingly, the distribution pro-
portion of vibration energy for the main structure increases
rapidly with the increase of λ< 0.5 and trends to be plain
with λ> 0.5 shown in Figure 10(a). Moreover, various fs
shows much diferent in vibration energy, and the larger fs
results in more energy focus in main structure. For instance,
the energy proportion of fs � 0.5 trends to be 0.28, that of
fs � 1 trends to be 0.42 and that of fs � 2.5 trends to be 0.47. It
is thus clear that the lower value of fs is better for the main
structure safety. In other words, the more vibration energy
will transfers from the main structure to substructures. As
for energy of the substructures shown in Figures 10(b)–
10(d), they display the relatively complex cases. For example,
the energy ratios of 1st and 2nd substructures are contrary to

that of main structure, while the 3rd substructure has no
obvious regularity for fs except the λ> 1. Furthermore,
fs � 2.5 almost contributes a lower energy ratio for each
substructure. Besides, the upper substructure commonly
obtains the larger vibration energy ratio, i.e., the more vi-
bration energy is transferred to it such as in the 3rd sub-
structure. In general, based on λopt, the smaller of fs results in
a lower total vibration energy and vibration energy ratio of
the main structure.

3.3. Te Optimal Damping Parameter and the Corresponding
Total Vibration Energy. Figure 11 shows the optimal
damping parameter copt and the corresponding total vi-
bration energy versus β and fs, in which copt represents cbopt
(DO) or cdopt

(DSO). As seen in Figure 11, DO is employed to
presents comprehensive comparison and cbopt

is the optimal
damping coefcient of the damper linked by top of sub-
structure and corresponding outrigger. As for the DSO, cdopt
can be achieved by the simple translation of λopt, i.e.,
λopt � cdopt

/(m∗). Optimal results shown in Figure 11(a)
indicate that copt for both the DO and DSO decreases
with β increasing. However, DSO is far less damping cost
than DO, and the lower fs leads to less damping cost. In
addition, it can be seen by Figure 11(b) that the lower total
vibration energy of DO can be obtained, particularly β< 1.2.
However, DSO has the larger vibration energy. Fortunately,
this case can be improved with the smaller fs, such as fs � 0.5,
and it even outperforms the DO when β> 1.2. Tus, DSO
can still achieve the well-controlled performance and sub-
stantially saves larger damping cost. For example, when
β� 2.1, the total vibration energy of DO is Ek � 1.28×105 J,
while these of DSO are Ek � 9.75×104 J, Ek � 1.71× 105 J and
Ek � 2.23×105 J for fs � 0.5, fs � 1 and fs � 2.5, respectively.
Most importantly, compared to the optimal damping co-
efcient cbopt

� 8.09×107N·s/m for DO
(2cbopt

�1.18×108N·s/m for each outrigger), these of DSO
are cdopt

� 1.76×106N·s/m, cdopt
� 4.28×106N·s/m and
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Figure 8: Te vibration energy distribution for each part of DSO (μ � 1, fs � 1). (a) Main structure. (b) 1st substructure. (c) 2nd
substructure. (d) 3rd substructure.
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Figure 10: Te vibration energy distribution for each part of DSO (u � 1, β � 0.5). (a) Main structure. (b) 1st substructure. (c) 2nd
substructure. (d) 3rd substructure.
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cdopt
� 2.34×107N·s/m for fs � 0.5, fs � 1 and fs � 2.5, re-

spectively. Terefore, as mentioned above, DSO is greatly
potential in seismic reduction and save the damping cost.

4. Seismic Performance Analysis

Seismic performance analysis will be conducted in time-
history. Te main building information has been listed in
Section 3. As the fundamental frequency of the sub-
structure is generally larger than that of the main structure;
and hence, fs � 2.5 is selected. In addition, based on the
consideration that the total mass of substructures is close or
larger than that of main structure; and hence, the mass ratio
u � 1 is employed in this study. Ten, the fundamental
frequency of main structure is 1.83 rad/s and that of DSO
without damper is 1.28 rad/s. With the above parameters,
the time-history responses and energy comparison under
the El Centro and Northridge ground motion records are
presented, in which the acceleration amplitudes are uni-
formly adjusted to 0.4 g. Ten, the results are shown in the
following sections.

4.1. Structural Responses under Earthquake. Figures 12 and
13 show the structural responses under El Centro and
Northridge earthquakes, in which Figures 12(a)–12(c) and
13(a)–13(c) are the foor displacement, the foor absolute
acceleration, and the overturning moment. “Main” and
“Sub” shown in Figures 12 and 13 represent the main
structure and substructure of DSO. As seen from these
fgures, it is observed that the control efectiveness of DSO
and DO are surprising. However, the larger value of β
commonly contributes less reduction for structural re-
sponse. For instance, the damping efectiveness of DO for
β� 0.5 outperforms that of β� 2, and the similar results can
only be found for DSO in overturning moment. In addition,
as β� 0.5 shown in Figure 12(a), the seismic reduction of
core tube for DO is better than that of DSO in foor dis-
placement. Interestingly, compared by Figures 12(a) and
13(a), DSO has less change in control efectiveness than that
of DO for β� 2, suggesting the superiority of the proposed
novel outrigger system. In other word, DSO has strong
robustness to β in foor displacement control. Moreover, the
response for substructures of DSO can be reduced a lot, but
the 1st substructure may amplify the response. Note that the
structural safety of the main structure should be considered
as the most important factor, and hence an appropriate
sacrifce of the control performance for substructures is not
necessarily a bad thing. As for foor absolute acceleration
shown in Figures 12(b) and 13(b), although there is no
evident changing regularity, both DSO and DO perform
well. To give the time history of the top response, Figure 14
shows the top response for fs � 2.5, β� 2 under El Centro, in
which a peak reduction of 30.57% in displacement and
47.64% in absolution acceleration can be observed for DSO,
while 25.76% and 25.42% for those of DO. Similarly, the
peak reductions of top response under Northrige are 16.64%
and 58.70% for DSO in displacement and absolution ac-
celeration, while 12.62% and 23.36% for those of DO.

Most importantly, as shown in Figures 12(c) and 13(c),
when compared to DO, the greater advantages in reduction
of overturning moment can be found for DSO; Moreover,
the larger value of β, such as β� 2, shows less impacts on the
control efectiveness of overturning moment. Tus, it is
indisputable that DSO possesses superiority in the sup-
pression of structural vibration, particularly the overturning
moment and structural response under larger β.

Harmful interstory drift ratio is one of the important
safety indexes [30, 31]. Figure 15 shows the harmful
interstory drift comparisons under El Centro and Northrige
records. It can be seen that β also signifcantly impacts on the
reduction of harmful interstory drift ratio.Te infuence of β
on DO is more signifcant than that on mian structure of
DSO. For example, DO can reduce the half and even less
seismic response of TO in interstory drift ratio when β � 0.5,
while this case degenerates a lot when β � 2. Fortunately,
DSO greatly improves above situations and presents the
better control efect. However, the substructures perform
less control efect in harmful interstory drift ratio when
compared with those of main structure, especially for the
lower substructures. Tis is because the total vibration en-
ergy is adopted as the optimization objective. Besides, those
substructures are partly independent and more vibration
energy may transfer to them as mentioned in Section 3.
However, this case could be improved through multi-
objective optimization.

4.2. Structural Energy Analysis. To further investigate seis-
mic performance, the energy response comparisons, such as
input energy, kinetic energy, and damper dissipation energy,
are plotted in Figures 16–19. Figure 16 shows the input
energy comparison under El Centro and Northrige records.
It is observed that when β� 0.5, DSO can reduce the input
energy by 31.16% compared to that of TO under El Centro
record and it is slightly less than that of DO with 47.37%.
Meanwhile, DSO can also reduce the input energy by 2.90%
compared to that of TO under Northrige record, and it is
signifcantly less than that of DO with 39.61%. Such results
indicate that these two controlled outrigger systems can
efectively reduce the input energy, and DO outperform
DSO. However, when β� 2, DO amplifes the input energy of
TO by 20.27% under El Centro record, and that of DSO is
25.05%. Meanwhile, both DO and DSO under Northrige
record amplify the input energy of TO by 47.16% and
62.47%, respectively. In view of this, the larger value of β is
against the reduction of input energy and the diference in
the reduction of input energy between DO and DSO has
narrowed. Mostly, Figure 18 indicates that not only DO but
also DSO can signifcantly suppress the structural vibration
and reduce the kinetic energy under the selected two ground
motions. Moreover, though the input energy of DO and
DSO under Northrige record (Figure 16(d)) is amplifed
when β� 2, these two control systems can efectively reduce
the kinetic energy. For example, the maximum kinetic en-
ergy of DO is 1.17×107 J and that of DSO is 1.40×107 J, and
hence they contribute the energy reduction of 34.85% and
22.46% to that of TO (1.81× 107 J). In addition, DSO under
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Figure 12: Structural responses under El Centro: (a) foor displacement; (b) foor absolute acceleration; (c) overturning moment.
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Figure 13: Structural responses under Northrige: (a) foor displacement; (b) foor absolute acceleration; (c) overturning moment.

Structural Control and Health Monitoring 13



-0.4

-0.2

0

0.2

0.4

0.6

D
isp

la
ce

m
en

t (
m

)

5 10 15 20 25 300
Time (s)

TO
DO
DSO

(a)

TO
DO
DSO

-10

-5

0

5

10

Ac
ce

le
ra

tio
n 

(m
/s

2 )

5 10 15 20 25 300
Time (s)

(b)

Figure 14: Top response under El Centro (β� 2): (a) displacement; (b) absolute acceleration.

Harmful inter-story drift ratio
×10-3

10

20

30

40

Fl
oo

r n
um

be
r

TO
DO
DSO-Main

DSO-Sub1
DSO-Sub2
DSO-Sub3

0 1 2 3

(a)

×10-3

0 1 2 3
Harmful inter-story drift ratio

0

10

20

30

40

Fl
oo

r n
um

be
r

TO
DO
DSO-Main

DSO-Sub1
DSO-Sub2
DSO-Sub3

(b)

×10-3

0 1 2 3 4
Harmful inter-story drift ratio

0

10

20

30

40

Fl
oo

r n
um

be
r

TO
DO
DSO-Main

DSO-Sub1
DSO-Sub2
DSO-Sub3

(c)

×10-3

0 1 2 3 4
Harmful inter-story drift ratio

0

10

20

30

40

Fl
oo

r n
um

be
r

TO
DO
DSO-Main

DSO-Sub1
DSO-Sub2
DSO-Sub3

(d)

Figure 15: Interstory drift comparisons: (a) El Centro (β� 0.5); (b) El Centro (β� 2); (c) Northrige (β� 0.5); (d) Northrige (β� 2).

14 Structural Control and Health Monitoring



El Centro shows almost no diference from DO in kinetic
energy reduction when β� 2. Terefore, the kinetic energy
reduction sensitivity of DSO to β is lower than that of DO,
i.e., DSO may behaves relatively stable damping
performance.

For simplicity, the energy distributions of each sub-
structure under El Centro record are shown in Figure 19. As
shown in Figure 19, DSO displays a special ability in that the
kinetic energy can be well-distributed to all parts of the
structure. For example, as shown in Figure 19(a), the more
kinetic energy has been transferred to substructures (par-
ticularly for 3rd substructure), and hence the main structure
possesses less than 50% of the total kinetic energy. For
another example, as shown in Figure 19(b), the more kinetic
energy has also been transferred to substructures

(particularly for 2nd and 3rd substructures), and less percent
of the total kinetic energy of the main structure can be found
for that of β� 2. Generally, though DSO possesses a slightly
more total kinetic energy than DO (Figure 18), the distri-
bution of the total kinetic energy for DSO is relatively
uniform, and the structural safety can be guaranteed due to
less energy concentration on the certain part. In other words,
the above energy distribution of DSO is good for structural
safety due to a lot of kinetic energy transferred to the
substructure, and hence the main structure is actually in
a safe state.

Te damper dissipation energy is a critical factor for
structural damping performance, and the corresponding
energy comparison under El Centro plotted in Figure 17. As
seen in Figure 17, “Ed” represents the total dissipation
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energy, and “Edj” represents the dissipation energy of all
dampers close to the jth outrigger. In addition, each out-
rigger of DO has two dampers, and twice times of damping
force are included; meanwhile, one damper for DSO (Fig-
ure 6). As shown in Figures 17(a) and 17(b) (β� 0.5), DSO
and DO dissipate 75.81% and 84.66% of input energy, re-
spectively. Similarly, as shown in Figures 17(c) and 17(d)
(β� 2), DSO dissipates 74.80% of input energy and out-
performs that of DO for 67.80%. Tus, even for the larger

stifness ratio, such as β� 2, DSO still maintains a high
damping efciency when compared to DO.Te above results
are attributed to the larger relative deformation between the
substructure and the main structure, and thus the accom-
panying damping performance is well improved. Besides,
note that such deformation is far larger that the “one story”
deformation. In addition to this, the force-
displacement curves under El Centro shown in Figures 20
and 21 can also give the explanations for the aforementioned
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Figure 18: Kinetic energy comparison. (a) β� 0.5 (El Centro). (b) β� 2 (El Centro). (c) β� 0.5 (Northrige). (d) β� 2 (Northrige).
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results. As seen in Figures 20 and 21, when compared with
the DO, although the smaller damping force is produced by
DSO, the larger stroke of the viscous damper can be ob-
tained. More importantly, combing Figures 11, 17, 20 and
21, it is true that DSO achieves the higher efciency in energy
dissipation but only depends on less damping of the viscous
damper. Terefore, there is no doubt that the above results
indicate the superiority of the proposed novel outrigger
system.

5. Conclusions

A novel outrigger system, the damped substructure outrigger
tall building (DSO), is proposed to improve damping per-
formance. Tis system possesses good structural integrity due

to themain structure consisted of the core tube, outrigger, and
perimeter column. With the several eforts, DSO is essentially
simplifed to be a cantilever beam system with a multirotation
spring and energy dissipation substructure. Based on the
simplifed model, the corresponding vibration diferential
equations are derived. Ten, further energy distribution
regularity and seismic performance have been investigated.
Conclusions are summarized as follows:

(1) DSO shows well-controlled performance in vi-
bration energy reduction. But the perimeter col-
umn stifness ratio β behaves signifcant impact on
vibration energy, and the smaller value of β con-
tributes better performance and needs a larger
value of λopt.
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Figure 21: Force-displacement curves under El Centro (fs � 2.5, β� 2): (a) 1st outrigger; (b) 2nd outrigger; (c) 3rd outrigger.
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Figure 20: Force-displacement curves under El Centro (fs � 2.5, β� 0.5): (a) 1st outrigger; (b) 2nd outrigger; (c) 3rd outrigger.
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(2) Te main structure of DSO not only has the lower
energy but also locates in a lower energy proportion.
In other words, the main structure can keep in
a relatively safe state and the substructure is easier to
break frst. Tis mechanism is critical to structural
safety performance.

(3) Frequency ratio fs signifcantly afects the total vi-
bration energy and the smaller fs leads to the lower
vibration energy but more sensitive to λ. Besides, the
smaller of fs results in lower total vibration energy
and vibration energy ratio of main structure when
λopt is adopted.

(4) Te analytical results point out the superiority of DSO
in seismic response reduction. Although the larger β
commonly contributes less reduction for structural
response, DSO has less degeneration in control ef-
fectiveness than that of DO. Generally, DSO possesses
superiority in the suppression of structural vibration,
particularly the overturning moment and structural
response when larger β is adopted.

(5) ComparedwithDO,DSO can also obtain the same high
efciency in energy dissipation but with less damping
cost of the viscous damper. Moreover, the larger stroke
of the viscous damper can be found for DSO.
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