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Reliability Based Mass Uncertain Nonconventional Multiple Tuned Mass Damper Optimization for
Thermal Power Plant
DAI Kaoshan'?*, LI Bowei*, LI Huiying®, WANG Jianze", LI Ang’, LIU Kai’, TESFAMARIAM Solomon’

(1.Dept. of Civil Eng., Sichuan Univ., Chengdu 610065, China; 2.State Key Lab. of Disaster Reduction in Civil Eng., Tongji Univ., Shanghai 200092, China;
3.School of Eng., Univ. of British Columbia, British Columbia, Canada VI1VIV7)

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-
turel'). Maintaining its workability during and after
earthquakes can be essential for people’s life and re-
covery[l]. However, due to the functional requirements,
thermal power plants are usually designed as complex
structures with various irregularities[zfé]. 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)[SJ].

During the real operational process, the coal stor-
age in the scuttles may change[éq], 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™. first investig-
ated TMD system with uncertain mass and proofed the
necessities to consider uncertainty during design for
moderate (coefficient of variation, CoV=0.15) and high
(CoV=0.30) cases.Mass uncertainty was considered in
several subsequent studies!” "), The mass uncertain
tuned mass damper, as a case of isolated roof garden,
was investigated in a previous study[m]. 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
ratiot), Despite NC-MTMD system contains multiple
large mass ratio sub-oscillators and therefore has en-

hanced effectiveness and robustness', those may not be

[ Konsy + 1 Kyiny
ki, xn, 1
where X and x are displacement vector of the main struc-
ture and TMDs; [ is the location matrix with all 0 ele-
ments except the unit elements at jth row and pth
column, where j takes 1, 2, ---, n,, and p is the label rep-

resenting the order of the main structure DOFs that inter-

M nyXny 0 X + Cn MXnyp
0 mﬂm Xnm x
l lT k’lm X

knm Xnm

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[] " 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

For a NC-MTMD with a n;; DOF main structure
(mass matrix M, damping matrix C, stiffness matrix K)
and n,, TMDs (mass matrix m = diag(m,|j = 1,2,,n,),
damping matrix ¢ = diag(c;|j = 1,2,,n,), stiffness mat-
rix k = diag(k;|j = 1,2,,n,)), the dynamic equation can

be expressed as Eq. (1).

+ chnanm l chﬂanm X. +
c"m Xnm l cnmxnm x‘
X _ M nyXny 0
= la (1)
X o my, xu,

-, I143]" and

L. is a 3x 3 unit matrix; a = [ax,ay,az]" is accelera-

acts with the sub-oscillators.t = [Isy3, sy, -

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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[12]

forming mode truncation" ~, one has the dynamic equa- where @, is the mode matrix that composed of n3

tion for the simplified NC-MTMD system (Fig. 1) as Eq. (3). modes of the main structure; I, , is unit matrix; ¢ is

[ X] s [q] _ [‘EMMM 0} q (2) generalized coordinate of the main structure.
x X 1o L, xn,
M, v, O q N Cpnyy + @ el —D'["c || ¢ +
o m X —cld c X
Kyny +OTklD —DT'k |[ g |_ac| M O
[ ki k Hx]_q) 0o m|® (3)
here M = "M = diag|{M,, M,,--- M, ), C = ®'C q q q
e g (M. M-+ M ), € = @1C My| & |+Co| & |+Ki| x |=fi  (6)
and K:¢TK¢=diag{K.,K2,~~,K,,M}.C=diag{C., b X X
Cy,--- ,C,W} if the main structure has proportional damp- where My, Cy, Ky and fi,, are the mass, damping, stiff-
ing. ness matrix and load vector for the NC-MTMD system
0 X . . . .
with the incorporation of the KT filter, respectively, and
they are given by:
Ky @ M M O O
’ My=| O m O (7)
—NA ft
o 0 0 Ly
M, . —
Ve 5 C+D'[Tcld —-D'['c -2@"Mu,&w;
[:E Cﬂ = —Cl¢ [ —th,,mx_gffa)f
C o o 26wyl

Yl @ ) ( 8 )

K+®"'kld -k —q)TMz,,X3w§]
(9)

Fig.1 NC-MTMD system

K= —kld k —mu,, . W?

0] 0 U.)%I3><3

The uncertainty ubiquitously exists in the structural

system and therefore the structural random variable set

fbw = [ 01><(n+n) _wT ]T ( 10 )
can be expressed as Eq. (4). ‘

Three components of earthquake excitation are not

Ys ={M,C.K,m,c k) (4) . o .
necessarily correlated in its principle directions. With S,
2 Earthquake hazard model denoting the main direction intensity of earthquake excit-
ation, Penzien and Watabel'" assigned the ratio of vari-
Stationary Kanai-Tajimi (KT) model"'* was adop- ance in three directions as 1: 0.75: 0.5, and therefore the
ted to model the ground motion excitation. A three-di- excitation power spectrum density matrix S can be
mensional filter, with one DOF in each direction, was as- defined as Eq. (11).

sembled to the NC-MTMD system. For simplification,

So 0 0

the filter was assumed to be isotropic and expressed as S= E(WWT> =1 0 0755 0 (11)
0 0 0.55

Eq. (5),

oot des oy where E(*) is expectation operator.
Ko+ 2&cwilaya X + Wil Xp = —W . . .
{ vatit 2Uwelso i+ o 3><32 ! (5) Amplitude and duration are important characters of
=Xtw=— X Xp : : 3
a=XeTw (2§1w1x1 + o x‘) ground motion.In this paper, the amplitude was ex-

where x; is the displacement vector of the KT filter; & pressed as a function of peak ground acceleration
and oy are the damping ratio and circular frequency of (PGA).Assuming that PGA takes 3 times of acceleration
the KT filter, respectively; w = [ Wy wy wy ]T is the ~ variance /"), one has the expression of S, as Eq. (12).
bed rock white noise excitation. 26(PGAY” (12)

0 e e
2 2
Substitute Eq. (5) into Eq. (3), one has Eq. (6), 3 71(1 * 4$f)wf
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PGA is a function of earthquake magnitude M and

16-18

focal distance R! J'and was assumed to be expressed

as Eq. (13).

PGA =b,e”™ (R +Ry)™" (13)
where by, b,, b; and R, are parameters obtained from es-
timation over rather broad geographical regions.

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

,BM e’ﬁMs My

eBus Msmin — @=Bus Msmax

p(M) = (14)

where 3, is the regional seismicity factor and p(M,) is
the annual frequency.

The ground-motion duration 7y was assumed to be
composed of the source duration and path-dependent
duration TP[ZO], as Eq. (15).

ta=T,+0.5/f, (15)

where f, is corner frequency.

Considering the uncertainty that associated in wy, &,
R, Ms, the hazard random variable set can be expressed
as Eq. (16).

Yn = {w, &, M, 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

The state vector for the NC-MTMD system with the
KT filterisy=[ ¢ x x; ¢ X X ]" and one can
easily obtain the state function of the structure, as Eq.

(17).

y=Ay+Bf,., (17)
where A and B are state matrices given by
o 1 o
A= ,B= _ 18
[ -M'K;, -M;'Cy ] [ M ] (18)

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

0 0]:0 (19)

T
AR+ RA +2m 0 S

where R is the covariance matrix of y.

The response corresponding to certain state vari-
able z,(i = 1,2,,n.) can be calculated as Eq. (20).
{ o, =n/GRG"n,,

2

; (20)
=nGARA'G"n,

g

where 02 and o} are variance of variable z and its first
derivative of time, respectively; G is observation matrix;
n; is unit vector at the dimension of variable z;, therefore
z=n'z.

Take structure performance space /7 as a n. dimen-
sions space with every dimension corresponding to a
state variable and assume that every variable has a cer-
tain limit state bound B;, one therefore has a hypercube
space I, named safe polygon, in which all structure vari-
ables satisfies the limit state condition, as Eq. (21).

Ii={zeR:|z|<B}),i=1,2,---,n, (21)

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

Pe(ty) = LTP[Z(T) g I Jdr = 1 —exp(—vit,) (22)

where V! is the out-crossing rate and can be calculated
from Eq. (23).

nz
+ E +
Vz ~ WZ’ (/lzirz,)’
i=1

Wa = jB,-in(zﬂzi =p)dz.,

2
+_ 0y Bi
rl= eXpi—55 (>
o, 20'Zi

0.1 \/— (23)
2\ 2V2 B
1 —exp —q""’(—) B
Vr Oz
A, =
1 —exp (—,8?/20'3,_)
ol
q

C4n [0S, (@) do 782 (w)dw

where w,, is the correlation weighting factor and can be
obtained by Eq. (23)[21], Z, = z—z;n;, B; is the limit state
hyperplane bound of z; and F is the surface of hypercube

space IL;; Eq. (23) is the Rice functiont?* %"

and yields
unconditional out-crossing rate; A, is the out-crossing
correction factor that calculated by Eq. (23)[24], ny, is the
number of limit state bound side; factor ¢ can be calcu-
lated by Eq.(23)[2]], w is circular frequency and S ., (w)
is the power spectrum density of structural response z;.
Noting that the duration of earthquake is a function
of hazard variables®”), the unconditional failure probabil-

ity can be obtained by the integration as Eq. (24).
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P = j jpf (ta We)/{rs, ¥u}) p (s) p (Us) dudyry
(24)
Assuming failure event follows engineering Pois-
son distribution of independent occurrences >, the fail-
ure probability after a time period # can be obtained by
Eq. (25).
{ Pe(t) = 1—emhr,

Ve = erMs —Bms Msmin _ eoMs —Bms Msmax

(25)

where oy, and 8, are regional seismicity factors.
4 Optimization

With given limit state bounds, the objective func-
tion that adopted in this paper was defined as Pr.With
design variables as 6, the optimization problem can be
described as a constrained optimization problem as Eq.
(26).

min Px(0),
9:{ Wi, Wa, ", Wy, &,6,, i },
e /n:ll {{w; : w; € [Wjmin, Wjmax [N E) &5 € [Ejmins Ejmar ]}
(26)
where w; = k;/m; and &; = ¢;/(2mw;).
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

The structure was located at a Chinese site with rel-
atively high hazard level. The expected bounds of earth-
quake magnitude are M,,;,=5.5 and M,,,,=8, respect-
ively. The regional seismicity factors ay, and By, are
41n(10) and 2.16!"), respectively.In Eq.(13), b,=6.63;
b,=1.17; b5=-1.43; Ry=14 for PGA in em/s*"8) In Eq.
(15) f, = 102181-0400m200 g 7= 0.05RP*™. 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* and
w; = 3.637 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 g2,
respectively. Scuttles were modeled as a 2DOF lumped

mass each, with a DOF at each horizontal direction.

(b) scuttles

Fig.2 Thermal power plant

Tab.1 Dynamic properties of the main structure
r T, @y STy /% S Tyl%
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

Note: T, (s) and @r (rad/s) are natural periods and circular

M, /K;; 5T x
and 2. I'y are cumulate mode participation factors of the main structure
in X and Y direction,respectively.

frequencies of the main structure,with @, = 27/T, =

5.2 Probabilistic model
Parameters in random variable sets ¥5 and ¥}; were

modeled as random variables with probabilistic distribu-
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tions in Tab. 2. Random elements in each matrices (M
and K) were assumed to be perfectly correlated to re-
duce the prohibitive computational burden. Scuttle mass
is modeled by Beta distribution for its 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).

Tab.2 Probabilistic models of input parameters
Class Variable  Probabilistic model CoV/I%

M Eq. (14) —

R Lognormal 40

Hazard wf Lognormal 30

& Lognormal 30

M Lognormal 10

Main structure K Lognormal 10

c Lognormal 30

m Beta 32

Scuttles Lognormal 10

c Lognormal 15

Note: 1) CoV is coefficient of variance; 2) All the variables take
their mean values as that of the deterministic model.

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 w; = {0.3W jmax + 0.7W jimin, 0.7 jmax + 0.3 jimin} and
&5 =1{0.38 0 + 0.7& j0in, 0.7 jnax + 0.3¢min}, 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 Py estimated by using certain number
and Py’ 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
P; /Py 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 valueP?.
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Fig. 4 Appropriate sample size study
Denoting j=1,2,---,n, in Eq.(26) as {4,, 4,, ...,

G,} (Fig.2(b)), the optimization problem can be ex-
pressed as Eq.(27).

min Pr(0)

0= { wa’wAy9"'3wa fA;afAv"“a‘fGy }7

0 I w0 €[wjmin @ma}NE) 1€ E[&min, Ejmar]}}

J=lAG Ay, Gy)
(27)

Where Wjmin, Wjmaxs Ejmin> Ejmax takes 0, 17 rad/s, 0, 0.3,

respectively[6].
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Fig. 5 Structural drifts

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.

Tab.3 Optimum Design

DOF Wopt Eopt/% DOF Wopt Eopt/%
A, 13.96 22.40 4, 2.62 11.05
B, 11.33 13.23 B, 8.24 1.68
C, 3.08 28.71 G, 13.82 0.15
D, 2.29 8.76 D, 5.48 13.40
E, 15.86 1.02 E, 0.81 5.09
F, 16.09 22.35 F, 12.48 11.52
G, 6.79 12.99 G, 6.86 16.56

Pr 5435 1%

It can be seen that w,, 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[(’], which as-
sumed no uncertainty, most &, here in Tab. 3 are higher.
This is because that higher damping ratio enhances ro-
bustness of MTMD""! 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.

o X
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(a) Translational MU-NC-MTMD

(n,)

(b) Pendulum MU-NC-MTMD

Fig. 6 Translational MU-NC-MTMD and pendulum MU-
NC-MTMD

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{mig/p1.m>g/ps, - ,1M,,8/P0, } (28)
where g and p denote gravity acceleration and length of
pendulums, respectively.

1/p of each scuttle was assumed to follow lognor-
mal distribution, with the CoV of 0%, 5% and 10% for
three different cases, respectively.

It can be observed from Tab. 4 that the translational
system has slightly smaller Pr than the pendulum system.
Furthermore, Py of pendulum system is not sensitive to
the uncertainty of 1/p.

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 {4,, Ay, ey Gy} directions, 14 additional rel-
ative displacement limit state bounds were included.
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Tab. 4 Failure probabilities of translational and pendu- References:
lum MU-NC-MTMD system
[1] O'Rourke T D.Lessons learned for lifeline engineering
Cases CoV(1/p)/% Px/% .
from major urban earthquakes[C]//11th World Conference
Translational syst 54351

ransiational system on Earthquake Engineering,Acapalco,1996.
0 5.768 7 [2] Muto K,Shibata K,Tsugawa T,et al. Earthquake resistant
Pendulum system 5 57116 design of boiler building of thermal power plant[C]//Pro-
10 5.8023 ceedings of Ninth World Conference on Earthquake Engin-

For the optimum design in Tab. 3, probability of
failure with the consideration of collision Py, was calcu-
lated, which equals 8.11%. The consideration of colli-
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