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用于火电厂减震的变质量MTMD基于可靠度的优化
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摘　要:提出了一种针对变质量的非传统多调谐阻尼器（MTMD）基于可靠度的优化设计方法。其中主结构部分

考虑多阶模态，MTMD则考虑为集中质量。地震动激励采用金井清模型，利用状态空间法提高计算效率。地震危

险性则依据地震动衰减关系和Gutenberg-Richter模型模拟。定义危险性、主结构与多调谐阻尼器相关参数均为随

机变量，通过考虑结构多维输出及对应限值，并结合激励与结构随机性得到结构绝对失效概率，并进一步以绝对

失效概率为目标函数形成优化问题，通过求解变质量MTMD最优解进行设计。本文将该方法应用于带多煤斗的

火电厂房煤斗隔震设计。其中，煤斗隔震形成MTMD，而煤斗内部储煤量变化则形成变质量MTMD。采用拉丁超

立方抽样法生成样本，研究确定了合适样本数。通过选取结构角柱位移角作为结构响应，采用规范限值计算失效

概率。利用基因算法求解了该优化问题并得到了最优设计与对应的失效概率。本文进一步对比了平动隔震体系

和摆隔震体系。研究表明，尽管摆体系的频率与质量不相关，其失效概率并未优于平动隔震体系；且摆体系摆动

圆弧曲率的变异系数对结构失效概率影响不大，规律不明显。最后，将煤斗与主结构碰撞亦考虑为失效事件，考

虑了煤斗碰撞问题。本文所提出的设计方法基于可靠度，直接以降低结构失效概率为目标，可同时考虑结构多维

输出以及煤斗与主结构相对位移，并对应地考虑多个响应限值，将多个响应综合为一个失效概率，避免了计算量

巨大的多目标优化。
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Abstract: A reliability-based optimization design framework for mass uncertain nonconventional multiple tuned mass damper (MTMD) systems

was proposed. The structure was modelled as a hybrid-model with multiple tuned mass dampers simplified as lumped masses. Seismic excitation

was modelled by the Kanai-Tajimi filtered white noise. State-space representation was adopted to enhance the simulation efficiency. Attenuation

relationship and truncated Gutenberg-Richter relationship were used for hazard condition definition. Multiple parameters associated with hazards,

the main structure, and multiple tuned mass dampers were considered to be random. The objective function was defined following the uncondi-

tional failure probability with multiple limit state bounds, incorporating both structural and excitation uncertainties. A case study based on a

thermal power plant with multiple scuttles was carried out to illustrate the framework. The Latin Hypercube Sampling (LHS) method was imple-

mented to reduce the sample size. Drifts of corner columns were considered as structural responses and code limits were set to assess structural

failures. By using genetic algorithm, an optimum design was obtained. A parametric study was further performed to study the influence of isola-

tion system type and seismic gap, along with which the pendulum system and collision problem were investigated. It is found that scuttle isolation
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via the pendulum system is not a better design as expected since the failure probability is not sensitive to the variance of pendulum curvature. By

considering scuttle collision as additional factor, the failure probability with the inclusion of this constraint was obtained. The proposed design

method is based on structural reliability, which is capable of considering multi-dimensional outputs and corresponding response limits and integ-

rating multiple structural responses into one failure probability.

Key words: nonconventional tuned mass damper;mass uncertainty;thermal power plant seismic mitigation;reliability;optimization deisgn

Thermal power plant is an important life line struc-
ture[1]. Maintaining its workability during and after
earthquakes can be essential for people’s life and re-
covery[1]. However, due to the functional requirements,
thermal power plants are usually designed as complex
structures with various irregularities[2–6]. Besides, typic-
ally thermal power plants consists heavy coal scuttles at
relatively high floors, which may generate significant in-
ertial force and be detrimental to the structural seismic
performance[4]. An effective strategy to solve this prob-
lem is to convert the scuttles to sub-oscillators and tun-
ing to the main structure, i.e.nonconventional multiple
tuned mass damper (NC-MTMD)[5–7].

CoV
CoV

During the real operational process, the coal stor-
age in the scuttles may change[6–7], which leads to ran-
dom mass of the tuned mass dampers of NC-MTMD system.
This can be classified as a mass uncertain NC-MTMD
(MU-NC-MTMD) system. Jensen et al[8]. first investig-
ated TMD system with uncertain mass and proofed the
necessities to consider uncertainty during design for
moderate (coefficient of variation, =0.15) and high
( =0.30) cases.Mass uncertainty was considered in
several subsequent studies[9–10]. The mass uncertain
tuned mass damper, as a case of isolated roof garden,
was investigated in a previous study[10]. The MU-NC-
MTMD has multiple sub-oscillators, which is tuned from
the original structure instead of tuning additional one,
with mass varying from small mass ratio to large mass
ratio[6]. Despite NC-MTMD system contains multiple
large mass ratio sub-oscillators and therefore has en-
hanced effectiveness and robustness[6], those may not be

a sure thing for MU-NC-MTMD systems. Therefore,
performance and optimization of MU-NC-MTMD sys-
tems require further study. Besides, several random
factors, such as stiffness and damping of sub-oscillators
or parameters of main structures, may also lead to a dif-
ferent optimum design[11] and therefore should be con-
sidered.

In this paper, a reliability-based optimization design
framework for MU-NC-MTMD systems was proposed.
Several parameters of hazard, main structures and
scuttles were considered to be random. Unconditional
failure probability considering multiple limit state
bounds was adopted as objective function. A thermal
power plant with multiple scuttles was used as a case to
illustrate the application of the framework. Latin hyper-
cube sampling (LHS) method was implemented to re-
duce the sample size needed and sampling size study was
performed to determine the appropriate sampling size.
Optimum design was obtained and discussed. A paramet-
ric study was further performed to study the influence of
isolation mechanism and seismic gap. Pendulum MU-
NC-MTMD and failure probability considering collision
were investigated.

1   Structural model

M C K
nm m= diag(m j| j = 1,2, ,nm

c = diag(c j| j = 1,2, ,nm)
k = diag(k j| j = 1,2, ,nm))

For a NC-MTMD with a nM DOF main structure
(mass matrix , damping matrix , stiffness matrix )
and  TMDs (mass matrix ),
damping matrix , stiffness mat-
rix , the dynamic equation can
be expressed as Eq. (1).[

MnM×nM O
O mnm×nm

] [
Ẍ
ẍ

]
+

[
CnM×nM + lTcnm×nm l lT cnm×nm

cnm×nm l cnm×nm

] [
Ẋ
ẋ

]
+[

KnM×nM + lT knM×nM l lT knm×nm

knm×nm l knm×nm

] [
X
x

]
=

[
MnM×nM O

O mnm×nm

]
la （1）

X x

l
j p

j · · · nm p

where  and  are displacement vector of the main struc-
ture and TMDs;  is the location matrix with all 0 ele-
ments except the unit elements at th row and th
column, where  takes 1, 2, ,  and  is the label rep-
resenting the order of the main structure DOFs that inter-

ι = [I3×3, I3×3, · · · , I3×3]T

I3×3 3×3 a = [aX,aY,aZ]T
acts with the sub-oscillators.  and

 is a  unit matrix;  is accelera-
tions; T is transpose.

By transforming only the main structure to its mod-
al space, i.e., using the transformation in Eq. (2), and per-
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forming mode truncation[12], one has the dynamic equa-
tion for the simplified NC-MTMD system (Fig. 1) as Eq. (3).[X

x
]
= Φ̂

[q
x
]
=

[
ΦnM×nM

O
O Inm×nm

] [q
x
]

（2）

ΦnM×nM
nM

Inm×nm q

where  is the mode matrix that composed of 

modes of the main structure;  is unit matrix;  is

generalized coordinate of the main structure.

 [
MnM̄×nM̄

O
O m

] [
q̈
ẍ

]
+

[
CnM̄×nM̄

+ΦTlTclΦ −ΦTlTc
−clΦ c

] [
q̇
ẋ

]
+[

KnM̄×nM̄
+ΦTlTklΦ −ΦTlTk
−klΦ k

] [
q
x

]
= Φ̂T

[
M O
O m

]
ιa （3）

M =ΦTMΦ = diag
{
M1,M2, · · · ,MnM

}
C =ΦTCΦ

K =ΦTKΦ = diag
{
K1,K2, · · · ,KnM̄

}
C = diag

{
C1,

C2, · · · ,CnM

}
where , 

a n d  .

 if the main structure has proportional damp-

ing.

The uncertainty ubiquitously exists in the structural

system and therefore the structural random variable set

can be expressed as Eq. (4).

ψS = {M,C,K,m, c, k} （4）

2   Earthquake hazard model

Stationary Kanai-Tajimi (KT) model[13] was adop-

ted to model the ground motion excitation. A three-di-

mensional filter, with one DOF in each direction, was as-

sembled to the NC-MTMD system. For simplification,

the filter was assumed to be isotropic and expressed as

Eq. (5),I3×3 ẍf+2ξfωfI3×3 ẋf+ω2
f I3×3 xf = −w

a = ẍf + w = −
(
2ξfωf ẋf+ω2

f xf
) （5）

xf ξf

w =
[

wX wY wZ

]T

where  is the displacement vector of the KT filter; 

and ωf are the damping ratio and circular frequency of

the KT filter, respectively;  is the

bed rock white noise excitation.

Substitute Eq. (5) into Eq. (3), one has Eq. (6),

Mft

 q̈
ẍ
ẍf

+Cft

 q̇
ẋ
ẋf

+Kft

 q
x
xf

 = fbw （6）

Mft Cft Kft fbwwhere , ,  and  are the mass, damping, stiff-
ness matrix and load vector for the NC-MTMD system
with the incorporation of the KT filter, respectively, and
they are given by:

Mft =

 M O O
O m O
O O I3×3

 （7）

Cft =

 C+ΦTlTclΦ −ΦTlTc −2ΦTMιn×3ξfωf

−clΦ c −2mιnm×3ξfωf

O O 2ξfωfI3×3


（8）

Kft =

 K +ΦTlTklΦ −ΦTlTk −ΦTMιn×3ω
2
f

−klΦ k −mιnm×3ω
2
f

O O ω2
f I3×3

 （9）

fbw =
[

O1×(n+ni) −wT
]T

（10）

S0

S

Three components of earthquake excitation are not
necessarily correlated in its principle directions. With 
denoting the main direction intensity of earthquake excit-
ation, Penzien and Watabe[14] assigned the ratio of vari-
ance in three directions as 1: 0.75: 0.5, and therefore the
excitation power spectrum density matrix  can be
defined as Eq. (11).

S = E
(
wwT

)
=

 S0 0 0
0 0.75S0 0
0 0 0.5S0

 （11）

where E(•) is expectation operator.

PGA PGA

σw S 0

Amplitude and duration are important characters of
ground motion.In this paper, the amplitude was ex-
pressed as a function of peak ground acceleration
( ).Assuming that  takes 3 times of acceleration
variance [15], one has the expression of  as Eq. (12).

S 0 =
2ξf(PGA)2

32π
(
1+4ξ2

f

)
ωf

（12）

 

…

(1)

(2)

(nm)

MnM×nM

CnM×nM

KnM×nM

Q x

Fig. 1　NC-MTMD system
 

84 工程科学与技术 第 50 卷



PGA Ms

R

 is a function of earthquake magnitude  and
focal distance [16–18] and was assumed to be expressed
as Eq. (13).

PGA = b1eb2 Ms (R + R0)−b3 （13）

b1 b2 b3 R0where , ,  and  are parameters obtained from es-
timation over rather broad geographical regions.

Ms

[Msmin,Msmax]

The probability model of moment magnitude  can
be described using truncated Gutenberg-Richter relation-
ship[19] in the interval of , as Eq. (14).

p (Ms) =
βMs e

−βMs Ms

e−βMs Msmin − e−βMs Msmax
（14）

βMs p(Ms)where  is the regional seismicity factor and  is
the annual frequency.

td

Tp

The ground-motion duration  was assumed to be
composed of the source duration and path-dependent
duration [20], as Eq. (15).

td = Tp + 0.5/ fa （15）

fawhere  is corner frequency.
ωf ξf

R Ms

Considering the uncertainty that associated in , ,
, , the hazard random variable set can be expressed

as Eq. (16).

ψH = {ωf, ξf,Ms,R} （16）

Strictly speaking, the random variables should also
include the bed rock white noise process. However, the
structural response under random process can be solved
by stochastic dynamics and eventually be expressed as a
deterministic response variance. Therefore, it was not in-
cluded in the random variable set.

3   Reliability Analyses

y = [ q x xf q̇ ẋ ẋf ]T

The state vector for the NC-MTMD system with the
KT filter is  and one can
easily obtain the state function of the structure, as Eq.
(17).

ẏ = Ay+B fbw （17）

where A and B are state matrices given by

A =
[

O I
−M−1

ft Kft −M−1
ft Cft

]
,B =

[
O

M−1
ft

]
（18）

The stationary response can be obtained by solving
the Lyapunov equation, as Eq. (19).

AR+RAT+2π
[

O O
O S

]
= O （19）

R ywhere  is the covariance matrix of .

zi(i = 1,2, ,nz)
The response corresponding to certain state vari-

able  can be calculated as Eq. (20). σ2
zi
= nT

i GRGTni,

σ2
żi
= nT

i GARATGTni

（20）

σ2
zi

σ2
żi

zi
G

ni zi
zi = nT

i z

where  and  are variance of variable  and its first
derivative of time, respectively;  is observation matrix;

 is unit vector at the dimension of variable , therefore
.

Π nz

βi

Πs

Take structure performance space  as a  dimen-
sions space with every dimension corresponding to a
state variable and assume that every variable has a cer-
tain limit state bound , one therefore has a hypercube
space  named safe polygon, in which all structure vari-
ables satisfies the limit state condition, as Eq. (21).

Πs = {z ∈ R : |zi| < βi} , i = 1,2, · · · ,nz （21）

The first passage failure probability was expressed
as Eq. (22).

Pf (td) =
w T

0
P [z (τ) < Πs]dτ = 1− exp

(−v+z td
)
（22）

v+zwhere  is the out-crossing rate and can be calculated
from Eq. (23).

v+z ≈
nz∑

i=1

wzi

(
λzi r

+
zi

)
,

wzi =
w
Bi∩F

p (z⊥|zi = βi)dz⊥,

r+zi
=

σżi

πσzi

exp
{
− β2

i

2σ2
zi

}
,

λzi ≈
1− exp

−q0.6

(
2
√
π

)0.1 2
√

2
nb

βi

σzi


1− exp

(
−β2

i /2σ2
zi

) ,

q =
σ5

zi

4π
r +∞
−∞ |ω|S zizi (ω)dω

r +∞
−∞ S 2

zizi
(ω)dω

（23）

wzi

z⊥ = z− zini Bi

zi

Πs

λzi

nb

q
ω S zizi (ω)

zi

where  is the correlation weighting factor and can be
obtained by Eq. (23)[21], ,  is the limit state
hyperplane bound of  and F is the surface of hypercube
space ; Eq. (23) is the Rice function[22–23] and yields
unconditional out-crossing rate;  is the out-crossing
correction factor that calculated by Eq. (23)[24],  is the
number of limit state bound side; factor  can be calcu-
lated by Eq.(23)[21],  is circular frequency and 
is the power spectrum density of structural response .

Noting that the duration of earthquake is a function
of hazard variables[20], the unconditional failure probabil-
ity can be obtained by the integration as Eq. (24).
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Pf =
w w

pf (td (ψH)/{ψS,ψH}) p (ψS) p (ψS)dψHdψH

（24）

tl

Assuming failure event follows engineering Pois-
son distribution of independent occurrences[25], the fail-
ure probability after a time period  can be obtained by
Eq. (25).{

PF (tl) = 1− e−tlvf Pf ,
vf = eαMs−βMs Msmin − eαMs−βMs Msmax

（25）

αMs βMswhere  and  are regional seismicity factors.

4   Optimization

PF

θ

With given limit state bounds, the objective func-
tion that adopted in this paper was defined as .With
design variables as , the optimization problem can be
described as a constrained optimization problem as Eq.
(26).

min PF(θ),
θ =

{
ω1,ω2, · · · ,ωnm ξ1, ξ2, · · · , ξnm

}
,

θ ∈
nm

I
j=1

{{
ω j : ω j ∈

[
ω jmin,ω jmax

]}∩ {
ξ j : ξ j ∈

[
ξ jmin, ξ jmax

]}}
（26）

ω j =
√

k j/m j ξ j = c j/
(
2m jω j

)
where  and .

5   Case study

The case considered here is a concentrically braced
steel thermal power plant building (Fig. 2). The structure
consists of boiler frames, air heater houses and a scuttle
bay. In its scuttle bay, 7 scuttles with each weight
1 098.3 tons locate at 32.2 m height of the structure.
5.1   Deterministic model

Msmin Msmax

αMs βMs

b1

b2 b3 R0 PGA

fa = 102.181−0.496Ms Tp = 0.05R

ξf

ωf = 3.63π

The structure was located at a Chinese site with rel-
atively high hazard level. The expected bounds of earth-
quake magnitude are =5.5 and =8, respect-
ively. The regional seismicity factors  and  are
4ln(10) and 2.16[16], respectively.In Eq.(13), =6.63;

=1.17; =-1.43; =14 for  in cm/s2[18]. In Eq.
(15) [26] and [27]. The site was
40 km away from the focal center. The soil condition fits
class III (stiff soil) with predominant period of 0.55 s.
The KT filter parameters were assigned as  = 0.6[28] and

 rad/s (the corresponding circular frequency of
the predominant period).

The main structure was modeled by its first 12
modes, at which the cumulated participation factor at two
horizontal directions is larger than 90% (Tab. 1).
Rayleigh damping was adopted to model the inherent

damping of the main structure, with 2% at 0.1 s and 1 s[29],

respectively. Scuttles were modeled as a 2DOF lumped

mass each, with a DOF at each horizontal direction.

5.2   Probabilistic model

ΨS ΨHParameters in random variable sets  and  were

modeled as random variables with probabilistic distribu-

 

Tab. 1　 Dynamic properties of the main structure
 

r T r ωr
∑
ΓX /%

∑
ΓY/%

1 1.35 4.65 41 4

2 1.26 4.99 50 42

3 1.02 6.16 52 69

4 0.80 7.85 57 74

5 0.66 9.52 57 82

6 0.62 10.13 72 86

7 0.55 11.42 75 86

8 0.54 11.64 77 90

9 0.48 13.09 79 90

10 0.41 15.32 79 90

11 0.41 15.32 88 90

12 0.38 16.53 91 91

T r ωr

ωr = 2π/T r =

√
Mr/Kr

∑
ΓX∑

ΓY

        Note:  (s) and  (rad/s) are natural periods and circular
frequencies of the main structure,with ;
and  are cumulate mode participation factors of the main structure
in X and Y direction,respectively.
 

 

(b) scuttles

(Ax)

(Ay)

(Bx)

(By)

(Cx)

(Cy)

(Dx)

(Dy)

(Ex)

(Ey)

(Fx)

(Fy)

(Gx)

(Gy)

A B C D E F G

(a) entire structure

Y

X

Z

Fig. 2　Thermal power plant
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M
K

tions in Tab. 2. Random elements in each matrices (
and ) were assumed to be perfectly correlated to re-
duce the prohibitive computational burden. Scuttle mass
is modeled by Beta distribution for i ts  bounded
character.Mass, stiffness and damping of scuttles were
assumed to be independent with each other. Besides spe-
cific probabilistic distributions, all the rests were using
the Lognormal distribution for its wide application and
non-negative domain (Fig. 3).

ω j = {0.3ω jmax+0.7ω jmin,0.7ω jmax+0.3ω jmin}
ξ j = {0.3ξ jmax+0.7ξ jmin,0.7ξ jmax+0.3ξ jmin}

Pe
F

P∞F

Pe
F/P

∞
F

Latin hypercube sampling (LHS) strategy was adop-
ted in this paper to reduce the needed sample size. Ap-
propriate sample size investigation was further carried
out to determine the necessary sample size.With design
variables  and

, 128 combina-
tions/cases were generated, with the consideration of
computational burden and representativeness. Normal-
ized probability, which is defined as the ratio between
the probabilities  estimated by using certain number
and  by all of the samples, was used to assess the es-
timation accuracy of using the certain number of
samples. The appropriate sample size is required to have

 of all cases in [90%, 110%]. From Fig. 4, it can be
found that 4 699 samples are enough. Therefore, 4 699
samples were generated in the following studies.
5.3   Statement of optimization problem

Considering that a too high dimensional structural
output may cause a prohibitive computational burden,
only eight structural outputs that expected to be the most
critical, i.e., drifts of corner columns at the 1st and 3th
floor (shown in Fig. 5), were considered, which are ex-
pected to have higher value[30].

j = 1,2, · · · ,nmDenoting  in Eq.(26) as {Ax, Ay, …,
Gy} (Fig.2(b)), the optimization problem can be ex-
pressed as Eq.(27).

min PF(θ)
θ =

{
ωAx ,ωAy , · · · ,ωGy ξAx , ξAy , · · · , ξGy

}
,

θ ∈ I
j={Ax , Ay ,··· , Gy}

{{
ω j :ω j ∈

[
ω jmin,ω jmax

]}∩{ξ j :ξ j ∈
[
ξ jmin, ξ jmax

]}}
（27）

ω jmin ω jmax ξ jmin ξ jmaxwhere , , ,  takes 0, 17 rad/s, 0, 0.3,
respectively[6].

 

Tab. 2　 Probabilistic models of input parameters
 

Class Variable Probabilistic model CoV/%

Hazard

Ms Eq. (14) —

R Lognormal 40
ωf Lognormal 30

ξf Lognormal 30

Main structure

M Lognormal 10

K Lognormal 10

C Lognormal 30

Scuttles

m Beta 32

k Lognormal 10
c Lognormal 15

CoV        Note: 1)  is coefficient of variance; 2) All the variables take
their mean values as that of the deterministic model.
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5.4   Optimum design
The problem contains uncertainty and deterministic

algorithms (e.g., the gradient-based algorithms and dir-
ect search algorithms) are not fit for this situation. The
genetic algorithm, which is one of the most popular
stochastic optimization algorithms, was adopted in this
paper to solve the optimization problem.

The optimum design obtained by the optimization
process was summarized in Tab. 3.

ωopt

ξopt

ξopt

It can be seen that  varies over the range of nat-
ural periods of the main structure, which highlights the
importance of higher modes. There is no obvious trend
with . But comparing with the results in[6], which as-
sumed no uncertainty, most  here in Tab. 3 are higher.
This is because that higher damping ratio enhances ro-
bustness of MTMD[31] and therefore benefits its perform-
ance when uncertainty presents.

6   Parametric studies

Uncertain mass of the scuttles caused by changing
coal storage cause large variation on oscillator frequen-

cies.The variation can further cause problem on tuning.
Pendulum system has an independent period with sys-
tem mass, because of the perfect correlation between
stiffness and mass. Consequently, the pendulum strategy
is potentially a solution for the mass uncertainty. Anoth-
er important practical problem is collision between coal
scuttles and its surrounding structural members. These
two important practical aspects were therefore investig-
ated in this section.
6.1   Influence of oscillator type

For translational MU-NC-MTMD system (Fig. 6),
stiffness of sub-oscillators was induced by elastic poten-
tial energy of isolators. As an alternative, the pendulum
MU-NC-MTMD, in which stiffness of sub-oscillators is
the function of gravity potential energy of oscillators, can
possibly be effective to enhance the system robustness
when mass uncertainty presents.

For pendulum MU-NC-MTMD, all modeling meth-
ods are same as translational MU-NC-MTMD, but stiff-
ness. For pendulum MU-NC-MTMD, stiffness was ex-
pressed as Eq. (28).

k = diag
{
m1g/ρ1,m2g/ρ2, · · · ,mnm g/ρnm

}
（28）

g ρwhere  and  denote gravity acceleration and length of
pendulums, respectively.

ρ

CoV
1/  of each scuttle was assumed to follow lognor-

mal distribution, with the  of 0%, 5% and 10% for
three different cases, respectively.

PF

PF

ρ

It can be observed from Tab. 4 that the translational
system has slightly smaller  than the pendulum system.
Furthermore,  of pendulum system is not sensitive to
the uncertainty of 1/ .
6.2   Influence of seismic gap

· · ·

The gap between the coal scuttle and the surround-
ing structural members is 130 mm. Considering possible
collision in {Ax, Ay, , Gy} directions, 14 additional rel-
ative displacement limit state bounds were included.

 

Tab. 3　 Optimum Design
 

DOF ωopt ξopt /% 　DOF ωopt ξopt /%

Ax 13.96 22.40 　Ay 2.62 11.05

Bx 11.33 13.23 　By 8.24 1.68

Cx 3.08 28.71 　Cy 13.82 0.15

Dx 2.29 8.76 　Dy 5.48 13.40

Ex 15.86 1.02 　Ey 0.81 5.09

Fx 16.09 22.35 　Fy 12.48 11.52

Gx 6.79 12.99 　Gy 6.86 16.56

PF 　5.435 1%
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PFc

PFc

PF

For the optimum design in Tab. 3, probability of
failure with the consideration of collision  was calcu-
lated, which equals 8.11%. The consideration of colli-
sion slightly increased the failure probability, which sug-
gests that collision problem is not that critical. It is also
possible to optimize  to obtain a design that mitigates
both  and collision problem.

The author adopted multi-objective method[5] in a
previous engineering problem. The multiple output un-
conditional PF integrates multiple objectives into one
failure probability and therefore avoids cumbersome
multi-objective optimization.

7   Conclusion

In this paper, a multiple output unconditional reliab-
ility-based design framework for nonconventional mul-
tiple tuned mass damper for a complex structure was pro-
posed. With the description of simplified structure mod-
el and earthquake hazard model, a multiple output reliab-
ility method was presented. Optimization problem was
then formulated. A case of coal scuttles isolation for
thermal power plant was solved to illustrate the method.
From the study, conclusions as follows can be drawn:

1) The framework adopts failure probability with
multiple limit state bounds as the objective function and
therefore avoids the cumbersome multi-objective optim-
ization. Multiple responses are integrated into one fail-
ure probability, which is clearer.

2) The pendulum system does not perform better
than translational system in the case with equal uncer-
tainty. Performance of pendulum system is not sensitive
to the degree of its curvature uncertainty.

3) Collision problem is not critical for this case but
it does affect the failure probability. Failure probability
with the consideration of collision can be further optim-
ized to search a design solution that mitigates both struc-
tural failure probability and collision problem.
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