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Abstract. Vibration control and health monitoring of building structures have been actively investigated in
recent years but treated separately according to the primary objective pursued. This paper presents a general
approach in the time domain for integrating vibration control and health monitoring of a building structure to
accommodate various types of control devices and on-line damage detection. The concept of the time-domain
approach for integrated vibration control and health monitoring is first introduced. A parameter identification
scheme is then developed to identify structural stiffness parameters and update the structural analytical model.
Based on the updated analytical model, vibration control of the building using semi-active friction dampers against
earthquake excitation is carried out. By assuming that the building suffers certain damage after extreme event or
long service and by using the previously identified original structural parameters, a damage detection scheme is
finally proposed and used for damage detection. The feasibility of the proposed approach is demonstrated through
detailed numerical examples and extensive parameter studies. 
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1. Introduction

Vibration control and health monitoring of civil engineering structures under harsh environment have

been actively investigated in recent years. Several vibration control technologies have been developed for

civil engineering structures to mitigate their excessive vibration induced by strong winds, severe

earthquakes or other disturbances (Housner et al. 1997, Spencer and Nagarajaiah 2003, Kori and Jangid

2008). Several health monitoring systems have also been developed for civil engineering structures to

identify their dynamic characteristics and to detect their possible damage after extreme event or long-term

service (Aktan et al. 2000, Wong et al. 2000). Health monitoring systems have been developed and

implemented for civil engineering structures to identify their dynamic characteristics and parameters and

to detect their possible damage after extreme event or long-term service. Although both vibration control

system and health monitoring system need sensors, data acquisition and transmission for real-life

implementation, in most of the investigations vibration control and health monitoring have been treated

separately according to the primary objective pursued. This separate approach is not practical nor cost-
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effective if civil engineering structures do require both vibration control system and health monitoring

system.

Ray and Tian (1999) proposed a method of enhancing modal sensitivity to local damage using feedback

control to aid in damage detection. Gattulli and Romeo (2000) proposed the use of an integrated procedure

for robust control of oscillations and damage detection of linear structural systems. Sun and Tong (2003)

presented a closed-loop control-based damage detection scheme aiming at detecting small damage in

controlled structures. These studies, however, focus on actively controlled mechanical systems or small

structures and their application to civil structures might be difficult. To this end, Xu and Chen (2008) and

Chen and Xu (2008) proposed an integrated vibration control and health monitoring system based on

semi-active friction dampers to fulfill model updating, seismic response control and damage detection of

building structures. The semi-active friction dampers are used not only to control building vibration but

also to provide two states of building stiffness for model updating and damage detection: the original

building without any additional stiffness (clamping force is set at zero), and the original building with

additional stiffness (damper is in a sticking state). The detailed information can be found in Xu and Chen

(2008).

Nevertheless, this integrated control and health monitoring system cannot be applied to the building

structures with other types of control devices such as viscous dampers, MR dampers and others.

Furthermore, this integrated system conducts model updating and damage detection based on the natural

frequencies and mode shapes of the original and damaged structures identified by vibration-based methods.

Therefore, this approach is not on line, and the occurrence time of damage events cannot be detected.

This paper presents a general approach in the time domain for integrating vibration control and health

monitoring of a building structure to accommodate various types of control devices and on-line damage

detection. The concept of the time-domain approach for integrated vibration control and health monitoring

is first introduced. A parameter identification scheme is then developed to identify structural stiffness

parameters and update the structural analytical model. Based on the updated analytical model, vibration

control of the building using semi-active friction dampers against earthquake excitation is carried out. By

assuming that the building suffers certain damage after extreme event or long service and by using the

previously identified original structural parameters, a damage detection scheme is finally proposed and

used for damage detection. The feasibility of the proposed approach is demonstrated through detailed

numerical examples and extensive parameter studies. 

2. Concept of integrated vibration control and health monitoring

Let us consider a multi-storey shear building subject to earthquake excitation, as shown in Fig. 1. To

reduce possible excessive vibration induced by earthquakes, passive or semi-active dampers can be

positioned in diagonal braces into the building storey to enhance its vibration energy dissipation capacity.

If a semi-active control system is used, the sensory system and the data acquisition and transmission

system should be designed properly to provide essential feedback information to determine optimal

control signals. The control signals are then sent to the control devices to achieve optimal control forces by

which the maximum building response reduction can be achieved. 

To identify dynamic characteristics and parameters and to detect possible damage of the building after

extreme events or long-term service, the sensory system and the data acquisition and transmission system

should be designed as well to provide correct and essential information for parameter identification and

damage detection in terms of proper algorithms. Obviously, the semi-active control and health monitoring
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both need a sensory system, a data acquisition system and a transmission system. It is desirable to have the

common sensory system and the common data acquisition and transmission system for both vibration

control and health monitoring of a building structure. This is the basis for the proposed approach to be

discussed in this paper. 

In the proposed time domain approach, the control forces from the control devices together with the

structural responses should be measurable on line. The control forces can therefore be regarded as a series

of known external forces. Together with known actual external excitation, the time-domain identification

method of a building structure without control devices can then be applied to the building structure with

control devices. In such a way, the control devices incorporated into the building should not necessarily be

limited to semi-active friction dampers and the model updating and damage detection could be

implemented on line. To realize this approach, the first step is to develop a proper time-domain parameter

identification method so that the stiffness parameters of a building can be effectively and accurately

identified. The original structural model can be updated based on the identified stiffness parameters.

Furthermore, the updated structural parameters and building model will facilitate the implementation of

structural vibration control and provide the reference for the subsequent vibration control and damage

detection. The second step is to present a proper time-domain control algorithm for the updated building

model subjected to earthquake excitation. The building may suffer damages after extreme event or long-

term service. The last step is to apply the proposed time-domain parameter identification method to the

damaged building to identify its structural parameters based on the dynamic responses of both the

structure and control devices. By comparing with the structural stiffness parameters before and after

damage, the location, severity and time instant of the damage event can be determined consequently.

Fig. 1 shows a schematic diagram for the proposed integrated vibration control and health monitoring of a

shear building. The details of each step will be introduced in the subsequent sections. 

3. Parameter identification of original building

The parameter identification methods in the time domain have been studied in recent years and a

number of approaches have been proposed, which include the least-squares method (Wang and Haldar

Fig. 1 Integrated vibration control and health monitoring system
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1994), the maximum likelihood method (Shinozuka et al. 1982), the Kalman filter techniques (Hac and

Spanos 1990, Loh et al. 2000), the substructure approach (Koh et al. 1991), and the hybrid identification

method (Zhao et al. 2006). These identification approaches are developed for the structures without

control devices. The parameter identification of controlled structures has not been effectively investigated.

The objective of parameter identification in the time domain proposed in this study for controlled

structures is to determine the structural parameters based on the measured dynamic responses, external

excitations and control forces. The equation of motion for a building structure with control devices under

external excitations can be written as

(1)

where M, C and K are the mass, damping and stiffness matrices of the structure respectively, x(t), 

and  are the displacement, velocity and acceleration responses respectively, R(t) is the external

excitations, u(t) is the control forces provided by the control devices, and Hc is the influence matrix

reflecting the location of control forces. The Rayleigh damping assumption is adopted to construct the

structural damping matrix (Clough and Penzien 2003).

(2)

where α is the mass damping coefficient; and β is the stiffness damping coefficient. Substituting Eq. (2)

into Eq. (1) yields

(3)

Eq. (3) can be rewritten as

(4)

where

(5)

(6)

(7)

For the shear building investigated in this study, the horizontal stiffness coefficient of the building

storey can be selected as the stiffness parameter. The horizontal stiffness coefficient vector θ can be

extracted from the elastic restoring force vector fE(t) based on the sensitivity analysis as long as the

elastic restoring force vector is a linear function of θ (Zhao et al. 2006).
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(11)

in which γ (i) is the ith horizontal stiffness coefficient, ne is the number of building stories. Eq. (4) can

then be rewritten as

(12)

where

(13)

Eq. (12) can be regarded as the identification equation for the stiffness coefficient vector in the time

domain. The coefficient matrix H(t) can be determined by the sensitivity matrix of fE(t) to the stiffness

coefficient vector θ and the measured structural responses, which will be shown subsequently. The

vector z(t) can be determined based on the measured external excitations R(t), the measured control

forces u(t), and the measured structural responses which can be used to further determine fI(t) and

fDM(t). 

The derivative of fE(t) to the stiffness coefficient γ (m) of the mth storey is

(14)

The sensitivity matrix of the global stiffness matrix K to the stiffness coefficient of the mth storey can be

written as 

(15)

where  is the element stiffness matrix of the mth storey in the local coordinate system,  is the

contribution matrix of the element stiffness matrix of the mth storey  to the global stiffness matrix

K,  is the sensitivity matrix of the global stiffness matrix K to the mth stiffness coefficient ,

 is the sensitivity matrix of the element stiffness matrix  to the mth stiffness coefficient ,

 is the transform matrix from the local coordinate system to the global coordinate system, which is

the products of coordinate transformation matrix  and position matrix  of the mth storey

(16)

Therefore, the derivative of  with respect to the stiffness coefficient  of the mth storey 

can be written as 

(17)

Eq. (10) can be expressed as

(18)

Eq. (12), the identification equation, can be applied to any sampling instant t in theory. However, the
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affect the quality of identified stiffness coefficients. In this regard, the identification equations at

properly-selected sampling instants can be assembled to form an over-determined identification

equation for the stiffness coefficient vector

Hθ = z (19)

The flow chart of identification process for stiffness coefficient vector can be seen in Fig. 2.

4. Vibration control of original building

4.1 Modeling of building with control devices

In this section, the semi-active friction dampers are utilized as the control devices positioned in diagonal

braces for the building structure for seismic mitigation (see Fig. 1). The corresponding control system

shall share the sensory system, data acquisition system and data transmission system with the health

monitoring system. The semi-active friction damper is modeled with the components of a linear spring

(brace stiffness) and a variable friction damper connected in series, as shown in Fig. 3. The behavior of

friction damper is assumed to follow the Coulomb friction model, and the friction force of the damper is

therefore linearly proportional to the clamping force when the dynamic friction coefficient µ is considered

Fig. 2 Flow chart of parameter identification process
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constant and independent on the sliding velocity and the displacement (Ng and Xu 2007, Xu and Ng

2008). The semi-active control force u(t) depends on either the sticking or the slipping state of the damper

and it can be written as

(20)

(21)

in which kd is the spring stiffness (brace stiffness) of the semi-active friction damper, f d(t) is the friction

force of semi-active friction damper, f k(t) is the axial force in the semi-active friction damper, d(t)

denotes the axial displacement between the two ends of the friction damper, and e(t) is the slip

deformation of the friction damper that is given by

(22)

where  is the previously cumulated slip deformation of the friction damper and  is the relative

velocity between the two ends of the friction damper. The friction force of the semi-active friction

damper is given by

(23)

where Nd(t) is the clamping force of semi-active friction damper which is time-dependent and

determined by the feedback controller. The semi-active control force u(t) is exactly the same as the

semi-active friction force f d(t) if the friction damper slips continuously without sticking. It is noted that

if | f k(t)|<| f d(t)|, the friction damper is in sticking status. The friction damper cannot slip and produce

friction control force. Under this circumstance, the friction damper behaves like a pure brace. The force

produced by friction damper f k(t) can be directly calculated as the products of axial deformation and

axial stiffness of the friction damper in line with Hooker’s Law. 

The equation of motion of the building with semi-active friction dampers subjected to seismic

excitations can be written as

 (24)
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Fig. 3 Mechanical model of semi-active friction dampers
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matrix reflecting the location of the semi-active friction dampers. 

4.2 Global feedback control strategy

The linear quadratic Gaussian (LQG) controller with a modified clipped strategy is applied to the

building with semi-active friction dampers. The equation of motion of the building with semi-active

friction dampers, that is Eq. (24), is rewritten in state-space form as

(25)

The measured responses ym are selected as the absolute acceleration responses of the building floors

(26)

where

(27)

in which z = [x ]T is the state vector of controlled building, v is the measurement noise vector, I is the

unit diagonal matrix, Cm, Dm and Fm are the reduced-order coefficient matrices of A, B and E,

respectively. The regulated response is expressed as

(28)

where yed is the regulated response vector; Ced, Ded and Fed are the reduced-order coefficient matrices

of A, B and E, respectively. The acceleration feedback LQG controller is basically designed to minimize a

quadratic objective function by weighting the absolute acceleration responses of the building and the

control forces, given by

(29)

where Q and R are the weighting matrices for acceleration responses and semi-active control forces,

respectively. Based on the separation principle that allows feedback gain and Kalman gain determined

separately (Stengel 1986, Skelton 1988), the optimal control force vector is obtained as

(30)

where  is the state feedback gain matrix,  is the estimated state vector described by the steady-state

Kalman filter optimal estimator (Stengel 1986, Skelton 1988). 

In reality, the control force of a semi-active friction damper depends on its motion status: when the

damper is in sticking stage, the control force is equal to the axial force in the brace; and when the damper

is in slipping stage, the magnitude of the control force depends on the controllable clamping force and its

direction depends on the velocity of the damper (Ng and Xu 2007, Xu and Ng 2008). The closed-loop

feedback force determined by Eq. (30) cannot always be achieved by the semi-active friction dampers

z· Az Bu Ex··g+ +=

ym Cmz Dmu Fmx··g v+ + +=

A
0 I

M–
1–
K M–

1–
C

 B
0

M
1–
H

c
 E 0

1–
;=;=;=

x·

yed Cedz Dedu Fedx··g+ +=

J
1
τ
---E Cedz Dedu+( )TQ Cedz Dedu+( ) u

T
Ru+{ } td

0

τ

∫[ ]
τ ∞→
lim=

u K
˜

z–=

)

K
˜

z

)



Integrated vibration control and health monitoring of building structures: a time-domain approach 819

because a semi-active friction damper is actually a passive damper with actively-adjustable parameters.

Therefore, the following modified clipped control strategy is presented for the friction-based semi-active

devices

(31)N
d

t( )

u
LQG

t( ) µ⁄              d
·

t( ) u
LQG

t( )⋅ 0 and u
LQG

t( ) µNmax

d< <

Nmax

d
u
LQG

t( )( ) d· t( ) u
LQG

t( )⋅ 0 and u
LQG

t( ) µNmax

d≥<sgn

           0                d
·

t( ) u
LQG

t( ) 0≥⋅⎩
⎪
⎨
⎪
⎧

=

Fig. 4 Flow chart of vibration control process
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where  is the optimal active control force determined by the LQG controller,  is the maximum

clamping force which can be provided by the semi-active friction damper. 

To implement the semi-active control strategy expressed by Eq. (31), the direction of  should be

determined. Eq. (23) indicates that the control force of the semi-active friction damper f d(t) has the same

direction as . The measurement of control forces of damper is thus necessary for determining the

direction of . As a result, the force transducer incorporated with the semi-active friction damper to

measure the control force can be used for not only parameter identification but also vibration control. The

flow chart of vibration control process is plotted in Fig. 4. 

5. Damage detection

Despite having installed control devices to the building structure, the structure may still suffer some

damage after extreme events or long-term service. In this section, the identification scheme introduced in

Section 3 is applied to the damaged building for the identification of the reduced stiffness coefficients. By

comparing the stiffness coefficients of the undamaged and damaged buildings, the location and severity of

the damage events can be determined. For simplicity, the mass and damping matrices of the damaged

building are assumed the same as those of the undamaged structure. Similar to the undamaged structure,

the identification equation of stiffness coefficients at any time instant can be written as

(32)

where

(33)
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in which  is the mth stiffness coefficient of the damaged building; and the superscript d represents

the damaged case. Assembling the identification equation (Eq. (32)) at properly-selected sampling instants

would result in the over-determined identification equation for the stiffness coefficients of the damaged

building, as discussed by Zhao et al. (2006).
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be determined by the following equation

(41)

By applying the above equation to the time histories recorded by the structural health monitoring

system continuously, the occurrence time of damage event can be determined almost on line. The flow

chart of damage detection process is plotted in Fig. 5.

6. Numerical investigation

6.1 Description of an example building

The five-storey shear building demonstrated in Fig. 6 is selected as an example building to examine the

feasibility of the proposed time-domain approach for integrated vibration control and health monitoring.

The example building has the same storey height of 3 m. The mass and the horizontal storey (shear)

stiffness of the original building without damage are uniform for all storeys with mass m = 5.1×103 kg and

stiffness k = 1.334×107 N/m. The equation of motion of the building is solved using the Newmark-β

method with a time step of 0.002s. The two factors in the Newmark-β method are selected as 1/2 and 1/4,

respectively. The Rayleigh damping assumption is adopted to construct the structural damping matrix. The

damping ratios in the first two modes of vibration of the building are assumed to be 0.02. A semi-active

friction damper with a diagonal brace is used to connect two neighboring floors. The same arrangement is

made for each storey of the building with the same damper as shown in Fig. 6. The stiffness ratio (SR) of

the brace stiffness to the horizontal stiffness of the building storey is defined as

∆θ θ
d

θ–=

Fig. 5 Flow chart of damage detection process
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(42)

where Ks is the horizontal stiffness coefficient of the building storey, and Kd is the stiffness coefficient

of the brace.

6.2 Parameter identification of the example building

6.2.1 Parameter identification without noise contamination

For the purpose of parameter identification, an external dynamic force P1 is applied to the first floor to

excite the building (see Fig. 7). The dynamic force is assumed to be a white noise random process with a

peak value of 5.4 kN, and the time history of the force is simulated by the computer with a sampling

frequency of 500 Hz. The clamping force of the semi-active friction damper is set as 5 kN. The displacement,

velocity and acceleration responses of all the floors and the control forces of all the semi-active friction

SR
Kd

Ks

------=

Fig. 6 Five storey shear building with semi-active friction dampers

Fig. 7 Time history of external dynamic force P1
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dampers are computed and taken as the measured results. For the five-storey shear building concerned, the

horizontal storey stiffness coefficient vector to be identified can be expressed by

(43)

The time histories of displacement, velocity, and acceleration responses of the building at the top floor

are shown in Fig. 8. Fig. 9 demonstrates the time histories of control forces for all the five semi-active

friction dampers. By using the measured dynamic responses, control forces and external excitation and

considering no noise contamination, the stiffness coefficients of the building can be identified, and the

identified results are shown in Fig. 10. It can be seen that the actual values of horizontal stiffness coefficients

can be identified exactly for all the five storeys when the noise contamination is not considered. 

For the semi-active friction dampers used in this study for integrated vibration control and health

monitoring, the clamping forces of the semi-active friction dampers can be set as zero to create the status

of the building without any control forces. The stiffness coefficients of the building in such a case are also

identified to compare with the building with control devices. The results show that without considering

noise contamination, the identified stiffness coefficients from the building with control devices are exactly

the same as those from the building without control devices. 

6.2.2 Parameter identification with noise contamination

In practice, the noise contamination is unavoidable in the measured dynamic responses, external

dynamic forces and control forces. Therefore, the effects of measurement noise on the identification

quality of stiffness coefficients should be examined. The measurement noise, which is assumed to be a

white noise random process, is simulated and added to the dynamic responses, control forces and external

force according to a given noise intensity. The noise intensity is defined as the ratio of the root mean

θ k1 k2 k3 k4 k5, , , ,[ ]T=

Fig. 8 Time histories of dynamic responses at the top floor
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square (RMS) of the noise to the RMS of the time history of original signal

Noise intensity = × 100% (44)

Because the measurement noise considered in this study is assumed to be normally distributed white

noise, the amplitude of measurement noise at one frequency is the same as that at other frequency in the

frequency domain. In the time domain, the amplitude of measurement noise at most time instants is below

a certain value. For instance, for a normally distributed white noise the noise amplitude at 95% of the

sampling points of measurement noise time history is below 1.645 times its RMS. Since the amplitude of

structural response at each time instant is different, the relative error induced by measurement noise would

 
RMS(noise)

RMS(signal)

Fig. 9 Time histories of control forces
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be different from time instant to time instant. According to the noise intensity defined in Eq. (44), the

relative noise level will be small for the structural response of large amplitude in general. Furthermore, it is

not necessary to take all the time instants (the sampling points) in one time history into full consideration

when using the identification equation. Therefore, based on the above observations Zhao et al. (2006)

proposed an amplitude-selective filtering procedure to filter the structural responses below a preset

threshold. Only the structural responses above the given threshold are retained in the identification process

so as to reduce the effect of measurement noise and at the same time to improve the identification quality.

The criterion used to determine the threshold is the number of the retained sampling points in the

structural response time histories. The number of retained sampling points should be smaller

compared with the total number of sampling points, but it should be large enough to satisfy the

effective solution to the identification equation. For a single-response time history xi of dimension n,

if the number of retained sampling points is set to m, the retained structural response time history

after the filtering can be expressed as

(45)

where x* is the (n-m) largest value in the original time history xi. For more than one structural response

time history, in consideration that different types of structural responses are involved and the same

noise level is assigned to each measured time history, the sampling points are discarded one by one

starting from the point with the smallest response until the retained number reaches the given number

but this procedure should be applied to all the response time histories with an even chance. 

Three noise intensities, 0.5%, 1.0% and 2%, are introduced to the structural dynamic responses, control

forces and external dynamic force to assess the effects of noise contamination on the identification quality

of the stiffness coefficients. The retained number of sampling points is set at 100 following Eq. (45). It can

be seen from Fig. 11(a) that the identification errors gradually increase with the increasing noise intensity.

The maximum relative identification error in the stiffness coefficients is about 1.6% for 2% noise

intensity. The above identification observations are made based on the white noise excitation acting on the

first floor. The identification cases with other kinds of excitations such as sinusoidal excitation acting on

other floors of the building are also analyzed. Similar observations can be made to those reported in this

section. Plotted in Fig. 11(b) are the relative identification errors in the stiffness coefficients at the three

levels of noise for the cases without control forces. It can be seen that identification errors increase with

xj xi xi x*>{ }=

Fig. 10 Identification results of stiffness coefficients without noise contamination
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the increase in noise intensity. The maximum relative identification error in the stiffness coefficients is

about 1% for 2% noise intensity. The identification quality without control forces is slightly better than

that with control forces. It is noted that the measured time histories of control forces utilized in the

identification are also polluted by the noise contamination. 

In vibration control, the stiffness ratio of dampers may affect the control performance. The effects of

stiffness ratio on the identification quality are also investigated. The numerical results indicate that the

stiffness ratio has no obvious effects on the identification quality. This is because the control forces

measured directly by force transducers are used in the identification. 

6.3 Seismic response control of the example building

6.3.1 Seismic input and evaluation index

To evaluate the control performance, four seismic records are selected as inputs to the example building:

(1) El Centro NS (1940); (2) Hachinohe NS (1968); (3) Northridge NS (1994); and (4) Kobe NS

(1995). The original peak ground accelerations of the four seismic records are 3.417, 2.250, 8.2676

and 8.1782 m/s2, respectively. The original time histories of the four seismic records are scaled to

have the same peak ground accelerations of 4.0 m/s2 to facilitate the comparison. The stiffness

matrix of the example building is constructed using the stiffness coefficients identified with control

devices and 1% noise level. The stiffness ratios of all the five semi-active friction dampers are

assigned the same value of 0.9. Five accelerometers and five force transducers with one

accelerometer and one force transducer for one storey are necessary to realize the feedback control.

In the numerical investigation of control performance, the corresponding computed building

responses and damper forces are taken as the relevant feedback instead of the signals from the

sensors in practice. The control performance is evaluated in terms of a vibration reduction factor

(VRF) defined as follows (Chen and Xu 2008)

VRF = (46)

where Znc is the maximum response (either displacement, velocity or acceleration) of a given building

floor without control; and Zco is the maximum response of the same quantity of the same floor with

control. 

Znc Zco–

Znc

--------------------

Fig. 11 Identification results of stiffness coefficients with noise contamination: (a) with control force and (b) without
control force
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6.3.2 Evaluation of control performance
In the implementation of the proposed control strategy, the two weighting matrices Q and R are selected

as the unit diagonal matrix multiplied by a factor. The optimum factor is found to be 2.1×105 for Q and

0.016 for R. To determine the maximum clamping force Nmax
d , which can be provided by the semi-active

friction damper, the maximum axial force in the brace of the example building without semi-active control

is computed with the El Centro NS seismic input. The maximum axial force is then taken as the maximum

slipping force.

Figs. 12(a)-(c) depict the variations of the peak displacement, velocity, and acceleration responses of the

example building for three cases: (1) original building without control; (2) original building with braces; (3)

semi-active control. It can be seen that the installation of common braces can reduce the maximum

displacement response of the building but it can increase the maximum acceleration response compared

with the original building. The peak responses of displacement, velocity and acceleration of all the building

floors under semi-active control are substantially reduced in comparison with those of the original

building. The feasibility of the proposed integrated procedure also depends on the brace (damper) stiffness

for both vibration control and parameter identification. Fig. 13 shows the variations of VRF of displacement,

velocity and acceleration responses of the top floor with respect to SR under semi-active control. It is

observed that the vibration reduction factors for all the three responses increase rapidly at the beginning.

Fig. 12 Comparison of control performance for different cases: (a) displacement, (b) velocity and (c) acceleration

Fig. 13 Variations of VRFs with SR
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Afterwards, the vibration reduction factors increase only slightly with increasing stiffness ratio. When it

reaches above 0.9, the stiffness ratio has almost no effect on the vibration reduction factors. The similar

results are found for other building floors. As a result, the optimum stiffness ratio for seismic response

control of the example building can be taken as 0.9. 

6.3.3 Control performance under other seismic inputs

The seismic responses of the example building subjected to other three ground motions are also

investigated and similar investigations to those under El Centro NS earthquake can be made. Numerical

study indicates that the optimum stiffness ratio found from the case of the El Centro earthquake remains

almost unchanged for the other three seismic inputs. Two widely-accepted sets of normalized performance

indices are adopted, to compare the control performance under different earthquakes. The first set of the

performance indices is related to the building responses (Ohtori et al. 2004), which include peak- and

RMS- based inter-storey drift ratios (J1 and J3) and peak- and RMS-based absolute acceleration responses

(J2 and J4), as expressed by

 (47)

 (48)

  (49)

  (50)

where dxi(t) is the inter-storey drift of the ith story of the building with control, hi is the height of the ith

story, dxi(t)/hi is the inter-storey drift ratio of the ith story of the building with control, δ max is the

maximum inter-storey drift ratio of the original building without any control,  is the absolute acceleration

response of the ith floor of the building with control,  is the maximum absolute acceleration

response of the ith floor of the building without any control. The RMS response quantities within the

time duration tf under each earthquake are calculated by

(51)

The sign  means to find the maximum value within the given time duration first and among all the

building stories/floors afterwards. 

The second set of performance indices are related to the capacity of control devices. The peak-based

control force (J5) is

 (52)
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where fl(t) is the control force generated by the lth control device; and W is the seismic weight of the

building, that is, the total weight of all the building floors in this study. 

Table 1 shows the performance indices of the controlled building for the four seismic inputs, respectively.

It is observed that the developed control approach by using semi-active friction dampers can effectively

reduce both the peak and RMS responses of the example under all the four seismic inputs. The control

performance on RMS responses (J1 and J2) is better in comparison with that of peak responses (J3 and J4)

for all the four earthquakes. As far as the rms responses are concerned, the performance indices of drift

ratio are slightly superior to those of acceleration responses. Similar observations can be made from the

peak response except for the case of Northridge earthquake. The control force indices for different cases

are very close except for the case of Northridge earthquake. 

6.4 Damage detection of the example building

The feasibility of the damage detection scheme in the proposed integrated approach for identifying

different damage severities and locations is examined in this section. The effect of noise contamination on

the damage detection quality is also assessed. Two damage scenarios are taken into consideration in this

section: (1) single damage event with 20%, 30%, 40% and 50% stiffness loss, respectively, at the first

storey of the example building; and (2) double damage event with 20% and 30% stiffness loss at the first

and fourth storey respectively. The two levels of measurement noise of 1% and 2% are considered in the

damage detection. The external excitation and the slipping force of the semi-active friction damper

adopted are the same as those used in the stiffness identification. In addition, the damage detection of the

structures without control forces is also carried out for comparison. The dynamic responses of all floors to

the input dynamic force are computed. The measurement noise is simulated and added to the dynamic

responses according to a given noise intensity. The retained sampling points are selected as 100 using the

amplitude-selective filtering procedure.

The damage size, which is defined as the absolute value of the difference between the detected stiffness

and the original stiffness divided by the original stiffness, is computed for the single damage event in the

first storey. The results are indicated in Figs. 14 (a) to (d) for 20%, 30%, 40% and 50% stiffness loss cases,

respectively, with control forces. It can be seen that without measurement noise, the proposed detection

scheme can accurately determine the damage location and size. With measurement noise involved, the

proposed detection scheme can still determine the damage location and size satisfactorily. With the

increase of measurement noise intensity, the damage size detected is less accurate. Fig. 15 demonstrates

the damage sizes for the double damage events. It is seen that without measurement noise, the proposed

detection scheme can exactly determine the damage location and size. With measurement noise considered, the

damage location and size can still be effectively determined but the accuracy of damage detection is

reduced with the increase of measurement noise intensity. The damage sizes for the single and double

Table 1 Performance indices for semi-active control

Index El Centro Hachinohe Northridge Kobe

J1 (peak drift ratio) 0.6875 0.7042 0.7307 0.5246

J2 (peak acc.) 0.8086 0.8042 0.7334 0.5775

J3 (rms drift ratio) 0.4947 0.5449 0.5070 0.4271

J4 (rms acc.) 0.5301 0.5660 0.5375 0.4428

J5 (control force) 0.0940 0.0967 0.1363 0.1026
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damage events without control forces are also computed and the results are shown in Figs. 16 and 17,

respectively. Similar conclusions can be reached to those obtained with known control forces. The

comparison of the identification quality between the cases with/without control forces demonstrates that

the stiffness coefficients can be accurately determined without noise contamination in both cases. With the

introduction of noise contamination, the identification quality without control forces is slightly better than

those with control forces.

The occurrence time of damage events can also be detected by using the proposed time-domain method.

Let us consider a case in which the duration of the external dynamic force is 60 seconds and the stiffness

of the first storey is suddenly reduced by 30% at the 20-second time instant. The computed structural

responses, control forces and external dynamic forces of 60 seconds are used for the identification. The

Fig. 14 Damage detection results for single damage event with control forces

Fig. 15 Damage detection results for double damage events with control forces
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identified damage size with an interval of 100 sampling points is plotted in Fig. 18 against the time. It is

seen that the occurrence time of the damage event can be found at almost the 20-second time instant. 

Fig. 16 Damage detection results for single damage event without control forces

Fig. 17 Damage detection results for double damage event without control forces

Fig. 18 Detection results for occurrence time of damage event
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7. Conclusions

A general approach for integrating vibration control and health monitoring of a building structure to

accommodate various types of control devices and on-line damage detection has been proposed in this

paper. For parameter identification, the identification scheme developed in the time domain has been

applied to a five-storey shear building installed with semi-active friction dampers. The numerical results

demonstrated that the identification of structural stiffness coefficients first and the updating of stiffness

matrix afterwards could be successfully carried out by using the proposed identification scheme. The

identification quality for the building with control devices remained almost the same as that for the

building without control devices even with small noise contamination.

For vibration control, the semi-active control strategy based on the global feedback control algorithm

has been proposed for the semi-active friction dampers to reduce seismic responses of the building. The

numerical results demonstrated that by using the building model with updated structural parameters and

the optimum stiffness ratio the structural seismic responses could be substantially reduced using the semi-

active friction dampers. 

For damage detection, the detection scheme by applying the identification scheme to both the original

building and damaged building has been proposed. The numerical results demonstrated that the damage

size, location and occurrence time could be accurately identified if noise contamination was not considered.

The quality of damage detection gradually decreased with the increasing noise intensity. It is worthwhile

to point out that although the feasibility of the proposed approach was demonstrated for building structures

by using semi-active friction dampers, the proposed approach could actually be applied to building

structures with other types of control devices. The integrated health monitoring and vibration control of

structures with complicated configuration are not to be carried out in this study. This may deserve further

investigation. 
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