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Abstract

A new method is proposed for stiffness-damping simultaneous identification in a building structure when
responses are recorded at only two stories, i.e. the base and the second floor. Uniqueness of stiffness and damping
is guaranteed if the transfer function of the absolute acceleration (or displacement) at the second floor relative to the
base is given. Stiffness and damping distributions can then be obtained by minimizing the error between two transfer
functions, i.e. the ratio of records at the above-mentioned two floors in the frequency domain and the corresponding
theoretical value of the system with assumed stiffness and damping. The stiffness and damping for the theoretical
transfer function are evaluated by using identification functions through the extrapolation of unrecorded story
responses. The validity of the proposed method is investigated through numerical examples.

Keywords: System identification; Shear building; Data extrapolation;
Earthquake engineering

Introduction

The System Identification (SI) technique plays important roles
in structural health monitoring for damage detection. Various SI
techniques using measured responses of building structures have been
developed (see, for example, [1-11]). It is known that identification
problems are often ill-posed due to noises and incompleteness in
measurement.

In general, responses need to be measured at every floor above
the target story for identification to evaluate the story shear force
required in the stiffness-damping evaluation. Therefore, in order
to identify physical parameters at the lowest story or at every story,
responses at all stories are necessary. It is rather impractical to measure
responses at every story from the viewpoint of instrumentation
and data management, especially in high-rise buildings. However,
limited location of measurement causes problems of non-existence
or non-uniqueness of solution [12,13]. To avoid this difficulty, several
approaches have been proposed. One approach is to alleviate the degree
of ill-posedness using techniques such as the regularization technique
[14]. Another approach is to certify the uniqueness of solution for the
limited location of measurement.

In the latter approach, theories for unique identification of local
stiffness and viscous damping coefficients at a specified target story
are proposed based on the local response records at the floors just
above and below a target story [12,15]. Furthermore, some methods
for elimination of noise effects have been proposed [16,17] based on
these theories. In these papers, the mathematical limit manipulation
toward an infinite frequency or zero frequency has been introduced
and simultaneous identification of local stiffness and damping can be
performed in a unified manner and only an FFT technique is needed.

As for the identification of physical parameters at whole stories
using limited local records, it has been shown that unique identification
can be performed using both the limit manipulation toward an infinite
frequency and recurrence equations when records at the base and the
second floor are obtained [12]. In this paper, two new SI methods are
proposed when the responses at the base and the second floor are
obtained. These methods enable one to avoid the limit manipulation

and use of recurrence equations and to overcome the difficulty in
application to actually recorded data. The validity and effectiveness of
the proposed methods are demonstrated through numerical examples
using theoretical data in the frequency domain and time-history data.

Identification Method using Limit Manipulation
Identification of Stiffness and Damping Coeflicient

The methods developed in [12,15] are explained here (Section 2)
for the development of new theories in Sections 3 and 4.

Consider an N-story shear building model, as shown in Figure 1,
with viscous damping. The node and element numbers are defined
from the top. The jth node and the jth element from the top are called
the “node j” and the “element j”, respectively. Let m. and k. denote the
mass of the node j and the story stiffness of the element j and let ¢; be
the viscous damping coeflicient in the element j. The frequency-domain
equations of motion for this shear building model subjected to the
horizontal base acceleration Z(r) can be expressed by

A(0)U(0) =F(0)Z() M

U(w)and Z(w) aretheFourier-transformsofthenodalabsolutehorizontal
displacements wu(¢) and the base displacement z(¢), respectively. The
vector F(w) in Eq.(1) indicates F(@)={0 0 iwc, +k,}" and the
symbol (-)" means the transpose of a vector. The matrix A(w) in Eq.(1)
is defined by

A(w)=-0'M +ioC+K )
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Figure 1: Sensor location in past methods.
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Figure 2: 2-story shear building models with different sensor locations.
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where, i indicates the imaginary unit.
The jth component U, (w) in U(®) can be obtained from Eq.(1) as
Aj(@)
Py (@)

P (@) is the determinant of the upper-left /> J sub-matrix of A(w)

and A (@) is the determinant of the matrix obtained from A(w) by
replacing its jth column by F(w). The definitions of F,A , P, together
with b,(w) =iwc; +k; provide the expression of A i

A;=by-b,P, 5)

U (@) =—t—7(o) ()

It should be noted that the matrix for which A ;s defined has

a tri-diagonal property only for j=N and A, can be expressed
rather compactly. This property is closely related to the fact that the
story stiffness of the element N and its material damping ratio can
be identified uniquely when the acceleration iy (¢) of the node N is
observed in addition to the base acceleration ().

Substitution of Eq.(5) into Eq.(4) provides the following relation.

After some manipulations [15], the following relations can be
derived. _
J
=]

o) (o) = Mil10U (@) (Mj :Z’"z) o)

U,+l (@) 7Ul (@) i

k; :LiE%[Re{gj(a))}J (8)
¢, =il L imf, @} | ©)

The stiffness can be obtained from Eq.(8) and the damping
coefficient can be derived from Eq.(9) when the masses m,are given and
the floor accelerations or displacements are recorded (see Figure 1a). In
Eq.(7), U,(w) and U;(), Fourier transforms of the acceleration i ()
and the velocity #;(?) at the jth floor, can be used instead of U ().

Uniqueness of identification of structural parameters
including unrecorded story

Uniqueness of stiffness and damping distributions is discussed here
when there are some stories of unrecorded responses (see Figure 1b).
The 2-story models with different sensor locations as shown in Figure 2
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are used and stiffness and damper distributions are derived analytically
for both models.

Sensor location guaranteeing uniqueness of identification: As
for the sensor location as shown in Figure 2a, i.e. sensors at the base
and the second floor, it can be proved that a unique identification of
stiffness and damping distributions is possible based on the recorded
response data [12,15].

From Eq.(4), U,(») and U,(w) can be expressed as

A (o)
U, =——7(w a
(@)= P(@) (@) (10a)
Uz(w)—A (a))Z( ) (10b)

B (o)

From the definitions of A;(®) and P;(@), Eqs.(11)-(13) can be
obtained.

b

A(w)= b al =bb, (11)
p) 2
a 0

A, ()= b b =ab, (12)
D
-b,

P(w)= b al :ala27b12 (13)
| 2

where a/.=(ia))2mj+iwc/.+kj. Using Egs.(10)-(13), the transfer

functions H,(w) and H,(w) are expressed as follows.

Uo)  bb
H _Y __ob
(@) Z(w) aa,-b’
_ —a)zclcz+ia)(clkz+czk1)+k|k2
o' mm,—i0*{(c,+, ym+cmy -k, )y +hm,—c,c, Frie(e ey e,k Yk,

(14)

Uy(@) __ ab,
Z(w) aa,-b’

Hy(w) =

_ -’ me,~ (mk,+ac JHalok+o.k Wk,
@ mmy=i{(G e, pmrim o {(kovhe I +om —cie, il ck+ek Yk,

(15)

Here, two models with different sets of stiffness and damping
coefficients, ie. {k,k,,c,c,} and {k,k,,C.C,}, are assumed and
the corresponding transfer functions of these models are expressed
as H,(w) and A (o) respectively. For the model shown in Figure 2a,
H, (a)) can be evaluated from recorded response data. When H, (o) is
equal to H,(w), the following relation is obtained from Eq.(15).

—iw mcz—wz( ky+e,c, e k,+e,k ok,
{ k,+h, ymy+k,m,—c, cz}+1w(c ky+e,k Wk,

o*mm,—io’ { (cr+c,)m+c mz}

c )+1w(51/€ +621€1)+l€ 1;

-iw’mé,~o z(m L+,
o'm m,=i’ {c +c2)m +¢, mz} {(/; k. )m]+k m,—¢, cz}ﬂw(

eiyig (19

The left-hand side is equal to the right-hand side for every @ if and
only if the following relations hold.
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¢, =,
kk, =kk
mk, +c,c, =mk, +¢c,
(17)

(¢, +cy)m +cmy = (& +¢,)m +¢m,

(ky+ky)m +km, —cc, = (lg1 +l€2)m1 +hkm, -8,

ck, +c,k =¢k, + ¢,k

The following solution is then obtained which satisfies Eq.(17).
G =c, & =cpk =k, k,=k, (18a-d)

This means that, if the transfer function #,(w) of the lowest story is
given, there exists only one corresponding set of stiffness and damping
coeflicients. In this sensor location, the uniqueness of stiffness and
damper coefficient distributions holds. This result holds also for the
N-story structure [12]. In this paper, this sensor location is used later.

Sensor location without uniqueness: As for the sensor location
shown in Figure 2b, i.e. sensors at the base and the top floor, it can
be proved that the unique identification of stiffness and damping
distributions is not possible from the recorded response data.

As in the previous section, two sets of stiffness and damping
coefficients, ie. {k,k,,c,c,}> {151,122,51,52}, and the corresponding
transfer functions H,(w), H,(w) are assumed. For the model in Figure
2b, H,(w) can be evaluated from the recorded response data. When
H,() isequal to H,(®), the following relation is obtained from Eq.(14).

—a’c,cy+io(c ke ik,
o mym,=ieo*{(c, +e, ymy+emy - (I +y Yy +hm, —c ¢, Fie{c ky ok, ok,

B " &8 +ia| Gk, k Wk,
'm0 (7 Ym0 R 5 i B R

19)

The left-hand side is equal to the right-hand side for every @ if and
only if the following relations hold.

€6, =66,
kiky = kik,
(¢, +cy)m +cm, = (& +¢,)m +¢m, (20)

(ky+ky)m +km, —cc, = (lg1 +I€2)m1 +km, —&¢,

¢k, +c,k =ck, +Ck

The following two solutions are obtained which satisfy the relations
of Eq.(20).

¢ =c¢,C =c,, k=k,k,=k, (21a-d)
G =Myc,, & =c, | My, k, =Mk, k, =k | M, (22a-d)
where,
M m
MR e el (23)

M, m+m,
This means that, if the transfer function H,(w) of the top story

is given, there exist two corresponding sets of stiffness and damping
coeflicients. It is therefore concluded that, in this sensor location, the
uniqueness of stiffness and damper coeflicient distributions is not
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guaranteed. In general, if the transfer function H,(w) of the top story is
given in the N-story model, it can be proved that there exists N! stiffness
and damping coefficient distributions.

Identification Method Based on Extrapolation of
Unrecorded Data (Method 1)

In this section, a new identification method using extrapolation of
unrecorded data is proposed when responses are recorded at the base
and the second floor (see Figure 1b). This method is called “Method 1”.

Extrapolation of unrecorded data

A method is proposed for generating unrecorded data based on
extrapolation. Here, a ratio L of the interstory drift to that of the lowest
story is introduced. The conceptual figure is shown in Figure 3. Let

define the following ratio L, .
U (@)U, (@)
L/. =lim—,— "~ (24)
=0 Uy (0)-Z(w)

U,(®) is a complex number and the limit value of U, (@) converges

to a real number at frequency 0. Therefore, a real number is given
to L;.Ifall the parameters {L,} are given, the approximate interstory
drifts and displacements in the unrecorded stories can be obtained
from the known values U, (w) and Z(w) by using Egs. (25), (26).

Here, (") indicates the extrapolated data. It should be noted that
Eqgs.(25) and (26) are exact only at zero frequency. By substituting Eqs.
(25), (26) into Eq.(7) and applying Eq.(8) to the resulting equation,
Eq.(27) is obtained.

Li=(M;/My)-(ky/k;) (27)

Similarly by substituting Egs. (25), (26) into Eq.(7) and applying
Eq.(9) to the resulting equation, Eq.(28) is obtained.

Li=(M;/My)-(cy/c;) (28)

In general (non-stiffness-proportional one), (cy /¢;) is not equal to
(ky /k;). Therefore, L, should be defined for stiffness and damping
coefficients, independently. L, indicates L; for identification of
stiffnessand L ; indicates that for identification of damping coefficient.

Here, L,, =1, L, =1 and Ly ...Liy, L,...L, , should be

ol
assumed independently.
Identification method using extrapolated data

By using extrapolated response data in the previous section, unique
identification of stiffness and damping coefficient distributions can be
performed. The outline of the identification is shown in Figure 4. This
method identifies the stiffness and damping coefficient distributions

U}. (w) —Uj (0)=L, {U,(0)-Z(w)} (25) by determining ratios L,,...L,,, and L ...L, . This requires to
N equate the estimated transfer function of the lowest story based on the
U, (@) =U, (0)+ Z I, {U () — Z(a))} (26) extrapolated data to the actual transfer function.
i=j
L1
m, Ui(w)
ki ¢,
m, Uy(w)
WA
m; D <, U, (w)
ki c; Ljsq unmeasured
Mg 3 Uq(w)
Kis1 Ciag
Misz Ujo(w)
‘ I‘N-1
My ( Un1(w)
Kn-1 Cn-1 1
M ?—ﬁ }
Ky Cn measured

<+— Ground

motion
Figure 3: Ratios of interstory drifts.
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c 3 e e .
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Figure 4: Concept of identification.

J Archit Eng Tech
ISSN: 2168-9717 JAET, an open access journal

Volume 3 ¢ Issue 1+ 1000117



http://dx.doi.org/10.4172/2168-9717.1000117

Citation: Kojima K, Kuwabara M, Yoshitomi S, Fuijita K, Takewaki | (2014) Stiffness and Damping Simultaneous Identification Based on Extrapolation
of Unrecorded Response to Ground Motion. J Archit Eng Tech 3: 117. doi:10.4172/2168-9717.1000117

Page 5 of 10
Identify £, ,c, basedonU , (w),Z(w)
(Step1) T
Estimate H,, (o) =U(@)/ Z(®)
v
Assume L ={L,,---L,\,,L L}
- N-1 <
(Step2) Extrapolate U, (,L)=U,, (&) + > L, {Uy (@) Z (@)}
i=j
!
((Step3))‘ dentify k;,¢, using & (e,L) ‘
¥
~ ~ ~ -1 ~
Solve U(w,L)=| —o*M+ioC+K | F(w,L)Z(w)
{Step4) , [ . ]
Estimate H,, (w,L) =U(@,L)/ Z(®w)
H,(w)=H,(o,L) NO
(Step5) (minimize £ (L))
’ Determine & ,c; ‘
Figure 5: Flow chart of the proposed identification method using extrapolation.
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A detailed algorithm of the proposed method is shown in Figure Node and Element m; [kg] ¢, [Ns/m] k;[N/m]
5. When the ratios L,,...L, , and L,...L, , are assumed, all ~ Mumberj
the displacement can be estimated from Eq.(26), and by using these ! 1.0x10° 1.0x10° 1.0x10”
extrapolated data, identification can be performed by using Eqs.(7)- 2 1L0x10° L0x10° LOx10°

(9). When all the stiffness and damping coefficients can be obtained by
substituting these values into Eq.(1), the transfer function of the lowest
story can be estimated.

In general, this estimated transfer function constructed from
extrapolated data is different from the actual transfer function
constructed from recorded data. According to the discussion in
Section 2.2.1, these two functions are equal if and only if the true
distributions of stiffness and damping coeflicients are used. When
actual recorded data are used, it is difficult to guarantee the equality of
these two functions exactly. Therefore, let us define a function f(L)
in Eq.(29) to estimate the error between these two transfer functions.
Here, L={L,,....L,L,...Ly}. H, () is a target tre}nsfer function
estimated from recorded data Z(w) and Uy(w). H,(w,L) is an
assumed transfer function estimated from L. The equality of these two
functions is guaranteed by minimizing the following value of f(L).

Iy
W)=Y |H,(@)-A,(@.Lf (29)

=

where [ and [ indicate the number related to the lower limit circular

Table 1: 2-story model.

frequency @, and the upper limit circular frequency @), to estimate
the error between two transfer functions.

Numerical examples

Investigation using theoretical data in frequency domain: The
validity of “Method 1” is investigated here through numerical examples
using theoretical data in the frequency domain. The input Z(e) at the
base is set to Z(@) =1 in all the frequency range and estimate /(o)
by Eq.(1). In this section, Z(w) and U, (®) are used as known recorded
data.

As for the 2-story model shown in Table 1, functions to define
Ly, L, are shown in Figure 6 which use the exact response U () . From

Figure 6, the exact values are obtained as L, =05, L,=10,
L,=0.5, [, =1.0. When the extrapolation is performed using these

exact values, identification functions are estimated as shown in Figure 7.
From Figure 7, the limit values of identification functions at frequency 0
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Table 2: Result of identification (2-story model, “Method 17).

converge to the exact values of stiffness and damping coeflicients. Figure
8 shows the function f(L) when L,, and L, aresetto 1.0 and L,
and L, are set independently in a range of 0 < L,<25,0<L,<25.
This figure indicates that the function f(L) has the minimal value only
when L, =0.5, L,=05, and these are the exact values.

In the examples of this paper, the optimization is performed
by using the SQP. Design variables and their initial values are set as
L,=10, L;=0.1 (1<j<N-1) and the ratios L, L, of the lowest
story are set to 1.0. k,; and ¢, of the lowest story can be identified from
Eqs.(7)-(9) using the known response Z(w) and U, (). Therefore, in
the numerical examination below, it is assumed that kN and ¢, can be
identified exactly.

The result of the identification for the 2-story model based on the
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Figure 7: Identification function (Egs.(8), (9)).
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Figure 8: Function f(L).
Exact value Identified value Node and Element m; [ka]l c [Ns/m] k/ [N/m]
(Method 1) Number j
3 L, 0.50000000 0.50000005 1 1.0x10° 1.0x10° 1.0x10°
'k
L, 1.00000000 1.00000000 2 LOx10° L0x10° LOX10°
L, 0.50000000 0.49999999 3 1.0x10° 1.0x10° 2.0%10°
L
¢ L, 1.00000000 1.00000000 4 1.0x10° 1.0x10 2.0x10°
Stiffness k, 1000000000 1000000014 5 1.0x10° 1.0x10° 3.0x10°
N/
(N/m] k 1000000000 1000000000 Table 3: 5-story model.
2
Damoin . 1000000.000 1000000.004 “Method 1” is shown in Table 2. It can be observed that the identification
coeffigiegt ! based on “Method 1” has been performed effectively. Figure 9 shows
[Ns/m] ¢ 1000000.000 1000000.000 the transfer functions of the lowest story using given data Z(w@) and
U and using the identified stiffness and damping coefficients. Two
(L) 4.5242x10"" v (@) Sing Hhe 1en ping
functions coincide with high accuracy.

The above-mentioned 2-story model has proportional damping. The
“Method 17 is then applied to a 5-story model with non-proportional
damping shown in Table 3. The result of the identification is shown in
Table 5 which indicates that the “Method 1”7 can identify the stiffness
and damping coeficients of all the stories with high accuracy using
only two given response data.

Investigation using simulated time-history data: The validity
of “Method 17 is investigated through numerical examples using
simulated time-history data. The input Z(¢) at the base is generated
as a band-limited white noise as shown in Figurel0. A time-history
response analysis is performed using Z(¢) and the responses ii (f)
are obtained. Z(¢) and i, (?) are used as the known recorded data.
Fourier transforms of 2(¢f) and ii,(¢) provide Z(w) and U,(@). In
“Method 17 U (w) are estimated by extrapolating these given data.
Furthermore stiffness and damping coefficients should be identified by
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Figure 9: Target transfer function and identified transfer function (2-story
model, “Method1”).

150

N'z 100 | Pt L - fooriond ‘ il bl
.é 1N |t [k O i y‘n [l
S 50 !.u bl oot s o il o bbb B b
3 -100 4 I A UG L L L
8 5o | i o | |
150 & 20 40 60 80 700 720
Time[s]
Figure 10: Band-limited white noise.
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Figure 11: Identification function for stiffness.

using the identification function of Egs.(8), (9). Figure 11 indicates an
identification function in the lowest story of the model shown in Table
1. This figure was obtained by applying Z(w) and U, () to Eq.(8). This
figure shows that the identification function using time-history data
converges to 0 at frequency 0 because of the unfavorable effect of noise.
Therefore, some approximation methods may be necessary to estimate
the limit value and it is difficult to use time-history data directly in
“Method 17 In the next section, another identification method without
the limit value is proposed.

Identification Method Based on Direct Estimation of
Physical Parameters

Identification method without limit manipulation

The second approach for identification is proposed in this section
when responses are recorded at the base and the second floor. This
method is called “Method 2”. This method does not use extrapolation
and directly identify the physical parameters, i.e. stiffness and damping
coefficients.
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Let us introduce the following ratios X, and X ..

’ [ | o
10 —Theoretical value(1st story) ij = kj [ky (30)

““““““““ Identified value(1st story) B

8 X, =¢;lcy (31)
§ where, k, and ¢, can be identified by applying recorded data
b 6 Z(w)> Uy() to Eqs.(7)-(9). X, ,and X  are equal to 1and X, ... X, _,,

X, --- X y_i can be specified independently.

A detailed algorithm of the proposed method is shown in Figure
12. When the ratios X,,...X,, , and X, ... X, , are assumed, all
the stiffness and damping coefficients can be obtained. By substituting
these values into Eq.(1), the transfer function of the lowest story can
be estimated. As discussed in Section 3.2, a function f(X) is defined
by Eq.(32) to estimate the error between two transfer functions. Here,
X (X X Xopoo . Xy} - Hy(e) is the target transfer function
estimated from recorded data Z(w) and Uy(w). Hy(o,X) is an
assumed transfer function estimated from X. The following function
f(X) is minimized so as to make these two functions nearly equal.

~ 2
Hy (o)~ (@, X)| (32)

The characteristics of the “Method 2” are that stiffness and damping
coefficients are used directly as the design variables in the process
of optimization and the limit manipulation for frequency 0 is not
necessary.

Numerical examples

Investigation using theoretical data in frequency domain: In this
section, the validity of “Method 2” is investigated through numerical
examples using theoretical data in the frequency domain. An input
Z(w) at thebaseand responses U, (@) are given by the same procedure
in Section 3.3.2. In this section, Z(®w) and U, (@) are used as known
recorded data.

As for the “Method 2”, the design variables and their initial values
are set as X,g_ =02, XC/_ =0.1 (I<j<N-1) and the ratios Xw Xa\, of
the lowest story are fixed to 1.0. In the numerical examination below, it
is assumed that k and ¢, can be identified exactly and the optimization

is performed by the same procedure as in Section 3.3.

Identify £, ,c, basedonU, (w),Z(®)
((Step1 ) Estimate H, (w) =U, (@0)/ Z(w)
(Step2) | ( skip —X—
Assume X ={X, --- X, X - X}
(Step3) Estimate &, =X, k,, &, =X,c,
(Step4) Solve fJ(m,X):[—a)zM+iwé+R]’lF(w,X)Z(w)
Estimate H (0, X) =U, (0, X)/ Z(w)
Hy(@)=Hy(0,X)
(Step5) (minimize £ (X))
Figure 12: Flow chart of the proposed identification method without
extrapolation.
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The result of identification for the 2-story model (Table 1) is shown
in Table 5. The result of identification for the 5-story model (Table 3)
is shown in Table 6. These tables indicate that “Method 2” can identify
stiffness and damping coeflicients of all the stories based on only two
given response data with a high accuracy comparable to “Method 1”.
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Model Element number j 1)
1 2 3 4 5
2-story model | Error of k (%) |-6.67 |0 - - - 458.8
Errorof ¢, (%) +8.71 |0 - - -
5-story model Error of k. (%) -12.9 |+19.7 +3.83 |-13.4 0.0 4721
Errorof ¢, (%) +50.0 |+50.0 |-25.0 |-11.4 |0.0

Exact value Identified value
(Method 1)
k, 1000000000 1000000008
k, 1000000000 999999991
Stiffness
IN/m] k, 2000000000 2000000003
k 2000000000 2000000023
4
k 3000000000 3000000000
5
¢ 1000000.000 1000000.110
1
¢ 1000000.000 999999.928
Damping
coefficient ¢ 1000000.000 1000000.104
[Ns/m]
c, 1000000.000 1000000.060
¢ 1000000.000 1000000.000
(L) 1.7468x10"

Table 4: Result of identification (5-story model, “Method 17).

Exact value Identified value
(Method 2)
Stiffness k, 1000000000 999999992
N/
(N/m] k 1000000000 1000000000
2
. 1000000.000 999999.992
Damping (e
coefficient
[Ns/m] ¢ 1000000.000 1000000.000
£X) 1.0590x10"

Table 5: Result of identification (2-story model, “Method 2”).

Exact value Identified value
(Method 2)
k, 1000000000 1000000130
k 1000000000 999999853
2
Stiffness
[N/m] k, 2000000000 2000000098
k 2000000000 2000000077
4
k 3000000000 3000000000
5
c 1000000.000 1000000.133
1
¢ 1000000.000 1000000.000
Damping
coefficient I 1000000.000 1000000.244
[Ns/m]
¢ 1000000.000 999999.868
4
2 1000000.000 1000000.000
£(X) 2.3254x10™M

Table 6: Result of identification (5-story model, “Method 2”).

Table 7: Identification error from the exact value.

12 ‘ ‘

1 | — Using time—history data
‘ Using identified k,c

8 I ,,,,,,,,,,, = == ==Using theoretical data

: Freqquency

H(w)

0 50 100 150 200 250 300
circular frequency [rad/s]

Figure 13: Target transfer function and identified transfer function (2-story
model, “Method 2”).

Investigation using simulated time-history data: The validity of
“Method 2” is investigated here through numerical examples using
simulated time-history data. An input Z(t) at the base is generated
as a band-limited white noise. A time-history response analysis is
performed for 7(¢). #,(¢) and Z(¢) are then used as known recorded
data. It is assumed here that k and c,, can be identified exactly from the
recorded data by using Eqs.(8), (9) and the optimization is performed
by the same procedure as in section 4.2.1.

The frequency range of Eq.(32) affects the result of identification.
The upper bound of frequency @), is varied every 10rad/s and the
value corresponding to the lowest objective function f(X) is used. The
frequency @ is 170rad/s for the 2-story model and 180rad/s for the
5-story model.

The results of identification for the 2-story and 5-story models are
shown in Table 7. “Method 2” has a better performance because of
avoiding the limit manipulation. The accuracy of the 2-story model is
higher than that of the 5-story model and the value of f(X) are greater
than that in Tables 4,5 and 6 using theoretical data in the frequency
domain. Figures 13 and 14 show the target transfer function and the
identified transfer function at the lowest story corresponding to the
2-story and 5-story models, respectively. In both figures, the difference
between two transfer functions increases in higher frequency range.
To investigate this error, two transfer functions of the 2-story model
estimated by a different approach is shown in Figure 15, i.e. the transfer
function estimated using theoretical data in the frequency domain
and the transfer function estimated using time-history data. Figure 15
indicates that the difference between two functions increase in higher
frequency range. The validity of “Method 2” depends on the assumption
that these two functions are considered to be equal with sufficient
accuracy. By improving the performance in this accuracy problem, the
identification based on “Method 2” is expected to be useful.

Conclusions

In order to overcome the difficulties in the past work [12] in
which stiffness and damping coefficients are identified uniquely when
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Figure 14: Target transfer function and identified transfer function (5-story
model, “Method 2”).

20
15 7 77777777777777 77777777777 — Using theoretical data | |
‘ N Using time—history data
B0 Rl 4
I
5 Lo i
0 e ‘
0 100 150 200 250 300

circular frequency [rad/s]

Figure 15: Comparison between transfer functions based on theoretical data
in frequency domain and corresponding transfer function based on time-history
data (2-story model).

responses at the base and the second floor are obtained, more practical
and stable physical-parameter SI methods called “Method 1”7 and
“Method 2” have been proposed in this paper.

The advantageous features of these methods can be summarized as
follows:

i. These methods enable identification by minimizing the error
between the target transfer function and an assumed transfer function.
The target transfer function is estimated directly from recorded data.
The assumed transfer functions are estimated in a different way in each
method. This approach is based on the uniqueness of identification
proved in the previous paper [12] and it enables one to avoid the process
to solve the recurrence equation.

ii. “Method 1” uses the extrapolation of unrecorded responses in
the frequency domain. By introducing the ratios among interstory
drifts, unrecorded data (floor acceleration or displacement) can be
extrapolated. Applying the previously proposed SI method with limit
manipulation [15,16] to these extrapolated data, physical parameters
can be obtained at all stories. Based on these assumed physical
parameters, the transfer functions can be calculated. Then optimization
is performed to minimize the error between the target transfer functions
and assumed transfer functions with the ratios among interstory drifts
as the design parameters.

iii. The validity of the proposed method, “Method 17, has been
investigated numerically. When the theoretical data in the frequency
domain is used, SI is performed with sufficiently high accuracy.

However, when the time-history data are used, the limit manipulation
is difficult to perform because of the effect of noise in the low frequency
range.

iv. To overcome the difficulty in the limit manipulation, “Method 2”
has been proposed. This method enables one to avoid the extrapolation
of data and the limit manipulation by regarding directly the physical
parameters as the design variables. Optimization has been introduced
to minimize the error between the target transfer function and an
assumed transfer function with the physical parameters as the design
parameters.

v. The validity of the proposed method, “Method 27 has been
investigated. When the theoretical data in the frequency domain is used,
SI can be performed with the accuracy comparable to the “Method 1.
Furthermore, when the time-history data are used, this method is able
to perform SI very well. However, the deterioration of the accuracy is
caused by the error between two transfer functions, i.e. the transfer
function estimated using theoretical data in the frequency domain and
the transfer function estimated using time-history data.

Acknowledgements

Part of the present work is supported by the Grant-in-Aid for Scientific Research
of Japan Society for the Promotion of Science (N0.24246095, No0.25630233). This
support is greatly appreciated.

References

1. Beck JL, Jennings PC (1980) Structural identification using linear models and
earthquake records. Earthquake EngStruc 8: 145-160.

2. Doebling SW, Farrar CR, Prime MB,Shevitz DW (1996) Damage identification
and health monitoring of structural and mechanical systems from changes
in their vibration characteristics: A literature review. Los Alamos National
Laboratory: LA-13070-MS.

3. Ghanem R,Shinozuka M (1995) Structural-system identification. I: Theory.
JEngMech 121: 255-264.

4. Hjelmstad KD (1996) On the uniqueness of modal parameter estimation. J
Sound Vib 192: 581-598.

5. Hong KS, Yun CB (1993) Improved method for frequency domain identifications
of structures.EngStruct15: 179-188.

6. Hoshiya M, Saito E (1984) Structural identification by extended Kalman filter. J
EngMech 110: 1757-1770.

7. Koh CG, See LM,Balendra T (1995) Determination of storey stiffness of three-
dimensional frame buildings.EngStruct17: 179-186.

8. Masri SF, Nakamura M, Chassiakos AG, Caughey TK (1996)A neural network
approach to the detection of changes in structural parameters. J EngMech 122:
350-360.

9. Safak E (1989) Adaptive modeling, identification, and control of dynamic
structural systems I: Theory. J EngMech115: 2386-2405.

10. Yao JTP, Natke HG (1994) Damage detection and reliability evaluation of
existing structures. StructSaf 15: 3-16.

11. Takewaki |, Nakamura M, Yoshitomi S (2012) System Identification for Structural
Health Monitoring, WIT Press (UK).

12. Udwadia FE, Sharma DK, Shah PC (1978) Uniqueness of damping and
stiffness distributions in the identification of soil and structural systems. J
ApplMech45: 181-187.

13. Minami Y, Yoshitomi S,Takewaki | (2013) System identification of super high-
rise buildings using limited vibration data during the 2011 Tohoku (Japan)
earthquake. Structural Control Health Monitoring 20: 1317-1338.

14. Kang JS, Park SK, Shin S, Lee HS (2005) Structural system identification in
time domain using measured acceleration. J Sound Vib 288: 215-234.

15. Takewaki |, Nakamura M (2000) Stiffness-damping simultaneous identification
using limited earthquake records. Earthquake EngStruct29: 1219-1238.

J Archit Eng Tech
ISSN: 2168-9717 JAET, an open access journal

Volume 3 ¢ Issue 1+ 1000117


http://dx.doi.org/10.4172/2168-9717.1000117
http://onlinelibrary.wiley.com/doi/10.1002/eqe.4290080205/abstract
http://institute.lanl.gov/ei/shm/pubs/lit_review.pdf
http://ascelibrary.org/doi/abs/10.1061/(ASCE)0733-9399(1995)121:2(255)
http://www.sciencedirect.com/science/article/pii/S0022460X96902059
http://www.sciencedirect.com/science/article/pii/0141029693900526
http://ascelibrary.org/doi/abs/10.1061/(ASCE)0733-9399(1984)110:12(1757)
http://www.sciencedirect.com/science/article/pii/014102969500055C
http://ascelibrary.org/doi/abs/10.1061/%28ASCE%290733-9399%281996%29122%3A4%28350%29?journalCode=jenmdt
http://ascelibrary.org/doi/abs/10.1061/%28ASCE%290733-9399%281989%29115%3A11%282386%29?journalCode=jenmdt
http://www.sciencedirect.com/science/article/pii/0167473094900493
http://books.google.co.in/books?id=Uy_TYYZy8HgC&printsec=frontcover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
http://appliedmechanics.asmedigitalcollection.asme.org/article.aspx?articleid=1403726
http://onlinelibrary.wiley.com/doi/10.1002/stc.1537/abstract
http://www.sciencedirect.com/science/article/pii/S0022460X05001719
http://onlinelibrary.wiley.com/doi/10.1002/1096-9845(200008)29:8%3C1219::AID-EQE968%3E3.0.CO;2-X/abstract

Citation: Kojima K, Kuwabara M, Yoshitomi S, Fuijita K, Takewaki | (2014) Stiffness and Damping Simultaneous Identification Based on Extrapolation
of Unrecorded Response to Ground Motion. J Archit Eng Tech 3: 117. doi:10.4172/2168-9717.1000117

Page 10 of 10

16. Takewaki |, Nakamura M (2005) Stiffness-damping simultaneous identification 17. Yoshitomi S, Takewakil (2009) Noise-bias compensation in physical- parameter
under limited observation. J EngMech 131: 1027-1035. system identification under microtremor input.EngStruct 31: 580-590.

Submit your next manuscript and get advantages of OMICS
Group submissions
Unique features:

*  User friendly/feasible website-translation of your paper to 50 world’s leading languages
¢ Audio Version of published paper
. Digital articles to share and explore

Special features:

300 Open Access Journals

25,000 editorial team

21 days rapid review process

Quality and quick editorial, review and publication processing

Indexing at PubMed (partial), Scopus, EBSCO, Index Copernicus and Google Scholar etc
Sharing Option: Social Networking Enabled

Authors, Reviewers and Editors rewarded with online Scientific Credits

Citation: Kojima K, Kuwabara M, Yoshitomi S, Fujita K, Takewaki | (2014) Stiffness and
Damping Simultaneous Identification Based on Extrapolation of Unrecorded Response to Better discount for your subsequent articles
Ground Motion. J Archit Eng Tech 3: 117. doi:10.4172/2168-9717.1000117 Submit your manuscript at: http:/ /www.editorialmanager.com/acrgroup/

J Archit Eng Tech

ISSN: 2168-9717 JAET, an open access journal Volume 3 « Issue 1+ 1000117



http://dx.doi.org/10.4172/2168-9717.1000117
http://dx.doi.org/10.4172/2168-9717.1000117
http://ascelibrary.org/doi/abs/10.1061/(ASCE)0733-9399(2005)131:10(1027)
http://www.sciencedirect.com/science/article/pii/S0141029608003593

	Title

	Corresponding author
	Abstract
	Keywords
	Introduction
	Identification Method using Limit Manipulation
	Uniqueness of identification of structural parametersincluding unrecorded story

	Identification Method Based on Extrapolation ofUnrecorded Data (Method 1)
	Extrapolation of unrecorded data
	Identification method using extrapolated data
	Numerical examples

	Identification Method Based on Direct Estimation ofPhysical Parameters
	 Identification method without limit manipulation

	Numerical examples


	Conclusions
	Acknowledgements
	Table 1

	Table 2

	Table 3

	Table 4

	Table 5

	Table 6

	Table 7

	Figure 1

	Figure 2

	Figure 3

	Figure 4

	Figure 5

	Figure 6

	Figure 7

	Figure 8

	Figure 9

	Figure 10

	Figure 11

	Figure 12

	Figure 13

	Figure 14

	Figure 15

	References



