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SUMMARY

This paper presents a hybrid structural health monitoring system that was connected to an adaptive structural
control algorithm to improve the control performance. The proposed vibration-based global damage
detection method is combined with a local damage identification method using sonic infrared imaging. The
numerical model and the monitor are updated for continuous structural monitoring and control during future
earthquakes. The previously developed damage diagnosis technique is enhanced by including an equivalent
simplified lumped-mass model deduced from a complex frame structure. Changes in global dynamic response
characteristics due to damaged members or joints are first observed and the damage can be detected and
located during the earthquake event. After the earthquake event, local damage is inspected in detail using
sonic infrared imaging. The example of a three-story steel frame structure with a damaged column and a
damaged joint is presented to demonstrate and evaluate the usefulness and effectiveness of the proposed
concept. Results from numerical simulations indicate that the adaptive control strategy based on model
updating improves the control performance. Copyright r 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In the field of structural control, significant efforts have been devoted to protect civil infra-
structures using various control strategies and devices, such as the passive and active structural
control methods summarized by Soong and Costantinou [1]. Passive devices generally require no
external energy source to serve their purpose as opposed to active devices that need external
energy to apply forces to a structure. There are also semi-active control devices, known as hybrid
devices, which combine passive and active devices and have the ability to offer the reliability of
passive devices while keeping the versatility and adaptability of active devices. A survey paper
addressing energy dissipation and different kinds of actuators is given by Housner et al. [2]. For
more than two decades, researchers have investigated the possibility of using active and semi-
active control methods to improve upon passive approaches for reducing structural responses [3].
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One of the commonly used control design algorithms is based on linear quadratic regulator (LQR)
theory [4], in which full states are needed. If only acceleration measurements are obtained for
control, other states can be estimated using a Kalman filter [5,6], but an accurate model is required
for this estimation process. This is known as linear-quadratic-Gaussian (LQG) control. However,
most control strategies are based on structural models without the consideration for damage. The
control performance can be improved by using adaptive control based on model updating. In this
paper, a hybrid structural health monitoring method is proposed and used in the illustrative
example to demonstrate the effectiveness of the proposed method.

Structural health monitoring methods can be generally categorized as global or local depending
on the level of detail that the methods can provide regarding the condition of the structure.
There are many methods that have been developed to globally determine whether there is damage
in a structure. Most of them are based on changes in dynamic characteristics such as natural
frequencies and mode shapes. Many of the global monitoring methods developed are summarized
in surveys by Doebling et al. [7], Chang et al. [8], and Carden and Fanning [9]. The main
disadvantage of global methods is that they cannot provide information on the location and
severity of each damaged component. Global methods can only identify whether there is damage
in the overall structure. Thus, it has been of interest to study structural health monitoring
techniques that can detect and identify local damage or defects. The imaginable difficulty of such
techniques is that these types of evaluations can be time consuming and expensive for complex
structures so they are mainly used once the local region containing the damage is known. There are
several techniques based on acoustic signals, electromagnetic field, radio frequency, optics, and
others. Most of the recent non-destructive evaluation techniques have been summarized by Chang
and Liu [10], including eddy current technique (effective for locating cracks), ultrasonic technique
(for measuring the state of stress), magnetic flux leakage technique, X-ray technique, etc.

A global method for identifying and locating structural damage has been presented in previous
studies [11,12]. The measured structural responses were assumed to be displacements, velocities, or
accelerations. In the examples considered, the authors have shown that the developed algorithm was
capable of detecting assumed damage based on the changes in dynamic responses and characteristics.

In the study of the present global damage detection algorithm, the previously developed global
damage detection algorithm is enhanced by including an equivalent simplified lumped-mass model
deduced from the complex high-rise frame structure. This enhanced technique can identify specific
values for the floor masses and bending spring constants, whereas only parameters for state space
representation of a simplified lumped-mass model were identified using the previous method [13].

In this study, the concept of combining the proposed global damage detection algorithm with
the available local damage identification methods is considered and discussed. Once the
proposed global damage detection algorithm has determined the condition of a structure based
on the changes in dynamic responses and characteristics, local damage identification techniques
can be used to provide more detailed and accurate assessment about the severity and extent of
the damage. This can be performed after the earthquake is over since all local damage detection
methods currently are based on the concept of active sensing. However, real time inspection and
feedback would be preferred and advantageous but it would require a series of embedded
interconnected sensors to collect data in real time. One of the main advantages of monitoring
for damage in real time is that the structural model can be continuously updated so that an
accurate model is readily available and can be used for structural control. In order to design an
effective control system, it is important to have an accurate model that can be used to provide
current information about the dynamic system in response to a particular earthquake input,
especially when the system dynamics is changing due to damage.

Among all the available damage identification techniques, sonic infrared imaging technique has
been developed and used for this study due to its ability to detect poor welds, cracks, or other
defects that are invisible or only partially visible [14–17]. It is a novel non-destructive evaluation
technology that overcomes many drawbacks of traditional non-destructive evaluation techniques.
It is an effective, fast, and wide-area non-destructive evaluation method. Sonic infrared imaging
combines acoustic excitation and infrared sensing technologies for local damage and defect
detection. This technique employs a pulse of ultrasound/sound excitation to cause self heating in
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damaged/defect areas, which results in the rise of infrared (thermal) radiation from the damaged/
defect areas and their surroundings. Infrared sensors are used to image the thermal radiation from
the target. The damaged/defect areas can be identified from the changes in thermal radiation in
the infrared images. The location of the damage/defects can be accurately identified and the
severity of the damage can be evaluated at the same time as well.

The progress on combing a hybrid structural health monitoring system with an adaptive
control system is illustrated through a three story model with local defect of a column with
channel cross section and a damaged joint. Once the existence of damage is indicated through
the global damage detection algorithm, sonic infrared imaging can be used immediately and
quickly for detecting and evaluating local damage. Based on the results of the hybrid structural
health monitoring system, local members can be updated with new bending stiffness of a beam
or column or rotational stiffness of a joint to instantly update the global structural model. Thus,
new local or perhaps smaller damage can be located by this continuously updating method in
real time. The control strategy can be modified at that time as well. The concept of combing the
global sensing and local infrared imaging, where the global sensing is used to predict the
existence of damage in a structure, and infrared imaging is used for local damage identification
and evaluation, is shown in Figure 1. In addition to its ability to detect invisible or partially
visible defects, sonic infrared imaging technique has the potential of being used remotely,

Figure 1. Schematic diagram of the hybrid structural health monitoring and control system combining
global sensing and local sonic infrared imaging.
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i.e. without the need for local active sensing, and remote sensing could potentially be used to
identify damaged components and joints. The use of such remote sensing system in real time
may become reality in the near future. With such expectations and assumptions, the
development of a hybrid structural health monitoring system that can be implemented for
real time structural health monitoring is illustrated in this paper conceptually, although for the
most part realistically.

2. GLOBAL DETECTION OF DAMAGE

The global damage diagnosis algorithm presented in previous studies [11,12,18] uses one of the
three kinds of measurements, displacements, velocities, or accelerations, as inputs. For the
purpose of simplicity, displacement feedback is used in this study. By decoupling the stiffness of
each floor, monitors are designed to detect damage of each floor separately for a lumped-mass
model. This makes it possible to identify damaged regions, but does not provide detailed local
damage information such as cracks in structural members, welding, joints, etc. In this study, a
system identification method is proposed and used to enhance the previous damage detection
method and enable the detection of damage in a complex frame structure.

2.1. System identification technique

The previously developed damage detection method [11] has been improved by including a
system identification technique. This technique can identify an equivalent simplified lumped-
mass model deduced from a complex high-rise frame structure and can be used in the damage
diagnosis algorithm. The concept of coordinate transformation with mode shapes and modal
matrix [19] is utilized as well.

First, natural frequencies and mode shapes can be obtained by implementing the finite
element frame-based model. The jth mode shape, which corresponds to the desired degree of
freedom, is selected and defined as Fj. The orthonormal modal matrix F for the n-degree-of-
freedom system can be written as

U ¼ ½f1 f2 ::: fj ::: fn � ð1Þ

Second, the mass of ith floor of the simplified lumped-mass model, mi, can be obtained by
adding up the mass of every member of the finite element frame-based model for each floor, i.e.
the mass of each story is divided in half and lumped at the column-beam joint. The modal
stiffness kjj and modal damping cjj can be calculated as

kjj ¼ o2
j ð2Þ

cjj ¼ 2xjoj ð3Þ

where oj is the natural frequency and zj represents the damping ratio of the jth mode.
Then, the mass, damping, and stiffness matrices of the simplified model can be determined by

coordinate transformation and denoted as M, C, and K, respectively.

M ¼ diag½mi� ð4Þ

C ¼ U�Tdiag½cjj�U�1 ð5Þ

K ¼ U�Tdiag½kjj�U�1 ð6Þ

The governing equation of the simplified lumped-mass model under external excitations can
now be constructed as

M€z1C_z1Kz ¼ FðtÞ ð7Þ

where z is the displacement vector and F(t) is the time-dependent external force.
Two examples presented in the previous study [13] are considered to demonstrate the

effectiveness of the model simplifying technique. In both examples, North–South component of
acceleration of the 1940 El Centro earthquake is used as the excitation.
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The first example is a single bay, three-story frame model, which was first illustrated as an
example in the text by Biggs [20]. It has been simplified into a three degree-of-freedom lumped-
mass model (m1 5 25 001 kg, m2 5 23 290 kg, m3 5 11 695 kg; k1 5 4936 kN/m, k2 5 7287 kN/m,
k3 5 6498 kN/m), as shown in Figure 2. It can be observed that natural frequencies and
structural responses are almost identical for the nine element frame model and the three degree-
of-freedom simplified lumped-mass model.

The second example is the 284 element model benchmark proposed by Spencer et al. [21],
which has been simplified into a four degree-of-freedom lumped-mass model (m1 5 60 000 kg,
m25 58 000kg,m35 58 000kg,m45 22 000kg; k15 1279kN/m, k25 2270kN/m, k35 1706kN/m,
k45 801kN/m), as illustrated in Figure 3. Once again, natural frequencies and structural responses
are almost identical. For each example, it is shown that, in addition to matching frequencies and
structural responses, the present technique also identifies specific values for the mass and stiffness
of each floor, whereas only parameters of the transfer function and state space representation of a
lumped-mass model can be identified using the previous method [13]. Thus, this enhanced system
identification technique may be used to identify a simplified lumped-mass model for a complex
frame model.

2.2. Detecting stiffness reduction in connections and joints

In structural analysis, it is a common practice to assume that joints are perfectly rigid for steel
and reinforced concrete frame structures. However, in actual structures, typical joints and
connections do not behave in a perfectly rigid manner. When analyzing a structure, it is
common to use semi-rigid connections to develop a more realistic structural model and achieve
more accurate analysis. Accurate description of the true behavior of connections falls within the
entire flexibility spectrum, from rigid connections (fixed) to semi-rigid connections to flexible
connections (pinned) [22,23]. Some typical configurations of beam-column connections in steel
frames [24] are shown in Figure 4(a) while the categorization of joints based on the moment-
curvature characteristics corresponding to those configurations is shown in Figure 4(b). In order
to develop an accurate structural model, it is necessary to determine the actual stiffness of

Figure 2. Identification of masses and stiffness for the simplified 3-dof lumped mass model of a 3-story
frame structure: (a) frequency comparison and (b) response comparison.
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connections in a structure. In previous studies [11,12], joints were modeled as perfectly rigid and
detecting changes in joint stiffness was not considered. Only changes in floor stiffness that
occurred due to assumed damage to structural members were considered. However, it seems
logical to investigate the possibility of using the proposed structural health monitoring system

Figure 3. Identification of masses and stiffness for the simplified 4-dof lumped mass model of a benchmark
structure: (a) frequency comparison and (b) response comparison.

Figure 4. (a) Some typical configurations of beam-column connections in steel frames and (b) moment and
rotations of beam-column connections (g, girder; c, column).
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for detecting changes in rotational stiffness for both fully and partially rigid joints and
connections due to damage, missing parts, imperfections, etc. Such changes in rotational
stiffness can occur due to damage caused by external disturbances, such as earthquakes, strong
winds, and impact, or even due to manufacturing or construction defects. In this preliminary
study, the concept of detecting changes in rigidity or flexibility of joints using the proposed
global damage detection method is illustrated using a one-story frame structure analyzed by Lui
and Chen [25], with properties as shown in Figure 5(a). The one-story frame was modeled using
three, six, and nine beam elements, respectively, while almost identical natural frequency
and structural response was obtained. An equivalent lumped-mass model (m5 652 kg,
k5 8.6� 106N/m) shown in Figure 5(b) was developed using the system identification
algorithm described in the previous section. Due to the assumption of inextensibility, it is
assumed that each of the two joints has only three degrees of freedom. Thus, for joint 2, the
three degrees of freedom are: horizontal deflection u, rotation or slope y21 of column 2-1, and
rotation or slope y23 of beam 2-3. It should be noted that joints 2 and 3 are modeled using
rotational springs to include the effect of joint flexibility. The natural frequency of the one-story
frame structure based on the flexibility of joint 2 is shown in Figure 6. Fixity factor g [26] and
multiplication factor ı̀ [27] have been used in previous studies to classify connection types
according to Eurocode 3 (1993), as shown in Table I. It can be seen that by using a perfectly
rigid joint 2, the natural frequency is o5 114.8 rad/s while o5 90.6 rad/s if joint 2 is pinned.
This indicates a 21% variation in natural frequency and the range between these two frequencies

Figure 5. (a) Three element modeling of the one-story frame structure and (b) equivalent simplified single
degree-of-freedom lumped mass model.

Figure 6. Natural frequency of the one-story frame structure.
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represents a connection that exhibits a semi-rigid behavior. The model is excited by the N-S
component of acceleration of the 1940 El Centro earthquake and the measured structural
response is assumed to be acceleration at the first floor. The proposed damage detection
algorithm can be used to determine whether a joint has lost its rigidity by monitoring the
equivalent lumped-mass model. The ability of the proposed damage detection algorithm to
detect changes in the flexibility of joint 2 using acceleration feedback is shown in Figure 7.
Different values of a represent the degree of rotational stiffness reduction due to damage for
joint 2, i.e. a5 0% for the undamaged joint while a5 15% indicates a 15% reduction in
rotational stiffness due to joint damage. It can be observed in the figure that monitor output
results for undamaged and damaged rigid joint are easily distinguished by the obvious
separation of the curves.

3. LOCAL SONIC INFRARED IMAGING

Sonic infrared imaging is a novel non-destructive evaluation technology that combines acoustic
excitation and infrared sensing methods to overcome many drawbacks of traditional non-
destructive evaluation techniques. The main advantage is in its versatility and ability to detect
defects in different materials and structures, including poor bonding in welded or brazed joints,
open or fatigue cracks, or other defects that are invisible or only partially visible [14–17].
It is important to note that the accuracy of the semi-rigid frame design is determined by the
accuracy of the joint parameters, as shown by Wald [28]. The prediction of joint parameters is
affected by joint imperfections, e.g. lack of fit, bolt holes’ sizes, position variation, tightening
differences, and even cracks. For simplicity, the practically important and complex problem of
determining the percentage reductions of rotational stiffness in a joint due to various scenarios
of joint damage has not been investigated in this preliminary study; only the effect of assumed
reduction in rotational stiffness of the joint has been considered in order to determine the
effectiveness of the proposed global damage detection algorithm. It should be noted that a
similar approach can be used to determine changes in joint stiffness for semi-rigid connections.
It would be of interest to further investigate the limitations of the proposed algorithm in terms
of its sensitivity to rotational stiffness reduction of joints as well as its ability to distinguish

Table I. Classification of connections for unbraced frame structures as defined in Eurocode 3.

Pinned connection Semi-rigid connection Rigid connection

Multiplication factor 0pmo0.5 0.5pmp25 25omoN

Fixity factor 0pgo0.143 0.143pgp0.891 0.891ogp1

Note: Multiplication factor [27], m ¼ ky2=ðEI=LÞ Fixity factor [26], g ¼ 1=11ð3EI=L=ky2Þ where EI/L is the flexural
rigidity of a beam and ky2 is the rotational spring stiffness.

Figure 7. Detecting the reduced stiffness of rigid joint 2 in the one-story frame model using acceleration
feedback.
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between beam or column member and joint damage. This would include examples of multi-story
frames along with practical assessments of percentage reduction of rotational stiffness due to
joint damage and reduction of bending stiffness due to beam or column damage under various
practical damage scenarios.

3.1. Determining stiffness reduction in columns and beams

The assumed damage due to an open crack was modeled as an 18% reduction of the moment of
inertia in one column of the first floor. The formulation for modeling variation in beam stiffness
due to damage follows the study by Sinha et al. [29] which was based on the concept presented
by Christides and Barr [30]. The general approach can be seen in Figure 8 where the beam with a
crack is shown in Figure 8(a) while the resulting variation in bending stiffness of the column is
shown in Figure 8(b).

Schematic drawing of using the sonic infrared imaging technique for local damage detection
of a steel C channel of the 1st floor column is shown in Figure 9. Ultrasonic or acoustic waves
are injected by the transducer to cause heating in damaged area/defects, and an infrared camera
is used to image the structure to locate the damage for evaluation. The structural elements can
be scanned in sections whose size would depend on the infrared camera resolution until the exact
location and severity is determined. It is assumed that all selected sections along the beam have
been scanned and cracks were discovered in the top beam. Therefore, only the damaged segment

Figure 8. (a) Damaged beam with an open crack and (b) bending stiffness variation due to the assumed crack.

Figure 9. Schematic drawing of sonic infrared imaging for local damage detection.
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of the C channel is presented and analyzed. For the segment considered, the excitation source is
15 kHz, the focal plane array of the infrared camera has 640� 512 infrared detectors which can
come up with 85 frames per second, and the infrared sensors are sensitive to mid-wavelength
infrared, in the range of 2–5 mm. The C channel section is 33 in. deep, 5 in. wide, and 1.75 in.
thick, with flange width of 1.5 in. and the thickness of the steel walls is about one quarter of an
inch, as shown in Figure 10 (AISC C5� 6.7). It is obvious that a structure of this size can be
imaged as a whole and the infrared image will still have sufficient spatial resolution to identify
the damage in the structure. Interior cracks in the C channel were created through thermal
fatigue with external impact to simulate the damage. In Figure 11, infrared images of both

Figure 10. Steel C channel section with dimensions.

Figure 11. Sonic infrared images indicating cracks.
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side A and side B clearly show the embedded damage, which appear to be bright in the
images. Crack dimensions that were discovered during local infrared inspection are shown in
Figure 12(a). It can be seen that there are quite a few interconnected cracks along the beam
segment considered. For simplicity, a rough approximation of the damaged area is described by
an opening, as shown in Figure 12(b). For the lack of a more detailed modeling of these cracks
with accurate theory and approximations for the distribution of the moment of inertia (I)
through the length of the beam, a rough approximation method is proposed for simplicity. The
moment of inertia has been approximated at ten cross sections along the beam length as
indicated by Ii in Figure 12(b). Based on this approximation, an estimate of the variation in
moment of inertia is shown in Figure 12(c) so as to roughly illustrate the proposed concept
although rigorous theory and approximation method have yet to be developed. In order to use
the global damage detection algorithm, the damaged beam on the third floor was represented by
an equivalent beam with its ‘effective’ moment of inertia determined using the approach
presented by Chehil and Jategaonkar [31]. In that study, the authors used the concept of
effective moment of inertia to develop a method for estimating natural frequencies of beams
with linear inertia variation in a non-continuous manner. It was shown that the effective
moment of inertia can be calculated using the expression

Ieff ¼ I0� i
1

4
1

1

2n2p2
ð1� cos npÞ

� �
ð8Þ

which simplifies to Ieff 5 I01i/4 as n-N, where n is the number of modes, I0 is the moment of
inertia of the undamaged beam, and i represents the variation in moment of inertia along the

Figure 12. (a) Dimensions of cracks found in the steel C channel, side A; (b) rough approximation of
the damaged segment due to cracks; and (c) variation in moment of inertia along the beam due to

approximated damage.
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beam, i.e. rate of change in the moment of inertia multiplied by I0. Mathematically speaking,
i5 (@I/@x)I0.

Considering the beam shown in Figure 13, i5 (I2�I1)/DL5 (5.58–7.03)/(2)5�0.725� I0
from point 1 to point 2 and i5 (I3�I2)/DL5 (7.03–5.58)/(2)5 0.725� I0 from point 2 to point 3.
For simplicity, it is assumed that the moment of inertia linearly reduces from point 1 to point 2
and linearly increases from point 2 to point 3. It should also be noted that because the
approximation suggested by Chehil and Jategaonkar [31] is based on the assumption that the
moment of inertia curve is symmetrical, the valley of the actual curve 1-2-3 representing
the reduction of moment of inertia is slightly shifted to the right to become a symmetrical V-
shaped curve 1-20-3. Therefore, the reduction in the moment of inertia of the C channel based on
the estimated dimensions of the cracked zone over the damaged channel segment would result
in the effective moment of inertia of Ieff 5 0.82� I0. This indicates an 18% stiffness reduction in
the first floor column of the frame model shown in Figure 14, which can be identified by the
global damage detection algorithm, as shown in Figure 15. This damage is equivalent to a 9%
stiffness reduction in the first floor of the simplified lumped-mass model (Figure 14(b)).
Damaged and undamaged outputs are clearly distinguished by a jump in the value of the
normalized monitor output. Detected changes in certain structural parameters of damaged
members or joints can be used to update the existing structural model for continued monitoring
during the earthquake event. Only those critical members and joints that are potentially
vulnerable to occurrence of damage would need to be identified and monitored in real time.
Based on the concept presented, it seems that a hybrid structural health monitoring system
could be developed by combining the method for global damage detection and a method for

Figure 13. (a) Optical image of the welded joint, where the beam is 7.5 cm (30 0) thick and (b) sonic infrared
image of the joint showing subsurface cracks along the joint.
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local damage identification so that both the exact location of the damage and its degree of
severity can be determined in real time.

3.2. Determining stiffness reduction in connections and joints

For the example considered, once the changes in joint flexibility have been determined using the
proposed global damage detection algorithm, local damage identification methods can be used

Figure 14. (a) Three-story frame model and (b) equivalent simplified 3 degree-of-freedom lumped-mass model.

Figure 15. Damage detection for the three-story steel frame model using displacement feedback and
assuming 18% stiffness reduction in one column of the first floor.
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to find damaged or failed joints. Figure 13 shows an example of applying sonic infrared imaging
technique on a damaged joint with cracks along the welded edge.

4. ILLUSTRATIVE EXAMPLE

The example of a single bay, three-story frame model considered in the text by Biggs [20] is
modified by changing all columns to C5� 6.7 and all beams to W6� 16 as shown in Figure 14(a).
The reason for this change to a channel beam is due to the availability of such a beam and the
practical simplicity for experimental creation and detection of embedded cracks of such a
specimen in the present laboratory. The structural members have the following properties with
reference to AISC Manual of Steel Construction (1992):

Young’s Modulus E ¼ 200 GPa
Density r ¼ 7:83� 103 kg=m3

For column elements,

C5� 6:7; I ¼ 3:12� 10�6 m4; A ¼ 1:27� 10�3 m2

For beam elements,

W 6� 16; I ¼ 1:34� 10�5 m4; A ¼ 3:06� 10�3 m2

Additional masses are added to the beam elements in order to model the mass of the floors that
would be supported by the frame:

M1 ¼ 3000 kg; M2 ¼ 3000 kg; M3 ¼ 3000 kg

The frame is modeled using beam and column elements with two degrees of freedom at each
joint, i.e. horizontal displacement and rotation. System identification technique described in the
previous section is used to identify an equivalent simplified lumped-mass model shown in Figure
14(b) that can be used in the global damage detection algorithm. The frequencies for the first
three modes are identified to be o1 5 6.35 rad/s, o2 5 22.69 rad/s, o3 5 40.91 rad/s, respectively.

The frame model is excited by the N-S component of acceleration of the 1940 El Centro
earthquake and displacements are measured at each floor. The concept of applying adaptive
structural control using global vibration sensing and model updating based on local sonic infrared
imaging is explored on this single bay, three-story test frame model shown in Figure 14(a).

Global damage detection is assumed to be performed in real time in this study and monitors
directly utilize structural response measurements in the time domain. Once the existence of
damage has been determined using the proposed global damage detection algorithm, in this case
in the first floor column and then the third floor joint, sonic infrared imaging is proposed to
investigate the damage locally. The model updating is based on the detailed information provided
by both the global and local damage detection methods. The updated model, which includes
information about the damage, is then used to improve the control performance. Even though
global damage detection can only identify a general location of the damage, i.e. a damaged floor,
it is still useful since sonic infrared imaging can focus on a smaller region and reduce the delay in
feedback real time required to locate damaged members. Currently, sonic infrared imaging can
only be used after the earthquake has ended to detect local damage so that it can be inspected in
detail for the purpose of repair and retrofit. However, sonic infrared imaging technique has the
potential of being used remotely and the current study is based on the premise and expectation
that the use of such remote sensing in real time will become reality in the near future.

4.1. Detecting damage in a three-story structure with damaged beam and damaged joint

The following example is presented here to test the ability of the proposed damage detection
method.

First, a crack is assumed to occur in the column between joint 1 and joint 3 as shown in
Figure 14(a), and the equivalent moment of inertia is reduced by 18%. The global damage
detection method is used and damage is detected on the first floor. Monitor 1 indicates that k1 is

C.-H. LIN ET AL.

Copyright r 2011 John Wiley & Sons, Ltd.

DOI: 10.1002/stc

Struct. Control Health Monit. 2012; 19:609–626

622



decreased by 9% (Figure 15). After the damage is located, the sonic infrared imaging local
damage detection method is then used to discover the crack. The equivalent moment of inertia
of the damaged column is calculated and shown to be decreased by 18% using the method
described in Section 3.1. Based on this information, the frame model is updated and the
parameters in the global damage diagnosis algorithms are recalculated using the system
identification technique. Then, a new crack is assumed to occur in joint 8 as shown in Figure 13.
The joint, assumed to be damaged, becomes semi-rigid. The rotational stiffness b6 in Figure
14(a) is thus assumed to be reduced to 107Nm/rad (for rigid joint, it was assumed to be
1011Nm/rad). The global damage detection method is used and the new damage is detected on
the third floor (Figure 16). Finally, the crack in joint 8 can be found by implementing the local
damage detection method. The process can be continued to monitor for any new damage.

4.2. Adaptive structural control with model updating

Considering another example, it is assumed that the column on the first floor and joint on the
third floor are both damaged, and this damage causes a 20% stiffness reduction in the first floor
stiffness (k1) and 30% stiffness reduction in the third floor stiffness (k3). This information can be
fed back to the computational model, updating the model for continuous structural health
monitoring and adaptive control.

In this example, the structure is controlled by an ideal active tendon on the first floor using
LQG active control algorithm, which minimizes the cost function J ¼ 2:07� 103 €x231

6:2� 109x211f 2
1 . The acceleration response of the structure is measured at each floor, and a

Kalman filter is designed to estimate the required states, which are the displacements and
velocities. Since Kalman filters depend on an accurate model in order to estimate the full states,
the model updating technique has a potential to achieve better control performance. The N-S

Figure 16. Damage detection for the three-story steel frame model using displacement feedback and
assuming stiffness reduction in one joint of the third floor.
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acceleration component of the 1940 El Centro earthquake is used as the external excitation in
the simulation. Peak responses of the three-story frame model with and without model updating
are shown in Table II. Peak displacements are reduced by 38–39% when using adaptive control
with model updating. First floor drift is reduced by 38.75% and second floor acceleration is
reduced by 33.04%.

5. CONCLUSIONS

In this study, the previously presented global damage detection algorithm using displacement,
velocity, or acceleration measurements as feedback has been improved by including a system
identification capability. This enables monitoring of complex structures by identifying an
equivalent simplified lumped-mass model with specific values for floor mass and bending
stiffness. Two examples, including a three-story steel frame model and a benchmark model, were
presented to illustrate the effectiveness of the improved system identification technique.

The global damage detection algorithm was then evaluated using a single-story steel frame
structure with assumed changes in rotational stiffness of the joint, and a three-story steel
frame model with a damaged column and joint. For the examples presented, it was shown that
the proposed global damage detection algorithm can detect stiffness changes due to assumed
(or actual) damage, as well as changes in joint stiffness.

The concept of combining the global damage detection algorithm and local infrared imaging
technique in order to develop a hybrid structural health-monitoring system has been presented
and discussed as well. This concept is illustrated using a three-story steel frame building with a
local damage of a column with channel cross section. Damage to the column is approximated
based on the experimental results. Once changes in stiffness due to the assumed damage are
indicated by the global damage detection algorithm, sonic infrared imaging technique is
used to detect and evaluate local damage more accurately. Sonic infrared imaging technique has
been developed and used for this study due to its ability to detect poor welds, cracks, or other
defects that are invisible or only partially visible. It also seems that its potential of remote
monitoring could be used for real time structural health monitoring once the necessary
technology for real time passive sensing is developed. Currently, the proposed concept may be
quite useful after the earthquake has ended. Once the global damage detection identifies a
general location of the damage, sonic infrared imaging can focus on a smaller region and reduce
the time required to locate damaged members, so they can be inspected in detail for the purpose
of repair and retrofit.

Table II. Comparisons of peak responses with and without updated model for frame model with damaged
column on the first and third floors.

Uncontrolled
LQG optimal control

without model updating
LQG optimal control
with model updating

Percentage of improvement
due to model updating (%)

Displacement (cm)
x1 14.996 11.959 7.325 38.75
x2 16.861 13.550 8.339 38.46
x3 18.496 15.002 9.294 38.05

Drift (cm)
d1 14.996 11.959 7.325 38.75
d2 1.880 1.636 1.066 34.84
d3 1.661 1.452 1.116 23.11

Acceleration (cm/s2)
a1 499 380 300 20.94
a2 520 444 297 33.04
a3 574 502 386 23.11

Max force (N)
f 0 6672 6086 8.79
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For the adaptive control using model updating, it is noted that if the updated model with
damage information is considered in the calculation of the Kalman estimation and LQR control
gain, the control performance can be significantly improved.
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