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Abstract
This paper aims to evaluate the modal frequencies, damping ratios and mode
shapes of an asymmetric building, modeled as general torsionally coupled
buildings using a modified random decrement method together with the
Ibrahim time domain technique based only on few floor acceleration
response records from earthquakes. It is not necessary to measure
earthquake excitation input. The general relationship between the reduced
random decrement signature and the true free vibration response is derived
analytically. Because only partial floor response measurements are used, a
mode shape interpolation technique is developed to estimate the mode shape
values for the locations without measurement, such that all floor responses
can be obtained. The results were obtained from simulation data from a
five-story building under the 1940 El Centro earthquake and actual records
from a seven-story RC school building in north-eastern Taiwan, due to an
earthquake near the building site. The results show that the proposed system
identification technique is capable of identifying structural dominant modal
parameters and responses accurately even with highly coupled modes and
high levels of noise contamination.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

To better understand the dynamic behavior of structures
during environmental loads like strong winds or earthquakes,
many existing buildings are installed with instruments like
accelerometers. The measurements from these sensors, even
caused by micro-tremors, are very informative and useful for
the identification of structural dynamic parameters (e.g. modal
frequency, damping ratio, and mode shape), which has become
an intense research subject in recent years (Zaslavsky and
Shapira 1997). The identified dynamic parameters can be used
to evaluate structural damage and predict structural response to

4 Author to whom any correspondence should be addressed.

a future, different excitation. In structural control, the control
device design requires knowledge of the system parameters
of the controlled structure. Thus, it is important that system
identification be carried out in conjunction with structural
control.

A general building with a nominally symmetrical plan is
usually associated with some degree of coupling between the
translational and torsional vibration due to the non-coincidence
of the mass and stiffness centers. This building will undergo
lateral as well as torsional vibrations simultaneously even when
subjected to purely translational excitations. As a result, each
floor vibration will differ from that of the building, which has
a symmetrical plan and responds only in planar vibrations.
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Neglecting torsional vibration may lead to underestimating the
structural responses (Hejal and Chopra 1989). Therefore, it is
more appropriate and essential to model a structure with a
torsional degree of freedom.

Identifying a torsionally coupled building system from
dynamic measurements has rarely been proposed in the
literature (Kozin and Natke 1986, Luz and Wallaschek 1992).
Most of the papers presented discussed torsionally coupled
building systems only for planar frame structures (Toki
et al 1989, Benzoni and Gentile 1993, Mau and Aruna
1994, Wang and Haldar 1994) or identified two translational
and one torsional modal parameter separately (Kadakal and
Yüzügüllü 1996, Torkamani and Ahmadi 1988). Further,
traditional system identification techniques require the full
input excitation measurement and its corresponding responses.
However, the input excitation is generally difficult to define
and accurately measure. Moreover, a real structure usually
possesses a large number of degrees of freedom. It is
impossible and impractical to acquire full measurements
because of the limited number of sensors. Thus, system
identification based only on response measurements at a few
degrees of freedom becomes necessary from a practical point
of view.

The random decrement (randomdec) method, originally
developed by Cole (1971, 1973) for single measurements
to detect damage in aerospace structures, was commonly
used for the identification of modal damping when only
the response data under random excitations were available.
Owing to its efficiency and simplicity in processing vibration
measurements and the lack of requirement for input excitation
measurements, this method is applied extensively to detect
damage in civil structures (Yang and Caldwell 1976) and
offshore structures (Yang et al 1984). The identification
of structural parameters from time history responses has
been investigated by many researchers (Caravani et al 1977,
Shinozuka and Yun 1982, Mickleborough and Pi 1989). Most
of the available identification techniques are mathematically
complicated and sensitive to noise. Few techniques address
the most critical factors such as (1) the number and the
location of measurements, (2) the direction of measurements,
(3) the mode coupling, and (4) the number of modes for the
response and noise levels as related to the number of degrees
of freedom allowed in the identification model. Among
these methods, the Ibrahim time domain (ITD) technique
(Ibrahim and Mikulcik 1977, Ibrahim 1986) was studied
most extensively and generally accepted as the approach to
solving the problem of noise contamination and the number of
measurements. However, the ITD technique is only applicable
to free response data and emphasizes the identification of
modal frequencies and damping ratios. In the case of partial
measurements, only the mode shape values corresponding
to the instrumented degrees of freedom could be obtained.
To estimate the dynamic responses for the locations without
measurements, the complete mode shapes should be found.

In this study, a system identification technique was
developed to evaluate the modal frequencies, damping ratios
and mode shapes of general torsionally coupled buildings
based on only few floor absolute acceleration responses
induced by earthquakes. It is not necessary to measure the input
earthquake excitation. A modified random decrement method,

(a)

(b)

Figure 1. (a) Response measurement and crossing times.
(b) Extraction of free decay signature from response measurement.

which the response record length is first extended and considers
the correlation among measurements, is employed to reduce
the extended response data to extract their corresponding free
vibration responses. The mathematical basis, which shows
the reduced random decrement acceleration signature, equal
to the true free vibration response, is derived. Finally, the
ITD technique is applied to calculate the structural modal
frequencies, damping ratios, and mode shapes. Because
partial floor response measurements are used, only the mode
shape values corresponding to the instrumented degrees of
freedom could be obtained. A mode shape interpolation
technique was developed in this study to estimate the mode
shape values for the locations without measurement, such that
each floor response is estimated. The results were obtained
from simulation data from a five-story building under the 1940
El Centro earthquake and actual records from a seven-story
reinforced concrete (RC) building in north-eastern Taiwan due
to the 1994 Nan-Au earthquake (ML = 6.2). The results
show that the proposed system identification technique is
capable of identifying structural dominant modal parameters
and responses accurately even with highly coupled modes and
a high level of noise contamination. The small number of
response measurements and simple on-line calculations make
the proposed method favorable to real implementation.

2. Modified random decrement method

As stated, in 1971, Cole developed the random decrement
method to estimate structural damping and assess damage in
aerospace structures. It was based only on physical intuition
rather than rigorous mathematical derivation. From 1982,
Vandiver et al and further Bedewi (1986) derived a general
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Figure 2. (a) Free decay signatures at second floor and roof level in the x direction. (b) Free decay signatures at second floor and roof level
in the y direction. (c) Free decay rotation signatures at second floor and roof level.

mathematical basis for the randomdec technique to single-
degree-of-freedom (DOF) and multiple-DOF time-invariant
linear systems. They showed that if a time function u(t)
is a zero-mean, stationary, Gaussian random process, its
randomdec signature, δuu(τ), is expressed as

δuu(τ) = Ruu(τ)

Ruu(0)
us (1)

where us is a constant (but not zero) for extracting the
randomdec signature of u(t), and Ruu(τ) denotes the auto-
correlation function of u(t). In addition, they also proved

that the randomdec displacement signature was equivalent
to the free decay displacement response of the system
with zero initial velocity and a constant initial displacement
determined from the extraction process such as us. Since
many existing buildings and bridges in the world are installed
with accelerometers, acceleration data are usually measured
when subjected to earthquake or other support excitations. It is
necessary to find out and prove mathematically the equivalent
relationship between the randomdec signature and the free
decay acceleration response of structures.
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Figure 3. Identified versus true mode shapes of the five-story building.

For a single DOF time-invariant, linear system with
undamped natural frequency, ω, and damping ratio, ξ , its
free decay displacement, velocity, and acceleration responses
relative to the base are written as

u(t) = e−ξωt

{
u(0) cos(ωdt) +

1

ωd
[ξωu(0) + u̇(0)] sin(ωdt)

}

(2)

u̇(t) = e−ξωt

{
u̇(0) cos(ωdt)

+
1

ωd
[−ω2u(0) − ξωu̇(0)] sin(ωdt)

}
(3)

ü(t) = e−ξωt

{
[−2ξωu̇(0) − ω2u(0)] cos(ωdt)

+

[(
ξωωd +

ξ 3ω3

ωd

)
u(0)

+

(
ξ 2ω2

ωd
− ωd

)
u̇(0)

]
sin(ωdt)

}
(4)

where u(0) and u̇(0) are the initial displacement and velocity
of the structure, respectively, and ωd is the damped natural
frequency. According to equation (1), their own randomdec
signatures take the forms

δuu(τ) = use
−ξωτ

[
cos(ωdτ) +

ξ√
1 − ξ 2

sin(ωdτ)

]
(5)

δu̇u̇(τ) = u̇se
−ξωτ

[
cos(ωdτ) − ξ√

1 − ξ 2
sin(ωdτ)

]
(6)

δüü(τ) = üs

ω
4ξ

(4ξ 2 − 1) + δ̂(0)

{
ω

4ξ
e−ξωτ

[
(1 − 4ξ 2) cos(ωdτ)

+
ξ(4ξ 2 − 3)√

1 − ξ 2
sin(ωdτ)

]
+ δ̂(τ )

}
(7)

where us, u̇s, and üs are constant values of relative
displacement, velocity, and acceleration, respectively, and
δ̂(−) denotes the Dirac delta function. Comparing
equations (2)–(4) with (5)–(7), it is found that the displacement
randomdec signature is equivalent to its free decay response
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with u(0) = us and u̇(0) = 0. This conclusion also holds
for velocity response with u(0) = 0 and u̇(0) = u̇s, but is
not true for acceleration response. The above studies dealt
with the relative responses of the structure with respect to its
fixed base. For the case of base (or say support) excitation
(e.g. earthquake), the free decay absolute acceleration response
which is usually measured takes the form

üa(t) = e−ξωt

{
[−2ξωu̇(0) − ω2u(0)] cos(ωdt)

+

[(
ξω3

ωd

)
u(0) +

(
ω2(2ξ − 1)

ωd

)
u̇(0)

]
sin(ωdt)

}
. (8)

Similarly, based on equation (1), the randomdec signature of
absolute acceleration was derived and expressed as

δüa üa(τ) = üa,se−ξωτ

[
cos(ωdτ) +

ωξ(1 − 4ξ 2)

(4ξ 2 + 1)ωd
sin(ωdτ)

]

(9)
where üa,s is a constant value of absolute acceleration.
From equations (8) and (9), it can be shown that δüa üa (t)
in equation (9) is exactly the same as üa(t) with initial
displacement and initial velocity

u(0) = − üa,s

ω2(4ξ 2 + 1)
; u̇(0) = − 2üa,sξ

ω(4ξ 2 + 1)
. (10)

2.1. Extraction of randomdec signature

Let üa(t) be an absolute acceleration response measurement
(with or without noise) at a certain location in a structure, as
shown in figure 1(a), induced by zero-mean, stationary random
support excitations. This time history is divided into short
segments with a duration of td, which is several times the
structural fundamental period. The random decrement method
consists of the following analysis steps to obtain the free decay
response.

(1) Calculate an amplitude üa,s, which is usually the rms (root-
mean-square) value of üa(t).

(2) Select the starting time ti of each segment such that

üa(ti ) = üa,s, i = 1, 2, 3, . . .

düa(ti )/dt � 0, i = 1, 3, 5, . . . ;
and düa(ti )/dt � 0, i = 2, 4, 6, . . . .

(3) Average Ns segments of the response measurement to
yield a time function, δüa üa(τ), i.e.

δüa üa(τ) = 1

Ns

Ns∑
i=1

üa(ti + τ); 0 � τ < td. (11)

This is called the randomdec signature of absolute
acceleration, as shown in figure 1(b). The unique form of this
signature and no necessity to input excitation measurements
make the random decrement method very attractive for
application to system parameter identification and damage
detection.

Basically, the original random decrement method was
developed to process a single measurement. For multiple
measurements taken from a real building, their correlation
will be lost if the above analysis procedure is applied to
each individual measurement independently. To overcome
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Figure 4. (a) Fourier amplitude spectrum of the 1940 El Centro
earthquake in the EW direction. (b) Fourier amplitude spectrum of
the 1940 El Centro earthquake in the NS direction.

this problem, in this study, the crossing times ti in step
(2) were determined from one designated measurement.
All measurements were then processed following step (3),
simultaneously, to obtain their own free decay signatures. For
building structures, it is suggested that lower (e.g. second) floor
measurement be used because it contains more contents of high
mode responses. Therefore, we can acquire enough segment
numbers to superimpose into equation (11) in a shorter record
length.

2.2. Record length extension technique

From previous experience, to obtain the randomdec signature
close to the true free decay response, Ns in equation (11) must
be greater than 500. The greater the number of superpositions
produced, the more accurate the obtained free decay response.
Therefore, for a transient response record (e.g. earthquake
response record), the record length should be extended.

In this paper, a record length extension technique is
proposed based on the hypothesis that the earthquake input
repeats at time instant t j if u(t j) and u̇(t j ) are equal to the
initial conditions u(0) and u̇(0) simultaneously. For a record
of length nδt (δt is the sampling period), each superposition
increases the length of ( j − 1)δt . In general, ten extensions
are enough to obtain an accurate free decay response if an
earthquake has a long strong motion. For an MDOF system,
the time instant t j will be decided so that the displacement and
velocity responses of all DOFs are equal to their own initial
values.
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Figure 5. Typical plan and front view of the seven-story school building.

3. Ibrahim time domain technique

The free decay absolute acceleration responses at station l and
time ti can be expressed by the summation of m structural
modes as

δüa üa,l (ti ) = ẍl,i =
2m∑

k=1

λ2
kϕlk eλk ti (12)

where λk and ϕlk represent the kth complex eigenvalue and
mode shape value at location l , respectively. The modal
frequency ωk and damping ratio ξk are then calculated by

ωk = |λk |; ξk = −Re(λk)/ωk . (13)

In equation (13), Re(λk) denotes the real part of λk . Suppose
that the responses at n different stations are measured and m
modal properties are desired to be identified. We may use
any m measurements for s instants (when n � m) or repeat
the available measurements (when n < m) to construct the
response matrix Ẍ using time shifting schemes (Ibrahim and
Pappa 1982) such that

Ẍ = �λ� (14)

where

Ẍ =




ẍ1,1 ẍ1,2 · · · ẍ1,s

ẍ2,1 ẍ2,2 · · · ẍ2,s
...

...
. . .

...

ẍ2m,1 ẍ2m,2 . . . ẍ2m,s


 ,
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� =




ϕ1,1 ϕ1,2 · · · ϕ1,2m

ϕ2,1 ϕ2,2 · · · ϕ2,2m
...

...
. . .

...

ϕ2m,1 ϕ2m,2 · · · ϕ2m,2m




λ =




λ2
1 0 · · · · · · 0

0 λ2
2 0 · · · 0

0 0 λ2
3 0

...
...

... · · · . . . 0
0 0 · · · 0 λ2

2m




,

� =




eλ1t1 eλ1t2 · · · · · · eλ1ts

eλ2t1 eλ2t2 · · · · · · eλ2ts

...
...

. . . · · · ...
...

...
...

. . .
...

eλ2m t1 eλ2mt2 · · · · · · eλ2mts


 .

Similarly, the response matrix ˆ̈X corresponding to the
same measured stations and 	t later in time than those in
equation (14) can be expressed as

ˆ̈X = �̂λ�. (15)

The elimination of � and λ from equations (14) and (15)
gives

ˆ̈X = �̂�−1Ẍ = AẌ (16)

and
A� = �α (17)

where A is defined as the (2m × 2m) system matrix.
Equation (16) is generally an over-determined system of
simultaneous linear equations. The solution to obtain matrix
A is not unique. Several approaches, such as the least
square method and singular value decomposition, can be used.
Moreover, equation (17) is a standard eigenvalue equation,
which can be solved by any conventional method. The matrix
α is a diagonal matrix with entries αk = eλkδt . Let αk = βk +iγk

and λk = ak + ibk (i = √−1), then ak and bk are related to βk

and γk as

ak = 1

2	t
ln(β2

k + γ 2
k ); bk = 1

	t
tan−1

(
γk

βk

)
. (18)

Once the eigenvalue λk is obtained, the kth modal
frequency and damping ratio are calculated from equation (13).
Based on the above derivations, it is also found that the
eigenvectors � of matrix A are the desired complex mode
shapes of the structure.

4. Mode shape interpolation technique

As mentioned previously, the ITD method could estimate
all desired modal frequencies and damping ratios. In the
case of partial measurements, only the mode shape values
at the instrumented degrees of freedom are identified. To
obtain the complete mode shapes, in this paper, a mode shape
interpolation method was developed to calculate the mode
shape values for the locations without measurement.

 

a1 

a2 

a3 

 

Figure 6. Relative position layout of the mass center and
seismometers at the instrumented floors.

For an N -story torsionally coupled shear building
structure (Kan and Chopra 1977), the j th mode shape � j is
expressed as

� j =
[

φx j

φy j

φθ j

]
, j = 1, 2, . . . , 3N (19)

where φx j , φy j and φθ j denote its components in the x , y
and θ directions. It is reasonably assumed that the φx j , φy j

and φθ j of any torsionally coupled building are the linear
combination of the shear mode shapes, ϕ j , of its corresponding
N -story uncoupled (or say planar) system with the same mass
distribution and uniform stiffness along the height. Then,
we can form a set of functions (ϕ1 − ϕ2), (ϕ1 − ϕ3), (ϕ1 −
ϕ4), . . . , (ϕ1 − ϕN ) as the basic ingredients for mode shape
interpolation. Let p (p � 2) be the number of floors where
the vibration responses in x-, y- and θ -directions are measured.
Then, the mode shape interpolation formulae for all 3N mode
shapes in the d-direction (d = x , y, or θ ) are expressed as

φd, j = ad, j1ϕ1 +
p+int(( j−1)/3)∑

b=2

ad, jb(ϕ1 − ϕb);

j = 1, 2, . . . , (N − p + 1) × 3 (20a)

φd, j = ad, j1ϕ1 +
N∑

b=2

ad, jb(ϕ1 − ϕb);
j = (N − p + 1) × 3 + 1, . . . , 3N (20b)

where int(−) indicates the integer part of the number
in parenthesis. ad, j1 and ad, jb are constant coefficients
determined by the identified mode shape values and orthogonal
conditions among modes. It has been verified that with any
p (p � 2) measured floors (3p response measurements),
there are always enough conditions to determine the unknown
coefficients. More detailed illustrations can be found in the
article by Ueng et al (2000).

It is noted that the proposed interpolation technique
employs base vectors derived from a regular shear building.
It may not be suitable for the following buildings:

(1) buildings with setback—this kind of buildings possess
nonuniform stiffness, which violates the assumption of
uniform stiffness along the height;
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Figure 7. (a) Randomdec acceleration signatures at the mass center of the fifth floor of the seven-story school building. (b) Randomdec
acceleration signatures at the mass center of the roof level of the seven-story school building.

Table 1. Physical system parameters of the five-story building.

Floor Story stiffness Story eccentricity (m) Radius of
mass gyration

Floor m (kg) kx (N m−1) ky (N m−1) kθ (N m) ex ey r (m)

1F 2.8 × 105 3.60 × 108 3.20 × 108 3.20 × 1010 1.6 1.6 8.0
2F 2.6 × 105 3.55 × 108 3.15 × 108 3.15 × 1010 1.6 1.6 8.0
3F 2.4 × 105 3.50 × 108 3.10 × 108 3.10 × 1010 1.6 1.6 8.0
4F 2.2 × 105 3.45 × 108 3.05 × 108 3.05 × 1010 1.6 1.6 8.0
5F 2.0 × 105 3.40 × 108 3.00 × 108 3.00 × 1010 1.6 1.6 8.0

(2) frame systems with shear wall or bracing—the fact that
the bending-mode deformation contributes mostly to the
total deformation of these buildings is not consistent
with the assumption of shear-mode deformation in the
interpolation technique (Mau and Aruna 1994).

5. Numerical verifications

A five-story building with two-way eccentricity under the
1940 El Centro bi-directional earthquakes (PGA = 0.3 g)
is presented to demonstrate the efficiency of the proposed
modal parameter identification procedure and mode shape

interpolation technique. The system properties of the model
structure are given in table 1. The Rayleigh damping with
ξ1 = ξ2 = 2% is assumed. Only the second floor and roof
acceleration responses are measured. Random noise with a
noise-to-signal ratio of 20% was added. The corresponding
free decay signatures of the 1F and 5F, extracted using the
modified random decrement method, are shown in figures 2(a)–
(c). The first three identified modal frequencies, damping
ratios and mode shapes versus the true values are given in
table 2 and figure 3. It is shown that the proposed method is
able to identify the dominant modal parameters accurately even
with highly coupled modes and high levels of measurement

857



C C Lin et al

Figure 8. The estimated complete first three mode shapes of the seven-story school building.

Table 2. Identified first three modal frequencies and damping ratios
of the five-story building.

Natural frequency (Hz) Damping ratio (%)

True

[
1.629
1.767
2.267

] [
2.00
2.00
2.08

]

Estimated

[
1.613
1.764
2.278

] [
1.81
1.91
1.85

]

noise. This identification result is generally adequate for
building structures because their total responses are dominated
by the first few modes.

In addition, based on the identified modal parameters,
the absolute accelerations at each floor were calculated under
the bi-directional components of 1940 El Centro earthquake.
The peak and root-mean-square (rms) acceleration responses
at measured (roof) and unmeasured (4F and 5F) floors are
listed in table 3. Since the dominant modal properties are
accurately estimated, so are the dynamic responses. There is
good agreement between the estimated and true responses.

Table 3. Peak and rms response estimation of the five-story
building under 1940 El Centro bi-directional earthquakes.

Peak response (g) rms response (g)

True Estimated True Estimated

ẍ4 0.802 0.827 0.187 0.173
ẍ5 0.916 0.990 0.222 0.208
ẍRF 1.139 1.075 0.245 0.226
ÿ4 0.917 0.901 0.219 0.224
ÿ5 0.997 1.084 0.262 0.268
ÿRF 1.080 1.178 0.288 0.290
(r θ̈ )4 0.666 0.680 0.132 0.139
(r θ̈ )5 0.739 0.813 0.157 0.167
(r θ̈ )RF 0.820 0.882 0.172 0.181

There are some assumptions in using the randomdec
signatures of responses only to identify the system parameters,
namely the zero-mean stationary Gaussian response excited
by a white noise. Therefore, such a technique was originally
proposed for ambient vibration. When the randomdec
signatures are extracted from the earthquake responses, the
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Figure 9. (a) Predicted versus measured acceleration responses at the sensor locations in the fifth floor of the seven-story school building.
(b) Predicted versus measured acceleration responses at the sensor locations in the roof level of the seven-story school building.

assumption of a zero-mean process is automatically satisfied
after a procedure of baseline correction is performed to the
responses. A seismic input is indeed transient, and so are the
floor responses. However, the nonstationary part of a response
due to the initial conditions decays because of the damping
effect, and the stationary behavior is usually approached
in the strong-motion response, where the components of a
randomdec signature are triggered. Basically, a randomdec
signature is the numerical results in estimating a specified
conditional expectation through a temporal average scheme.
The use of the record length extension technique described in
section 2.2 is not only to enhance the stationarity but also to
increase the accuracy in estimating the conditional expectation.
Such a conditional expectation is proportional to the auto-
correlation function of a stationary Gaussian process, as shown
in equation (1). For a linear structural system, the response is
superposed by all the increments induced by the seismic input
ahead, and then the strong-motion response may be assumed
to be Gaussian by the central limit theorem.

Equations (5)–(7) are derived from the assumption of
a constant power spectral density of the excitation. When
the excitation is not a white noise, the three equations are
only approximated to the free decay responses. However, the
white noise approximation could be applied to a wide-band
excitation (Der Kiureghian 1981), and the validity depends
on the frequency content of the seismic input. The Fourier

amplitudes of the 1940 El Centro bi-directional earthquakes
are shown in figures 4(a) and (b). In view of these figures,
the seismic inputs are not narrow band and their spectral
bandwidths include the first three modal frequencies of the
five-story building. Therefore, the dominant modal parameters
are accurately identified.

6. Identification of a real RC building

The acceleration response records from a seven-story RC
school building in I-Lan, north-eastern Taiwan due to the 1994
Nan-Au earthquake (ML = 6.2) are used to identify the modal
parameters and verify the effectiveness of the proposed system
identification techniques. This building, used for classrooms
and offices, has a one-story basement and central skylight. The
rectangular plan is fairly regular. The plan of these floors and
a front view are shown in figure 5.

6.1. Seismometers layout and building model

Nine seismometers, installed in three floors (the base, fifth and
roof floors) with each floor having three seismometers, were
used to measure the acceleration responses simultaneously
at different locations. The seismometers were located in
three combinations in order to measure the dominant modes
in each direction. Assume that the building is fixed at the
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Table 4. Identified first six modal frequencies and damping ratios of the school building.

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

Natural frequency (Hz) 1.95 2.59 3.70 5.59 6.98 7.15
Damping ratio (%) 5.09 12.43 2.21 7.97 5.35 2.00

base and modeled as a torsionally coupled shear building.
The model has three dynamic degrees of freedom at each
floor: two translations and one rotation about the mass center.
Figure 6 shows the relative position layout of the mass center
and seismometers on one of the instrumented floors, where
C.M. represents the floor mass center and a1, a2 and a3 the
seismometers. The mass center of each floor was located first,
then the two translations and one rotation at the instrumented
floor were calculated using

ẍ = [üa2L1 − (üa1 + üa2)L2]/L1 (21a)

ÿ = [üa3L1 − (üa1 + üa2)L3]/L1 (21b)

θ̈ = (üa1 + üa2)/L1 (21c)

where üa1, üa2 and üa3 are the acceleration responses measured
from seismometers a1, a2 and a3.

6.2. Modal parameter estimation

The free decay acceleration signatures, calculated from the
modified random decrement method, at the mass center of the
fifth and roof floors in three directions are shown in figures 7(a)
and (b). The first six modal frequencies and damping ratios are
identified and listed in table 4. The complete first three mode
shapes calculated by equation (20) are shown in figure 8. Using
the identified first three modal parameters and the acceleration
at the fixed base as input excitation, the absolute acceleration
responses at the sensor locations in the fifth floor and roof are
predicted and compared with actual measurements as shown
in figure 9. They are in fairly good agreement in the whole
course. The average estimation errors were less than 10%.
The accurate structural response estimation indicates that the
proposed system identification technique is applicable to real
structures using their earthquake response records directly.

However, the discrepancy between the measured and
predicted acceleration responses is more obvious than that in
the five-story building. The Fourier amplitudes of the base
excitations are shown in figures 10(a) and (b). In view of
these figures, the identified modal parameters below 2 Hz are
convincing, and the identified modal parameters between 2
and 6 Hz are less convincing, compared to the first modal
parameter.

7. Conclusions

This study found the analytical general relationship between
the reduced randomdec signature and true free decay
acceleration response; then, the conventional random
decrement method was modified to extract free decay
responses using transient acceleration response measurements
induced by earthquakes. The ITD technique was employed to
evaluate the modal parameters of general torsionally coupled
buildings using only few floor acceleration records. Based on
the analytical and numerical results from simulation and real
measured data, the following conclusions may be made.
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Figure 10. (a) Fourier amplitude spectrum of base acceleration in
the EW direction. (b) Fourier amplitude spectrum of base
acceleration in the NS direction.

(1) The randomdec acceleration signature is equal to a
free decay acceleration response with certain initial
displacement and velocity.

(2) The proposed record length extension technique is useful
for transient response measurements and thus increases
the applicability and accuracy of the random decrement
method.

(3) The proposed system identification technique accurately
identifies structural dominant modal parameters and
responses even with highly coupled modes and high levels
of noise contamination.

The small number of response measurements and simple on-
line calculations make the proposed method favorable to real
implementation.
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