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Abstract. Parametric identification of structures is one of the important aspects of structural health
monitoring. Most of the techniques available in the literature have been proved to be effective for structures
with small degree of freedoms. However, the problem becomes challenging when the structure system is
large, such as bridge structures. Therefore, it is highly desirable to develop parametric identification methods
that are applicable to complex structures. In this paper, the LSE based techniques will be combined with the
substructure approach for identifying the parameters of a cable-stayed bridge with large degree of freedoms.
Numerical analysis has been carried out for substructures extracted from the 2-dimentional (2D) finite
element model of a cable-stayed bridge. Only vertical white noise excitations are applied to the structure,
and two different cases are considered where the structural damping is not included or included. Simulation
results demonstrate that the proposed approach is capable of identifying the structural parameters with high
accuracy without measurement noises.
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1. Introduction

Parametric identification based on vibration characteristics provides useful information for both
real-time online monitoring and overall offline evaluation of structures. The modal parameters
(such as damping and frequency) of structure vibrations are dependent variables that relate to
physical parameters (such as mass and stiffness). Therefore, accurate identification of structure
parameters is the premise of a reasonable structure health monitoring system. Various analysis
methodologies for parametric identifications have been derived (e.g., Bernal and Beck 2004, Lin et
al. 2005, Zhou and Yan 2006, Lei et al. 2012). However, the problem becomes challenging when
the structure system is large and complex, for example, bridge structures where the number of
degree of freedom (DOF) is huge, because most of the identification methods available in the
literature have better accuracy and adaptability for relatively small DOF structural systems (e.g.,
Caravani et al. 1977, Yang and Lin 2004, 2005, Yang et al. 2007).

Therefore, in order to ensure accurate identification of structural parameters of bridges,
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different approaches have been proposed. For example, the integration of GPS technology and
accelerometers has been shown to be effective in characterizing the dynamic behavior of bridge
structures (Yi et al. 2010, 2013a), the multi-stage structural damage diagnosis method is proved to
be computational efficient in assessing damages in large structures (Yi et al. 2013b), and
substructure approach can be used to decompose the complex structure having multiple DOFs into
smaller parts such that the number of unknowns is limited within a certain range (Koh et al. 1991,
2003, Law and Yong 2011, Wen et al. 2012, Lei et al. 2013). In particular, Koh et al. (1991, 2003)
conducted systematic studies on the parametric identification of structures with different scales
and conditions using genetic algorithm and found that the accuracy of substructure identification
approach is higher than full structure identification method and requires much less computational
time.

In this paper, the substructure approach proposed in Koh et al. (2003) will be combined with
the least square estimation (LSE) method given in Yang and Lin (2004, 2005) for identifying the
parameters of a cable-stayed bridge with large DOFs. Numerical analysis has been carried out for
substructures extracted from the 2-dimentional (2D) finite element model of a cable-stayed bridge.
Only vertical white noise excitations are applied to the structure, and two different cases are
considered where the structural damping is not included or included. Simulation results
demonstrate that the proposed approach is capable of identifying the structural parameters with
high accuracy without measurement noises.

2. Fundamental theory

2.1 Substructure approach

The equation of motion (EOM) for a complete structural system can be written as
M (t) +Cx(t)+ Kx(t)=F (t) (1)

where M ,C , K are the mass, damping and stiffness matrices, respectively, X(t) is the
displacement vector and F (t) is the excitation force vector.

Consider a complex structure and suppose we are interested in monitoring some critical areas
where damages may occur. A substructure containing that critical area can be extracted from the
full structure, the corresponding EOM may be written by partitioning the original matrices and
vectors as follows

Mg Mg, 0 |I%(t)] (C4 C, 0 X%(1)
Mrf Mrr Mrg Xr (t) + Crf Crr Crg Xr (t)
0 Mgf Mgg Xg (t) 0 Cgr ng Xg (t) (2)
Ky Ky 0 )X (t) | Fi(t)
+ Krf Krr Krg Xr (t) = Fr (t)
0 Kgf Kgg Xg (t) Fg (t)
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where subscripts “ f ” and “ g ’ denote the interface DOFs at the two ends of the substructure and
subscript “ r * denotes the internal DOFs (Koh et al. 1991). Since we are interested in identifying

the parameters within the substructure, only the second equation of Eq. (2) will be used, i.e.
M X, (t)+ M X (t)+M X, (t)+C X, (t)+C %, ()+C %, (t)

N rg Mg N rg Mg

+K X (1) + K x, (1) + K %, () =F, (t)

roer g’ g

©)

For parametric identification, we can rearrange all the interface DOFs to the right hand side of
the above equation and treat them as inputs (excitations) to the substructure. Then, Eq. (3) can be
expressed as

X (D) +C % (1) + K x, (1) = Fy (1) 4)
Feq(t):Fr (t)_Mrfxf(t)-i- Mrgxg (t) (5)
+Ci X¢ (1) + C oy X (1) + Koy X, (1) + Ky X (1)

where X, (t), X, (t), X, (t) are the output (measured) acceleration, velocity and displacement
responses, respectively (Koh et al. 1991).

2.2 Least square estimation (LSE)

Supposed 0(t) is an n-parametric vector consisting of N unknown parameters, including
damping, stiffness, and nonlinear parameters, i.e.,

o)=[a() o) — 60] ©)

The observation equation associated with the EOM of Eq. (1) can be written as

o[ X(1).x (1), x(1):t]O(1)+& ()= y(t) ™)

where X (t),X(t),x(t) are m-measured acceleration, velocity, displacement response vectors;
y(t) is m -measured output vector; &(t) is m -model noise vector contributed by the
measurement noise and possible model errors; and ¢)[ ] is (mxn) observation matrix.

At each time instantt =t,,, =(k +1) At, Eq. (7) can be discretized as
P11+ En = Vi 8

Combining all equations in Eq. (8) for k+1 time instants, and assuming that 6, , is a
constant vector, one obtains

¢<+10k+l + Ek+1 = Yk+l (9)
Where
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2] & Y1
% & y

P R = o R (10
D €y Yin

~ A

Let 6., be the estimate of 6,,, at t,,, =(k+1)At, the recursive solution for 6, can be

obtained as
0,..,=6,+G, ( Yo — Prsabk ) (11)
in which
T T \1
G.=Ro k+1(| +0.. P k+l) (12)
Pea :( I _Gk+1¢k+l) P (13)

where G,,, is the LSE gain matrix, Egs. (10)-(12) are the recursive solution of classic LSE
method (Yang and Lin 2005).

2.3 Combination of substructure and LSE methods

In order to identify unknown structural parameters using both methods in the numerical study,
Rayleigh damping is assumed for the substructure as

Csb = aMsb +ﬂ( Ksb - KGsb) (14)

where subscripts ‘sb’ denotes substructure; « and [ are the mass and stiffness damping
coefficient respectively; K and K, are the substructure stiffness and geometric stiffness
matrices respectively; M is the substructure mass matrix. For time instantt, , the EOM can be
presented as

(Kg —Kgg ) X +[aM5b+ﬂ( Gsb)]>‘<(tk)+ My X(t ) =F,(t) (15)

In the finite element modeling, the substructure stiffness matrix K, is assembled from
element stiffness matrix K?, in which i denotes the element number, and Eq. (15) can be
transformed to

ZK x( ZﬂK X (t)— BKge X (t )+ M X(t,)

=Feq( ) +Kee X () = Mg X (8, )

where ndenotes total number of elements. Since K, and M are regarded as known value
and F,(t.),%(t,) and x(t ) are measured vectors, the right hand side of the above equation
corresponds to y{t) while the left hand side corresponds to ¢0(t) in Eq. (7). Let the stiffness

(16)
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(EI )i of each element be the unknown parameter to be identified, the stiffness matrix of beam
element without axial deformation can be written as

6 3 -6 3l

21 3l .
KE=kSe=(El) x| > < ! 17
=kST=E)xEl g a6 g 10

3 12 -3l 21

where K :(EI )i . After expanding K to the global coordinate systemas K, , one has

Kex(t)=(ED), [ Six(t) ] =k [ Six(t)] (18)
in which [Sfx(tk )] is a vector whose dimension is the same as F,, (tk). Similar expansion

applies to (EA) ,a ,and g . Then, the left hand side of Eq. (16) can be transformed to

I
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Fig. 1 Program flow chart
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n

iz::fo(tk)+Z,BKf>'((tk)—,BKGsz(tk)+aMsz(tk)=¢(tk)0(tk) (19)

i=1

o(t)=(SIx Sjx -+ Six, SIX SX -+ SPX, —KgpX, MgX)  (20)

n n

a(tk)z(kl kz kn' :Bkl /Bkz ﬂkm ﬂ1 a)T (21)

Hence, the observation equation and the corresponding matrices and vectors for substructure
identification can be summarized as follows

o(t)o(t)=y(t) 22)

o(t)=(S;x S5x - SiX, SX Sjx o SiX, —KggX, MyX) (23)
O(t)=(k Kk, - Kk, Bk Bk - K, B a) (24)

y(tk ) = Feq (tk ) +KGsz(tk ) - Msbx(tk) (25)

Fig. 1 shows the flow chart for carrying out the parametric identification using LSE method
combined with substructure approach.

3. Numerical model of a cable-stayed bridge

In this paper, the Kezhushan Bridge which is one of the main navigation channels of Donghai
bridge located in Shanghai, China will be studied using numerical simulation. The bridge is 710
meters long with a main span of 332 meters and two side spans of 139 meters each and the full
wide is 35 meters. It is a steel-concrete composite beam structure with two pylons and double
cable planes. Each of the pylons is a reinforced concrete structure of 105 meters high. Cables are
shaped into sectors and disposed symmetrically and each cable plane has 64 (2x32) cables. The
general layout of the bridge is shown in Fig. 2.

. N
I (A

Fig. 2 The general layout of Kezhushan Bridge
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Number of elements Number of nodes

Fig. 3 Numbering of elements and nodes of half model

3.1 Simplified model

As this paper focuses on the vibrations of bridge under vertical excitations such as traffic loads,
for the simplification of analysis, a 2-dimensioanl (2D) model is established in the numerical study,
consisting of a beam, two towers and 64 cables. The cross section of a tower or a cable is two
times of the original ones, since parallel cables or towers are combined into one. The axial
deformation of beam and tower elements is ignored.

The finite element model of the bridge is set up with numbering of nodes and elements shown
in Fig. 3. The beam element is chosen between adjacent cable nodes and numbered from left to
right as 1-67 where the nodes are numbered as 1-68. On the upper tower, the elements are selected
between adjacent cable nodes, while on the middle and lower tower, it is divided into 14 elements
equally. Therefore, the entire tower has 30 elements and 31 nodes numbered as 68-97 and 69-99
respectively for the left tower, and as 98-127 and 100-130 respectively for the right tower. Each
cable is taken as one element numbered from left to right as 128-191.

Since only vertical excitations are considered, the beam node has just vertical DOF while the
tower node has horizontal DOF, and all the nodes at the boundaries are constrained.

In summary, the entire model has 191 elements, 130 nodes and 252 DOFs.

3.2 Element matrices

Beam and tower element stiffness matrix
The geometric stiffness should be considered for element stiffness matrix if considering the
axial forces, one has

—e

K =K°®—KS (26)

in which
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6 3 -6 3l
31 2P -3 1?
K®= ZEI (27)
16 -3 6 -3
31 12 31 21
36 3 -36 3l
. N 3 4> =31 -I?
Ké=— (28)
301 -36 -3 36 -3l
31 17 -3 4P
where E, I, N and | are the modulus of elasticity, moment of inertia, axial force of length

of the element, respectively.

Beam and tower element mass matrix

Suppose mass is distributed evenly along the length of element, a consistent element mass
matrix can be written as follows

156 221 54 13|

_oml| 20 4 13 -3

= (29)
420| 54 131 156 22

—131 =317 =221 41°

where M is the linear density of element.

Cable element stiffness matrix

A cable element only has two DOFs, a vertical DOF at the beam side and a horizontal DOF at
the tower side, and its stiffness matrix can be written as follows

Ke

E,A( sina  -sinacosa
= (30)

| (—sinacosa cos’a

where E,, is the modulus of elasticity modified by Ernst equation given in Eq. (31), A is the
cross sectional area, and a is the horizontal angle of the cable.
E
E,=——5— (31)
g 21 2
1+7 I“ 3E
120
where o is the initial tension stress, y is the bulk density, and Ih is the horizontal length of
the cable, respectively.
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Table 1_Frequencies of the first six modes of the bridge

mode Simplified model ANSY'S 3D model error
1 0.4018 Hz 0.3979 Hz 0.98%
2 0.5403 Hz 0.5079 Hz 6.38%
3 0.7985 Hz 0.8124 Hz 1.71%
4 0.9832 Hz 0.9215 Hz 6.70%
5 1.1104 Hz 1.0320 Hz 7.60%
6 1.3027 Hz 1.2253 Hz 6.32%

Cable element mass matrix
The mass matrix of cable element can be obtained based on linear interpolation as follows

1_, ., 1 ..
—mlsin“a —mlsinacosa
Me=| 3 0 (32)
1_ . 1_ )
Emlsmacosa gmlcos a

After establishing the mass and stiffness matrices, the frequencies of the first six modes of the
simplified 2D bridge model can be computed. The results are compared with the frequencies
obtained from the 3-dimensional (3D) model in Dong (2010), as summarized in Table 1. It shows
that the 2D model can be used to represent the dynamic characteristics of the bridge with
reasonable accuracy.

4. |dentification of structural parameters

Because of the symmetry of the cable-stayed bridge, only the parameters of half of the model
need to be identified and the structure is divided into three substructures. A vertical white noise
excitation is applied at each beam node as shown in Fig. 4, with loading period of 10 seconds, and
the corresponding responses are measured with sampling frequency of 1000 Hz.

The parameters to be identified are the stiffness of all elements, namely EI for beam and
tower elements and EA for cable elements.

Two different cases are studied in the numerical simulation, i.e., the structure with no damping
and with Rayleigh damping.

4.1 Structure without damping
Substructure 1

The beam of the left span of the bridge model and the cables attached to it are considered as
substructure 1 as shown in Fig. 5.
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LEOAEL = LSRRI * LAY

Fig. 4 Loading pattern of the bridge model

1

8

Fig. 5 Substructure 1

Substructure 1 contains NO.1-17 beam elements and NO.128-143 cable elements. The
responses at the beam nodes and the cable nodes on the tower are considered as interface DOFs.
There are 33 stiffness parameters to be identified for this substructure and the corresponding
displacement vectors, parametric vectors, measurement vectors and observation matrices used in
the LSE method are as follows

x:(xl X, 0 Koy 5 Xpgs Xigg o st)T (33)
0=(6, 6, - Oy Oy 6Op b)) (34)
y=(% Yo - V) (35)

¢:(Sfx S;X o+ SEX, SpgX  SpheX e Sf43x) (36)

The results of identified structural parameters are presented in Table 2, where NO.1-17 lists the

stiffness ElI (10"'N-m?) of beam elements and NO.18-33 gives the stiffness EA (10°N) of
cable elements.
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Table 2 Identification parameters of substructure 1 (without damping)

Beam Theoretical ~ Estimated  Error(%) Cable Theoretical ~ Estimated  Error(%)
1 1.1508 1.1508 0.000 18 2.2100 2.2100 0.000
2 1.1508 1.1508 0.000 19 1.9900 1.9900 0.000
3 1.1508 1.1508 0.000 20 2.0000 2.0000 0.000
4 1.1508 1.1508 0.000 21 1.7600 1.7600 0.000
5 1.1508 1.1508 0.000 22 2.4200 2.4200 0.000
6 1.1508 1.1508 0.000 23 2.4500 2.4500 0.000
7 1.1508 1.1508 0.000 24 2.5000 2.5000 0.000
8 1.1508 1.1508 0.000 25 2.5400 2.5400 0.000
9 1.1508 1.1508 0.000 26 2.6500 2.6500 0.000

10 1.1508 1.1508 0.000 27 2.6300 2.6300 0.000
1 1.1508 1.1508 0.000 28 2.6900 2.6900 0.000
12 1.1508 1.1508 0.000 29 2.6000 2.6000 0.000
13 1.1508 1.1508 0.000 30 2.6100 2.6100 0.000
14 1.1508 1.1508 0.000 31 2.3700 2.3700 0.000
15 1.1508 1.1508 0.000 32 2.4000 2.4000 0.000
16 1.1508 1.1508 0.000 33 4.0200 4.0200 0.000
17 1.1508 1.1508 0.000

The time tracking of the identification processes of NO.1 beam element and NO.128 cable
element are shown in Figs. 6 (a) and 6(b) respectively for illustration.

1 9

x10 %10
24+
12¢ A—
21+
10+
1.8+
0.8 o
€ £ 157
D z
206 €12}
= w
o4 09}
02 0.6}
’ —a— Estimated value 03l —=— Estimated value
- + — Theoretical value -+ Theoretical value
0 2 4 6 8 10 0 5 10 15 20 25 30
Steps (n) Steps (n) _
(a) Substructure 1 without damping K1 (b) Substructure 1 without damping K18

Fig. 6 The time tracking of the identification processes of substructure 1 (without damping)



436 Hongwei Huang, Yaohua Yang and Limin Sun

8. 29~ 30~ 31 32, 33-.34

Fig. 7 Substructure 2

Substructure 2

The beam of the right span of the bridge model and the cables attached to it are considered as
substructure 2 as shown in Fig. 7.

Substructure 2 contains NO.18-34 beam elements and NO.144-159 cable elements. Similar to
substructure 1, the responses at the beam nodes and the cable nodes on the tower are considered as
interface DOFs. Again, there are 33 stiffness parameters to identify and the corresponding
displacement vectors, parametric vectors, measurement vectors and observation matrices used in
the LSE method are as follows

X=X X 0 X 0 Xigs Xigp o xlﬁs)T (37)
0=(05 6  Ou Ou bus - Og) (38)
Y=(Yss Y = Yes) (39)

@=(SiX SEX - SHX, SiX SfeX - SiiX) (40)

The results of identified structural parameters of substructure 2 are shown in Table 3, where the
numbering and units of parameters are the same as those in Table 2.
For illustration, the time tracking of the identification processes of NO.18 beam element and
NO.144 cable element are shown in Figs. 8 (a) and 8(b) respectively.

Substructure 3
The tower and all the cables attached to it are extracted as substructure 3 shown in Fig. 9.
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Table 3 Identification parameters of substructure 2 (without damping)

Beam Theoretical ~ Estimated  Error(%) Cable Theoretical ~ Estimated  Error(%)
1 1.1508 1.1508 0.000 18 2.6000 2.2100 0.000
2 1.1508 1.1508 0.000 19 1.9700 1.9900 0.000
3 1.1508 1.1508 0.000 20 1.7200 2.0000 0.000
4 1.1508 1.1508 0.000 21 1.5600 1.7600 0.000
5 1.1508 1.1508 0.000 22 1.4000 2.4200 0.000
6 1.1508 1.1508 0.000 23 1.6100 2.4500 0.000
7 1.1508 1.1508 0.000 24 1.8000 2.5000 0.000
8 1.1508 1.1508 0.000 25 1.7000 2.5400 0.000
9 1.1508 1.1508 0.000 26 1.6700 2.6500 0.000
10 1.1508 1.1508 0.000 27 1.3900 2.6300 0.000
11 1.1508 1.1508 0.000 28 1.1900 2.6900 0.000
12 1.1508 1.1508 0.000 29 1.1300 2.6000 0.000
13 1.1508 1.1508 0.000 30 1.6300 2.6100 0.000
14 1.1508 1.1508 0.000 31 1.5000 2.3700 0.000
15 1.1508 1.1508 0.000 32 1.1900 2.4000 0.000
16 1.1508 1.1508 0.000 33 1.0200 4.0200 0.000
17 1.1508 1.1508 0.000

x10" 20 x10”
L 27 -
1.0t 24¢
21
0.8} 18l
€ o6l € 15}
g 2 12]
o 0.4} m; ool
0.2 —=— Estimated value 08¢ —s— Estimated value
-+ Theoretical value 03r - 4 — Theoretical value
0 2 Yteps () 10 0 5 10 15 20 25 3

(a) Substructure 2 without damping K1

Steps (n)

(b) Substructure 2 without damping K18

Fig. 8 The time tracking of the identification processes of substructure 2 (without damping)
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Fig. 9 Substructure 3

Substructure 3 contains NO.68-97 tower elements and NO.128-159 cable elements. The cable
elements EA can be regarded as known quantities since they have already been obtained in
substructurel and 2. Therefore, in this substructure, there are only 30 stiffness parameters to be
identified and the corresponding displacement vectors, parametric vectors, measurement vectors
and observation matrices used in the LSE method are as follows

T
X:(Xl o Xggr o Xgg o Xggr Xzt X192) (41)
T

0:(668 Oy - 097) (42)

T e e e T
y=(y133 y192) _(SlZSX SppeX - Slsgx)(elzs Opg - 0159) (43)
¢:(S§8X SgeX Sge7x) (44)
where (G5 G - O )T denote the parameters of tower elements to be identified while
(s O - 49159) denote the parameters of cable elements that have already been

estimated.

Table 4 presents the identified structural parameters El (1012 N ‘mz) of substructure 3 and
Fig. 10 plots the time tracking of the identification process of NO.68 tower element.

3.0
271
241
2.1t
181
“E 15¢
€121
W9t
0.6 -

03l —s— Estimated value
’ - 4 Theoretical value
0 5 10 15 20 25 30

Steps (n)
Substructure 3 without damping K1

Fig. 10 The time tracking of the identification processes of substructure 3 (without damping)
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Table 4 Identification parameters of substructure 3 (without damping)

Tower Theoretical ~ Estimated  Error(%) Tower Theoretical ~ Estimated  Error(%)
1 3.2362 3.2362 0.000 16 3.2362 3.2362 0.000
2 3.2362 3.2362 0.000 17 7.7504 7.7504 0.000
3 3.2362 3.2362 0.000 18 7.7504 7.7504 0.000
4 3.2362 3.2362 0.000 19 7.7504 7.7504 0.000
5 3.2362 3.2362 0.000 20 7.7504 7.7504 0.000
6 3.2362 3.2362 0.000 21 7.7504 7.7504 0.000
7 3.2362 3.2362 0.000 22 7.7504 7.7504 0.000
8 3.2362 3.2362 0.000 23 7.7504 7.7504 0.000
9 3.2362 3.2362 0.000 24 7.7504 7.7504 0.000
10 3.2362 3.2362 0.000 25 7.7504 7.7504 0.000
11 3.2362 3.2362 0.000 26 7.7504 7.7504 0.000
12 3.2362 3.2362 0.000 27 10.981 10.981 0.000
13 3.2362 3.2362 0.000 28 10.981 10.981 0.000
14 3.2362 3.2362 0.000 29 10.981 10.981 0.000
15 3.2362 3.2362 0.000 30 10.981 10.981 0.000

4.2 Structure with damping

As structural damping can only be obtained experimental, in the numerical study, Rayleigh
damping will be assumed with mass damping coefficient « =0.001 and stiffness damping
coefficient 5=0.002. The parametric identification is carried out using the same substructures as
in session 4.1. In addition to stiffness, the damping coefficients «, £ will also be estimated
compared to the case of structure without damping.

Substructure 1
There are 35 parameters to be identified in substructure 1. The corresponding displacement

vectors, parametric vectors, measurement vectors and observation matrices used in the LSE
method are as follows

.
X:(Xl Xp o Xy oy Xigs Xigg X165) (45)

T
0:(‘91"'017' 9128"'9143’ ﬂel'“ﬁgﬂ’ ﬁ9128'”ﬂ9143’ B 05) (46)
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y=(% Y.  Ya) (47)
@ =(SyX--SHX,  ShX--SfuX,  SIX--SHX, SpuX--SipX, —Kgx Mx) (48)

Table 5 presents the identified structural parameters of substructure 1 with damping, where
NO.1-17 parameters represent the stiffness EI (10N -m?) of beam elements, NO.18-33

parameters represent the stiffnress EA (10°N ) of cable elements, NO.34-35 parameters
represent the damping coefficients «¢ and f.

The time tracking of the identification processes of the stiffness of NO.1 beam element and
NO.128 cable element as well as the damping coefficients « and f are shown in Figs. 11 (a) -

11(d) respectively for illustration.

Table 5 Identification parameters of substructure 1 (with damping)

Beam Theoretical Estimated  Error(%) Cable Theoretical Estimated  Error(%)

1 1.151 1.151 0.000 18 2.210 2.210 0.000
2 1.151 1.151 0.000 19 1.990 1.990 0.000
3 1.151 1.151 0.000 20 2.000 2.000 0.000
4 1.151 1.151 0.000 21 1.760 1.760 0.000
5 1.151 1.151 0.000 22 2.420 2.420 0.000
6 1.151 1.151 0.000 23 2.450 2.450 0.000
7 1.151 1.151 0.000 24 2.500 2.500 0.000
8 1.151 1.151 0.000 25 2.540 2.540 0.000
9 1.151 1.151 0.000 26 2.650 2.650 0.000
10 1.151 1.151 0.000 27 2.630 2.630 0.000
11 1.151 1.151 0.000 28 2.690 2.690 0.000
12 1.151 1.151 0.000 29 2.600 2.600 0.000
13 1.151 1.151 0.000 30 2.610 2.610 0.000
14 1.151 1.151 0.000 31 2.370 2.370 0.000
15 1.151 1.151 0.000 32 2.400 2.400 0.000
16 1.151 1.151 0.000 33 2.210 2.210 0.000
17 1.151 1.151 0.000 34 0.001 0.001 0.007

35 0.002 0.002 0.001
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Fig. 11 The time tracking of the identification processes of substructure 1 (with damping)

Substructure 2
There are 35 parameters to be identified. The corresponding displacement vectors, parametric
vectors, measurement vectors and observation matrices used in the LSE method are as follows

T
X:(X34 Xgg o Xeg v Xigg Xigg X165) (49)
0:(018""934’ '9144"'9159’ ﬂ918”'ﬂ634’ 180144'”:391591 ﬂ a)T (50)
y:(Y35 Yo o yee)T (51)

¢)=(Sf8X---S§4X, Sf44x"'s1659X’ stx"'SSAX’ Sf44x"'81e59X’ —KgX MX) (52)

The results of identified structural parameters of substructure 2 are shown in Table 6, where the
numbering and units of parameters are the same as those in Table 5.

The time tracking of the identification processes of the stiffness of NO.18 beam element and
NO.144 cable element as well as the damping coefficients « and / are shown in Figs. 12(a) -

12(d) respectively.
Substructure 3

There are 32 parameters to be identified. The corresponding displacement vectors, parametric
vectors, measurement vectors and observation matrices used in the LSE method are as follows

XZ(X1 o Xgg Kgg v Xggr o Xigg ot )(19;1)T (53)
0:(968 '969 ‘9971 18'968 18069 18‘9971 ,B a)T (54)

y:(y133 Y192)T_(81628X Slezgx stgx)(glzs Opo 0159)T

(55)
_(Slezgx Slezgx Slesgx)(ﬂelzg PO,y - ﬂelsg)T
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P=(SeX SuX -+ SgX, SgX S - SgX, —Kgx MX)  (56)

where (G5 O - Oo) and (Bl SOy - Bbs,) denote the cable elements

parameters EA and SEA that have already been obtained in substructures 1 and 2.
The identification results of structural parameters of substructure 3 are summarized in Table 7,

where NO.1-30 parameters represent the stiffness EI (10N -m?) of tower elements and
NO.31-32 parameters represent the damping coefficients « and £ .

The time tracking of the identification processes of the stiffness of NO.68 tower element, as
well as the damping coefficients « and /£ are shown in Figs. 13 (a) - 13(c) respectively.

Table 6 Identification parameters of substructure 2 (with damping)

Beam Theoretical ~ Estimated  Error(%) Cable Theoretical  Estimated  Error(%)
1 1.151 1.151 0.000 18 2.600 2.600 0.000
2 1.151 1.151 0.000 19 1.970 1.970 0.000
3 1.151 1.151 0.000 20 1.720 1.720 0.000
4 1.151 1.151 0.000 21 1.560 1.560 0.000
5 1.151 1.151 0.000 22 1.400 1.400 0.000
6 1.151 1.151 0.000 23 1.610 1.610 0.000
7 1.151 1.151 0.000 24 1.800 1.800 0.000
8 1.151 1.151 0.000 25 1.700 1.700 0.000
9 1.151 1.151 0.000 26 1.670 1.670 0.000
10 1.151 1.151 0.000 27 1.390 1.390 0.000
11 1.151 1.151 0.000 28 1.190 1.190 0.000
12 1.151 1.151 0.000 29 1.130 1.130 0.000
13 1.151 1.151 0.000 30 1.630 1.630 0.000
14 1.151 1.151 0.000 31 1.500 1.500 0.000
15 1.151 1.151 0.000 32 1.190 1.190 0.000
16 1.151 1.151 0.000 33 1.020 1.020 0.000
17 1.151 1.151 0.000 34 0.001 0.001 0.001

35 0.002 0.002 0.001
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Fig. 12 The time tracking of the identification processes of substructure 2 (with damping)
Table 7 Identification results of Substructure 3 with damping
Tower Theoretical Estimated  Error(%) Tower Theoretical  Estimated  Error(%)
1 3.236 3.236 0.000 17 7.750 7.750 0.000
2 3.236 3.236 0.000 18 7.750 7.750 0.000
3 3.236 3.236 0.000 19 7.750 7.750 0.000
4 3.236 3.236 0.000 20 7.750 7.750 0.000
5 3.236 3.236 0.000 21 7.750 7.750 0.000
6 3.236 3.236 0.000 22 7.750 7.750 0.000
7 3.236 3.236 0.000 23 7.750 7.750 0.000
8 3.236 3.236 0.000 24 7.750 7.750 0.000
9 3.236 3.236 0.000 25 7.750 7.750 0.000
10 3.236 3.236 0.000 26 7.750 7.750 0.000
11 3.236 3.236 0.000 27 10.981 10.981 0.000
12 3.236 3.236 0.000 28 10.981 10.981 0.000
13 3.236 3.236 0.000 29 10.981 10.981 0.000
14 3.236 3.236 0.000 30 10.981 10.981 0.000
15 3.236 3.236 0.000 31 0.001 9.99e-4 -0.006
16 3.236 3.236 0.000 32 0.002 0.002 0.000
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Fig. 13 The time tracking of identification processes of substructure 3 (with damping)

4.3 Summary

It can be seen from the simulation results given in Tables 2-7 that using the proposed LSE
method combined with substructure approach, the parameters of all the elements of the entire
bridge model can be computed progressively from substructure to substructure. Also, the identified
structural parameters can be tracked real-time or online as shown in Figs. 6, 8 and 10-13. Finally,
it proves that without measurement noises, the proposed method can estimate structural parameters
with very high accuracy, no matter whether the structure is without or with damping.

5. Conclusions

In this paper, the LSE method has been used combined with a substructure approach for the
identification of structural parameters of a cable-stay bridge with large DOFs. Numerical analysis
has been carried out based on the simplified 2D model of the bridge under vertical white noise
excitations. Three substructures are extracted from the full finite element model of the bridge and
the parameters of each substructure are estimated. The simulation results show that the proposed
identification method has a high accuracy without measurement noises, and it is especially suitable
for large structures with repeated patterns where the substructure approach can reduce the
complexity of the problem and the LSE method can efficiently compute the structural parameters.
However, the classic LSE method requires full measurements at every DOF which is usually not
possible in real practice. Therefore, further studies have to be carried out to extend the LSE
method to cover the case of incomplete measurement, and also the effect of different external
excitations and measurement noises have to be investigated.
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