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Deterioration of infrastructures under dynamic effects
becomes a critical issue in regard to both safety and economic
concerns. Deterioration itself is inevitable, but condition
assessment technology and nondestructive evaluation tech-
niques could provide solutions to ensure public safety by
means of detecting damage before serious and expensive
degradation consequences occur. The novelty of this issue
is the use of dynamic effects and its response due to the
anomalies in a structure under testing.

Waveform-based condition assessments for various struc-
tures are studied by a host of investigators using a variety
of approaches. M. R. Kaloop et al. deal with structural per-
formance assessment based on statistical and wavelet anal-
ysis of acceleration measurements of a building during an
earthquake. Y. Ryu et al. present results of vibrations of
classical and nonclassical damping for coupled primary-
secondary systems including material nonlinearity. They use
finite-element building-pipingmodels derived from the open
system for earthquake engineering simulation and carry out
the Rayleigh equation to develop classical and nonclassical
damping matrices for a 2-DOF coupled primary-second-
ary system. G. Heo and J. Jeon develop an SI (structural
identification) technique using the KEOT (Kinetic Energy
Optimization Technique) and the DMUM (Direct Matrix
Updating Method) to decide on optimal location of sensors
and to update FE model, respectively, which ultimately con-
tributes to a composition of more effective SHM (Structural
Health Monitoring).

Besides those, there are several interesting topics in
the issue. L. Huo et al. propose an effective method for
the damage detection of skeletal structures which combines

the cross correlation function amplitude (CCFA) with the
support vector machine (SVM). S.-Y. Lee deals with car crash
effects and passenger safety assessment of post structures
with breakaway types using high performance steel materials.
In order to disperse the impact force when a car crashes
into a post, the post could be designed with a breakaway
feature. In his study, new high anticorrosion steel is used
for the development of advanced breakaways. K.-Y. Kang et
al. present qualitative analyses of the dynamic response of
structures subjected to various types of gas explosion loads.

By compiling these papers, we hope to enrich our readers
and researchers with respect to various waveform-based
condition assessments in civil engineering.

Sang-Youl Lee
Guillermo Rus

Abdollah Shafieezadeh
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Explosion risk analysis (ERA) is widely used to derive the dimensioning of accidental loads for design purposes. Computational
fluid dynamics (CFD) simulations contribute a key part of an ERA and predict possible blast consequences in a hazardous area.
Explosion pressures can vary based on the model geometry, the explosion intensity, and explosion scenarios. Dynamic responses
of structures under these explosion loads are dependent on a blast wave profile with respect to the magnitude of pressure, duration,
and impulse in both positive and negative phases. Understanding the relationship between explosion load profiles and dynamic
responses of the target area is important tomitigate the risk of explosion and perform structural design optimization. In the present
study, the results of more than 3,000 CFD simulations were considered, and 1.6 million output files were analyzed using a visual
basic for applications (VBA) tool developed to characterize representative loading shapes. Dynamic response of a structure was
investigated in both time and frequency domains using the Fast Fourier Transform (FFT) algorithm. In addition, the effects of the
residual wave and loading velocity were studied in this paper.

1. Introduction

An explosion is an extremely rapid release of energy, accom-
panied by high temperatures and an increased number of
moles in the combustion products.The process initiates a fast
volume expansion which in most cases results in pressure
rise and high flow speeds. Objects in the vicinity of the
ignition point are likely exposed to substantial pressure forces
depending on their characteristics. As the process proceeds,
pressure will propagate into the surroundings as blast wave,
which is a layer of compressed air, propagating away from the
original ignition point [1]. This blast wave is the main reason
for structural damage in explosion accidents [2–4]. Thus, it
is very important to predict the load profile by blast wave in
order to prevent the explosion damage. However, a correct
prediction for blast wave profiles is very difficult, and it is
impossible to obtain an accurate pressure data set directly
from explosion accidents. Explosion pressures from real acci-
dents are not available because data measurement during
the accident is not possible at all. The most practical way

to evaluate the explosion pressure is numerical calculation
using methods such as computational fluid dynamics (CFD)
analysis. Generally, blast wave profiles by CFD analysis are
utilized for structural analysis and applied as a loading
condition in a computational analysis such as finite element
method. The shape of a blast wave profile depends on the
characteristics of the structural model in the simulation of an
explosion.Thus, themodeling technique for a target structure
is very important in order to obtain accurate data [5]. These
data can be used for investigation of the dynamic response
of structures to blast loading. In structural analysis, single
degree of freedommodels (SDOF) can be used formany types
of structures such as walls, slabs, tubes, and columns [6–8].
Thesemodels are evaluated using only one degree of freedom,
so they can be inaccurate in terms of quantitative analysis
of complex structural response. However, this may be useful
tool in qualitative analysis that considers different blast load
profiles. Hence, many researchers have carried out the blast
analysis using the SDOF model for description of character-
istics for structural response subjected to blast load profiles

Hindawi Publishing Corporation
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2 Shock and Vibration

Table 1: The scenarios for vapour cloud explosion.

Module positions Grid Ignition positions
at elevation view

Cloud position
within a module Cloud size Ignition position

(1) A (1) 0.5m (1) Bottom (1) Center (1) 199m3 (1) Center
(2) B (2) 1.0m (2) Top (2) Left (2) 465m3 (2) Same as cloud position
(3) C (3) Right (3) 899m3 (3) Left
(4) D (4) Bottom (4) 1556m3 (4) Right
(5) E (5) Top (5) 2479m3 (5) Bottom
(6) F (6) 3727m3 (6) Top

[9–11]. Although there is a large amount of literature available
on the characteristics of structural response to dynamic loads,
the effect of a blast load profile on the response characteristics
of an SDOFmodel has not been extensively studied. In terms
of blast wave profiles, it can occur variously according to
the magnitude of pressure, loading duration, loading rate
at each domain, and so on. To reflect the diversity of blast
load profiles, simplified linear load models are used. It is a
triangular shape which is defined by the maximum pressure
in each pressure phase and impulse of each phase.The explo-
sion waves were generated by the simulation method using
the FLACS, a flame acceleration simulator, and consideration
with counting possible cases for each of the factors related to
explosion response. In addition, monitoring tool was devel-
oped using VBA code in order to analyze the characteristics
for explosion load history. The explosion load profiles were
divided into two categories and positive pressure phase,
negative pressure phase, respectively.The structural response
analysis was performed with respect to both time and fre-
quency domains reflecting the variation of load profiles.

2. Gas Explosion Analysis

2.1. Blast Overpressure. When a large scale explosion occurs,
blast overpressure is a major hazard in offshore plants as well
as other structures associated with combustible gas and flam-
mable materials. Thus, it is essential design process to with-
stand the blast overpressure in a FPSO topside module. This
pressure profile over time of gas explosion can be determined
by the motion of blast wave, and it is divided into the
phase of expansion and suction [12]. In expansion phase, the
atmospheric pressure increases dramatically to a peak value,
but it does not always increase linearly; it is often fluctuated.
However, this effect may be ignored because fluctuation is
dissipated quickly, so only the initial expansion or suction is
important [13]. In this study, a range of explosion simulation
was carried out in order to investigate for characteristics
about blast overpressure at each condition.

2.2. Simulation for Explosion of Vapour Cloud. Dispersion
and ventilation analyses are very important to control the risk
of gas explosions in offshore installations. First, in case of ven-
tilation, wind speed was estimated based on a linear correla-
tion assumption between external wind speed and internal
flow. By using the results of ventilation analysis, dispersion
analysis was carried out in order to determine the spread of

released gas under various conditions based on a defined
number of wind directions, speeds, ventilation, observations
about equipment, and the geometry in the areas.The leak rep-
resentation was also based on a preventative range of possible
combinations of leak parameters and includes variations in
directions relative to the wind directions, leaks impinging on
objects, free field jets, and diffusive leaks. The leak locations
were chosen to be close to specific equipment or in an area
with several leak sources. Eight different leak rates such as
0.75 kg/s, 1.5 kg/s, 3.0 kg/s, 6 kg/s, 12 kg/s, 24 kg/s, 48 kg/s,
and 96 kg/s are simulated for each leak location. Six release
directions such as +/− X, +/− Y, and +/− Z and diffusive
release condition are considered for specific leak locations.
The vapour cloud explosion simulations were carried out
considering the results from the ventilation and dispersion
analysis. The purpose of the explosion analysis is to identify
potential explosion loads in the areas of concern. A number
of explosion simulations were carried by the FLACS soft-
ware, which is one of the best validated tools for modeling
flammable and toxic releases in the technical safety context
in the oil and gas field [14, 15]. These simulations were con-
sidered to various gas cloud sizes, gas cloud locations, and
ignition locations described in Table 1. The gas clouds were
of homogeneous stoichiometric concentration, and two dif-
ferent types ofmonitorswere used to record blast load profiles
as shown in Figure 1. 1000-point monitors were uniformly
distributed over the entire process area at a space of 3 meters,
while 3 × 3 (m2), local panel monitors were distributed on
blast walls and decks.

2.3. FLACS Model: FPSO Topside Platform. A series of CFD
analysiswas performedusing a full-scale FPSO topsidemodel
including detailed parts of pipes and equipments, and the
time history data of the blast loads at monitor points and
panels were obtained by the analyses. In CFD analyses, all fire
and blast walls were assumed to be rigid and unfailing during
the explosions; namely, the walls did not deform under the
design explosion loads.Theblast pressuremight be somewhat
overestimated because the blast wave could travel over the
deformed structures with angle. Plated decks are assumed
to be solid and unyielding, while grated decks are assumed
to be 50% open and remain in place during the explosion.
Figure 1 shows the geometrical floating production, storage,
and offloading (FPSO) model used in this study for vapour
cloud explosion simulation. The FPSO can be divided into
twomain areas under the influence of explosion. One is turret
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Turret area

Topside area

Figure 1: Separation of module and monitoring position.

area and the other is topside area.The turret is moored to the
seabed with chains, wires, and anchors. In addition, it allows
the FPSO to adopt the direction of the least resistance against
wave, wind, and currents [16]. The topside area consists of a
process system and a utility system. The process system has
a variety of combustible substance and flammable materials
so that the probability of explosion is much higher than
utility system [17]. These main characteristics of FPSO were
reflected in this model. Since the modeling details are the
most critical factor affecting the overpressure response, the
3Dmodels approved for construction were considered in this
study including minor obstacles such as small piping, stairs,
handrails, and instruments as well as all the equipment and
structures on the topside of the FPSO for CFD simulations.

3. FLACS Output Data Analysis

3.1. Development of Data Process Tool. In present study, to
measure the explosion pressure data, 1000-point monitors
are uniformly distributed over the entire process area at a
space of 3 meters from the process deck and blast walls. In
addition, 206-panel monitors are distributed equally on blast
walls and decks. Hence, many different kinds of explosion
wave profiles were acquired, and then computational tool
using VBA code was developed to monitor these enormous
output data. Figure 2 shows the procedure for gas explo-
sion data analysis using developed VBA code. First of all,
CFD analysis performs considering the explosion simulation
affecting parameters such as ignition position, cloud size and
position, and data types. The next stage is to sort and process
the FLACS output data considering the desired information
of explosion load profiles. Generally, explosion design load
is determined by two values in the peak pressure and each
impulse which is the area under a transient wave profiles.

Thus, the VBA code provides the core functions which can
bring the information values of output data, and it is able to
compare these values according to scenarios and data types.
The explosion load profiles were simplified to triangle shape
which was generated by using the equivalent peak pressure
and impulse. This is because of the time effective method in
structural analysis. The developed VBA code can plot this
simplified model considering each pressure wave parameter.

3.2. Quantitative Analysis. The intensity of overpressure is a
core factor in the evaluation of an explosion wave profile.
Overpressure in the process area (as shown in Figure 3)
was measured through gas explosion simulations by using
the CFD software, and all output data were analyzed using
the developed VBA code. Figure 4 shows the maximum
overpressures measured in the process area based on the gas
cloud volumes of 199m3, 465m3, 899m3, 1556m3, 2479m3,
3727m3, and 5314m3. To easily compare the intensity of over-
pressure, the average overpressures with respect to each gas
cloud volume were normalized by the maximum overpres-
sure, which is observed at a gas cloud volume of 3,727m3
at the process-turret wall. Figure 4(a) shows the maxi-
mum overpressure at the two blast walls between the utility-
process area and the process-turret area, and Figure 4(b)
shows the difference of overpressure intensity of modules in
the process area. Both figures indicate that the gas cloud vol-
ume size directly influences the intensity of overpressure, and
overpressure toward the turret area is higher than that on
the other side. This is because congestion in modules M410
and M430 is much higher than that of other modules (see
Figure 3), indicating that fluid interaction on small- and
medium-sized objects increases the intensity of explosion
pressures. This relationship between the level of congestion
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Actual explosion test

Step 1

Step 2

Step 2-1
Step 2-2

Step 3

Step 4

CFD analysis result data
(original data with FLACS)

Considered scenario:
module position, cloud size, ignition position,

drag pressure, overpressure, and so forth

Characteristic study for explosion load profile

Parameter study to define main parameters
which affect the structure response

Analyzed as-is method for making
explosion load profile

Original data analysis
Automation sorting and processing

Classified results data by VBA code
[Main function]

⟨Data preprocessing⟩
Changed unit of original data for FEA

Extraction of idealized load profile

Applied in FE structural analysis

Simplified data by VBA code
Data based on step 2’s results

(main parameters)

Filtering the design pressure range, output
of load profile information (maximum and

minimum pressure value, impulse, oscillation
characteristics, terminated time, etc.)

⟨Data filtering⟩

EATotal number of data: 1,038,240

Figure 2: Algorithm for gas explosion data analysis using developed VBA code.

M430 M530 M630

M410 M510 M610

Blast wall between

turret and process

Blast wall between

process and utility

Turret area
Process area

Utility area

⟨Process area⟩

Figure 3: Layout of FPSO.
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Figure 4:The difference of maximum overpressures according to the gas cloud volume in specific positions. (a) Comparison between utility-
process and process-turret area. (b) Comparison at the modules.

and the intensity of overpressure was studied by Chille et al.
[18]. They reported that the peak overpressure under a com-
plex geometry condition was significantly higher than that
under a simple geometry condition. Thus, to reduce struc-
tural damage due to blast pressure loads, it is important to
retain sufficient space for the transportation of an explosion
wave.

3.3. The Relationship between Positive Pressure and Negative
Pressure. It is a controversial issue to include the negative
phase in the pressure-time history in the blast analysis of
structures. The negative pressure was often neglected by
assuming that it may be insignificant to the dynamic response
of structures in blast analysis and design [19, 20]. However,
the negative pressure sometimes is quite significant and
cannot be neglected. In addition, the interaction between the
negative part of the blast wave and the response of the struc-
ture response is important. In this study, the relationship
between the positive and negative peak pressures in an explo-
sion load profile was investigated by analyzing explosion
simulation results. The relationship between the positive and
negative pressures in all explosion scenarios is illustrated for
different data types in Figure 5.The quantitative distributions
of the positive and negative pressures based on the normal-
ized values are plotted in black and red dots, respectively.
Although the negative pressure is lower than the positive
pressure for most data, the magnitude of negative pressure is
similar to that of the positive pressure in some cases. For the
point-pressure (NP) data, themagnitude of the negative pres-
sure is similar to that of the positive pressure for a relatively

small pressure range as shown in Figure 6(a). Figure 6(b) also
shows the results of panel-pressure (NPP) data, and the value
of negative pressure is higher compared to that in the point-
pressure (NP) data. The formation of the negative phase in
a pressure wave highly depends on the geometry condition.
For example, the tunnel scenarios represent an extreme case
to form the negative pressure. If the gas cloud is ignited in
a tunnel with a closed end, there will be overpressure first.
Once the pressure propagates to the opening, a high negative
pressure will propagate back in. The offshore topside has
a high level of congestion and confinement to build the
negative pressure at some locations. A positive peak pressure
of 0.02–0.07MPa is normally considered as design explosion
loads in offshore industries [21]. It should be noted that the
negative phase in a pressure-time history model should be
included for accurate blast analysis and structural assessment
if the intensity of the negative pressure is considerably high
(when defining the design blast pressure).

3.4. Fast Fourier Transform Analysis. To investigate the effect
of pressure intensity at each phase, a Fast Fourier Transform
(FFT) analysis was performed using the MATLAB software.
The applied load was converted from the time domain to the
frequency domain in order to perform a spectrum analysis
by using the FFT method. A Fourier analysis is one of
the useful solutions to determine a representative frequency
domain from an arbitrary signal and provides information to
understand the characteristics of the signal [22].Thismethod
can analyze the frequency characteristics of a system by
measuring the transformed response of the system based on
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Figure 5: The comparison between positive and negative overpressure according to data types: (a) point pressure data type and (b) panel
pressure data type.

the specific input function. The FFT analysis was performed
to investigate the dynamic response of the SDOFmodel in the
frequency domain, considering the variation of the positive
and negative peaks in this study. The top graphs in Figures
6 and 7 indicate the input load profiles in the time domain,
and the bottom graphs show their FFT results, the input load
in the frequency domain, and the maximum displacements
of the SDOF models regarding each frequency level. To
clearly compare the magnitude of the maximum load in the
same phase, the absolute values of the negative and positive
loads were plotted, as shown by the black lines in each
figure. Figures 6 and 7 present the FFT results for controlling
the positive and negative maximum loads, respectively. The
maximum displacement obtained by performing dynamic
analyses, using the SDOF models, shows that not only the
magnitude of the positive phase but also the magnitude of
the negative phase affects the dynamic response of the system
when the impulse of the negative phase is relatively large. It
should be noted that the dominant area in the frequency
domain (i.e.,∼6Hz)was observed at the end of the input load.

4. Dynamic Response Analysis

4.1. SDOFModel. The characteristics of the structural respo-
nse subjected to blast load have been analyzed using a SDOF
model that can be described by a single mass connected to a
spring. This mass can only move along the spring elongation
direction. Generally, SDOF models are often used to approx-
imately understand the dynamic response mechanism for a
complex structural system [23]. When the motion of SDOF
models is related to explosion acceleration, �̈�(𝑡) is considered.

The equation for this motion can be described as follows:

𝑚�̈� (𝑡) + 𝑐�̇� (𝑡) + 𝑘𝑥 (𝑡) = 𝐹 [𝑥 (𝑡)] . (1)

Substitute 𝑤
𝑛
= √𝑘/𝑚 and 𝜁 = 𝑐/2𝑚𝑤

𝑛
= 𝑐/𝑐cr.

Equation (1) can be rewritten as

�̈� (𝑡) + 2𝜁𝑤
𝑛
�̇� (𝑡) + 𝑤

𝑛

2
𝑥 (𝑡) =
𝐹 [𝑥 (𝑡)]

𝑚
, (2)

𝑐cr = 2𝑚𝑤𝑛 = 2√𝑘𝑚 =
2𝑘

𝑤
𝑛

, (3)

𝑇
𝐷
=
𝑇
𝑛

√1 − 𝜁
2
, (4)

where 𝑥(𝑡) is the displacement of SDOF model and �̇�(𝑡)
and �̈�(𝑡) mean the mass velocity and mass acceleration by
explosion loading. In addition, 𝑤

𝑛
is the natural frequency

of the SDOF model and 𝜁 is the ratio of the damping of
the model to the critical value (𝑐cr). The damping constant
𝑐 is a measure of the energy dissipated in one cycle of free
vibration. Equation (4) shows the relationship between the
natural period of the damped vibration and the natural period
without damping. From this equation, it is inferred that
the natural period (𝑇

𝑛
) and the natural period of damped

vibration (𝑇
𝐷
) are almost the same if the damping ratio is

small. It should be noted that the damping effect can be
very small when studying the critical response of structures
under the drastic increase/decrease of load in sudden time
such as gas explosion load [13]. Hence, the characteristics of
dynamic response by explosion loads were analyzed using
the undamped single degree of freedom model in this study.
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Figure 6: Fast Fourier Transform analysis considering the magnitude of maximum load in positive pressure phase. (a) Standard data. (b)
Increasing the 2 times of positive maximum load. (c) Increasing the 4 times of positive maximum load.

Table 2: Detailed properties of SDOF.

Cross section Breadth (m) Height (m) Length (m) Geometrical moment
of inertia (m4)

Elastic Modulus
(MPa) Density (kg/m3)

b

h
0.1 0.1 1 8.33 ⋅ 10

−6
2.07 ⋅ 10

5 7830

Figure 8 shows the composition of the SDOFmodel including
boundary and loading conditions. As shown in this figure,
node 1 was fixed, while the other one was accelerated by
applying the blast loading conditions. Figure 9 shows the
loading condition in this analysis. Pressure-time curve can be
simplified to triangular impulse types; however, the impulse,
which represents the integrated area under the pressure-time

curve, is equal. Table 2 shows detailed properties of single
degree of freedom model.

4.2. Residual Wave Effect. The blast load profiles can be
expressed in various forms. Sometimes, the cyclic types seq-
uentially repeat the positive andnegative pressure phases, and
the maximum overpressure emerges after this cyclic section,
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Figure 7: Fast Fourier Transform analysis considering the magnitude of maximum load in negative pressure phase. (a) Standard data. (b)
Increasing the 2 times of negative maximum load. (c) Increasing the 4 times of negative maximum load.
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1 2

Figure 8: Composition of single degree of freedom model.

as described in Figure 10. However, the maximum pressure
value is generally indicated in the first section of the wave
profile. Hence, it is very difficult to generalize the characteris-
tics of the blast wave profile because of its arbitrary shape. An
extensive analysis of FLACSoutput data revealed that the load
shapes are similar to those shown in Figure 10(a) in a rela-
tively less complex areawhich is far from the ignition position
(more than 30m). Industrial structures which requested
blast resistant design are constructed based on maximum
overpressure about 0.02MPa. Generally, these blast load
profiles have amainwave that is composed of relatively strong

two pressure phases compared to other waves. Consequently,
the blast wave data specified in Figure 10(a) were almost of
zero value. In other words, they are insignificant that they
did not cause damage to structural system. Hence, target data
of cyclic shape can be generalized as shown in Figure 10(b).
As mentioned above, they have a main wave and residual
waves. In this study, these residual waves’ effect on structural
dynamic response was investigated. To do this, the data that
have three cycle pressure phases were selected as described
in Figure 11(a). The peak pressures after the third cycle were
very small, so these pressure phases were not considered
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Figure 10: A variety of cyclic types in blast wave profiles. (a) In small pressure range. (b) Representative blast wave of cyclic type.

in residual wave effect analysis. Figure 11(b) shows the list
of target data which are monitored by using the developed
VBA code, and then the most severe two cases were selected
based on themaximumpressure in pressure phases of second
period. The values in Figure 12, 20%, and 30%, respectively,
mean that the maximum pressures in second phase are 20%
and 30% compared to maximum value in main phase. This
loading condition was applied to investigate the residual
effect on structural response. A series of analysis were carried
out considering the number of cycles and duration according
to cycles. Figure 12 shows the comparison results between

only applying the main wave and considering the other
residual waves. The normalized displacement, 𝑌

𝑚
/(𝑃/𝑘), is

shown against the normalized time (𝑡𝑑/𝑇𝑛) in the figure. 𝑃/𝑘
is the static deformation; 𝑇

𝑑
means the loading duration; and

𝑇
𝑛
is the natural period of the single degree of freedommodel.

Figure 12(a) indicates the displacement response of single
degree of freedom (SDOF) model considering the loading
condition which has the two cycles, and Figure 12(b) shows
the results considering the three cycle waves according to
maximum pressure values in second phase. The frequency
andmagnitude of the first cyclic wave are the most important
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Figure 11: Residual waves effect analysis. (a) The standard for the cyclic wave profiles. (b) Extraction of target data by VBA code.

factor of all the explosion wave profiles, and secondary and
third residual waves may be neglected in qualitative analysis
as long as the resonance effect is negligible.

4.3. The Effect for Difference of Loading Rate. The dynamic
loads such as explosion wave show the very different load
profiles according to explosion affecting parameters which
mean source of explosion, geometrical characteristics of tar-
get structure, wind direction/speed, and so on.Thepeak over-
pressure and loading durations are most sensitive things
related to these parameters. The time taken to reach the peak
overpressure, especially, is very important.This is because the
pressure by explosion wave is applied to structural body for
an extremely short time.Thus, difference of explosion loading
velocity can be a core element in structural damage and
deformation [24]. In this study, a series of analysis have been
performed to assess the effect of loading velocity on structural
dynamic response. To do this, three types of triangular pulse
loadings which have different loading velocity were applied
to the single degree of freedommodel. Figure 13(a) shows the
results of peak displacement results considering the loading
velocity of positive pressure phase, and Figure 13(b) means
the same results according to the loading velocity of negative
pressure phase. The 𝑦

𝑚
/𝑦el means the normalized maximum

displacement, where 𝑦
𝑚

is the maximum displacement of
SDOF model, and 𝑦el means the static deformation at the
yielding point due to applied loads. As shown in Figure 13,
the loading velocity was affected by structural response, but
it shows the different effect in each pressure phase. In case of
positive pressure phase, loading velocity has a profound effect
on response of SDOF model. Although it is less important
considering relatively short loading compared to the natural
period of structural system, it is influential in opposite case.

When the loading duration is longer than natural period,
namely, the value of 𝑡

𝑑
/𝑇
𝑛
is bigger than two, these loads

generate the bigger displacement with faster loading velocity.
However, the loading velocity in negative pressure phase has
little impact on structural response as shown in Figure 13(b).
As a result, it is obvious that the positive pressure phase has a
bigger impact on structural member than negative pressure,
and for the faster loading velocity, the bigger displacement
occurred if 𝑡

𝑑
/𝑇
𝑛
is bigger than two.

5. Results

In the present study, qualitative analyses of the dynamic
response of structures subjected to various types of gas explo-
sion loads were performed. Firstly, the extensive data analysis
from CFD explosion simulations was carried out to inves-
tigate the characteristics of explosion load profiles. In this
work, we evaluated various aspects of the profile parameters
(i.e., the magnitude of overpressure, the relationship between
positive pressure and negative pressure, and the shapes of
explosion load profiles) using a monitoring tool that was
developed using VBA code. Secondly, the characteristics of
dynamic responses to considerable explosion load profiles
were analyzed using a single degree of freedom model. The
staple results from this research are summarized as follows:

(i) The relationship between overpressure and conges-
tion degreewas found.Higheroverpressureswere pro-
duced bymore congested areas than by less congested
areas.The influence of the blast reflection can bemin-
imized in less congested areas.Thus, it is important to
retain proper clearance in hazardous facilities.

(ii) Negative pressures must be considered in blast anal-
yses to obtain accurate performance of the structure.
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10

1

0.1

0.01
0.1 1 10

y
m
/y

el

6.0E + 05

4.0E + 05

2.0E + 05

0.0E + 00

−2.0E + 05

−4.0E + 05

0 0.05 0.1 0.15 0.2 0.25Fo
rc

e (
N

)

Time (s)

td/Tn

(a)

10

1

0.1

0.01
0.1 1 10

y
m
/y

el

td/Tn

6.0E + 05

4.0E + 05

2.0E + 05

0.0E + 00

−2.0E + 05

−4.0E + 05

0 0.1 0.15 0.2 0.25Fo
rc

e (
N

)

Time (s)
0.05

(b)

Figure 13: The analysis for the effect of loading rate (a) according to loading velocity of positive phase and (b) according to loading velocity
of negative phase.



12 Shock and Vibration

In some cases, the influence of including the negative
phase can be considerable compared to using only
positive pressure.The influence of negative pressure is
close to that of positive pressure in the intensity range
of 0.02–0.05MPa and should be considered in the
development of a load profile for offshore industries
in this range.

(iii) The Fast Fourier Transform (FFT) analysis was per-
formed to characterize the dynamic response of the
single degree of freedom (SDOF) model in the fre-
quency domain corresponding to the intensity of
explosion pressures in each phase.Through this anal-
ysis, it was found that the intensity of pressure in pos-
itive phase was a more dominant factor than in nega-
tive phase with respect to the dynamic response of the
SDOF model.

(iv) The residual wave effect on structural dynamic res-
ponsewas investigated.The frequency andmagnitude
of the first cyclic wave are the most important factor
of all the explosion wave profiles. Secondary and
third residual waves may be neglected in qualitative
analysis as long as the resonance effect is negligible.

(v) The loading velocity can be one of the main concerns
on structural response, but the structure response due
to the loading velocity differed in different phases.
More deformation was caused by a higher loading
velocity in the positive pressure phase, while the load-
ing velocity did not affect the deformation level in the
negative pressure phase.
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This study deals with car crash effects and passenger safety assessment of post structures with breakaway types using high
performance steelmaterials. To disperse the impact forcewhen a car crashes into a post, the post could be designedwith a breakaway
feature. In this study, we used a new high anticorrosion steel for the development of advanced breakaways. Based on the improved
Cowper-Symonds model, specific physical properties to the high anticorrosion steel were determined. In particular, the complex
mechanism of breakaways was studied using various parameters. The parametric studies are focused on the various effects of car
crash on the structural performance and passenger safety of breakaway-type posts. The combined effects of using different steel
materials on the dynamic behavers are also investigated.

1. Introduction

Street lights or signboard posts, which are standard roadside
structures, are essential elements for the safe passage of
vehicles and pedestrians. These facilities are designed to
withstand wind loads because of their function as auxiliary
roadside structures. However, in terms of automobile crashes,
they are hazardous elements on the road.

In sites where there are no guard rails on the roadside, a
crash into such a post will cause the vehicle to absorbmuch of
the impact energy, significantly endangering the passengers
of the cars. To avoid this problem, a recent study conducted in
Korea assessed passenger safety for coupled, rounded posts.
A variety of researches in the car crashes or impacts have
been performed in the last two decades [1–7]. However, the
kinetic examination on the breakaway of the posts subjected
to car crashes has not been sufficiently investigated. Recently,
techniques for considering strain rate effects are evolved.
Choung et al. [8] studied dynamic hardening behaviors of
variousmarine structural steels considering dependencies on
strain rate and temperature. In general, the material data
obtained from the real high-velocity tensile test can describe
accurately the nonlinearity of dynamic behavior. However,

it requires high expenses and trial-and-error efforts for the
complicated experimental setup. On the other hand, the
dynamic approach based on Cowper-Symonds model [9] is
free from such requirements and thus can yieldmore efficient
results for high strain rate effects than those of the direct high-
velocity tensile test [10]. This allows for convenient use of
Cowper-Symonds model. Many Cowper-Symonds theories
exist but they aremostly applicable to existing steel structures
or rigid jointed posts at the present time.

In this study, we perform a simulation with high anti-
corrosion breakaway posts capable of absorbing impacts and
calculated the breakage stress to assess passenger safety.
Passenger safety was assessed by calculating the THIV
(Theoretical Head Impact Velocity) and PHD (Post-Impact
Head Deceleration) [11]. This process compares normal steel
materials (SS400) and high anticorrosion steel materials
(SM490). In order to endow specific physical properties to
these materials, we used an improved version of the Cowper-
Symonds model. The final goal of this study is to assess
passenger safety in a car impacting the post. For passenger
safety assessment, the THIV requirement is 33 km/h or lower,
while the PHD requirement is 20 or less to ensure safety of
the passenger. For this reason, we use a coupled breakaway
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post modeling to assess the risks to which passengers are
exposed. The focus is on car crash-induced vibration effects
for differentmaterial properties of breakaway posts. To obtain
the results coupled with complicated high strain rate effects,
this study uses the modified Cowper-Symonds formulation.

2. Theoretical Formulation

For completeness, the mechanical behaviors and the relevant
formulas in the finite element crash analysis using LS-DYNA
are reviewed below [10, 12]. If two blocks, namely, ΩA and
ΩB, collide with block element ΩC at a velocity of V, the
process is as shown in Figure 1. Assuming that blocks ΩA
andΩB are completely attached without any gaps, the force at
the interface generated in the finite elements after the crash
into block ΩC can be divided into the vertical force 𝑓

𝑛
and

the shearing force 𝑓
𝑡
. In normal crash interpretations, the

vertical force is higher than the shearing force. Especially
when one considers an impact breakaway, the vertical force
created inside the finite element occurs at the interface due to
the momentum of the post.

To represent the mechanical concepts, we use LS-DYNA
and the TIEDBREAK NODES ONLY option to simulate the
distribution of the force on the surface of block ΩA in a
full contact (Figures 2–4). The bottom of block ΩA is fixed,

Z
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X

Time = 4.8937

Figure 3: Block impact under full contact conditions (4.8 sec).
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X

Time = 9.8896

Figure 4: Block impact under full contact conditions (9.8 sec).

and blocks ΩA and ΩB are assumed to be in complete
contact. Block ΩC proceeds in the 𝑥-direction at 0.1m/s to
crash into block ΩB. Figure 5 shows distributions of the
vertical and shearing force in block element ΩA. In this
simulation, simple block models are used and the point of
impact is lower than the center of gravity. This is due to the
shearing force to become higher. Concerning the post, it is
the vertical force that affects the breakawaymost significantly.
Therefore, in this study the influence from the shearing
force is ignored. The maximum vertical force is 2.1 N at
3.83 seconds, and the impact breakaway under the following
conditions is applied. For this reason, among the LS-DYNA
input TIEDBREAK NODES ONLY options NFLF (normal
failure force) is 1.0N, while SFLF (shear failure force) is 1.0
× 106N. Consider

𝑓
𝑛
< 𝑓
𝑛
−max = 2.1N (Maximum normal force) . (1)

Figures 6-7 show the behavior of the blocks after the
impact when the vertical force breakaway conditions are
applied as set forth above. Figure 8 shows the distribution of
the shearing stress in the blockΩA element. All vertical forces
are within the range of 1.0N.This provides us with a clue that
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Figure 9:Breakaway-type postmodel using shell and solid elements.
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Figure 10:Measuringpoints of the failure force at the base of the post.

the maximum vertical force is calculated under full contact
when the blocks are detached. A failure force of smaller value
causes the detachment of the elements.

3. Finite Element Crash Model

The breakaway post is deformed when a car crashes into it.
It is designed to break away when the threshold stress value
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Figure 11: Induced vertical forces in the 𝑧-axis at the point of failure force measurement for the full contact condition.

is exceeded during impact. The finite element formulation
described earlier is now implemented to compare the results
of our technique with those obtained for different material
properties and also to study the influences of breakaway on
the crash analysis of post structures. In the finite element
crash model, the height of the post used for this study is
3,200mm for the upper post and 500mm for the lower post,
totaling 3,700mm.The lower post is buried under the ground
andmodeled to be coupled but with freedom in six directions
as shown in Figure 9 [13]. It is also assumed that there is
a signboard that is 1,250mm × 1,200mm and completely
attached to the post. The upper and lower posts are modeled
to break away once the threshold failure force is reached.
The steel pipe post modeled has a diameter of 101.6mm and
a wall thickness of 4.0mm using a shell element. The same
parameters are given to the signboard, which is modeled as
a shell element with 4.0mm wall thickness. On the other
hand, the four facing clips and two slip bases are built in solid
elements.

Since the purpose of this study is to compare the safety
of passengers with posts built with SS400 and those built
with SM490, each of these materials is applied to the post
and the results are compared.Thematerial model is based on
the Cowper-Symonds equation, with a view to consider the
dynamic effect of the vehicle.

In this study, a Dodge Neon is chosen for the passenger
vehicle model as provided by NCAC [14], the National Crash
Analysis Center of the United States. The physical properties
of most of the elements in the vehicle are yield stress of
400MPa and elastic modulus of 210,000MPa. The impact
interactions between the post and vehicle are limited by the
contact options in the LS-DYNA software. In the simulation
in this study, the following crash conditions options are also
used:

(i) Automatic single surface: it removes the domain
overlapping effect when there is a crash to enhance

the accuracy of the results. This option was applied
only to the vehicle model.

(ii) Automatic surface to surface: it endows the contact
conditions between the post and vehicle and the post
and auxiliary elements.

(iii) Tied surface to surface failure: it endows the contact
conditions between the detached posts. This option
requires the maximum vertical stress and shearing
stress at the time of the breakaway. This is endowed
by 𝑓
𝑡-max, which is calculated in advance.

The crash simulation in LS-DYNA begins basically with the
explicit time interpretation. In case of the explicit analysis,
there is a problem that the user has to define an arbitrary
time span. For example, narrower spans produce lower
accuracy results. In this simulation, we use the automatic
time increment option supported by LS-DYNA, because the
contact conditions are very complicated. In the numerical
test, a total of eighteen cases are simulated. Of these, nine
have the posts built with SS400, while the rest had the posts
built with SM490.We assumed the wall thickness of the posts
to be the same to determine the conditions of breakaway by
material.

4. Numerical Examples

4.1. Case I: Full Contacted Posts. Before analyzing breakaway-
type posts, we perform crash analyses of the posts under full
contact conditions. As mentioned earlier, it is necessary to
identify the failure force at the point of breakage under full
contact conditions to determine the breakaway load. This is
done by the analysis of the full contact case. As shown in
Figure 10, the failure force is measured in two positions at the
base of the post (A node: 2,811,152 nodes, B node: 2,811,156
nodes).
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Figure 12: Continued.
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Figure 12: Induced vertical forces in the 𝑧-axis at the point of failure force measurement (cases 1∼8).

Table 1: Analysis cases by different breakaway conditions (𝑓
𝑡-max (N)).

SS400 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
5,000 10,000 15,000 20,000 25,000 30,000 40,000 50,000

SM490 Case 9 Case 10 Case 11 Case 12 Case 13 Case 14 Case 15 Case 16
5,000 10,000 15,000 20,000 25,000 30,000 40,000 50,000

Figure 11 shows the 𝑧-axis vertical forces obtained at the
two nodes when the posts built with SS400 and SM490 are in
full contact. The vertical force over time is higher with the
B node compared to the A node. In the cases with SS400,
the value rose up to 67,200N, while the values in the SM490
scenario rose up to 677,000N. With the maximum vertical
forces of these graphs as the starting point, we performed
simulations for the failure forces presented in Table 1.

4.2. Case II: Breakaway-Type Posts. The interpretations of
each case in accordance with the breakaway conditions
in (1) are shown in Table 1. Table 1 shows the different
contact conditions between the detached posts. The contact
conditions are defined to the maximum vertical forces at the
time of the breakaway. Each force is determined from results
for the full contact as shown in Figure 11.

Figures 12(a)–12(h) show the induced vertical forces at the
A and B nodes for SS400. Based on the failure conditions
of each case, the induced vertical forces are shown to be
within the failure force range. As the failure force increased,
breakaway at A node occurred as expected, while the B node
showed an increase from the compression force to the tensile
force. Such a phenomenon can be observed in cases 7 and
8. The results of the simulation indicate that the posts are
still upright after the crash. That is, the breakage at A node
happens from case 7 on, but at B node, the breakage never
occurs.

Figures 13(a)–13(h) show induced vertical forces at A and
Bnodes for SM490.While the graph shows a similar tendency
with that of the SS400 material, the overall vertical force
is higher. However, from case 14, there is a vertical force
generated at the B node that prevents the post from breaking
away. This indicates a failure force condition of 30,000N,
which is lower than the failure force condition of case 7 for
SS400, which was 40,000N. We may conclude from these
results that this is because of the increased physical strength
of the post due to using a material of higher strength, causing
more tensile force to the breakaway base of the post. In
summary, the threshold of breakaway for SM490 is lower than
that of SS400.

Figures 14-15 show the deformed shapes of the
breakaway-type post and car against the crash for different
cases. As expected, it can be observed from figures that posts
made of SM490 are not breakaway or less deformed when
compared to SS490 for the same failure condition because of
the increased stiffness.

4.3. Case III: Passenger Safety Performance Assessment. Fig-
ures 16-17 show induced THIV and PHD for measuring the
vehicles acceleration in 𝑥-, 𝑦-, and 𝑧-axis as well as the
rotational velocity [15]. Assessments of the THIV and PHD
are performed based on the passenger safety performance
assessment items [11]. In the case of THIV, passenger safety
could be guaranteed when the speed is 33 km/h.

The passenger car models were built based on the models
provided by NCAC. We followed the guidelines (SB2 and
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Figure 13: Continued.
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Figure 13: Induced vertical forces in the 𝑧-axis at the point of failure force measurement (cases 9∼16, SM490).
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Figure 14: Deformed shapes for different cases (SS400).

SB4 grades) to test the rails in Korea as per the Guideline to
Perform Crash Tests for Road Side Barriers [16]. In the SB2
and SB4 grade regulation, themass of impact vehicle is 900 kg
and impact speed is 80 km/h. In this study, the requirement is

satisfied for both SS400 and SM490, within the failure force
range of 40,000N. However, in the case of PHD, the SS400
satisfied the requirement under 50,000N, while SM490 does
so under 40,000N. If we relate this to the breakage results
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Figure 15: Deformed shapes for different cases (SM490).
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discussed earlier, the SS400 is believed to have satisfied the
THIV requirement after the breakaway, while SS490 satisfied
the THIV requirement in case 14, where the breakaway did
not occur. The same is true with the PHD. In other words,
the condition that both THIV and PHD should be satisfied
for SS400 and SM490 is that the failure force is lower than
40,000N.

5. Conclusion

In this study, we performed the assessment of passenger
safety for posts and signboards that are standard roadside
installations. To disperse the impact force when a car crashes
into a post, the post is designed with a breakaway feature.The
simulation is performed with two different materials: normal
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steel (SS400) and high anticorrosion material (SM490.) We
determined that previous studies did not provide sufficient
explanations of the mechanism of breakaways. Therefore,
this study is performed to clarify the conditions of post
breakaway. The simulation was carried out using LS-DYNA
and the TIEDBREAK NODES ONLY option, which consid-
ers the failure force between the nodes at the post base.
We assumed a full contact condition between the posts and
calculated the vertical force over time after the impact under
this initial condition. Then, with the maximum vertical force
as the basis, eighteen cases are considered. The results show
that the SS400 material has a higher breakaway requirement
compared to that of SM490. Then this suggests that such
difference is related to the physical properties of the steel
material used for the post.

The assessment results of the passenger safety for THIV
and PHD show that the requirement is satisfied under
40,000N for both the SS400 and SM490 materials. However,
in the case of SM490, while the post was not detached, both
the THIV and PHD represent satisfactory results. In this
study, we consider momentum to be a dominant factor for
the failure and considered the vertical forces only. However,
future studies that consider the shearing force as well could
contribute to the enhancement of the results of the safety
assessment. It will be also necessary to extend the concept
from further studies for the wind resistance.
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An effective method for the damage detection of skeletal structures which combines the cross correlation function amplitude
(CCFA) with the support vector machine (SVM) is presented in this paper.The proposed method consists of two stages. Firstly, the
data features are extracted from the CCFA, which, calculated from dynamic responses and as a representation of the modal shapes
of the structure, changes when damage occurs on the structure.The data features are then input into the SVMwith the one-against-
one (OAO) algorithm to classify the damage status of the structure. The simulation data of IASC-ASCE benchmark model and a
vibration experiment of truss structure are adopted to verify the feasibility of proposed method.The results show that the proposed
method is suitable for the damage identification of skeletal structures with the limited sensors subjected to ambient excitation. As
theCCFAbased data features are sensitive to damage, the proposedmethod demonstrates its reliability in the diagnosis of structures
with damage, especially for those with minor damage. In addition, the proposed method shows better noise robustness and is more
suitable for noisy environments.

1. Introduction

Structural damage detection is crucial in reducing catas-
trophic failures and prolonging the service life of structures.
One of the most popular global structural damage detection
techniques is the vibration-based damage detection tech-
nique, which has received considerable attention in recent
years. The vibration-based damage detection methods can
be classified as the model-based damage detection method
(MBDDM) and non-model-based damage detection method
(NMBDDM) [1, 2]. For the model-based method, the struc-
tural model is a function of the physical properties of
the structure (mass, damping, and stiffness); hence model
updating techniques are needed to improve the precision
of the parameters describing the structure. As most model
updating techniques are complicated and their precisions
are limited for complex structures, the non-model-based
method, which can avoid the drawbacks of the model-based
method, is considered as a better choice in general. It can be
easily implemented in online Structural Health Monitoring
(SHM) systems for its simple computing process.

For the NMBDDM, a precise analytical model of the
structure is not required, and the damage features can be
extracted from the modal parameters or dynamic responses
[2]. As a huge amount of damage information can be
extracted from the modal parameters, some damage features
can be detected based on the changes of natural frequencies
or mode shapes [3]. However, modal parameters such as
the mode shapes cannot be identified precisely for complex
structures, whichmay reduce the accuracy of theNMBDDM.
Therefore, some scholars have proposed the extraction of
damage features directly from the dynamic response in time
domain, frequency domain, or time-frequency domain. In
their researches, statistical analysis technologies including
the outlier analysis [4] and independent component analysis
(ICA) [5] and signal process technologies including the
wavelet transform technology (WPT) [6, 7] and Hilbert
Huang transform (HHT) [8, 9] have been adopted to extract
damage features from the dynamic response.

Almost all of the NMBDDM mentioned above can be
used only to identify the presence of damage. Yang and
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coworkers [2, 10–12] proposed a type of NMBDDM, which
can be used to detect and locate damage with the correlation
and relative difference between the cross correlative function
amplitude vectors obtained from the intact and damaged
structures. However, thismethod seems to have its limitation.
Firstly, it is valid only for the case under steady random
excitation within the specific frequency spectrum. Further,
it requires the number of sensors nearly equal to that of the
detectable damage locations of the structure, which means
that the method may be impractical due to the high cost of
the installation sensors.

It is known that the damage information provided by the
damage features of the NMBDDM is generally insufficient
and the locations and degree of damage are incapable of
identification in full [1, 2]. Some scholars have introduced the
intelligence algorithms to the NMBDDM methods, such as
the artificial neural network (ANN) [13, 14] for their excellent
pattern recognition capability. In this connection, the damage
features are used as input data, and the intelligence algorithms
are introduced as the analysis tools for matching the damage
patterns, detecting the damage locations, and estimating the
degree of severity.

The support vector machine (SVM) is another compu-
tational method based on the statistical learning theory, of
which the classification ability can be applied in damage
diagnosis of structures. Compared with ANN, the SVM can
be used to achieve the same global optimal solution for a
smaller number of samples for its better generalization [15].
Theprocess of damage diagnosis utilizing the SVMconsists of
two steps: (1) features extraction from the measured dynamic
responses and (2) patterns classification based on the input
vectors composed of features.The SVMallows us to recognize
and classify the structural damage patterns in a way as
accurate as possible. The accuracy of the SVM lies mainly in
the kernel function and the damage features. Improving the
kernel function such as the wavelet packet kernel function
[16, 17] can help improve the generalization ability.The select-
ing of damage features should be such proper as to contain the
characteristics of the structure as fully as possible.Thedesired
damage features are sensitive to the damage and independent
variables that may not be easily interfered by external factors
such as excitation and noise. Previously, the data features have
been extracted from the structural modal parameters [18–
20], independent component analysis (ICA) [21], envelope
spectrum [22, 23], wavelet packet transform (WPT) energy
spectrum [24, 25], and other statistical information [26].
Most of these data features have been proposed for the
monitoring of mechanical devices, and few of them can be
applied to the damage diagnosis of large and complex civil
engineering structures.

The objective herein is to propose a new method that
integrates the cross correlation function amplitude (CCFA)
with the support vector machine (SVM) for the damage
identification of skeletal structures. The proposed method
can be used to locate damage and identify damage patterns
with the limited number of sensors. This paper is organized
as follows. Firstly, the cross correlation function amplitude
and support vector machine are introduced in Sections 2 and
3, respectively. In Section 4, the damage detection method

for civil engineering structures based on the CCFA and
SVM is illustrated in detail. In addition, the simulation
data of IASC-ASCE benchmark simulation model and a
vibration experiment of truss structure are used to illustrate
the feasibility of proposed method in Sections 5 and 6.

2. Cross Correlation Function
Amplitude (CCFA)

The cross correlation function 𝑅
𝑥,𝑦

(𝑇) of two stationary
stochastic processes 𝑥(𝑡) and 𝑦(𝑡)with a time lag 𝑇 is defined
as

𝑅
𝑥,𝑦

(𝑇) = 𝐸 [𝑥 (𝑡) 𝑦 (𝑡 + 𝑇)] , (1)

where 𝐸[⋅] is the expectation of the stochastic variable.
The equation of motion for 𝑁 degree-of-freedom (DOF)

structure with classical damping is

MẌ (𝑡) + CẊ (𝑡) + KX (𝑡) = F (𝑡) , (2)

where X(t) is the𝑁-dimensional displacement vector, F(𝑡) is
the excitation vector, and M, C, and K denote, respectively,
the mass, damping, and stiffness matrices of the structure
with the dimension of𝑁×𝑁.The displacement response can
be decomposed into the 𝑁 modal coordinates as

X (𝑡) =

𝑁

∑

𝑛=1

Φ
𝑛

𝑌
𝑛

(𝑡) (3)

in which Φ𝑛 is the 𝑛th modal vector and 𝑌
𝑛

(𝑡) is the
corresponding modal coordinate. The 𝑛th modal response
can be separately written as

X𝑛 (𝑡) = Φ
𝑛

𝑌
𝑛

(𝑡) . (4)

By Duhamel’s integral, the 𝑛th modal response at point 𝑖 due
to excitation 𝑓

𝑘
(𝑡) at point 𝑘 is

𝑋
𝑛

𝑖
(𝑡) = 𝜙

𝑛

𝑖
𝜙
𝑛

𝑘
∫

𝑡

−∞

𝑓
𝑘
(𝜏) 𝑔
𝑛

(𝑡 − 𝜏) 𝑑𝜏, (5)

where

𝑔
𝑛

(𝑡 − 𝜏) =
sin𝜔
𝐷𝑛

(𝑡 − 𝜏) exp [−𝜉
𝑛
𝜔
𝑛
(𝑡 − 𝜏)]

𝑚
𝑛
𝜔
𝐷𝑛

; (6)

𝑚
𝑛
, 𝜉
𝑛
, and 𝜔

𝑛
are the modal mass, modal damping ratio,

and natural frequency of the 𝑛th mode, respectively; and
𝜔
𝐷𝑛

= 𝜔
𝑛
√1 − 𝜉2

𝑛
is the damped natural frequency of the 𝑛th

mode. For ambient loading, the exciting points are numerous,
and 𝑋

𝑛

𝑖
(𝑡) is the accumulation of responses caused by each

exciting point as follows:

𝑋
𝑛

𝑖
(𝑡) = 𝜙

𝑛

𝑖
∫

𝑡

−∞

∑𝜙
𝑛

𝑘
𝑓
𝑘
(𝜏) 𝑔
𝑛

(𝑡 − 𝜏) 𝑑𝜏. (7)

Based on the natural excitation technique (NExT) [27],
the cross correlation function between the 𝑛th modal
responses at the 𝑖th and jth points can be written as

𝑅
𝑛

𝑥𝑖 ,𝑥𝑗

(𝑇) = 𝜙
𝑛

𝑖
𝜙
𝑛

𝑗
∫

𝑡

−∞

∫

𝑡+𝑇

−∞

𝑔
𝑛

(𝑡 − 𝜏) 𝑔
𝑛

(𝑡 + 𝑇 − 𝜎)

⋅ ∑∑𝜙
𝑛

𝑘
𝜙
𝑛

𝑘
𝐸 {𝑓
𝑘
(𝜏) 𝑓
𝑘
(𝜎)} 𝑑𝜎 𝑑𝜏.

(8)
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If the ambient vibration source is a white noise random
process, then

𝐸 {𝑓
𝑘
(𝜏) 𝑓
𝑘
(𝜎)} = 𝛼

𝑘
𝛿 (𝜏 − 𝜎) , (9)

where 2𝛼
𝑘
is a constant representing the one-side autospectral

density of the white noise and 𝛿(t) is the Dirac delta function.
Substituting (7) and (9) into (8), one can express the cross
correlation function of the 𝑛thmodal displacement responses
at the 𝑖th and jth point as follows:

𝑅
𝑛

𝑥𝑖 ,𝑥𝑗

(𝑇) =

𝜙
𝑛

𝑖
𝐺
𝑛

𝑗

𝑚
𝑛
𝜔
𝐷𝑛

exp (−𝜉
𝑛
𝜔
𝑛
𝑇) sin (𝜔

𝐷𝑛
𝑇 + 𝜑
𝑛
) , (10)

where 𝐺
𝑛

𝑗
is the coefficient depending on 𝑛th modal param-

eters, exciting points, and measured response at point 𝑗 and
𝜑
𝑛
is a phase dependent on the 𝑛th modal parameters. Since

the structural responses under the white noise excitation are
stationary stochastic processes, the cross correlation function
of the 𝑛th modal velocity responses at the 𝑖th and jth points
can be written as

𝑅
𝑛

�̇�𝑖 ,�̇�𝑗

(𝑇) = −𝑅
𝑛

𝑥𝑖 ,𝑥𝑗



(𝑇) =

𝜙
𝑛

𝑖
𝐺
𝑛

𝑗

𝑚
𝑛
𝜔
𝐷𝑛

exp (−𝜉
𝑛
𝜔
𝑛
𝑇)

⋅ [(𝜔
2

𝐷𝑛
− 𝜉
2

𝑛
𝜔
2

𝑛
) sin (𝜔

𝐷𝑛
𝑇 + 𝜑
𝑛
)

+ 2𝜉
𝑛
𝜔
𝑛
𝜔
𝐷𝑛
cos (𝜔

𝐷𝑛
𝑇 + 𝜑
𝑛
)] .

(11)

Also, the cross correlation function of the 𝑛th modal accel-
eration responses at the 𝑖th and 𝑗th points can be expressed
as

𝑅
𝑛

�̈�𝑖 ,�̈�𝑗

(𝑇) = 𝑅
𝑛

𝑥𝑖 ,𝑥𝑗



(𝑇) =

𝜙
𝑛

𝑖
𝐺
𝑛

𝑗

𝑚
𝑛
𝜔
𝐷𝑛

exp (−𝜉
𝑛
𝜔
𝑛
𝑇)

⋅ [(𝜔
4

𝑛
− 6𝜉
2

𝑛
𝜔
2

𝑛
𝜔
2

𝐷𝑛
+ 𝜔
4

𝐷𝑛
) sin (𝜔

𝐷𝑛
𝑇 + 𝜑
𝑛
)

+ (4𝜉
𝑛
𝜔
𝑛
𝜔
3

𝐷𝑛
+ 4𝜉
3

𝑛
𝜔
3

𝑛
𝜔
𝐷𝑛

) cos (𝜔
𝐷𝑛

𝑇 + 𝜑
𝑛
)] .

(12)

Consequently, the cross correlation function amplitudes
(CCFAs) of the 𝑛th modal displacement, velocity, and
acceleration responses are

max [𝑅
𝑛

𝑖,𝑗
(𝑇)] =

𝐺
𝑛

𝑗

𝑚
𝑛
𝜔
𝐷𝑛

⋅
𝑎 (𝑎𝜔
𝐷𝑛

− 𝑏𝜉
𝑛
𝜔
𝑛
) + 𝑏 (𝑎𝜉

𝑛
𝜔
𝑛
+ 𝑏𝜔
𝐷𝑛

)

√(𝑎𝜔
𝐷𝑛

− 𝑏𝜉
𝑛
𝜔
𝑛
)
2

+ (𝑎𝜉
𝑛
𝜔
𝑛
+ 𝑏𝜔
𝐷𝑛

)
2

⋅ exp (−𝜉
𝑛
𝜔
𝑛
𝑇
∗

) 𝜙
𝑛

𝑖
,

(13)

where

𝑇
∗

= arcsin
𝑎 (𝑎𝜔
𝐷𝑛

− 𝑏𝜉
𝑛
𝜔
𝑛
)

√(𝑎𝜔
𝐷𝑛

− 𝑏𝜉
𝑛
𝜔
𝑛
)
2

+ (𝑎𝜉
𝑛
𝜔
𝑛
+ 𝑏𝜔
𝐷𝑛

)
2

. (14)

The values of 𝑎 and 𝑏 have been listed in Table 1.

Table 1: Values of 𝑎 and 𝑏 for the CCFA of 𝑛th modal displacement,
velocity, and acceleration responses.

𝑅
𝑛

𝑖,𝑗
(𝑇) 𝑎 𝑏

𝑅
𝑛

𝑥𝑖 ,𝑥𝑗
(𝑇) 1 0

𝑅
𝑛

�̇�𝑖 ,�̇�𝑗
(𝑇) 𝜔

2

𝐷𝑛
− 𝜉
2

𝑛
𝜔
2

𝑛
2𝜉
𝑛
𝜔
𝑛
𝜔
𝐷𝑛

𝑅
𝑛

�̈�𝑖 ,�̈�𝑗
(𝑇) 𝜔

4

𝑛
− 6𝜉
2

𝑛
𝜔
2

𝑛
𝜔
2

𝐷𝑛
+ 𝜔
4

𝐷𝑛
4𝜉
𝑛
𝜔
𝑛
𝜔
3

𝐷𝑛
+ 4𝜉
3

𝑛
𝜔
3

𝑛
𝜔
𝐷𝑛

Define intermediate variable 𝜅
∗

(𝜉
𝑛
, 𝜔
𝑛
) as

𝜅
∗

(𝜉
𝑛
, 𝜔
𝑛
) =

𝑎 (𝑎𝜔
𝐷𝑛

− 𝑏𝜉
𝑛
𝜔
𝑛
) + 𝑏 (𝑎𝜉

𝑛
𝜔
𝑛
+ 𝑏𝜔
𝐷𝑛

)

√(𝑎𝜔
𝐷𝑛

− 𝑏𝜉
𝑛
𝜔
𝑛
)
2

+ (𝑎𝜉
𝑛
𝜔
𝑛
+ 𝑏𝜔
𝐷𝑛

)
2

⋅ exp (−𝜉
𝑛
𝜔
𝑛
𝑇
∗

) .

(15)

The point 𝑗 is taken as a reference point, and the CCFAs of
the 𝑛th modal signals between point 𝑗 and other points are
calculated with their CCFAs listed as a vector,

VCCFA = [max (𝑅
𝑛

1,𝑗
) max (𝑅

𝑛

2,𝑗
) ⋅ ⋅ ⋅ max (𝑅

𝑛

𝑁,𝑗
)]

=

𝐺
𝑛

𝑗
𝜅
∗

(𝜉
𝑛
, 𝜔
𝑛
)

𝑚
𝑛
𝜔
𝐷𝑛

[𝜙
1

𝜙
2

⋅ ⋅ ⋅ 𝜙
𝑁
] .

(16)

VCCFA, which can be calculated from the displacement,
velocity, or acceleration response, is closely related to the 𝑛th
modal shape.When damage occurs, the modal shape close to
the damaged locationwill be changed, and the damage feature
DCCFA is defined as the difference inVCCFA between the intact
and current conditions as

DCCFA = Vintact
CCFA − Vcurrent

CCFA , (17)

where the superscripts “intact” and “current” stand forVCCFA
at the intact and current conditions, respectively.

3. Support Vector Machine (SVM)

The support vector machine is a recently developed statistical
learning algorithm based on the structural risk minimization
(SRM) principle. The basic SVM deals with binary classifica-
tion problems. The main idea of the SVM is to transform the
data to a higher dimensional features space and to find the
optimal hyperplane in the space that maximizes the margin
between the two classes as shown in Figure 1. Consider a set of
training data {(𝑥

𝑖
, 𝑦
𝑖
), 𝑖 = 1, 2, . . . , 𝑙}, 𝑥

𝑖
is the vector of input

variables, and 𝑦
𝑖
is the target vector corresponding to {−1, 1}

in binary classification problem.
For the case of linear data, the separating hyperplane can

be defined by

𝑓 (𝑥) = w𝑇x + 𝑏 = 0, (18)

where 𝑓(𝑥) is the separating hyperplane and the vectors w
and 𝑏 are the weight factors defining the position of the
separating hyperplane.The decision function is given by (19),
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Negative class

Positive classMargin

H1: {x | (w · x + b = +1)}

H: {x | (w · x + b = 0)}

H2: {x | (w · x + b = −1)}

Figure 1: The diagram of SVM.

with which the input data are classified into either positive or
negative class

�̃� (𝑥) = sign [𝑓 (𝑥)] . (19)

Taking into account the noise with slack variables 𝜁
𝑖
and

the error penalty C, the optimal hyperplane separating the
data can be obtained by minimizing ‖w‖, leading to the
following constrained optimization problem:

min
𝜔,𝑏,𝜁𝑖

1

2
w𝑇w + 𝐶

𝑙

∑

𝑖=1

𝜁
𝑖

subject to 𝑦
𝑖
(w𝑇 ⋅ 𝑥

𝑖
+ 𝑏) ≥ 1 − 𝜁

𝑖

𝜁
𝑖
≥ 0, 𝑖 = 1, . . . , 𝑙.

(20)

Introducing the Lagrangian multiplier 𝛼
𝑖

≥ 0, the above
problem can be transformed to the following form:

maximize 𝐿 (w, 𝑏, 𝛼) =

𝑙

∑

𝑖=1

𝛼
𝑖
−

1

2

𝑙

∑

𝑖,𝑗=0

𝛼
𝑖
𝛼
𝑗
𝑦
𝑖
𝑦
𝑗
𝑥
𝑖
⋅ 𝑥
𝑗

subject to 𝛼
𝑖
≥ 0,

𝑖 = 1, . . . ,𝑀,

𝑀

∑

𝑖=1

𝛼
𝑖
𝑦
𝑖
= 0.

(21)

The linear SVM algorithm derived above can be easily
extended to the nonlinear regression analysis by kernel
methods. Using the nonlinear vector function Ψ(x) =

(𝜓
1
(𝑥), . . . , 𝜓

𝑀
(𝑥)) to map the n-dimensional input vector

x onto the 𝑙-dimensional features space, the linear decision
function in dual form is given by

�̃� (𝑥) = sign(

𝑀

∑

𝑖,𝑗=1

𝛼
𝑖
𝑦
𝑖
(Ψ
𝑇

(𝑥
𝑖
) ⋅ Ψ (𝑥

𝑗
)) + 𝑏) . (22)

The kernel function𝐾(𝑥
𝑖
, 𝑥
𝑗
) = (Ψ

𝑇

(𝑥
𝑖
) ⋅ Ψ(𝑥

𝑗
)) is applied to

simplifying of the calculation, by which, the learning in the

Table 2: The commonly used kernel functions.

Linear 𝐾(𝑥
𝑖
, 𝑥
𝑗
) = 𝑥

𝑖
⋅ 𝑥
𝑗

Polynomial 𝐾(𝑥
𝑖
, 𝑥
𝑗
) = (𝑥

𝑖
⋅ 𝑥
𝑗
+ 𝑐)
𝑑

Radial Basis Function (RBF) 𝐾(𝑥
𝑖
, 𝑥
𝑗
) = exp (𝛾


𝑥
𝑖
− 𝑥
𝑗



2

)

Sigmoidal kernel function (SKF) 𝐾(𝑥
𝑖
, 𝑥
𝑗
) = tanh (𝛾


𝑥
𝑖
− 𝑥
𝑗



2

)

features space does not require explicit evaluation of Ψ and
the decision function will be

�̃� (𝑥) = sign(

𝑀

∑

𝑖,𝑗=1

𝛼
𝑖
𝑦
𝑖
𝐾(𝑥
𝑖
, 𝑥
𝑗
) + 𝑏) . (23)

Any function that satisfies Mercer’s theorem can be used as a
kernel function.The selection of kernel function is important
to SVM, because the kernel function decides the future spaces
that the samples will be mapped into. The commonly used
kernel functions include the linear, polynomial, Gaussian
Radial Basis Function (RBF), and sigmoidal kernel function
(SKF), as listed in Table 2.

The fundamental capability of the SVM discussed above
deals with binary classification. In practice, however, the
method can be extended to solvemulticlassification problems
as well. One typical multiclassification method is called the
one-against-one (OAO) algorithm [15, 28]. This method uses
𝑘(𝑘−1)/2 binary classifiers to identify 𝑘 classes. Each training
data piece is divided into two classes. For training data from
the 𝑖th and the jth classes, the binary classification problem is
shown as (24). If 𝑥 is in the 𝑖th class, then the vote for the 𝑖th
class is added by one; otherwise, jth is increased by one.When
classifying test data, all of the SVMs perform classification
and the test data is identified as the class with the largest
number of votes. The schematic diagram of OAO algorithm
is shown in Figure 2. Consider

minimize 1

2


w𝑖𝑗
2

+ 𝐶∑

𝑡

𝜁
𝑖𝑗

𝑡
(w𝑖𝑗)
𝑇

, (24)

subject to (w𝑖𝑗)
𝑇

𝜙 (x
𝑡
) + 𝑏
𝑖𝑗

≤ 1 − 𝜁
𝑖𝑗

𝑡
if 𝑦
𝑡
= 𝑖,

(w𝑖𝑗)
𝑇

𝜙 (x
𝑡
) + 𝑏
𝑖𝑗

≤ −1 + 𝜁
𝑖𝑗

𝑡
if 𝑦
𝑡
= 𝑗,

𝜁
𝑖𝑗

𝑡
≥ 0, 𝑗 = 1, . . . , 𝑙.

(25)

4. Damage Detection Based on CCFA and SVM

In this paper, DCCFA is taken as the damage features for the
input data vector, and the damage pattern can be classified
by the multiclass SVM. There are two main advantages with
the proposed data features. First, as revealed by (16), VCCFA
is a stable variable closely related to the structural modal
shapes. Therefore, the accuracy of the method can hardly
be interfered by external factors such as ambient excitation.
In addition, because the relative change in the structural
modal shape is sensitive to the damage, the difference of
VCCFA between the intact and current conditions is sensitive
to minor damage with small stiffness changes.
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Input pattern

SVM 1 SVM 2 SVM 3

Vote strategy

Classification results

1 | 2 1 | 3 1 | 4
. . .

SVM N(N − 1)/2
N − 1 | N

Figure 2: Schematic of OAO algorithm.

The procedure of the proposed method, as shown in
Figure 3, can be summarized as follows.

(1) Assume that there are 𝑀 ordinary types of circum-
stances with the label of 1, . . . ,𝑀, respectively, in which 1
represents the intact condition and 2, . . . ,𝑀, respectively,
stand for different damage patterns. Sample 𝑁

∗ times of
the dynamic response for each circumstance from 𝐿 sites of
measurement, and take 𝑁

∗

× 𝑀 × 𝐿 signals as samples.
(2) Extract the 𝑛th approximate modal response via some

signal processing technologies such as WPT and EMD, by
which, the dynamic responses can be decomposed, and,
then, the approximate modal responses can be acquired by
reconstructing the decomposed signals containing modal
frequencies [29–31]. Then choose a special site, which is a
node ofmode insensitive to the damage, as the reference point
for calculating VCCFA based on (16) with the dimension of
1×𝐿. Or two reference points can be selected to ensure that the
performance of identification is not affected by the reference
point if one reference is sensitive to the damage. Then VCCFA
can be expressed as

VCCFA = [max (𝑅
𝑛

1,𝑖
) max (𝑅

𝑛

2,𝑖
) ⋅ ⋅ ⋅ max (𝑅

𝑛

𝑁,𝑖
) max (𝑅

𝑛

1,𝑗
) max (𝑅

𝑛

2,𝑗
) ⋅ ⋅ ⋅ max (𝑅

𝑛

𝑁,𝑗
)] . (26)

(3) Calculate the data features, which are acquired from
the difference of VCCFA between the intact and current
conditions according to (17). Then, the training data are
established with 𝑁

∗

× 𝑀 samples.
(4) The data features serve as the training data for input

to the SVM and the classifiers are trained.
(5) Collect the test signals of the structure, and calculate

the test samples with the same process from step (1) to step
(4) as input data to the trained SVM classifiers. Then the
structure status can be identified by the output of the SVM
classifiers.

5. Numerical Verification

Thesimulation data of phase I IASC-ASCE benchmarkmodel
[32] is used to verify the feasibility of the method proposed in
this paper. The sketch of the analytical model and the sensor
locations is shown in Figure 4. In this paper, the symmetrical
structure is simulated by a 12-DOF model, with each floor
represented by 3 DOFs, including two translations and one
rotation. The Gaussian white noise acceleration is loaded at
all stories which can be represented as ambient excitation.
The damage patterns are listed in Table 3, in which pattern
0 is the intact, undamaged one, patterns 1 and 2 represent
major damage patterns, and patterns 3 to 5 are minor damage
patterns. Table 4 lists the percentage loss in the horizontal
story stiffness of the damaged 12-DOFmodel for each pattern.
As can be seen, patterns 1 and 2 represent major damage.The
inclusion of patterns 3–5 is to test the ability of the proposed
approach in detecting minor damage. In addition, pattern 3
is similar to pattern 4, while pattern 0 is similar to pattern 5.

The acceleration responses are calculated by the MAT-
LAB program for the phase I benchmark model.There are 40
samples for the undamaged pattern and 20 samples for each
damage pattern, respectively. Firstly, the first four approxi-
mate modal responses are extracted by the WPT technique.
Figure 5 shows the original signal and first four modal
acceleration responses at point 1, and the FFT spectrum of
each signal is shown in Figure 6. From Figure 6, one observes
that the amplitudes of the first two frequencies in the original
response are, respectively, equal to those in each approximate
modal response, which can confirm the validity of the first
two modal signals extracted by WPT technique.

Then, point 1 is taken as the reference point, and the value
of VCCFA is calculated using (15) from the first approximate
modal responses. Twenty values of VCCFA of pattern 0 are
taken as the intact condition, and other values of VCCFA,
containing twenty samples of pattern 0 and other five damage
patterns, are taken as the current condition. Note that the
cross correlation is a normalized sequence ranged from 0 to
1 which is calculated by MATLAB software, and the detailed
principle can be found in [33]. The data features are defined
by the difference of CCFA between the current and intact
conditions. So there are 120 samples of data features for
six patterns, and each pattern has 20 samples. Half of the
samples in each pattern are used as the training data, while
the others are used as the test data of the SVM. The training
label of 1–6 represents pattern 0, pattern 1, . . . , pattern 5,
subsequently. The multiclass classification system for the
fault diagnostics with the one-against-one SVM is then
established.

In this paper, the commonly used kernel functions
including polynomial, RBF, and SKF are used to verify the
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Extract nth modal response

Train the SVM classifiers The trained SVM classifiers

Damage patterns

Sample responses from 
measurements 

Training data Testing data 

Calculate VCCFA

Calculate DCCFA

Figure 3: Overall procedure of proposed method.
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Figure 4: The sketch of the analytical model and the sensor
locations.

superiority of CCFA basedmulticlass SVM.The SVMparam-
eters play a crucial role in the performance of classification.
There are two parameters for these kernel functions: C and
𝛾. In addition, the polynomial kernel function also has a
parameter d, which means the degree of the polynomial. An
improper choice of the parameters can cause the overfitting or
underfitting problem. Therefore, the procedure of searching
optimal parameters using training data is indispensable
before model training. An exhaustive grid-search with expo-
nentially growing 𝐶 and 𝛾 is conducted to obtain the optimal
choice of 𝐶 and 𝛾 with the strategy of v-fold cross-validation
[34]. In addition, the LIBSVM toolbox [35] is used for the
procedure of the SVM.

Table 3: Damage patterns.

Damage pattern Description
Pattern 0 Undamaged case
Pattern 1 All braces of 1st story are broken

Pattern 2 All braces of 1st and 3rd stories are
broken

Pattern 3 1 brace on one side of 1st story is
broken

Pattern 4 1 brace on one side of 1st and 3rd
stories is broken

Pattern 5 Area of 1 brace on one side of 1st
story is reduced to 2/3
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Figure 5: Original signal and first four approximate modal
responses at point 1.

Figure 7 shows the distribution of the V-fold cross
validation (CV) accuracy for different kernel functions. C
and 𝛾 are ranged from 2

−10 to 210 exponentially, and V is
equal to 5. From Figure 7 the optimal combinations of 𝐶

and 𝛾, which are those with the highest CV accuracy, are
acquired.

In Table 5, the classification results of the testing samples
are listed, in which 𝑛/𝑚 means that there are 𝑛 valid
identifications from 𝑚 samples. It can be seen that the SVM
classifiers with the one-against-one algorithm can recognize
the fault types effectively, especially with the kernel function
of RBF.
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Table 4: Percentage losses in horizontal and rotational stiffness for each pattern.

Element Damage pattern
Story DOF 1 2 3 4 5
1 𝑥 45.24% 45.24% 0 0 0
1 𝑦 71.03% 71.03% 17.76% 17.76% 5.92%
1 𝜃 64.96% 64.96% 9.87% 9.87% 2.88%
2 𝑥 0 0 0 0 0
2 𝑦 0 0 0 0 0
2 𝜃 0 0 0 0 0
3 𝑥 0 45.24% 0 11.31% 0
3 𝑦 0 71.03% 0 0 0
3 𝜃 0 64.96% 0 9.16% 0
4 𝑥 0 0 0 0 0
4 𝑦 0 0 0 0 0
4 𝜃 0 0 0 0 0
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Figure 6: FFT spectrum of original signal and first 4 approximate
modal responses.

The signals’ energy is often used to measure the damage
for civil engineering structures. The WPT energy spectrum
and EMD energy spectrum are the classical damage fea-
tures to depict the distributions of signals’ energy [24, 36].
Meanwhile, the artificial neural network (ANN) is a classical
intelligent algorithm which is used to pattern classification.
To show the performance of the SVM classification scheme
based on the CCFA features, a comparison is made between
the proposedmethod, SVMclassifications with other damage
features including WPT energy spectrum and EMD energy

spectrum, and ANN classification with CCFA features. The
test accuracy rate of different method is shown in Figure 8,
where WPT + SVM, EMD + SVM, and CCFA + SVM
mean that the data features are extracted from the WPT
spectrum, EMD spectrum, and CCFA, respectively. And
CCFA + ANN means the ANN classification with CCFA
features.

It can be seen that all methods can be used to identify
major damage such as pattern 1 and pattern 2. However, the
proposed method has the best classification performance for
patterns 3, 4, and 5, as a manifestation of minor damage of
the benchmark model. Consequently, the superiority of the
CCFA features based SVM has been demonstrated especially
for the scenarios of minor damage with small stiffness
changes.

The modal responses are extracted by signal process
technologies. It is necessary to investigate the sensitivity of
identification results to the veracity of extracting approximate
modal response. To simulate the identification error, the
approximate modal responses are modulated by adding
noises with different levels. The identification results are
shown in Figure 9, from which it can be seen that the
average accuracy is still more than 90% when the approx-
imate modal responses are mixed noise with a level of
20%.

To study the effect of sensor noise on classification effi-
ciency, a series of random noises are added to the responses
of the structure with a level of 0 to 50% before the data
features are extracted. Figure 10 shows the average accuracies
of identification for patterns 0 to 3with different classification
method mentioned above for different levels of noises. The
results show that a high level of accuracy can still be achieved
even for the noise level up to 50% when the data features
are extracted based on CCFA. Compared with data features
extracted by other data features, the CCFA features based
SVM method has been demonstrated to be better in noise
robustness and is more appropriate for application to noisy
environment.
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Table 5: The classification result of the testing samples.

Kernel function Pattern 0 Pattern 1 Pattern 2 Pattern 3 Pattern 4 Pattern 5
Polynomial 10/10 10/10 9/10 10/10 9/10 9/10
KBF 10/10 10/10 10/10 10/10 10/10 10/10
SKF 10/10 10/10 10/10 10/10 8/10 9/10
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Figure 7: CV accuracy with 𝐶 and 𝛾 for polynomial, RBF, and SKF kernel functions, in the second loading condition.

6. Experimental Verification

A vibration experiment of truss structure is conducted to
further verify the feasibility of proposed method with the
limited number of sensors. The principal member of the
structure is made by Q235 steel with the dimension of 𝐿

30 × 4. The 300 kg weight stack is loaded on the top of
the structure to guarantee the dynamical similarity. All
members are connected by the bolts on the gusset plates.
The experimental photo is shown in Figure 11. The loading
devices are two JZK-20 vibration exciters, the matched signal
generator and power amplifier.The dSPACE system is used as
data acquisition system with the sample frequency of 500Hz.

The arbitrary voltage signal is generated by signal generator,
then amplified by the power amplifier, and transferred to the
vibration exciter to generate excitation forces on the top of
truss structures.

The PZT (Pb-Based Lanthanum Doped Zirconate
Titanates) sensors are attached on the surface of principal
beams to collect the strain response of the structure as shown
in Figure 12. All sensors are arrayed on one side of the truss
model. The distribution of sensors location is shown in
Figure 13, in which b1–b13 are the number of members and
s-1 to s-6 are the number of PZT sensors.

The bolt looseness in gusset plate is one of the most
common damage kinds for truss structures. In this paper,
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Figure 9: The identification results when the approximate modal
responses are added with noises with different levels.

the bolts are loosened as the connecting damage in gusset
plate. All the damage patterns are listed in Table 6. Note
that no sensor is attached in b7, while the damage location
in pattern 5 is far away from all sensors, which means that
there is inadequate number of sensors distributed in the
key locations. In addition, the damage patterns cannot be
identified by natural frequencies.

The Gaussian white noise excitation with the frequency
from 0 to 30Hz and duration 20 s is loaded to the structure.
40 samples of PZT sensor responses in pattern 0 condition
are acquired. 20 of them are used as initial samples, and the
other are used as current undamaged samples. 20 samples in
pattern 2-pattern 5 are collected as damaged samples.

The sensor s-6 is taken as reference point, and thenVCCFA
andDCCFA are calculated. Figure 14 shows the distribution of
the v-fold cross-validation (CV) accuracy for different kernel
functions, in which 𝐶 and 𝛾 are ranged from 2

−10 to 210
exponentially, and V is equal to 5. Table 7 lists the classification
accuracy of the truss structures for each damage pattern.
It can be seen that the proposed method can identify the
damage pattern in truss structure effectively with a limited
number of sensors.
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Figure 10: The average accuracies of identification with different
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Figure 12: The PZT sensor.
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Table 6: The damage patterns of truss structure.

Damage pattern Description Natural frequency
Pattern 0 Undamaged 20.51Hz
Pattern 1 The bolts in the b5 connected b1, b3, and b7 are loosened 16.6Hz
Pattern 2 The bolts in the joint connected b1, b3, and b7 are loosened 16.6Hz
Pattern 3 The bolts in b1 connected with b3 are loosened 17.58Hz
Pattern 4 The bolts in b7 connected with b1 and b3 are loosened 20.51Hz
Pattern 5 A bottom column on the other side of structure is broken 20.51Hz

Table 7: The accuracy of damage pattern classification with different kernel function.

Kernel function Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Polynomial 100% 80% 100% 80% 70% 100%
RBF 100% 80% 100% 90% 90% 100%
SKF 100% 80% 100% 80% 80% 100%

s-2

s-1 s-3 s-6 s-4

s-5

b1 b2

b3 b4

b5
b6

b7

b8 b9

b10 b11

b12 b13

Figure 13: The distribution of PZT sensors.

7. Concluding Remarks

In this research, a damage detection approach integrating
the cross correlation function amplitude (CCFA) with sup-
port vector machine (SVM) is proposed. The accuracy and
stability of the SVM classification depend largely on the
quality of input data features. The CCFA, closely related to
the modal property of the structure, varies with the change
in structural damage status.Therefore, the input data features
can be extracted from the difference in CCFA between the
current and intact conditions. This forms the basis for the
proposed damage detectionmethod that integrates the CCFA
with SVM.The signal process technology such as the wavelet

packet transform (WPT) or empirical mode decomposition
(EMD) is used to extract single 𝑛th approximate modal
response of the dynamic response, by which the data feature
based on the CCFA is extracted. Normally, the 1st and 2nd
mode signals are used in the detection. Next, the data features
are used as input into the SVM for the classification of
structural damage.

The proposed approach has been verified by the sim-
ulation data of the IASC-ASCE benchmark model and a
vibration experiment of truss model, by which the properties
of the proposed method, along with the advantages, can be
outlined as follows:

(1) The CCFA features based SVM fault diagnosis
approach shows excellent capability in damage classi-
fication and identification for the benchmark model
and is suitable for the damage detection of engineer-
ing structures subjected to ambient excitation.

(2) The proposed approach can be used to identify minor
damage for the benchmark model. It is concluded
that the damage detection approach based on the
integrated use of the CCFA and SVM is more reliable
for identifying minor damage with small stiffness
changes, in comparison with other approaches ana-
lyzed herein.

(3) The proposed method remains quite high in terms of
accuracy for the benchmark model even if the noise
level has been raised to 50%. This is a demonstration
that the proposedmethod has better noise robustness
and is more appropriate for application in noisy
environments.

(4) From the vibration experiment of truss model, it can
be concluded that the proposedmethod is feasible for
skeletal structures with a limited number of sensors.
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Figure 14: The CV accuracy with 𝐶 and 𝛾 for polynomial, RBF, and SKF kernel functions.
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This paper aims to develop an SI (structural identification) technique using theKEOT and theDMUMto decide on optimal location
of sensors and to update FE model, respectively, which ultimately contributes to a composition of more effective SHM. Owing to
the characteristic structural flexing behavior of cable bridges (e.g., cable-stayed bridges and suspension bridges), whichmakes them
vulnerable to any vibration, systematic and continuous structural healthmonitoring (SHM) is pivotal for them. Since it is necessary
to select optimal measurement locations with the fewest possible measurements and also to accurately assess the structural state
of a bridge for the development of an effective SHM, an SI technique is as much important to accurately determine the modal
parameters of the current structure based on the data optimally obtained. In this study, the kinetic energy optimization technique
(KEOT) was utilized to determine the optimal measurement locations, while the direct matrix updating method (DMUM) was
utilized for FE model updating. As a result of experiment, the required number of measurement locations derived from KEOT
based on the target mode was reduced by approximately 80% compared to the initial number of measurement locations. Moreover,
compared to the eigenvalue of the modal experiment, an improved FE model with a margin of error of less than 1% was derived
from DMUM. Thus, the SI technique for cable-stayed bridges proposed in this study, which utilizes both KEOT and DMUM, is
proven effective in minimizing the number of sensors while accurately determining the structural dynamic characteristics.

1. Introduction

During their service period, structures are exposed not only
to gradual aging but also to unspecified harmful environmen-
tal effects, such as earthquakes, strong winds, impacts, and
structural instability due to external forces that can give rise
to various structural defects. These defects can in turn lead
to reduced life expectancy and unexpected serious structural
damage. Thus, from a long-term perspective, continuous
structural health monitoring (SHM), systematic evaluation,
and maintenance efforts are pivotal, especially for structures
that are vulnerable to vibration occurring during service,
such as cable-stayed bridges. For these efforts, a technique
for accurate structural identification (SI) is of utmost impor-
tance.

SI is defined as the process of defining a mathemat-
ical model of a given structure using measured physical

information acquired from the actual target structure. Since
Lie and Yao (1978) [1] introduced the concept of SI into
structural engineering, many experiments have been con-
ducted to identify a mathematical model that can represent
the behavioral characteristics (equations of motion) of a
target structure [2–5]. Despite such efforts, the SI technique
has been applied in everyday practice in only a few cases
and with limited effectiveness. It has not been adapted to
convenient everyday application in general structural design
and maintenance [6–8]. Appropriate utilization of the SI
technique not only allows for thorough SHM of the target
structure but also reduces the amount of effort required
for evaluation and maintenance of the structure and can
contribute to ensuring structural safety.

As explained above, to conduct SI, physical struc-
tural information must be obtained from the target struc-
ture through experimentation. In such experimentation, if

Hindawi Publishing Corporation
Shock and Vibration
Volume 2016, Article ID 3287976, 13 pages
http://dx.doi.org/10.1155/2016/3287976

http://dx.doi.org/10.1155/2016/3287976


2 Shock and Vibration

the number of sensor locations can be selectively reduced
such that all measurement locations are optimized to the
target mode, both efficiency and economic viability can
be improved from an administrative viewpoint. Soundness
monitoring, which requires long-term, real-time measure-
ments, involves figure-intensive data processing and requires
repetitive operations. Thus, maximizing the quality of the
monitored information while minimizing the number of
sensors is of particular importance [9–16]. To achieve
this, Kammer [13] used estimated error covariance matrix
(EECM) to develop a new approach called the effective
independence method (EIM). This method incorporates the
concept of spatial independence and is typically applied to
truss structures. EIM guarantees linear independence, and its
calculations are very effective with regard to sensor location
selection.

On the other hand, Gwanghee [12] proposed the kinetic
energy optimization technique (KEOT) based on principles
of structural kinetic energy under the premise that optimiz-
ing the composition and location of sensors by maximizing
the kinetic energy (KE) of a structure would be the most
effectiveway of determining damage in structures that feature
low and close interval frequencies and high attenuation [9–
11]. This method acquires optimal modal information by
maximizing the kinetic energy measured from the structural
system, thus ensuring the independence of the measuring
mode used in KEOT. These types of advantages became
handy when applied to large structures, thus proving the
usefulness of KEOT [12].

Moreover, for SI, the mathematical model of the tar-
get structure must be defined using physical information
measured from the target structure [17, 18]. In this process,
an FE model that represents the structural state of the
target structure is developed based on the measured data
of the target structure. In addition, if the numerical modal
parameters can be derived, they can be used to define the
state of the baseline structure. At this point, it is typical for
a certain margin of error to come into play with respect
to the modeling. This is because the method of FE model
interpretation can vary depending on factors such as lifespan,
economics, expected value of the structural model, and the
fact that it is constructed based on initial architectural draw-
ings. FE models developed to particularly resolve dynamic
structural problemsmust effectively predict changes inmodal
parameters caused by alterations in design parameters. In this
regard, FE model improvement not only provides dynamic
characteristics that conform to the target structure but also
can be utilized in the future as an objective and reasonable
standard based on which aging and localized damage to
a structure can be measured [19, 20]. In accordance with
these needs, a range of FE model improvement methods [21]
have been introduced. Namely, Friswell andMottershead [22]
have systematically organized classical theories such as the
direct matrix updating method (DMUM) [23, 24] and the
error matrix updating method (EMUM) [25, 26] and math-
ematically verified them to prove their validity. Thus, in this
study, experiments were conducted to evaluate SI techniques
aimed at accurately determining the modal parameters of
a target structure based on optimal measurement locations

(i.e., minimum number of sensors), which are the required
parameters for efficient and practical SHM. To this end, the
optimal sensor locations were selected based on a model of a
cable-stayed bridge and then the responses from the selected
measurement locations were used to improve the FE model.
Taking into account the structural characteristic of cable-
stayed bridges, which feature relatively natural frequency
of narrow interval and short cycle, KEOT was applied to
select the optimal sensor locations. Moreover, to improve
the FE model, DMUM was utilized because it requires fewer
calculations, has high accuracy, and is practical for everyday
use.

In conclusion, for structures such as cable-stayed bridges
where the characteristic flexing behavior creates a natural
frequency of narrow interval and short cycle, situations
where multiple sensors are required because of structural
complexity, and situations where there exist uncertainties
in the FE model used for interpreting the data, KEOT and
DMUM can facilitate rational and effective SI by enabling
identification of the optimal sensor locations and improve-
ment of the FE model. Ultimately, this study proves through
experimentation that a combination of KEOT and DMUM
is the ideal hybrid method to provide both practical and
effective SHM.

2. Optimal Sensor Location and Finite Element
(FE) Model Update

2.1. Kinetic Energy Optimization Technique (KEOT). In this
study, the KEOT method was applied and evaluated for its
effectiveness in selecting optimal sensor locations. KEOT
recommends selecting optimal measurement locations by
utilizing the strain-kinetic energy of the structure [9–12]. To
do this, Kammer’s EIM approach [13] involves optimizing
and selecting a set of target modes in order to identify
the structure based on FE analysis. An initial candidate
set of transducer locations is also selected. These locations
are then ranked based on their contribution to the linear
independence of the corresponding FE model target mode
partitions, and locations that do not contribute are removed
from the candidate set. The described energy optimization
technique algorithm is a modification of EIM, and it is
designed to improve the modal information and maximize
the measured kinetic energy of the structural system. The
spatial independence of the identifiedmode shapes is satisfied
by the sensing configuration obtained using the KEOT
algorithm [11, 12]. The kinetic energy in the system is

KE = Φ𝑇𝑀Φ, (1)

where Φ is the measured mode shape vector. After decom-
posing the mass matrix 𝑀 into upper and lower triangular
Cholesky factors, the kinetic energy matrix can be derived as

KE = Ψ𝑇Ψ, (2)

where Ψ = 𝑈Φ and 𝑀 = 𝐿𝑈. The matrices 𝐿 and 𝑈
denote the lower and upper triangular Cholesky factors.
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The projection of the mode shapes onto the reduced configu-
ration is denoted by

Φ = projection (Φ) ,

Ψ = projection (Ψ) .
(3)

Similarly, the energy measured by the reduced set of trans-
ducers is obtained from the initial energy by removing the
contribution of all transducers that have been eliminated:

KE = Ψ𝑇Ψ. (4)

The objective of the transducer placement is to find a reduced
configuration that maximizes the measurement of the kinetic
energy of the structure. It is desirable to stop eliminating the
transducers when doing so results in a rank deficiency of the
energymatrix. Assuming that themassmatrix is nonsingular,
the column rank𝑁 of the quantity KE is equal to the number
of linearly independent projected vectors in matrix Φ. The
problem is solved iteratively by the following procedure. First,
the eigenvaluesΛ and eigenvectors𝜓 of the energymatrix are
extracted:

KE𝜓 = Λ𝜓. (5)

Computing the eigenpairs at each iteration of the energy
optimizing technique (EOT) procedure does not significantly
increase the computational cost because the matrix KE is a
square, symmetric, and positive-definite matrix of size 𝑁.
Then, using an approach similar to Kammer’s EIM [13], the
fractional contributions of each remaining transducer are
assembled into the KEOT vector:

KEOT = ∑

𝑖=1,...,𝑚

[Ψ𝜓Λ

−1/2
]

2

. (6)

The transducer location with the minimum contribution in
the KEOT vector is then selected for removal. Subsequently,
the contribution of the removed transducer to the kinetic
energy matrix is deleted, and the new matrix is checked for
rank deficiency. If the removal of the transducer produces
a rank deficiency, it implies that the transducer location in
question cannot be removed. If removing the transducer does
not produce a rank deficiency, the transducer location is
removed from the candidate set and the process is repeated
until the required number of transducers is ascertained.
Because it can be verified that the quantity between the brack-
ets in (6) represents a linear combination of the measured
mode shapes that is designed to produce orthogonal vectors,

[Ψ𝜓Λ

−1/2
]

𝑇

[Ψ𝜓Λ

−1/2
] = 𝐼.

(7)

Furthermore, each KEOT of the vector is a heuristic measure
of the contribution of each transducer to the measured
energy. The normalization factor Λ−1/2 prevents the con-
tributions of high frequency modes from dominating the
low frequency modes. In theory, the number of remaining
transducers is equal to the size of the target modal set.
However, the apparent rank is often increased due to noise
in the experimental data, and more than𝑀 transducers are
required to identify𝑁 independent modes.

2.2. Direct Matrix Updating Method (DMUM). In general,
when a modified structure is added to or removed from the
initial structure, changes occur in the dynamic characteristics
of the structure. Dynamic characteristics before and after
a structural change can be derived as eigenvalue formulas
shown below:

([𝐾] − Λ [𝑀]) {Φ} = 0,

(([𝐾] + [Δ𝐾]) − Λ ([𝑀] + [Δ𝑀])) {Φ} = 0,

(8)

where [𝐾] is the stiffness matrix, [𝑀] is the mass matrix,
and [Δ𝐾] and [Δ𝑀] are changes in the stiffness and mass of
the structure, respectively, due to structural changes.The ele-
mentsΛ and {Φ} are eigenvalue and eigenvector, respectively,
andΛ and {Φ} are changes in eigenvalue and eigenvector due
to structural changes, respectively. Regarding the derivation
methods available for calculating changes in stiffness [Δ𝐾]
and mass [Δ𝑀] due to structural changes, this study selected
and appliedDMUMconsidering its effectiveness in FEmodel
improvement as well as its convenience and practicality for
everyday use. Here, using Lagrange multipliers, objective
functions, composed to limit the range of change in the stiff-
ness and mass matrices while simultaneously satisfying the
eigenvalue, are shown below as (9). DMUM is advantageous
from the perspective of usability because it can calculate
the changes in stiffness and mass from just a single matrix
operation [23, 24]:

𝜖
𝐾
=








[𝐾
𝐴
]

−1/2
([𝐾
𝑈
] − [𝐾

𝐴
]) [𝐾
𝐴
]

−1/2





,

𝜖
𝑀
=








[𝑀
𝐴
]

−1/2
([𝑀
𝑈
] − [𝑀

𝐴
]) [𝑀
𝐴
]

−1/2





,

(9)

where [𝐾
𝐴
] and [𝑀

𝐴
] are the stiffness and mass matrices

before structural change and [𝐾
𝑈
] and [𝑀

𝑈
] are the stiffness

and mass matrices after structural change. The correlation
between [𝐾

𝐴
] and [𝐾

𝑈
] can be expressed as shown in (10),

and the correlation between [𝑀
𝐴
] and [𝑀

𝑈
] can be expressed

as shown in (11):

[𝐾
𝑈
] = [𝐾

𝐴
] + [Δ𝐾] , (10)

[𝑀
𝑈
] = [𝑀

𝐴
] + [Δ𝑀] . (11)

The element [Δ𝐾] in (10) can be defined as (14) using the
interaction formulas of (12) and (13) [27]:

[𝐾
𝑈
] − [𝐾

𝑈
]

𝑇
= 0, (12)

[Φ
𝑋
]

𝑇
[𝐾
𝑈
] [Φ
𝑋
] − [Λ

𝑋
] = 0, (13)

[Δ𝐾] = − [𝐾𝐴
] [Φ
𝑋
] [Φ
𝑋
]

𝑇
[𝑀
𝐴
]

− [𝑀
𝐴
] [Φ
𝑋
] [Φ
𝑋
]

𝑇
[𝐾
𝐴
]

+ [𝑀
𝐴
] [Φ
𝑋
] [Φ
𝑋
]

𝑇
[𝐾
𝐴
] [𝐾
𝐴
] [Φ
𝑋
] [Φ
𝑋
]

𝑇
[𝑀
𝐴
]

+ [𝑀
𝐴
] [Φ
𝑋
] [Λ
𝑋
] [Φ
𝑋
]

𝑇
[𝑀
𝐴
] .

(14)
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The element [Δ𝑀] in (11) can be defined as (17) using the
interaction formulas of (15) and (16) [28]:

[𝑀
𝑈
] − [𝑀

𝑈
]

𝑇
= 0, (15)

[Φ
𝑋
]

𝑇
[𝑀
𝑈
] [Φ
𝑋
] − [𝐼] = 0, (16)

[Δ𝑀] = − [𝑀𝐴
] [Φ
𝑋
] ([Φ
𝑋
]

𝑇
[𝑀
𝐴
] [Φ
𝑋
])

+ [Φ
𝑋
]

𝑇
[𝐾
𝐴
]

+ ([𝐼] − [Φ𝑋
]

𝑇
[𝑀
𝐴
] [Φ
𝑋
]) ([Φ

𝑋
]

𝑇
[𝑀
𝐴
] [Φ
𝑋
]) .

(17)

In this study, the objective of FE model improvement is FE
interpretation andmodal experiment results, so the subscript
𝐴 in each equation is the result value based on analysis and
subscript𝑋 is the result value based on experimentation.

3. FE Analysis and Modal Test of
Model Structure

3.1. Setup of the Model Structure (Cable-Stayed Bridge). The
second moment of inertia of the cable-stayed bridge model
used in this study was reduced as much as possible so that the
bridge slabwould be sensitive to vibrations caused by external
forces. Moreover, to make FEmodel configurationmore con-
venient, the cross-sectional shape and the materials used for
the members were simplified and unified. Further, to reduce
the possibility of a production error, cross section dimensions
were equalized and initial changes were minimized. The
model used in this study is a three-span continuous beam
structure with a total length of 4220mm, a width of 170mm,
and a pylon height of 1000mm. The cables are 0.8mm steel
wires, with ten wires connected to corresponding points on
the crossbeam from each side of the pylon. The anchors
located at each end of the model were composed of rollers,
and the anchors of the pylons were composed of rollers and
hinges. Finally, 1 kg of additional mass was added to the top
of the bridge slab at each of the 39 points where the wires
join the cross beam to maximize the flexibility of the bridge
without creating any initial deflections.Themodel built using
the components explained above is shown in Figure 1, and
detailed design data is shown in Table 1.

During the assembly of the model, the cables were
tensioned taking into consideration the effect of gravity
on the superstructure across all sections. Thus, the self-
weight of the superstructure was assumed to be a uniformly
distributed load distributed at equal intervals across the cross
beams and was utilized as the tensile force of the cables.
To quantify the tensile force, a force gauge was utilized
when tensioning the cables. After the completion of cable
tensioning, a level was used to inspect the horizontality of
the superstructure. In addition, the cables were tensioned
progressively outward from the pylons and symmetrically left
and right in accordance with the cable tensioning order of an
actual cable-stayed bridge structure, as shown in Figure 2.

3.2. FE Analysis of Model Structure (Cable-Stayed Bridge).
In order to analyze the structural dynamic properties of

Table 1: Design data of the cable-stayed bridge model.

Category Data
Total length 4.22m
Length of the center span 2.22m
Length of each side span 1.0m
Width of the superstructure 0.17m
Pylon height 1.00m
Pylon anchor type Roller and hinge (Pin)
Bridge end anchor type Roller
Diameter of cable 0.8mm

the produced model bridge, in this paper, FE modeling-
based numerical analysis was conducted. For this purpose, I-
DEAS from UGS, a commercial structural analysis program,
was used, and a three-dimensional detailed FE model was
organized as in Figure 3 by applying the physical properties
of Table 2. Here, 1D beam element was considered for the
bridge deck and the tower of the structure, rigid element was
considered for the bridge deck boundary conditions, and 1D
rod element was considered for cable; as for the floor beam
and lumped mass, 1 kg size of lumped mass was considered
for each of the 39 nodes, which are the positions of the floor
beams on the area of the central bridge deck excluding the
pylon and both sides. Next, as for the boundary condition,
clampwas considered for the substructure of the pylon, roller
was considered for the both sides of superstructure and the
right-side pylon connection, and Pin was considered for the
left-side pylon connection. Lastly, as for the freedom degree
condition of the structure, DOF was given in the direction
of 𝑦-axis with the 39 nodes on the central bridge deck as the
base to complete the three-dimensional detailed FEmodel. In
this context, the FE analysis of the model bridge considered a
total of two lowest flection modes for the purpose of vertical
vibration control, and the natural frequency and mode shape
of the model bridge that has been analyzed with Guyan
reduction method applied are as in Figure 4.

In this paper, the DOFs of FE model were reduced into
thirty-nine, with application ofGuyan reductionmethod [29]
by which a structural analysis of eigenvalues is made by
reducing removed DOFs into unremoved ones and in turn
composing a matrix of reduced strength and mass as in (18).
Therefore, it has become possible to reduce the DOFs by
selecting a desired point of measurement and to effectively
perform structural FE analysis. Here, each 𝑟 refers to a
retained set and 𝑜 to an omitted set. Equation (18) is applied
for an analysis of eigenvalues, based on an optimal location
of measurement determined in Section 4.1:

𝐾
𝑟
= 𝐾
𝑟𝑟
− 𝐾
𝑟𝑜
𝐾

−1

𝑜𝑜
𝐾

𝑇

𝑟𝑜
,

𝑀
𝑟
= 𝑀
𝑟𝑟
−𝑀
𝑟𝑜
𝐾

−1

𝑜𝑜
𝐾

𝑇

𝑟𝑜
− 𝐾
𝑟𝑜
𝐾

−1

𝑜𝑜
𝑀

𝑇

𝑟𝑜

+ 𝐾
𝑟𝑜
𝐾

−1

𝑜𝑜
𝑀
𝑜𝑜
𝐾

−1

𝑜𝑜
𝐾

𝑇

𝑟𝑜
.

(18)

As shown in Figure 4, based on the total of 39 DOF, Guyan
reduction method was applied to interpret the frequency of
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Table 2: Material properties of the cable-stayed bridge model.

Material
property

Modulus of
elasticity
(kgf/mm2)

Shear modulus of
elasticity
(kgf/mm2)

Poisson’s
ratio

Unit weight
(kgf/mm3)

Yield
strength

(kgf/mm2)
Steel 2.10 × 10

4
8.10 × 10

3
0.30 7.85 × 10

−6
40

4200

1000 10001100

170

1100

100

605

1002

Figure 1: View of the cable-stayed bridge model.

vibration and the mode shape, with the results shown in
Table 3.

3.3. Modal Test of the Model Structure (Cable-Stayed Bridge).
To confirm the validity of the composed FE model and to
analyze the fundamental kinetic characteristics of the model
bridge, this study employed a modal test conducted using an
impact hammer. An HP-VXI 1432 was used to measure the
response signals from the structure, and data was obtained
and analyzed by utilizing T-DAS by MTS. In order to obtain
acceleration responses of the structure, Dytran model 3134D

was used for a total of 39 points on the bridge deck that had
been selected in equal intervals. To connect the accelerometer
to the experimental bridge model and the measurement
system, 10 ft cables were used for each channel. The impact
hammer used to create vibratory forces in the structure was a
5850A model produced by Dytran, and the center of the slab
was selected as the location of the impact.

The size of each frame of the measured frequency
response function (FRF) was set to 2048, and the maximum
frequency range was set to 35Hz. Data was collected by
averaging the results of 30 tests. Finally, the acquired time and
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(a) Jig for cable tensioning (b) Tensioning the cables (c) Inspecting the horizontality

Figure 2: Steps for tensioning the cables of the cable-stayed bridge model.

Table 3: FE analysis results of the cable-stayed bridge model.

1st bending 2nd bending 3rd bending

Analysis
results

Y

Z

Y

Z

Y

Z

9.1719Hz 11.2544Hz 16.8643Hz

Y

Y

Z

Figure 3: Initial FE modeling of the model bridge using I-DEAS.

Y

Z

Figure 4: Initial FEmodeling of themodel bridge using I-DEAS (39
DOF).

frequency responses are as shown in Figure 5, and the results
of the modal test analysis are as shown in Table 4.

To confirm the validity of using the FE model to under-
stand the dynamic behavior characteristics of the model
bridge and for use in deriving themodal parameters for future
SHM and maintenance, this study compares and contrasts
the frequency results of the FE model analysis and the
modal experiment as shown in Table 5. As observed from
the data in the table, reliable results were achieved, with
an error ratio of around 1% between the FE analysis and
the modal experiment. These results prove that the detailed
FE model constructed in this study reliably mimicked the
behavioral characteristics of the actual structural model,
thereby confirming its validity.

The analysis and experimental results above were
acquired using a total of 39 DOF and sensors. From
the standpoint of long-term continuous SHM and from the
practical standpoint of everyday evaluation andmaintenance,
using the whole structure to acquire signals as done in this
study may be inefficient and impractical. Doing so would
require a great number of sensors as well as a great deal of
labor to install them. Moreover, interpreting and sorting
through the resulting massive amount of data would be
a laborious task. To resolve this problem, an alternative
approach is required. This study therefore considers an
approach whereby optimal sensor locations are selectively
chosen in order to acquire the maximum information
about the behavioral characteristics of the structure from
a minimum number of sensors. By selecting the optimal
locations, the sensors can thus be positioned at the most
rational and efficient points to acquire the target information.
Moreover, the sensor locations selected through this
approach can later be utilized as real-time sensor locations
for actual structures.

4. Optimal Sensor Location and FE Model
Updating of the Model Bridge

4.1. Optimal Sensor Location Using the KEOT. The aim of this
study is to conduct SI with a limited number of sensors by
selecting the optimal sensor locations. To select the optimal
sensor locations, we utilized KEOT, which maximizes the
structure’s strain-kinetic energy to enable consideration of
the optimal measurement conditions.TheKEOTmethod has
proven to be effective for ascertaining the kinetic parameters
of structures that feature low and short-interval frequencies,
such as the cable-stayed bridge used in this study [9–12].
In this study, we set out to use KEOT to select the optimal
sensor locations to represent the three lowest bending modes
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Figure 5: Modal test results.

Table 4: Results of the modal test of the cable-stayed bridge model.

1st bending 2nd bending 3rd bending

Modal
test
results 9.0890Hz 11.2557Hz 17.1442Hz

Table 5: Comparison of analysis and experimental frequency.

Analysis and experimental results
FE analysis results (Hz) Modal experiment results (Hz) Error ratio (%)

1st bending mode 9.1719 9.0890 0.9120
2nd bending mode 11.2544 11.2557 0.0115
3rd bending mode 16.8643 17.1442 1.0326

Table 6: FE analysis results per DOF of cable-stayed bridge model using EOT.

Target mode 1st bending 2nd bending 3rd bending
DOF Reduction (%) Freq. (Hz) Error (%) Freq. (Hz) Error (%) Freq. (Hz) Error (%)
39 (full) — 9.1719 — 11.2544 — 16.8643 —
30 23.07 9.1728 0.0009 11.2567 0.0204 16.8691 0.0284
25 35.89 9.1757 0.0414 11.2651 0.0950 16.8856 0.1263
20 48.71 9.1890 0.1864 11.3049 0.4487 16.9834 0.7062
15 61.53 9.2219 0.5451 11.7537 4.4364 17.2843 2.4904
10 74.35 9.3253 1.6724 11.7537 4.4364 18.1914 7.8692
5 87.17 9.5531 4.1561 12.3951 10.1355 18.8781 11.9412

among the 39 DOF nodes. The three lowest bending modes
are important and interesting modes that can occur during
vertical vibration and thus should be the target modes for SI.
Also, the optimal sensor locations were selected with a low
error rate based on these target modes. Figure 6 and Table 5
show the optimal sensor locations selected and the results
of interpretation using the KEOT method compared to the
rate of error in frequency evaluated per DOF node. Rank
deficiency in the energy matrix did not occur until the 39
sensor locations had been reduced to 2. This study therefore
limited the final reduced DOF count to 5 and selected

the optimal sensor locations based on analysis of changes in
eigenvalue.

By observing the trends in optimal sensor locations
selected through gradual removal of DOF nodes (as shown
in Table 6), it can be observed that when the total of 39
locations had been reduced to 10 (at the 75% reduction
point), all of the left- and right-side span sensor locations had
been removed. Thus, it was concluded that the strain-kinetic
energy due to the 1st, 2nd, and 3rd bending mode behaviors
was smaller in the side spans than in the center span. On
the other hand, within the center span, the remaining sensor
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Figure 6: Study of optimal sensor locations selected using the EOT method.

locations grouped around nodes 19, 22, and 25 accounted
for all the 1st, 2nd, and 3rd bending modes. These three
nodes remained until only three sensor locations were left
(at the 92.5% reduction point). Thus, it was concluded that
nodes 19, 22, and 25 were the essential sensor locations that
can most optimally represent the 1st, 2nd, and 3rd bending
modes simultaneously. In conclusion, for comprehensive
representation of the 1st, 2nd, and 3rd resonance modes,
which have the greatest impact on bending, it is essential that
these three sensor locations are included.

On the other hand, when sensor locations or DOF nodes
are removed using the KEOT method explained above,
changes in eigenvalue can be impacted due to the reduction in
DOF. This study evaluated changes in eigenvalue when DOF
nodes are removed using KEOT. Table 6 shows the results of
eigenvalue analysis when the 39 DOF nodes are reduced to
30, 25, 20, 15, 10, and finally 5.

As shown in Table 6, changes in eigenvalue were clearly
observed as the total of 39 DOF nodes was reduced to 25, 25,
20, 15, 10, and 5. Looking closely at the changes in frequency, it
was also observed that, with the reduction in the number of
DOF nodes, the frequency steadily increased. In the case of
the 1st bending mode, the frequency error ratio significantly
increased when DOF nodes were reduced to 10 (reduction
rate of about 75%) and the error ratio exceeded 4% when
they were reduced to 5 (reduction rate of about 87%). In
the case of the 2nd bending mode, the frequency error ratio

increased significantly when the DOF nodes were reduced to
15 (reduction rate of about 60%). It was close to 4.5%when the
nodes were reduced to 10 (reduction rate of about 75%) and
exceeded 10% when the nodes were reduced to 5 (reduction
rate of about 87%). Moreover, in the case of the 3rd bending
mode, the frequency error ratio significantly increased when
the DOF nodes were reduced to 15 (reduction rate of about
60%). It was close to 8% when the nodes were reduced to 10
(reduction rate of about 75%) and reached about 12% when
the nodes were reduced to 5 (reduction rate of about 87%).

These tendencies are due to the fact that stiffness is the
most considered factor in the process of condensing the
behavioral characteristics of an entire structure to a limited
number of DOF nodes. In conclusion, to derive FE analysis
results using Guyan reduction [29], it is important to select
the range of allowable error ratio and the corresponding
reduction of DOF nodes. Otherwise, excessive reduction in
the number of DOF nodes will increase the frequency error
ratio and lead to discrepancies in the initial FE analysis and
modal test results, ultimately producing distorted frequency
results.

Using the above results, a total of seven sensor locations
were selected to include the three optimal sensor locations
19, 22, and 25, to limit the frequency error ratio to less than
10% and to clearly observe the shape of the modes. Using the
KEOTmethod, the optimal sensor locations selected were 18,
19, 21, 22, 23, 25, and 26.
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Table 7: Frequency and mode shape of 7 DOF using KEOT.

DOF FE model 1st mode shape 2nd mode shape 3rd mode shape

7
Y

Z

Y

Z

Y

Z

Y

Z

9.4244Hz 12.0453Hz 18.8065Hz

Table 8: Comparison of 7 DOF analysis results and full DOF cases.

Analysis (7 DOF) versus analysis (39 DOF) Analysis (7 DOF) versus experimental (39 DOF)
Analysis
(7 DOF)

Analysis
(39 DOF) Error (%) Analysis

(7 DOF)
Experimental
(39 DOF) Error (%)

1st mode 9.4244Hz 9.1719Hz 2.7529 9.4244Hz 9.0890Hz 3.6900
2nd mode 12.0453Hz 11.2544Hz 7.9160 12.0453Hz 11.2557Hz 7.0151
3rd mode 18.8065Hz 16.8643Hz 11.5166 18.8065Hz 17.1442Hz 9.6959
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Figure 7: Kinetic energy matrix values to DOF modification.

Figure 7 illustrates the distribution of kinetic energy
for each DOF condition as calculated and derived in this
experiment using the KEOT. It can be observed fromFigure 7
that as the number of DOF nodes (sensor locations) was
gradually reduced, the total kinetic energy contribution of the
remaining nodes was also reduced. In the case of the model
bridge used in this study, when the number of DOF nodes
was reduced to 15, the kinetic energy contribution was 90%.
The contribution of kinetic energy decreased significantly
with subsequent removals of DOF nodes. Moreover, when
the number of DOF nodes was reduced to the seven optimal
sensor locations selected in this study, the kinetic energy
contribution was about 10%.

In this study,we conducted SI on amodel of a cable-stayed
bridge using seven sensors. As described above, the locations
of the seven sensors, selected using the KEOT method, were
nodes 18, 19, 21, 22, 23, 25, and 26. The total contribution of
kinetic energy from these nodes was about 10%.The selection
of the seven sensor locations used in this study was verified

by the inclusion of the three DOF nodes (19, 22, and 25)
that were considered to be the essential sensor locations for
most effectively and simultaneously representing the 1st, 2nd,
and 3rd bending modes even at a 92.5% reduction in the
number ofDOFnodes.The results derived from the FEmodel
and frequency analysis based on the seven selected sensor
locations are shown in Table 7.

Table 7 shows that reducing the number of DOF nodes
results in changes in frequency. For quantitative analysis of
the changes in frequency, the frequency results and error ratio
derived from the initial study with all 39 DOF nodes along
with those derived from the modal test are shown in Table 8.

As observed in Table 8, using seven DOF nodes (approx-
imately 82% reduction of DOF nodes) resulted in an error
ratio of approximately 2.7–11.5% compared to that in the
results of FE analysis using all 39 DOF nodes. In addition,
using seven DOF nodes resulted in an error ratio of about
3.6–9.6% compared to the modal test results. The correlation
between the mode shape acquired from the FE analysis using
seven DOF nodes and the mode shape acquired from the
modal test was further evaluated using the modal assurance
criterion (MAC) shown in (19) [30]:

MAC (𝐴,𝑋)
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(19)

Here, Φ
𝐴
and Φ

𝑋
are the mode shapes as calculated and

acquired from the analysis and test, respectively. When the
two modes are the same, the MAC value equals 1, and when
the two modes have no correlation, the MAC value equals 0
[31]. Similarly, Ewins [30] points out in his study that themost
highly correlatedmodes will have aMAC value of around 0.9,
with MAC values as low as 0.7 considered fair in some cases.
He also asserts thatmodes with no correlationwill haveMAC
values of around 0.005. Figure 8 and Table 9 illustrate that
the mode shapes studied in this research showed satisfactory
correlations, but the 3rd bending mode had a relatively lower
correlation than those of the 1st and 2nd modes.
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Table 9: MAC values (7 DOF anal. and exp.).

FE analysis modes
1st 2nd 3rd

Experimental modes
1st 0.9886 0.0000 0.4304
2nd 0.0055 0.9953 0.0017
3rd 0.0259 0.0000 0.7663
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Figure 8: MAC plot (7 DOF anal. and exp.).

The changes in frequency shown in Table 8 and the
changes in mode shape shown in Figure 8 and Table 9 are
interpretation errors (FE modeling errors) created as a result
of reduction of the DOF nodes. To accomplish a thorough SI
of a structure as targeted in this study, more accurate modal
informationneeds to be provided regarding themodel bridge,
and the discrepancies between the analysis results using the
seven DOF nodes and the modal test results need to be
overcome. Therefore, DMUM was utilized in this study in
order to overcome FE modeling errors based on modal test
values and to derive a baseline structure that can provide valid
modal information.

4.2. FE Model Updating Using DMUM. FE model updating
is a technique designed to overcome modeling errors in
FE analysis and to secure an accurate model for numerical
analysis of the current state of the structure taking into
account potential construction errors. In FEmodel updating,
the modal test results derived from the actual structure
are applied to the FE analysis results to ultimately create
an ideal FE model that contains the modal information of
the current structure. This updated FE model can reliably
reflect the dynamic behavioral characteristics of the actual
structure.The updatedmodel also plays a very important role
in acquiring numerical analysis results, which is necessary
for accurate assessment of structural states. To achieve FE
model updating using DMUM, this study utilized frequency,

M
AC

 v
al

ue

1
2

3

1

2

3

0

0.2

0.4

0.6

0.8

1

Experiment mode

Analysis mode (update)

Figure 9: MAC plot (update and exp.).

mode shape, and mass and stiffness matrix results derived
from the FE analysis along with frequency and mode shape
results acquired from the modal test. Table 10 reflects the
error ratio between the frequency results derived from the
FE model updated using DMUM and the frequency results
acquired from the modal test. As shown in Table 10, it was
confirmed that the results derived from FE model updating
had a significantly lower error rate (close to 0).

Next, to verify the effectiveness of DMUM in FE model
updating, MAC tests were conducted on the mode shapes.
The results of the correlation analysis between the mode
shapes derived from the updated FEmodel and those derived
from the modal test are as shown in Figure 9 and Table 11.
The results show that using DMUM to update the FE
model results in a MAC value of “1,” thus demonstrating an
outstanding correlation with the modal test results.

In addition, in order to visualize the mode correlation
evaluated usingMAC and to evaluate the correlation between
mode shapes before and after FE model updating, the mode
shapes derived from analysis using seven DOF nodes or
sensor locations and the mode shapes derived from the
updated FE model were graphed as shown in Figure 10. As
the graphs illustrate, the mode shape from the updated FE
model follows the mode shape of the modal test, and not
the mode shape of the FE analysis. This verifies the fact that
by incorporating the modal information of the structure, FE
model updating not only provides more accurate frequency
values but also provides more accurate mode shape patterns.
Ultimately, this proves that FEmodel updating using DMUM
can overcome modeling errors and it is an effective way to
create an accurate model for numerical analysis that can take
into account the actual state of the structure.

5. Conclusion

The aim of this study was to research the formulation of a
baseline structure through optimal sensor location selection
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Table 10: Comparison of experimental results and updating results.

Analysis and experimental results using EOT Error ratio
FE model update Experimental %

1st mode 9.0880Hz 9.0890Hz 0.0110
2nd mode 11.2543Hz 11.2557Hz 0.0124
3rd mode 17.1418Hz 17.1442Hz 0.0139
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Figure 10: Comparison of 7 DOF analysis, updating, and experimental mode shapes.

and FE model updating for conducting SI on cable-stayed
bridges. The conclusions are as follows:

(1) By comparing the contribution of each DOF node to
the total kinetic energy and progressively removing

those that do not contribute based on the target
modes, the KEOT method was proven to be an
effective approach for selecting the optimal number
and location of sensors among the multiple sensor
locations (DOF) in order to acquire the desired
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Table 11: MAC values (updating and exp.).

FE analysis modes (update)
1st 2nd 3rd

Experiment
modes

1st 1.0000 0.0003 0.0225
2nd 0.0002 1.0000 0.0005
3rd 0.0226 0.0005 1.0000

responses. In this study, using seven sensors out of
a total of 39 sensor locations to consider the three
lowest bending modes (about 20% of the total) was
sufficient to effectively acquire relevant structural
information on the cable-stayed bridge.

(2) In addition, by applying structural information mea-
sured from the actual structure and constructing a
corresponding FE model to overcome initial errors
in FE modeling, the DMUM method was proven
to be an effective method for defining a baseline
structure that incorporates the behavioral character-
istics of the actual structure. DMUM has particularly
strong potential for practical use from temporal and
economical standpoints because it calculates stiffness
and mass values from just a single matrix operation
as opposed to other methods that require repetitive
operations such as EMUM.

(3) In conclusion, for structures such as cable-stayed
bridges where the characteristic flexing behavior
creates low and short-interval frequencies, situations
where multiple sensor locations (DOF) are required
because of structural complexity, and situationswhere
SHM and evaluation and maintenance needs to be
performed on structures with low and short-interval
frequencies, the use of both KEOT and DMUM can
be the most effective approach for conducting SI
from the standpoints of both economy and usability
because they provide accurate results with minimum
number of measurement locations.
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Piping leakage can occur at T-joint, elbows, valves, or nozzles in nuclear power plants and nonnuclear power plants such as
petrochemical plants when subjected to extreme loads and such leakage of piping systems can also lead to fire or explosion. For
example, leakage of sodium, toxic gases, or nitrogen in hospitals can causeman-made hazards.Theprimary objective of this research
is to understand the vibration effects due to classical/nonclassical damping with building-piping systems under extreme loads.The
current evaluation employed finite-element analysis to calculate the effects of the responses of classically and nonclassically damped
building-piping systems. Classical and nonclassical damping matrices for a coupled primary-secondary system were developed
based on the Rayleigh equation. A total of 10 selected ground motions were applied to single degree of freedom (SDOF) primary-
SDOF secondary (2-DOF coupled) systems in which the ratios of the natural frequencies between the primary and secondary
systems ranged between 0.9 and 1.1. It revealed that the vibration effect of nonclassical damping was significant where the natural
frequencies of the two systems were nearly tuned. For piping-material nonlinearity, the effects of nonclassical damping on the result
forces of piping systems were not significantly different from those of classical damping.

1. Introduction

The vibration of a piping system is significantly influenced by
the building in which it is installed, owing to the fact that,
typically for such systems, the secondary structure is coupled
with the primary structure. The individual components of
piping systems and their overall structural integrity are
critical to risk management and the continued safe operation
of critical facilities such as hospitals and nuclear power plants
during extreme loads such as blasts or earthquakes, most
especially so as to avoid potential shutdowns. As seen in the
recent sequence of events at the Fukushima Daiichi Nuclear
power plant in 2011, keeping the core of the reactor cool
by long-duration circulation of coolants is a necessity, even
after a plant has been shut down due to an earthquake.
A piping-system or individual-component failure can result
in the loss of the capacity to circulate coolant, which, in
turn, can increase the risk of the release of radioactivity.
Furthermore, leakage of liquid coolant such as sodium in

fast breeder reactor can trigger the internal fires and leakage
of oxygen or other gases initiated from piping systems in
a hospital can result in fire hazards or explosions [1]. For
a typical medium-sized hospital, nonstructural components
account for fully 85% of the total construction cost (structural
components: 15%), of which portion mechanical, electrical,
and piping systems make up 35%, as illustrated in Figure 1
[2]. It has been reported that nonstructural damage, and
its results, is the cause of approximately $6.3 billion worth
of economic loss [3]. Consequently, many engineers have
recognized the significance of nonstructural components and
the importance of ensuring that they remain operational,
functional, and safe after an earthquake.

In the past, calculating the structural response of non-
classically damped systems using uncoupled primary and
secondary modal properties was more convenient than cal-
culating the response using completely coupled primary-
secondary systems, for example, the studies of the uncoupled
primary and secondary systems conducted to evaluate the
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Figure 1: Construction costs of medium-sized hospital building.

response of nonclassically damped systems using response
spectrum at the base of a primary structure [4, 5]. The
assumptions made (e.g., representation of ground motion
using Gaussian process models) in developing their for-
mulations, however, led to inaccurate outputs in the low-
or high-frequency range. Gupta [6] pointed out that the
calculated vibrations of a coupled primary-secondary system
were more comprehensive and accurate than those obtained
from uncoupled systems. Moreover, Gupta [7] demonstrated
that the effect of nonclassical damping is significant when
uncoupled systems are (nearly) tuned and when the modal
mass ratios are sufficiently small. Furthermore, in recent
years, many researchers have recognized the need to control
the excessive behavior under seismic ground motions, in
order to reduce the seismic damage or system drift of
structural and nonstructural components [8–13].

Consequently, this paper reports the results of an evalua-
tion of the vibrations of classical and nonclassical damping
for coupled primary-secondary systems including material
nonlinearity. Finite-element building-piping models derived
from the Open System for Earthquake Engineering Simu-
lation (OpenSees) [14] were used to carry out the Rayleigh
equation to develop classical and nonclassical damping
matrices for a 2-DOF coupled primary-secondary system. A
total of 10 ground motions originally proposed by the ATC-
63 project (publication: FEMA P695 [15]) as extreme loading
conditions were selected for this study. A numerical model
was developed for direct-integration time-history analyses
of each ground motion case. The piping models included
the effects of piping nonlinearity due to piping components’
nonlinear behaviors. The effect of the mass ratio between
building and piping systems also was studied.

2. Analysis of Primary and Secondary Systems

Piping systems installed in typical hospitals or office build-
ings are comprised of main-pipe lines, piping branches,
and supports. An equivalent 2-degree of freedom (DOF)
coupled (SDOF primary-SDOF secondary) system is shown
in Figure 2. The diagram represents the piping subsystem in
a building in which the mass of the frame is assumed to

Kp

Ks

Cp

Mp

Cs

Ms

üg

Figure 2: SDOF building-SDOF piping system.

be concentrated at the floor levels or main piping lines, and
the floor beams or branches are assumed to be rigid, with
the story stiffness provided by the flexure of the columns or
piping supports. The typical values of the modal mass ratios
in actual building-piping systems are on the order of 0.0001
or lower [16].

2.1. Equation of Motion for Coupled System. The equation of
motion for an N-DOF coupled primary-secondary system
can be written as follows:

𝑀�̈� + 𝐶�̇� + 𝐾𝑈 = −𝑀�̈�𝑔 (𝑡) , (1)

where 𝑀 is the mass matrix, 𝐶 is the damping matrix, 𝐾 is
the stiffness matrix,𝑈 is the displacement vector with respect
to the fixed base, and 𝑢𝑔 is the ground acceleration.

These matrices and vectors can be expressed in terms
of the matrices and vectors of the primary and secondary
systems:

𝑀 = [

𝑀𝑝 0

0 𝑀𝑠

] ,

𝐶 = [

𝐶𝑝 + 𝐶
𝑠

𝑝
𝐶𝑝𝑠

𝐶𝑠𝑝 𝐶𝑠

] ,

𝐾 = [

𝐾𝑝 + 𝐾
𝑠

𝑝
𝐾𝑝𝑠

𝐾𝑠𝑝 𝐾𝑠

] ,

𝑈 = {

𝑈𝑝

𝑈𝑠

} ,

(2)

where those matrices and vectors are denoted by subscripts
𝑝 and 𝑠, respectively, and the matrices 𝐾𝑠

𝑝
and 𝐶

𝑠

𝑝
are the
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Figure 3: Linear representation of acceleration �̈�(𝜏).

stiffness and damping contributions of the secondary system
to the connected degrees of freedom in the primary system.

Direct integration of the equation of motion into the
time-history analysis enables calculation of the system
responses at discrete, usually equally apportioned intervals of
time. As seen in (1), displacement, velocity, and acceleration
are the basic computation parameters for determination of
structural response. The integration algorithms are based
on appropriate expressions selected for their relation of the
response parameters at the given intervals of time to their
historic values.

If the acceleration function in terms of force is repre-
sented by a series of straight lines, precise formulations for
integration of the equation of motion can be developed in a
linear system.With due consideration of the time-dependent
acceleration �̈�(𝜏), the variation of acceleration with time can
reasonably be assumed to be linear (shown by the dashed line
in Figure 3) when a sufficiently small interval of time Δ𝑡 is
used. With the origin location at time 𝜏, �̈�(𝜏) can be written
as follows:

�̈� (𝜏) = �̈�𝑛 +
�̈�𝑛+1 − �̈�𝑛

𝑡𝑛+1 − 𝑡𝑛

𝜏. (3)

Using this equation’s acceleration function in terms of force,
the equation of motion for an N-DOF coupled primary-
secondary system can be solved.

2.2. Classical and Nonclassical Damping Matrices. The
response of the primary system is dominated by the first-
mode frequency of the 2-DOF coupled system, and the
response of the secondary system is dominated by the
second-mode frequency. Therefore, a classical damping
matrix for a 2-DOF coupled system can be evaluated using
the Rayleigh equation:

[𝐶cl] = 𝛼 [
𝑀𝑝 0

0 𝑀𝑠

] + 𝛽[

𝐾𝑝 + 𝐾𝑠 −𝐾𝑠

−𝐾𝑠 𝐾𝑠

] , (4)

where

𝛼 =

2𝜔𝑖𝜔𝑗

𝜔
2

𝑗
− 𝜔
2

𝑖

(𝜔𝑗𝜉𝑝 − 𝜔𝑖𝜉𝑠) ,

𝛽 =
2

𝜔
2

𝑗
− 𝜔
2

𝑖

(𝜔𝑗𝜉𝑠 − 𝜔𝑖𝜉𝑝) .

(5)

The transformed damping matrix𝐶 for the coupled system is

𝐶 = 𝜙
𝑇
𝐶𝜙. (6)

Using (4) to (6), the transformed damping matrix 𝐶cl for a
2-DOF coupled system is always classical, which is to say,
the off-diagonal terms are zeros. The nonclassical damping
matrix for a 2-DOF coupled system also can be evaluated
using the Rayleigh equation

[𝐶𝑝] = 𝛼𝑝 [

𝑀𝑝 0

0 0
] + 𝛽𝑝 [

𝐾𝑝 0

0 0
] ,

[𝐶𝑠] = 𝛼𝑠 [

0 0

0 𝑀𝑠

] + 𝛽𝑠 [

𝐾𝑠 −𝐾𝑠

−𝐾𝑠 𝐾𝑠

] ,

[𝐶nc] = [𝐶𝑝] + [𝐶𝑠] ,

(7)

where 𝛼𝑝 and 𝛽𝑠 are calculated as

𝛼𝑝 =

2𝜔𝑖𝜔𝑗

𝜔
2

𝑗
− 𝜔
2

𝑖

(𝜔𝑗𝜉𝑝 − 𝜔𝑖𝜉𝑝) ,

𝛽𝑝 =
2

𝜔
2

𝑗
− 𝜔
2

𝑖

(𝜔𝑗𝜉𝑝 − 𝜔𝑖𝜉𝑝) ,

𝛼𝑠 =

2𝜔𝑖𝜔𝑗

𝜔
2

𝑗
− 𝜔
2

𝑖

(𝜔𝑗𝜉𝑠 − 𝜔𝑖𝜉𝑠) ,

𝛽𝑠 =
2

𝜔
2

𝑗
− 𝜔
2

𝑖

(𝜔𝑗𝜉𝑠 − 𝜔𝑖𝜉𝑠) .

(8)

Since the damping ratio between the primary system and the
secondary system is not the same, the transformed damping
matrix𝐶nc is nonclassical, or, in other words, the off-diagonal
terms are nonzero.

3. Ground Motion and Response Spectra

In order to evaluate classically and nonclassically damped
coupled primary-secondary systems, a total of 10 ground
motions originally proposed by the ATC-63 project, pub-
lished as FEMA P695 [15], were selected in this study. The
records correspond to earthquakes resulting from a variety
of fault mechanisms including normal, reverse, and strike-
slip fault. The local condition for each record was considered
to be either site class C or D, and no more than two
records were selected for a single earthquake. Table 1 lists the
detailed characteristics of the ground motion records. As is
indicated, the data were recorded in the US, Turkey, Iran,
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Table 1: Details of selected ground motions.

Number Date Event Location Magnitude
(𝑀
𝑤
) Dt (s)

1 08/17
1999 Kocaeli Arcelik,

Turkey 7.5 0.01

2 10/16
1999 Hector Mine Hector,

USA 7.1 0.01

3 10/15
1979

Imperial
Valley

Delta,
USA 6.5 0.005

4 08/17
1999 Kocaeli Duzce,

Turkey 7.5 0.01

5 09/20
1999 Chi-Chi Tcu045,

Taiwan 7.6 0.02

6 06/20
1990 Manjil Manjil,

Iran 7.4 0.005

7 01/17
1994 Northridge Beverly Hills,

USA 6.7 0.01

8 04/25
1992

Cape
Mendocino

Rio Dell
Overpass Ff,

USA
7.0 0.005

9 10/18
1989 Loma Prieta Gilroy Array,

USA 6.9 0.005

10 11/12
1999 Duzce Bolu,

Turkey 7.1 0.01

and Taiwan. The earthquake magnitude was greater than 6.0
𝑀𝑤 in every case, and the range of peak ground accelerations
(PGA) was 0.210 g–0.822 g. To investigate the effect of the
frequency tunings between two systems, linear and nonlinear
time-history analyses were conducted using building-piping
models subjected to the 10 different groundmotions. For that
purpose, the groundmotions were first normalized to a given
value of PGA (see Figure 4), so that the effect of the tuning
for the different ground motions could be indicated more
clearly. Figure 5 plots the response spectra of the total ground
motions.

4. Classical and Nonclassical Damping in
Coupled System

Linear andnonlinear direct-integration time-history analyses
were performed using SDOF primary-SDOF secondary (2-
DOF coupled) finite-element models subjected to each nor-
malized ground motion. The different ratios of the natural
frequencies or masses between the primary and secondary
systems were considered.

4.1. Response Using Classical or Nonclassical Damping Matrix.
For the uncoupled primary and secondary systems, the
masses 𝑀𝑝 = 90.7 kg and 𝑀𝑠 = 0.00907 kg, respectively,
were considered. The damping ratios for the primary and
secondary systems were 𝜉𝑝 = 5% and 𝜉𝑠 = 2%, respectively. In
general, the 5% damping ratio represents concrete material,
and the 2% damping ratio, steel material. To represent the
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Figure 4: Normalized ground motions.

respective stiffness of the primary and secondary systems,𝐾𝑝
= 10,205N/mm and 𝐾𝑠 = 0.827–1.235N/mm were applied,
and the frequencies were nearly tuned with 𝑓𝑝 = 2.717Hz
and𝑓𝑠 = 2.978–2.988Hz. To further illustrate the significance
of nonclassical damping, a parametric study was conducted
using SDOF primary-SDOF secondary (2-DOF coupled)
systems and varying the tuning between their frequencies
within the 0.9–1.1 range. Figure 6 shows the differences in the
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Figure 5: Response spectra.

Table 2: Result forces for secondary system in case of 𝑓
𝑠
/𝑓
𝑝
= 1.0.

Number Force (N)
1 552.92
2 448.71
3 1117.07
4 424.80
5 758.64
6 341.06
7 520.78
8 350.02
9 470.27
10 926.48

secondary-system result forces obtained from the nonclassi-
cal and classical damping matrices for different frequency-
ratio values: specifically, the ratios of secondary to primary
system frequency for each ground motion. As seen in the
figure, the effect of nonclassical damping was significant only
in the systems that had nearly tuned modes. Table 2 lists the
result forces for the secondary systems subjected to ground
motions.

4.2. Responses of Two Systems IncludingMaterial Nonlinearity.
A nonlinear finite-element model for a piping system was
developed using OpenSees [17] and a hysteretic material
model. The hysteretic behavior of the piping component
was characterized by the basic parameters: yield strength
𝐹𝑦, initial stiffness 𝑘1, and hardening stiffness 𝑘2, as shown
in Figure 7, and elasticbeamcolumn element given in Table 3
was also used in OpenSees. Typically, the material property
of the piping systems derived from the yield strength was
defined by its initial stiffness 𝑘1, listed in Table 4. Figure 8
plots the result forces of the vibrations for classically or
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Figure 6: Differences in scale of 2-DOF coupled system.

nonclassically damped coupled primary-secondary systems
including piping-material nonlinearity. The PGA for the first
ground motion, as multiplied by 0.1, was selected for this
study. As indicated in the figure, the result forces in the range
of 𝑓𝑠/𝑓𝑝 < 1.05, between the classically and nonclassically
damped systems, did not show significant differences using
the nonlinear piping system. Even if the 𝑓𝑠/𝑓𝑝 was greater
than 1.00, the result forces between the classically and
nonclassically damped systems again showed no significant
differences.Thiswas due to the fact that the piping system still
remained in the elastic range (see Figure 7). It should be noted
that the displacements of the piping system in the nonlinear
range showed differences due to the nature of the nonlinear
material behavior, even when the result forces with respect to
the piping nonlinearity were very close.

4.3. Effect of Mass Ratios for Nonlinear Piping Systems.
Gupta (1999) earlier found that the effect of nonclassical
damping was significant when the modal mass ratios of
coupled primary-secondary systems were sufficiently small
and those systems remained in the linear elastic range.
Figure 9 shows the differences between nonclassical damped
systems and classically damped systems for a linear building-
piping system as well as a linear building system and a
nonlinear piping system. The effect of nonclassical damping
was significant when the mass ratios between the primary-
secondary systems were on the order of 0.0001 or lower.
However, if the piping system was in the nonlinear range,
the differences in the result forces were significantly reduced.
Next, the vibration effect of between classically/nonclassically
damped coupled primary-secondary systems subjected to
ground motions will be discussed.
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Figure 7: Nonlinear material behavior for piping system.

Table 3: Definition of the elasticbeamcolumn element parameters in OpenSees (after Mazzoni et al., 2006 [17]).

Parameters Definitions
$eleTag Unique element object tag
$𝑖Node $𝑗Node End nodes
$𝐴 Cross-sectional area of element
$𝐸 Young’s modulus
$𝐺 Shear modulus
$𝐽 Torsional moment of inertia of cross section
$𝐼𝑧 Second moment of area about the local 𝑧-axis
$𝐼𝑦 Second moment of area about the local 𝑦-axis
$transfTag Identifier for previously defined coordinate-transformation object
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Figure 8: Linear versus nonlinear responses of piping system.

5. Vibration Attenuation of Building-Piping
System under Seismic Ground Motions

For vibration control of the building-piping system, the
relative effectiveness of the classical and nonclassical damp-
ing system was considered in this study. In particular,
five simulations corresponding to the different frequency
ratio between the systems were carried out to measure the
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Figure 9: Difference between linear and nonlinear models with
respect to mass ratio.

acceleration time histories at the top floor of the system.
A vibration comparison between classical and nonclassical
damped systems conducted in OpenSees was described in
Figure 10. Also, it showed the quantitative comparison of
the acceleration capacities of the systems. It can be seen
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Figure 10: Continued.
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Figure 10: Acceleration time histories with different frequencies in classically and nonclassically damped coupled building-piping systems.

Table 4: The parameters of coupled building-piping systems.

Parameter 𝑓
𝑠
/𝑓
𝑝
= 0.9 𝑓

𝑠
/𝑓
𝑝
= 1.05

𝐹
𝑦

42N 57N
𝑘
1

826.61N/m 1125.11 N/m
𝑘
2

8.26N/m 11.25N/m

that there was a similar manner in all of the acceleration
time histories: nonclassical damped building-piping system
wasmore conservative than classical coupled building-piping
system, in terms of reducing the floor accelerations through
the ground acceleration using the 1999 Chi-Chi earthquake.
Furthermore, the nonclassical damped system showed the
vibration attenuation about 20% with 0.95, 0.99, and 1.05
frequency ratios. In terms of frequency ratios—0.99 and
1.01, however, the vibration attenuation was significantly
influenced by nonzero off-diagonal term, resulting in a
decrease of more than 50%. Consequently, the vibration
of the coupled building-piping system was sensitive to the
mechanical properties such as mass and stiffness ratio of the
primary and secondary system.

6. Conclusions

The present study evaluated the effects of the seismic
responses of classically and nonclassically damped coupled
primary-secondary piping systems, including nonlinearity
behavior. A finite-element building-piping model using
OpenSees was employed to develop, using the Rayleigh
equation, classical and nonclassical damping matrices for
a 2-DOF coupled primary-secondary system. A total of 10
selected ground motions were applied to SDOF primary-
SDOF secondary (2-DOF coupled) systems in which the
ratios of the natural frequencies between the primary and
secondary systems ranged between 0.9 and 1.1. Linear and
nonlinear direct-integration time-history analyses were per-
formed for each ground motion case. It was shown that the
effect of nonclassical damping was significant in systems that
have nearly tuned modes. For piping-material nonlinearity,

the effects of nonclassical damping on the result forces
of the piping system were not significantly different from
those of classical damping. In fact, they were insignificant,
even though the modal mass ratios were sufficiently small.
However, it should be noted that, even when the result
forces are very close, piping-system displacements in the
nonlinear range can show differences due to the nature of
nonlinear material behavior. Additionally, in the simulations
using classically and nonclassically damped systems, it was
interesting to find that nonzero off-diagonal term in non-
classical damping matrices was very effective to the vibration
attenuation, especially, coupled building-piping system with
frequency range of 0.95 to 1.05. Also, the probabilistic risk
assessment of coupled building-piping systems as the analysis
of the vibration attenuation must be achieved, in order to
evaluate the probability of failure with respect to material
uncertainty and ground motion uncertainty using classical
and nonclassical damping matrices.
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This study introduces the analysis of structural health monitoring (SHM) system based on acceleration measurements during an
earthquake. The SHM system is applied to assess the performance investigation of the administration building in Seoul National
University of Education, South Korea. The statistical and wavelet analysis methods are applied to investigate and assess the
performance of the building during an earthquake shaking which took place on March 31, 2014. The results indicate that (1) the
acceleration, displacement, and torsional responses of the roof recording point on the top floor of the building are more dominant
in the X direction; (2) the rotation of the building has occurred at the base recording point; (3) 95% of the energy content of
the building response is shown in the dominant frequency range (6.25–25Hz); (4) the wavelet spectrum illustrates that the roof
vibration is more obvious and dominant during the shaking; and (5) the wavelet spectrum reveals the elasticity responses of the
structure during the earthquake shaking.

1. Introduction

Investigating the adequate and accurate performance of
the structure at each stage of its life cycle is essential for
elongating the life time of the structure. Based on analyses
results, appropriate structural repairs and antiseismic retrofit
methods can be planned. Moreover, applying various instru-
mental measurements in the structural health monitoring
system is useful to decision makers [1].

Monitoring the performance of different types of struc-
tures is not widely employed in South Korea. Thus, the
National Disaster Management Institute (NDMI) in South
Korea targets to widely spread using the various struc-
tural performance tools in investigating and assessing the
deformations of structures to mitigate the potential risk of
conventional and inconvenient structures all around Korea.

Furthermore, NDMI intends to obtain and develop a low
cost monitoring system that will be able to improve the SHM
of structures and to adequately increase the spread of the
structural performance all around Korea. The improvement
of monitoring tools aims also to develop data acquisition sys-
tem and software that allow recording the structure responses
to accurately and precisely obtain the structure deformations
in near real-time [2].

The statistical analysis of the structural performance
monitoring of structures is commonly used to test and
asses the statistical modeling of buildings and statistical
decisionmaking for inferring the structure health state [3, 4].
Statistical time series methods for SHM are fundamentally
of the inverse type [3, 5] and the structural decision making
with specified performance characteristics. Kopsaftopoulos
and Fassois [3] have introduced a study on the parametric
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2 Shock and Vibration

and nonparametric time series statistical methods which can
be applied in SHM, where parametric times series statistical
methods employ statistics based on parametric time series
representation, while the nonparametric statistical methods
employ statistics based on nonparametric representation [3,
5]. Fassois and Sakellariou [5] have summarized the time
series statistical methods for the vibration of structures.
Ding et al. [6] have applied the cross-correlation of SHM
system to assess and predict the performance of bridge
performance under different loads effects. Furthermore, they
have found that the statistical analysis can detect the bridge
abnormal performance under the varying environmental
conditions. Kaloop et al. [7] and Kaloop and Hu [8] have
applied a parametricmodel based on neural network to assess
the performance of structures and for damage detection.
They have found that the statistical analysis can be used in
efficiently detecting the damage of structures.

Signal processing tools are used in amplitude and fre-
quency analysis of the seismic waves velocities and of waves
traveling paths within different soil layers with different prop-
erties [9]. The responses of structure under seismic loading
are usually random and nonstationary. Therefore, they shall
be preferably stochastically displayed using statistical time-
varying techniques such as spectral density functions. The
revolutionary wavelet analysis was shown to be a powerful
signal processing tool [10].

Tibaduiza et al. [11] have illustrated and applied the prin-
cipal component analysis and the wavelet analysis applica-
tions, related to statistical theory, in measuring the structural
dynamic response signals and damage detection. Based on
wavelet analysis, the statistical analysis of wavelet coefficients
which are extracted frommonitoring signals gave a represen-
tation that illustrates the energy distribution of the dynamic
responses in time and frequency domains [11]. Dinh et al.
[9] have demonstrated the seismic responses of a multispan
structure based on wavelet analysis. They have found that
the proposed wavelet analysis is a precise seismic tool for
long span multisupport structures, since it accounts for the
nonstationary in both amplitude and frequency of the excita-
tions. In addition, it offers a realistic illustration of the energy
content of the earthquake acceleration. Ali and Kim [12] have
used wavelet analysis to analyze the seismic load effects of
soil-structure-interaction on the base-isolated nuclear power
plant. They have found that the wavelet analysis proves to be
an efficient tool in investigating the effect of soil-structure-
interaction on the frequency content of the acceleration
response of base-isolated nuclear structure. Mollaioli and
Bosi [13] have proposed the application of wavelet analysis
on the seismic signals. They have found the construction of
simplified signals containing the prominent features of the
data distribution recorded from pulse-like earthquakes. Fur-
thermore, many previous studies have applied the statistical
and wavelet analysis in structural performance analysis and
damage detection [14–17].

The proposed study aims to assess the structural per-
formance of the administration building in Seoul National
University of Education during an earthquake shaking.More-
over, investigating the structural performance is proposed
based on a novel and simple application of nonparametric

Table 1: Acceleration sensor performance.

Parameter Description
Amplitude 4 g pk
Sensitivity 2.5 to 20V/g
Dynamic range 165 dB
Bandwidth DC to 200Hz
Amplitude linearity <0.1%

Table 2: Data-logger performance.

Parameter Description
Sampling rate 1∼1000Hz
Synchronized accuracy 4ms
Resolution 24 bit
Size 29.6 × 17.5 × 14.0 (mm)

and parametric statistical methods and wavelet analysis. In
addition, the assessment of the acceleration responses of
the building is presented based on analyzing the wavelet
energy content. Finally, checking the safety of the building
and the low cost accelerationmonitoring systemefficiency are
considered.

2. Building and SHM Description

The case study structure is the 7-storey main administrative
building at Seoul National University of Education. It is a
reinforced concrete building that consists of seven storeys
with total height of 26.5 as shown in Figure 1. The structural
system of the building consists of reinforced concrete frames
and core. The building has extensions in all directions as
shown in Figure 1(c). The components of the SHM system
are illustrated in Figure 2. The recorded data are digitized in
a 24-bit analog-to-digital converter and then sent through
a Bluetooth module and access point. All measured data
are collected and then stored in a secure digital memory.
One-channel acquisition devices are used in this study,
whereas each acquisition device is synchronized by a signal
sender from a computer at each time. The accelerometer
properties are demonstrated in Table 1, while the data-logger
performance is illustrated in Table 2.The acceleration sensors
are used with maximum amplitude of 4 g. All devices are
put inside boxes to protect them from different weather
conditions such as rain, snow, or wind, as shown in Figure 3.

The arrangements of the acceleration measurement
points are shown in Figures 1 and 4. Three monitoring
points are located to monitor the responses of the building.
The free-field (ground) point is located on the landscape,
which surrounds the building to measure the free-field
seismic shaking.The ground sensor point is 13.26m from the
building, as shown in Figure 4(a). Two measurement points
are located on the building, which are the base point and the
roof point. The base point is fixed in the building basement
floor, while the roof point is fixed in the building roof as
illustrated in Figure 4.
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3. Methodology and Results Analysis

3.1. Statistical Analysis. Thestatistical structural performance
studies are summarized and presented in [3, 4, 16–18]. In civil
engineering, structures properties may suffer slight deterio-
ration with time or complete damage during severe events.
Figure 5 is sketched based on the statistical structural perfor-
mance conclusions drawn from Fassois and Sakellariou [5]
and Arangio and Bontempi [18]. Statistical analysis provides
boundary limits for the structural performance changes,
and it is applied as warning for possible damages [16].
The majority of previous studies have used the parametric
statistical analysis to assess the performance of structures [1–
3, 7, 19, 20].Therefore, the novel application of nonparametric
(ellipse errors and covariance) and parametric (linear fitting)
statistical analyses are utilized in this study to investigate the
structural performance of the case study structure.

The acceleration measurements in 𝑌 direction at the
ground point before and during the earthquake event
are shown in Figure 6. The acceleration measurements
are considered noises before the earthquake event, which
implies no effective or peak values during the observa-
tions before the earthquake. However, the peak acceleration
exceeded 3Gal (cm/sec2) during the earthquake as shown in
Figure 6(b).

Figure 7 summarizes the peak acceleration of ground
and roof points before and during the earthquake shak-
ing. The maximum acceleration for the ground point was

0.64Gal (cm/sec2) and 3.42Gal before and during the earth-
quake, respectively, in 𝑌 direction, while it was 0.50Gal
and 2.83Gal before and during the earthquake, respectively,
along 𝑋 direction. In addition, the maximum accelera-
tion of the base point was 0.03Gal and 1.18 Gal before
and during the earthquake, respectively, in the 𝑋 direc-
tion, while it was 0.03Gal and 0.70Gal before and dur-
ing the earthquake, respectively, in 𝑌 direction. Further-
more, the maximum acceleration at the roof point was
0.04Gal and 4.84Gal in 𝑋 direction and 0.05Gal and
2.50Gal in 𝑌 direction, before and during the earthquake,
respectively.

Figure 7 illustrates the linear fitting between the peak
acceleration responses of base and roof points, with the
ground point in 𝑋 and 𝑌 directions. In addition, Figure 7
demonstrates that the roof response linear fitting (TX and
TY) with ground response (GX and GY) is shown to be
greater than that for the base response (BX and BY) for the
two directions. Moreover, it can be seen that the 𝑋 direction
responses have the lowest peak values and the highest linear
slope. From the results, it can be presented that the slopes are
smaller than one in𝑋 and 𝑌 direction for the base point and
in 𝑌 direction for the roof point. Furthermore, the slope is
shown to be greater than one for the roof point in the𝑋 direc-
tion. It indicates that the effective direction of the structural
responses occurred in 𝑋 direction during the earthquake
shaking.

Figure 8 depicts the ellipse errors with confidence 95%
for the relation between the ground and building responses.
It can be noticed from Figure 8 that the ellipse errors for
the roof responses are higher than for the base responses.
Moreover, it can be shown that the angles between the 𝑥-
axis and the largest eigenvector for the building base and roof
responses are 3.1416 rad and 3.1412 rad before the earthquake,
while they are 3.1414 rad and 1.5706 rad during the earth-
quake, in 𝑋 and 𝑌 direction, respectively. It indicates that
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Table 3: Maximum eigenvalues and eigenvectors for covariance shaking point response matrix.

Parameters Base point Roof point
𝑋 𝑌 𝑋 𝑌

Eigenvalue 0.0072 0.0084 0.0229 0.0119
Eigenvector [−1; 1.45𝑒 − 4] [−1; 7.33𝑒 − 5] [1.55𝑒 − 4; 1] [7.24𝑒 − 4; 1]
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Figure 6: Acceleration response measurements at the ground point.
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the roof responses increased by 50% during the earthquake
shaking for the two directions, while the base responses can
be neglected during the shaking.

The covariance matrix of the base and roof acceleration
responses is calculated with ground responses in 𝑋 and 𝑌
directions. The results from the calculated covariance matri-
ces show that the rotation occurred for the base point, while
the hyperbolic rotation occurred for the roof point in the
two directions. In addition, Table 3 illustrates the maximum
eigenvalues and eigenvectors for the base and roof responses
covariance matrices. From this table, it is shown that the roof

eigenvalues and eigenvector are greater than for the base in
the two directions, which assure the higher responses for the
roof point under the earthquake shaking. From the previous
statistical analysis, it is concluded that acceleration responses
of the roof are higher andmore effective in the𝑋 direction. In
addition, the building rotation occurred at the base, while the
hyperbolic rotation occurred at the roof. Finally, the previous
statistical analysis results including ellipse errors, covariance,
and linear fitting are sufficiently capable of investigating
the performance of structures under earthquake loading,
combined or separately.
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Figure 9: Dynamic displacement in 𝑋 direction during the earthquake shaking.

3.2. Displacement and Torsion Analysis. Accelerometer sen-
sors are used in monitoring static, semistatic, and dynamic
structural performance [7]. The relations between acceler-
ation, velocity, and displacement are governed by simple
kinematics. The displacement is the integration of velocity,
which in turn is the integration of acceleration.The high-pass
filter is applied to the acceleration time histories, followed
by double integration to extract the dynamic displacement.
Sayed et al. [21] have applied 4th order Butterworth high-pass
filter to efficiently extract the displacement from acceleration
time history. Therefore, the 4th-order Butterworth high-pass
filter is applied in this study with corner frequency 2Hz,
which exceeds the fundamental frequency of the building as
will be described later.

The extracted dynamic (high frequency) displacements
from the acceleration responses for the base and roof points
in 𝑋 direction are shown in Figure 9. The statistical values
of the dynamic displacement are described in Table 4. From
Figure 9 and Table 4, it can be seen that the maximum
displacement occurred in roof in𝑋 direction; in addition, the
standard deviation (STD) calculations illustrate that the dis-
placements for the different recording points are within the
acceptable range. In reality, all three-dimensional structures
have both planned and elevation irregularity; thus, they are
prepared for coupled translational and torsional responses.
Moreover, there is only limited information at present on how
to surpass the coupled horizontal and torsional vibration of
structures, simultaneously.
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Table 4: Dynamic displacement for the base and roof points (cm).

Parameters Base point Roof point
𝑋 𝑌 𝑋 𝑌

Max. 0.002 7.65𝑒 − 4 0.012 0.006

Min. −0.0015 −8.43𝑒 − 4 −0.012 −0.006

Mean 8.4𝑒 − 10 5.74𝑒 − 10 1.7𝑒 − 10 1.32𝑒 − 9

STD 4.3𝑒 − 5 2.84𝑒 − 5 4.22𝑒 − 4 3.5𝑒 − 4

In fact, torsional response of structures subjected to
dynamic earthquake or wind loading is applied for the real
and experimental studies. Torsional motion is studied for the
deck of long-span bridges such as Tacoma Narrows Bridges
[19] and Zhujiang Huangpu Bridge [20]. Buildings are sig-
nificantly vulnerable when subjected to torsional dynamic
loads, especially those including asymmetric plan, which
have been demonstrated from many destructive earthquake
experiences. Therefore, it is important to consider this sit-
uation in the assessment of structures during earthquake
shaking. However, the torsional displacement is measured
to completely define the buildings movement under shaking
loads. In this study, the torsional displacement of the building
has been calculated with (1). Figure 10 demonstrates the
diagram for the torsion displacement in 𝑋 and 𝑌 directions
for the building:

0 = arcsin(𝐷
𝐿

) ×

180

𝜋

, (1)

where 0 is a torsion angle (𝛼) for𝑋 and (𝛽) for𝑌 directions as
shown in Figure 10;𝐷 is the interstorey displacement for two
symmetrical points in𝑋 or𝑌direction, as shown in Figure 10;
𝐷 value equals (𝑋

1
−𝑋
2
) for elevation and (𝑌

3
−𝑌
1
) for plan.

𝐿 is the distance between the twomonitoring points, which is
33.8m for𝑋 direction and 17.2m for 𝑌 direction.

Figure 11 presents the torsional deformation of the roof
point in the vertical plan (elevation direction or𝑋 direction)
and horizontal plan (roof plan or 𝑌 direction) during the
earthquake shaking. It can be seen that the significant
torsional direction of building is the elevation direction with
𝑋direction. In addition, themaximum torsional deformation
for the roof floor is 0.02 rad in 𝑋 direction, while it is a
negligible value (0.005 rad) in 𝑌 direction. The results prove
that the vibration of the building in the 𝑋 direction is
higher and more dominant on the rotation of building in the
longitudinal direction.

3.3. Wavelet and Frequency Analysis. Wavelet analysis is suit-
able for analyzing variations of power within signals [22].The
wavelet transform is not completely different from Fourier
transform [22–24]. However, it is well-suited for analyzing
signals with sharp discontinuities [23]. Windowed Fourier
Transform or Short Time Fourier Transform (STFT) is more
suitable for nonstationary signals. STFT basicallymaps a time
series into a two-dimensional time series in both time and
frequency domains. However, fixed frequency resolution for
all frequencies is considered the main shortcoming of STFT
[22–24]. The power spectrum method is considered a type
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Figure 10: Torsional angle diagram view for the building.

of STFT for mapping frequencies changing in cyclist through
time.

In the power spectrum, the signal is divided into seg-
ments, while the Fourier transform is calculated for these
segments. The segments are multiplied by positive smooth
bell-shape curves windows to avoid spectral leakage. The
original signal can be reformed from the details only without
any loss of information [23]. The reconstructed signal is
illustrated as follows:

𝑆
0
(𝑡) =

𝑛

∑

𝑗=1

𝑑
𝑗
(𝑡) , (2)

where 𝑛 is the total number of decomposition levels; and
the detail components (𝑑) of the original signal (𝑆) can be
expressed by the linear combination of the wavelet basis
function (mother wavelet) as follows:

𝑑
𝑗
(𝑡) =

∞

∑

−∞

𝐶
𝑗,𝑘
𝜓
𝑗,𝑘
, (3)

where 𝑘 represents an index of time scale, 𝐶
𝑗,𝑘

are the
corresponding wavelet coefficients, and 𝜓

𝑗,𝑘
are the basis

wavelet functions, which are expressed as

𝜓
𝑗,𝑘
= 2
𝑗/𝑘
𝜓 (2
𝑗
𝑡 − 𝑘) . (4)

Finally, the original signal which has a time interval [0 𝑡] can
be expressed:

𝑆
0
(𝑡) =

𝑛

∑

𝑗=1

𝑡

∑

𝑘=0

𝐶
𝑗,𝑘
𝜓
𝑗,𝑘. (5)

There are many types of mother wavelets that can be
defined. For discrete wavelet analysis, orthogonal wavelets
(Daubechies and least-asymmetric wavelets) and B-spline
biorthogonal wavelets have been commonly used [25]. In
this study, the 10th-order Daubechies has been chosen. The
choice to use Daubechies wavelets is motivated by their
resemblance to the original signals [13]. Furthermore, the
previous studies found that the Daubechies mother wavelet is
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Figure 11: Torsional deformation of the building during shaking.
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suitable for the seismic performance analyses [12, 13]. Explicit
form of the selected wavelet is shown in Figure 12, while the
decomposition level calculations can be found in [25, 26]. In
addition, the order of wavelet is used for its orthogonality and
satisfactory resolution in both time and frequency domains
[24, 27]. A high level of decomposition is selected in this study
to present the full power performance of signal as shown
in [26]. Therefore, the 9th decomposition level is selected to
investigate the effectiveness of wavelet levels on the responses
of the case study building due to earthquake shaking.

The recorded acceleration responses of the base and
roof points in 𝑋 direction are illustrated in Figure 13. From
this Figure, it is shown that the peak recorded acceleration
at the base point is 1.40Gal, while it is 4.84Gal for the
roof point. In addition, the detail functions of the selected
nine decomposition levels of the reconstructed details of the
original recorded acceleration responses for the base and roof

points during the earthquake in 𝑋 direction from level 1 to
level 9 are presented from top to bottom in Figure 14.

The total energy of a discrete signal is the sum of the
squares of its absolute values and, therefore, the total energy
of the original signal can be expressed as follows [28]:

𝐸 = Δ𝑡

𝑡

∑

𝑡=0

𝑆
2

0
(𝑡) . (6)

In addition, the total energy can be represented in the form
of details only at each decomposition level:

𝐸 =

𝑛

∑

𝑗=1

𝑡

∑

𝑡=0

𝑑
2

𝑗
(𝑡) . (7)

The energy content of the decomposition levels of the
acceleration response measurements at the different mon-
itoring points during the earthquake shaking are demon-
strated in Figure 15. From this Figure, it can be noticed that
the energy distribution of the acceleration responses suffer
slight changes between 𝑋 and 𝑌 direction for the three
monitoring points. Furthermore, Figure 15(a) illustrates that
level 3, which represents the frequency content (12.5–25Hz),
contains 65%of thewhole energy of the acceleration response
of the ground point in both directions during the earthquake
shaking. Moreover, levels 3 and 4, which represent (6.25–
25Hz), contain more than 95% of the energy. Furthermore,
the energy distribution of the base point in Figure 15(b)
demonstrates that level 4 (6.25–12.5Hz) contains about 50%
of the acceleration response energy.

Similarly, the energy distribution of the roof point in
Figure 15(c) illustrates that level 5 (3.125–6.25Hz) contains
about 60% of the whole energy of the acceleration response
measurements in both directions. Therefore, during the
earthquake shaking, it can be concluded that the higher
the monitoring point elevation, the lower the dominant
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Figure 13: Acceleration response measurements in𝑋 direction during the earthquake shaking.

20 40 60 80 100 120 140 1600
−0.05

0.05

20 40 60 80 100 120 140 1600
−0.2

0.2

20 40 60 80 100 120 140 1600
−1

1

20 40 60 80 100 120 140 1600
−2

2

20 40 60 80 100 120 140 1600
−0.5

0.5

20 40 60 80 100 120 140 1600
−0.2

0.2

0 40 60 80 100 120 140 16020
−0.05

0.05

20 40 60 80 100 120 140 1600
−0.01

0.01

20 40 60 80 100 120 140 1600
Time (sec)

−2
2
×10−3

Ac
ce

le
ra

tio
n 

(c
m

/s
ec

2
)

(a) Base point

20 40 60 80 100 120 140 1600
−0.05

0.05

20 40 60 80 100 120 140 1600
−1

1

20 40 60 80 100 120 140 1600
−5

5

20 40 60 80 100 120 140 1600
−5

5

20 40 60 80 100 120 140 1600
−5

5

20 40 60 80 100 120 140 1600
−0.5

0.5

20 40 60 80 100 120 140 1600
−0.05

0.05

20 40 60 80 100 120 140 1600
−0.01

0.01

20 40 60 80 100 120 140 1600
Time (sec)

−1
1
×10−3

Ac
ce

le
ra

tio
n 

(c
m

/s
ec

2
)

(b) Roof point

Figure 14: Decomposition levels of the reconstructed details for the base and roof points in 𝑋 direction during earthquake shaking.

frequency range. Furthermore, the performance of various
monitoring points can be compared based on the wavelet
energy contents analysis.

Convenient methods such as FFT [25, 29] and wavelet
spectrum [29, 30] are considered to estimate the frequency
modes for the building. In wavelet spectrum analysis, scales
numbers are first defined.These numbers outline the amount
of stretch or compression that the wavelet achieves to map
the variability of the signal in time domain at various wave-
lengths, where higher frequencies correspond to lower scales
and vice versa. In this study, the wavelet analysis for more
than 120 various scales is assumed. Consequently, the real or
complex continuous components of wavelet coefficients are

computed. Finally, the converts scale to pseudo-frequencies,
using the sampling period of the recorded acceleration and
the computed wavelet coefficients.

Figure 16 illustrates the frequency models and wavelet
spectrum for the accelerationmeasurements at the roof point.
The fundamental frequency of the measurements is 2.54Hz.
In addition, the first and fourth mode frequencies are clearly
visible at themeasurements in𝑋 direction; while, modes one,
four, and six are visible in 𝑌 direction.

The roof vibration is more noticeable compared to the
base point vibration which is based on the power spectrum
density comparison between the modes of the base and
roof measurements. Moreover, the wavelet spectrum results
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Figure 15: Energy distribution of the decomposition levels of the measurements points during the earthquake.

show that the dominant frequency of both base and roof
points is the fundamental (first mode) frequency. This result
implies the elasticity of the deformation responses of the
building during the earthquake event. Finally, the wavelet
and frequency methods results verify the energy contents
of wavelet analysis to be an efficient tool in investigating
the effect of earthquake events on the frequency content
of structural responses and hence it is a powerful tool in
structural performance assessment.

4. Conclusions

This study proposes a low cost acceleration SHM system
to assess the structural performance of the administration
building in Seoul National University of Education, South

Korea.The statistical (ellipse errors and covariance and linear
fitting analyses) and wavelet analysis (power content and
frequency analyses) methods are applied to investigate and
assess the performance of the building during an earthquake
shaking. The conclusions drawn from this study are as
follows.

The statistical analysis results illustrated that the roof
acceleration responses are higher than for the base
point. Moreover, the roof torsional deformations are
increased by 50% during the earthquake shaking in
the two directions, while the base torsional defor-
mations are small during the earthquake shaking.
The rotation occurred for the base point, while the
hyperbolic rotation occurred for the roof point in
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Figure 16: Frequency models and wavelet spectrum of roof point for𝑋 and 𝑌 direction.

the two directions. In addition, the roof eigenvalues
and eigenvector are greater than for the base in the
two directions, which assure the higher responses for
the roof under the earthquake shaking. Finally, the
statistical calculations and analysis illustrated that the
displacements of the different recording points are
within the acceptable range, which indicate building
safety during the earthquake event.

The wavelet analysis results showed that the moni-
toring points frequency contents suffer slight changes
between 𝑋 and 𝑌 directions. In addition, it can
be seen that the dominant frequency ranges are
shown as 12.5–25Hz, 6.25–25Hz, and 3.125–6.25Hz
in both directions for ground, base, and roof points,
respectively. Furthermore, it can be observed that
the dominant frequency range (6.25–25Hz) con-
tains more than 95% of the energy. In addition, it
can be concluded that the higher the monitoring
point elevation, the lower the dominant frequency
range that occurred during the earthquake shaking.

Therefore, during earthquake shaking, it is under-
stood that higher the elevation reveals lower domi-
nant frequency range.
The roof vibration is more noticeable compared to
the base point vibration which is based on the power
spectrum density comparison between the modes
of the base and roof measurements. Moreover, the
wavelet spectrum results show that the dominant
frequency of both base and roof points is the fun-
damental (first mode) frequency. This result implies
the elasticity of the deformation responses of the
building during the earthquake event. Furthermore,
the wavelet and frequency methods results verify the
energy contents of wavelet analysis to be an efficient
tool in investigating the effect of earthquake events
on the frequency content of structural responses and
hence it is a powerful tool in structural performance
assessment.
Finally, the aforementioned results indicated that the
proposed low cost acceleration monitoring system
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which consists of three acceleration sensors, data-
loggers, and a storage PC has proven its efficiency
in investigating and assessing the structural perfor-
mance of the building during the earthquake shaking.
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