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Abstract

Structural health monitoring (SHM) has received increasing attention in recent decades and
has found global success in applications ranging from long-span bridges to super-tall
buildings. An SHM system offers a rapid and quantitative way to evaluate the safety of the
structure using the response data from instrumented sensors. This merit could be helpful in
quake-hit regions, where post-earthquake damage evaluations for buildings are generally
conducted through time-consuming and subjective visual inspections by engineers. Several
vibration-based methods have been developed to evaluate the damage condition after an
earthquake, such as methods based on the change of modal parameters, e.g., natural
frequencies, damping ratios, and mode shape; and methods based on tracking the hysteretic
behaviors of the structures. Among other methods, the capacity curve, which is considered
to be the fundamental mode relationship between mass-normalized roof displacement and
base shear, can provide a straightforward and informative description of the structural
behavior immediately after an earthquake. Methods based on capacity curve have been
proposed in previous studies for building damage evaluation for mainshock and aftershock.
However, several issues, such as the automated derivation of the capacity curve, the sensors
placement with limited sensors and the comparison of the damage evaluation results with
those using existing codes or guidelines, hinder its practical use in the application of SHM.

This dissertation is devoted to address these issues.

First, an automated method for the derivation of the capacity curve from measured
structural acceleration response is presented. Based on the decomposition by wavelet
transform method, the structural behavior is directly evaluated in the form of a capacity

curve of the predominant response, as a relationship between the spectral force and spectral



displacement. It enables the user to judge the performance of the building quickly after an
earthquake. The feasibility of the proposed method is demonstrated through numerical

simulations, full-scale shaking-table tests, and actual response of a steel tower during 2016

Fukushima earthquake.

Then, a strategy based on the piece-wise cubic polynomial interpolation (PWCPI)
procedure is proposed to estimate the capacity curve for high-rise buildings from
accelerations using limited sensors placed at regular intervals along the height of the
building. One salient merit of this method is that detail information of the instrumented
building is not needed. Numerical simulations and shaking table tests demonstrated that
the proposed method could provide a satisfactory estimate of capacity curve with a few

Sensors.

Finally, validations for capacity-curve-based (CCB) method for post-earthquake damage
evaluation framework are conducted using field survey results, full-scale shaking table
tests and numerical simulations. Comparisons between the CCB method and conventional
visual inspection-based method are made. It is shown that the damage evaluation results
using the CCB method agree fairly well with those of visual inspection, indicating that the

CCB method could serve as a useful tool for post-earthquake damage evaluation.
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Chapter 1. Introduction
1.1. Post-earthquake damage evaluation

After an earthquake happens, rapid and quantitative damage evaluation for existing
buildings is an imperative step to reassure the quake-affected residents. Traditionally, post-
earthquake damage evaluation is carried out by visual inspection, which is widely adopted
around the world([1]-[3]). In Japan, the damage evaluation process includes a quick
inspection and a more detailed damage survey[2] (Figure 1-1). The trained engineers and
researchers need to go to the earthquake site and evaluate the damage condition of the
building one by one. The results of the quick inspections are posted on the building to
remind the residents in a form of colored post-evaluation placards, in which damage classes
are divided into three classes, inspected, limited entry and unsafe(Figure 1-2). For the
detailed damage survey, the damage of each structural member of the building is
investigated and classified into five different damage classes ranging from I (slight damage)
to V (collapse). The residual seismic capacity ratio index R is estimated according to the
damage condition of the members, represented by seismic capacity reduction factor » (see
Table 1-1). Based on R, the damage condition of the entire structure can be judged. The
evaluation result could be used for judging the appropriateness of continued long-term use
of the buildings. However, this method is costly and time-consuming, especially for high-
rise buildings. For instance, it took nearly 30 days for over 320 researchers and engineers
to conduct field survey of damaged area after Japan 2011 Tohoku earthquake[4]. Another
issue in visual inspection is that damage assessment would largely depend on subjective
judgement by engineers, which varies from person to person and thus might sometimes

lead to unreliable results.
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Non-destructive damage detection methods such as acoustic methods, magnetic field
methods and thermal field methods are able to detect damage invisible to naked eyes[5].
For this kind of methods, a priori knowledge of possible damage location is required and
the portion being inspected is also need to be accessible, which hinders its use in the post-

earthquake damage evaluation.
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Figure 1-1 Damage evaluation process in Japan
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Figure 1-2 Post-evaluation placards after quick inspection[6]



Table 1-1 Damage class definition with the seismic capacity reduction factor # for ductile
reinforced concrete columns[2]

Damage class, j Description of damage 1,

0 No damage 1.0

| Visible narrow cracks on the concrete surface 0.95
I Visible clear cracks on the concrete surface 0.75
i Local crush of cover concrete 0.5
v Significant crush of concrete with reinforcing bar 0.1

exposure; Spalling of concrete cover

\YJ Buckling of the reinforcing bars; Significant damage 0
to the core concrete; Visible vertical and/or lateral
deformation of the column; Visible settlement and/or

leaning of the building

Rapid development in sensor technologies has made it possible to use measured data from
instrumented buildings and infrastructures to diagnose the condition of a structure shortly
after a hazard event, which is commonly known as structural health monitoring (SHM).
Under the assumption that damage to a structure can lower its natural frequencies, increase
the modal damping or alter the mode shapes, methods based on the change of modal
parameters ([7]-[11]) abound and play key roles in the applications of damage evaluation.
For example, Beck and Jennings (1980) [7] developed a new algorithm to determine the
optimal estimates of the modal parameters. They applied this method to simulated data, as

well as a multi-storey building using records from the 1971 San Fernando earthquake in

California. Hassiotis and Jeong (1993) [8] proposed a method for the estimation of



structural damage using measured changes in the natural frequencies. Numerical tests on a
beam and a frame were used to validate the method. It is found that, by using exact or
noise-polluted natural frequency data, reduction in the stiffness of up to 40% at single or
multiple sites is detected. Celebi et al (2016) [11] investigated the behavioral aspects of
29-story and 30-story neighboring buildings in the Shinjuku area of Tokyo, Japan, using
records retrieved from before, during, and after the main shock of the 2011 Tohoku
earthquake. The results show that fundamental translational and torsional frequencies
identified are much smaller for main shock and all events that followed during a period of
21 months as compared to an event two days before the main shock. However, it should be
noted that the modal characteristic could be affected by the fluctuation of environmental
factors, such as temperature and relative humidity ([12][13]) resulting in concerns about
using changes of modal properties to quantify the damaged condition of structure. In [12],
a reinforced concrete slab was built and placed outside the laboratory, and periodically
vibration tested for nearly two years. The result showed that the frequencies had a strong
negative correlation with temperature and humidity, damping ratios had a positive
correlation, but the correlation of mode shapes with temperature and humidity change

cannot be shown clearly. It is also questionable that whether the modal analysis-based

methods are suitable for nonlinear cases, because strictly speaking, modal properties only
exist in linear systems[14]. Meanwhile, the modal-based methods, which usually utilize
Fourier transform, can only provide average temporal information, while the time-varying
nature of a nonstationary signal, like the response of the structure to a strong ground motion,
could be neglected. In recent years, more time-frequency techniques such as short-time

Fourier transform (STFT), Hilbert-Huang transform, and wavelets have been applied to



damage detection[15]. For example, Hera and Hou (2004)[16] applied wavelet analysis on
a four-story building subjected to simulated stochastic wind loading for damage detection.
It was found that the damaged region can be spotted by the spatial distribution pattern of
the observed spikes in the wavelet details. Khatam et al. (2007)[17] identified damage in a
beam subjected to harmonic loads by detecting sudden changes in the spatial variation of
transformed response. The reader can consult Kim and Melhem (2004)[18] for a more

comprehensive review on damage detection by wavelet analysis.

For seismic-excited structures, it is more desired to identify the structural nonlinear
behaviors, because the initiation and development of damage is a typical nonlinear process.
Tomlinson and Wooden (2000) introduced numerous methods for detection, identification
and modeling of nonlinear systems in [19]. Yang et al. (2007)[20] proposed a recursive
least-squares estimation with unknown inputs (RLSE-UI) approach capable of identifying
the structural parameters, such as the stiffness, damping and other nonlinear parameters
and their variation due to damages. Bolourchi et al. (2015)[21] presented a hybrid
computational method for the data-driven model free identification of nonlinear systems
that characterize certain hysteretic systems. Zhou et al (2015)[22] proposed a physical
parameter identification method for a nonlinear hysteretic structure with pinching behavior.
The identification procedure is based on the overall least squares linear regression and
hypothesis testing and the hysteresis loop is reconstructed using recorded data. The method
is able to capture nonlinear behavior and structural parameters, such as pre-yielding
stiffness, post-yielding stiffness and cumulative plastic deformation, directly relevant to

damage and performance. Other methods focusing on parametric identification of an



assumed nonlinear model, such as the Bouc-Wen hysteretic model, have been widely

reported in literature ([23]-[26]).

It is also worthy to note that the practice of artificial intelligence (Al) have received
tremendous attentions in structural engineering, especially SHM in recent years[27].
Compared with conventional methods, Al methods, such as artificial neural networks
(ANN)[28], support vector machine (SVM)[29], principal component analysis (PCA)[30],
and low-rank matrix decomposition[31] display better performance at dealing with
problems with uncertainties and insufficient information. There is also a growing interest
in the use of deep learning, e.g., convolutional neural networks (CNN) in the application
in SHM([32]-[36]). One salient merit of CNN is that it is more effective to learn, extract
and classify the features of damaged structure. Several studies adopted CNN in structural
engineering has been reported in the last few years. Sarkar et al. (2016) [32]applied CNN
for characterize the damage for cracks on a composite material. The results demonstrated
high characterization accuracy over different loading conditions with a few labeled training
image data. Lin et al (2017) [33] developed a damage detection approach to automatically
extract features from low-level sensor data through CNN. Excellent localization accuracy
was shown on both noise-free and noisy data set, in contrast to another detector using
wavelet packet component energy as the input feature. They also found the learned features
evolve with the depth from rough filters to the concept of vibration mode, implying the

good performance results from its ability to learn essential characteristics behind the data.

Lee et al (2018)[34] used a ten bar truss example to show condition for neural networks,

and role of hyper-parameters when applying CNN in the structures.



1.2.  Seismic effect on buildings under mainshock-aftershock sequence

Past experience around the world, e.g. in Japan (Kobe, 1995; Tohoku, 2011, Kumamoto,
2016) and China (Sichuan, 2008; Yunnan, 2013) has shown that buildings in earthquake-
prone regions are often exposed to mainshock-aftershock sequences rather than a single
seismic event. Therefore, after an earthquake happens, it is important to quickly assess

whether the existing buildings could withstand the aftershock shaking.

A number of studies have been conducted on the influences of aftershocks on single-
degree-of-freedom (SDOF) systems ([37]-[41]) as well as multi-degree-of-freedom
(MDOF) systems([42]-[48]). Mahin (1980)[37] investigated analytically the response of
elastoplastic SDOF systems under the mainshock-aftershock ground motions recorded at
1972 Managua earthquake. It was shown that the displacement ductility demand may
slightly increase at the end of the aftershock with respect to the mainshock. Aschheim and
Black (1999)[38] examined the effects of the prior earthquake damage on SDOF stiffness
degrading structures and concluded that prior ductility demand has a very minor influence
on peak displacement response. It was assumed that the prior displacement demands were
less than those that would result if the structure was initially undamaged. An important
finding includes that aftershock effects are influenced by their frequency content with
respect to structural properties of a damaged building due to a mainshock[43]. Zhai et al.
(2015) [41] indicated that the strong aftershock ground motion has more obvious
influences on strength reduction factors in short period region than on those in long
period region. Elnashai et al. (1998)[45]assessed an updated database of seismic records
from Europe, California and Japan, observed that the ductility demand required by multiple

earthquake ground motions can be remarkably higher than that required by a single event.

7



The permanent displacements triggered after the mainshock do not significantly increase
as a consequence of the aftershock when the structure has degrading hysteretic features,
which can be explained because of the inherent self-centering capacity in the hysteresis
loops[46]. Nonlinear analysis of eight RC frames by Hatzigeorgiou and Liolios (2010)
under five real and 40 artificial earthquake sequences found more cumulative damage and
higher structural response in all of the buildings when they were subjected to an earthquake

sequence compared with a single event[44].

Fragility assessment has received much attention for evaluation of the seismic performance
of structures. A fragility function allows one to map an intensity measure (IM) (generally
the spectral acceleration at the first mode period) of the ground motion or an engineering
demand parameter (EDP) such as peak story drift ratio or absolute floor acceleration of the
structure to a damage state (DS) in order to predict the probability of the structure being in
a specific damage state, such as slight, moderate, or severe damage[52]. This method has
not only been applied to damage due to main shock, but also aftershock([47]-[51]). Li et al
(2014)[48] investigated the collapse probability of mainshock-damaged steel buildings in
aftershocks, which is a part of a framework to integrate aftershock seismic hazard into
performance-based engineering (PBE). It is found that structural collapse capacity may be
lower sharply when the building is exposed to a high intensity mainshock. Therefore, it
may be possible that the structure collapses even if only a small aftershock follows the
mainshock. Raghunandan (2015) [51] quantified the aftershock vulnerability of four
modern ductile reinforced concrete framed buildings in California by performing
incremental dynamic analysis of nonlinear MDOF analytical models. Collapse and damage

fragility curves are generated for intact and damaged buildings, based on the nonlinear



dynamic analysis results. The results indicated that damage indicators related to the drift
experienced by the damaged building best predicted the reduced aftershock collapse
capacities for these ductile structures. Wen et al (2017) [49]proposed framework for the
vulnerability assessment of structure under the mainshock-aftershock sequences. They
applied it on a case-study reinforced concrete (RC) frame structure with 5 stories and
studied the influences of aftershocks on the fragility of structure for different limit states.
The effects of aftershocks on the fragility of structure are more obvious for the case that
mainshock fragility changes from 30% to 60%, and the maximum influence of aftershock
can exceed 15%. However, the fragility assessment requires prior knowledge on building
structures and a numerical model of the building is needed. Thus it is computationally
expensive. In addition, this process does not make use of response from the instrumented

structure and may not reflect the real structural condition under seismic excitations.
1.3. Capacity-curve-based (CCB) damage evaluation

The capacity spectrum method (CSM) proposed by Freeman in the 1970s ([53][54]), has
been served as an important tool for seismic assessment in earthquake engineering
nowadays and adopted as the basis of building codes and guidelines in many countries
worldwide ([55]-[57]). This method is to compare the capacity of buildings in a form of a
pushover curve with demands on the structure in the form of a design spectrum or the
response spectrum of an actual ground motion. The graphical intersection of the two curves
approximates the structural response under excitations. Specifically, it consists of the

following step[58]:



1. Develop the relationship between base shear and roof displacement, called as the
pushover curve.

2. Convert the pushover curve to a capacity diagram.

3. Convert the elastic response or design spectrum for the standard pseudo
acceleration, A, versus natural period, Tn, format to the A-D format, where D is the
deformation spectrum ordinate, to obtain the demand diagram.

4. Plot the demand diagram and capacity diagram together and determine the
displacement demand. In this step, dynamic analyses are needed with successively
updated values of the natural frequency and equivalent viscous damping. The
earthquake-induced deformation of an inelastic SDOF system can be estimated by
an iterative method which requires the analysis of a sequence of equivalent linear
SDOF systems with added equivalent viscous damping to account for post-yield
energy dissipation.

5. Convert the displacement demand obtained in step 4 to global (roof) displacement
and individual component deformation and compare them to the limiting values for

the specified performance goals.

For the application of estimating capacity curve using recorded response from structures,
the early work can be found in ([59][60]) for the monitoring of Millikan Library building,
Bank of California Building and Imperial County Services building and some recent

practice can be found in ([61]-[66]).

Recently, Kusunoki (2018)[61][62] proposed a framework for post-earthquake damage
evaluation based on capacity curve which utilize the measured data from instrumented

buildings. This method can evaluate the damage for mainshock and aftershock by using
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seismic response data from mainshock. Figure 1-3 illustrates the concept of the method
based on the capacity curve method. The capacity curve here is obtained from the recorded
accelerations of the instrumented building, in which the displacements are obtained by the
double integral using a wavelet transform. The demand curve is also derived from the
ground acceleration and the curve with 5% viscous damping is usually adopted for elastic
range. When the structural behavior is nonlinear, an additional damping effect is
considered. Then, the demand curve is reduced from the 5% elastic demand curve, as
shown in Figure 1-3. The intersection of the capacity curve and the reduced demand curve
is the predicted maximum response during the mainshock. In practice, the maximum
deformation of capacity curve estimated from measured seismic can be considered as the
maximum response under the mainshock and thus demand curve is not needed. Similarly,
this method can also be extended to predict the maximum response during a MA sequence
by considering the mainshock and its subsequent aftershock as a single earthquake input.
Given that the input energy of the combined earthquake is greater than that of the
mainshock alone, the maximum response of the former would usually be greater. One
simple method of accounting for this in the capacity spectrum is to reduce the equivalent
damping and the subsequent reduction in demand, as indicated in Figure 1-3. The predicted
maximum response during the MA sequence is the intersection of the demand curve and

the capacity curve and then the damage class can be judged.
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Figure 1-3 Concept of the CCB method[61][62]

However, in order to make this method more practical in the post-earthquake damage

evaluation, there are some issues that need to be solve:

1. To generate capacity curve, selection of cutting off frequencies is crucial for
filtering the noise of the measured response in the displacement reconstruction and
isolating the first mode response of the structure. Inappropriate cutoff frequency
may lead to undesirable errors, such as reduction in the estimation of the maximum
response and altering of the hysteretic path of the hysteretic response[63]. In
previous studies, filters[60] or wavelet transform [64][65]is often adopted to extract
the first mode component. However, the frequency band selection process before
was based on visual judgement from Fourier amplitude spectrum of the response or
manual trial and error tests, which creates difficulty in the practical monitoring of

different structures.
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2. For estimating the capacity curve, floor accelerations from instrumented building

are required. Therefore, in previous studies, each floor of the building had
instrumented sensors. However, in real applications, issues may arise during sensor
installation, especially for high-rise buildings, where the number of sensors is
limited owing to budget and accessibility. Typically, the responses of
noninstrumented floors could be obtained using the piece-wise cubic polynomial
interpolation (PWCPI) procedure ([67][68]) or mode-based interpolation procedure
([69][70]). Although these response reconstruction approaches work well in the
linear-elastic range, their accuracies in the nonlinear range have not been validated.
Another issue related to interpolation is the selection of appropriate locations for
sensor installation. In the past two decades, research on optimal sensor placement
(OSP) on structures have gained considerable attention ([71]-[74]). However, most
OSP methods require model properties, such as stiffness and mass distribution of
structures, which are difficult to obtain in most cases.

Damage assessment results are usually compared with experiments or numerical
results in previous studies [75][76]. In the case of real world diagnosis, it is always
desirable to compare the damage identification results with the code-specified
damage classifications, but to the author’s knowledge, few publications have
addressed this issue. The availability of the capacity-curve-based (CCB) method

still needs to be tested.

Regarding the above mentioned research background, the research in this paper is carried

out.
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1.4. Objectives

The main goal of this dissertation is to develop a rapid and reliable methodology for
estimating capacity curve using wavelet transform for damage evaluation with limited
number of accelerometers and validate the CCB method. The objective of this study is

realized through the completion of the following task:

1. Develop an automatic algorithm to estimate capacity curve using recorded seismic
accelerations.

2. Develop a strategy to estimate the capacity curve for high-rise buildings with
limited number of accelerometers.

3. Validate the CCB method using field survey results, shaking table tests and

numerical simulations.
1.5. Organization

This dissertation is organized as follows:

Chapter 2 presents an automated method for derivation of capacity curve from measured
structural acceleration response. Based on the decomposition by wavelet transform method,
the structural behavior is directly evaluated in the form of a capacity curve of the
predominant response, as a relationship between the spectral force and spectral
displacement. It enables the user to judge the performance of the building quickly after an
earthquake. The feasibility of the proposed method is demonstrated through numerical

simulations, full-scale shaking-table tests, and actual response of a steel tower during 2016

Fukushima earthquake.
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Chapter 3 proposes a strategy based on the piece-wise cubic polynomial interpolation
(PWCPI) procedure to estimate the capacity curve for high-rise buildings from
accelerations using limited sensors placed at regular intervals along the height of the
building. The validity of the method is assessed by numerical simulations and shaking table

tests.

Chapter 4 presents validations for CCB method via field survey results, full-scale shaking
table tests and a numerical simulation study for damage evaluation for mainshock and
aftershock damage prediction. Comparisons between the CCB method and conventional

visual inspection-based method are made.

Chapter 5 gives a summary of the conclusions and provides suggestions for future work.
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Chapter 2. A wavelet transform-based approach to

estimate capacity curve

This chapter is reproduced from the paper titled “A wavelet transform based capacity curve
estimation approach using seismic response data” coauthored with Koichi Kusunoki,
which has been published in Structural Control and Health Monitoring, 25 (12), e2267,

DOI: 10.1002/stc.2267
2.1. Overview

In this chapter, by making use of the superior ability of wavelet transform method (WTM)
in signal reconstruction, an automated computation procedure for capacity curve from
structural acceleration response is proposed. The theory of capacity estimation from
measured response is first presented, followed by the algorithm for capacity curve
calculation using WTM. Examples of numerical simulation, shaking table tests and field

applications are presented to illustrate the approach.
2.2. Capacity curve from measured response

The capacity curve commonly obtained by pushover analysis is the relationship between

base shear force, V, , and the roof (Nth floor) displacement, x, of the structure. To directly
compare with the demand response spectra, V, and x, are converted to a spectral set of
coordinates S, and S, by using the dynamic characteristics of the fundamental mode to
represent the structure as a single-degree-of freedom structure. The mass normalized S,

and S, are given by:
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Where ,u,, is the Nth floor element of the fundamental mode {,u}, p, is the first mode

N

Zmi'lui

participation factor ===——— (mi=lumped mass on the i-th floor), and ;M is the

Zmi '1ui2

i=1
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equivalent mass for the first mode = —5—————, which can be obtained using assumed

1
> m -
1

1=
mass ratios and mode shape. The mode shape can be obtained from finite element model
or assumed as linear for simplicity. It can be also obtained from the fundamental-mode

floor accelerations in practise.

In the case where ground motion X, and structural acceleration response %, for each floor

are available, the base shear force V, can be obtained by summing inertial force of each

floor

V=3 m (% + %) )

Thus, the corresponding spectral acceleration

N
Zmi (X| + )'('0)
S,=t— 2-4
a Y (2-4)
In practice, it is more desired to study the fundamental mode of the response because
drawing meaningful conclusions from Eq. (2-2) and Eq. (2-4) is difficult due to a number

of different modes involved. By isolating the fundamental mode component, one can obtain
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Where {3} denotes extracting the first mode component from the response.

Finally, the capacity curve can be found by deriving the backbone curve, i.e., points that

update the maximum deformation during vibration, from S, ,S, hysteresis loops.

In principle, with measured acceleration, it is possible to get the relative displacement
through numerical integration. In addition, from Eqg. (2-5) and Eqg. (2-6), it can be shown
that m, is not necessarily the absolute value but the relative to the total mass, which can be
represented by the floor area governed by each accelerometer. Therefore, only by utilizing
the acceleration response from accelerometers as well as assumed mass distribution and

mode shape, the capacity curve can be calculated.
2.3. Capacity curve decomposition with the WTM

It was shown in section 2.2 that spectral displacement and acceleration can be obtained
using the measured response data. The next issue is how to effectively decompose the
signal and draw out useful information from measured signal. In this section, background
of wavelet transform and capacity curve estimation through wavelet transform method will

be described.
2.3.1 Outline of Wavelet Transform Method[1]

A wavelet is a local wave-like function with an amplitude that begins at zero, increases,

and then decreases back to zero. Just as the Fourier transform decomposes the signal into
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sines and cosines, WTM serves to decompose the signal into a series of basic functions of
dilated and translated versions of the parent wavelet function. A main advantage of wavelet
approach is that it allows for reconstructing signal perfectly, while signal leakage or phase
distortion may arise when using conventional filters for signal reconstruction. The

continuous wavelet transform (CWT) of a signal f (t) is defined as

(@)= [ 1w 27)

Where a and b are dilation and translation parameters, respectively. Both are real
. . t=b . .
numbers and a must be positive. ¥ (——) denotes the conjugate of the dilated and
a

translated version of selected mother wavelet w(t) . b specifies the location of the moving

wavelet window in the wavelet transform, and a indicates width of the wavelet window.

T(a,b) reflects how well the wavelet function correlates the signal analyzed.

In practice, the dyadic grid arrangement is often employed in wavelet transform. The
dilation is defined as a=2' and the translation parameter takes the form b =k2! where
(J,k)eZ ,and z is a set of integers. Using the discrete scales, the wavelet expansion of

f (t) and the coefficients of the wavelet expansion are defined as

f(t)= ZZTj,kV/j,k ®) (2-8)

T=] fOw, O (2:9)
Where y/;, (t)=2""2y (271 - k)
In discrete wavelet transform (DWT), a signal can be represented by its approximations

and details. The detail at rank j is defined as

Dj = ZTj,k‘//j,k ®) (2-10)

kez
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And the approximation at rank J is defined as

A = ; D, (2-11)
Apparently,
A=A +D; (2-12)
And
f(t)=A+>.D, (2-13)

i<

Concretely, for a signal f,(t) of N data points, the maximum decomposition rank
n=1log,N and the signal can be decomposed into different series of signals with specific

Nyquist frequency.

fo(t) = A, +_§n; D, (2-14)

The frequency content observed in the approximation A, and detail D; can be calculated

as a function of the sampling rate f, , as

f o =[0,2""1] (2-15)
foo, =[277f,27 ] (2-16)

2.3.2 Capacity curve calculation from measured acceleration

With WTM, Eq. (2-5) and Eq. (2-6) can be rewritten as

N
lemiZ(X'mHQA”j
=1 [N

S 2-17
1%a 1M ( )
PR
S, = (2-18)
s ﬂl'luN
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Where x(‘)"]’ and x,‘"j are the jth rank component of measured ground motion and acceleration

at i-th floor obtained through WTM. Due to fixed frequency resolution, the fundamental
component does not always fall into one specific rank, which requires to sum up several

ranks. The term " (x" + ;') and > x"| . are the sum of response at several ranks to
j i

approximate the first mode component of (% + %,) and x,,, respectively.

The jth rank components of ,S, and ,S, are

N
MK+
. (2-19)
1
- XV
4 =—21 (2-20)
ﬂl'luN

The measured input acceleration at the basement %" and the measured absolute

acceleration at each floor XiM , can be decomposed into each rank by WTM, as Eq. (2-21)

and Eq. (2-22)

(2-21)

X" =2 D +Au, (2-22)

Note that the low-frequency noise component in approximations A, = and A, . can lead
%' N M N

to significant errors when applying an integration procedure and thus would be neglected.
Only the detail parts are used to extract the first mode component of the measured

acceleration from the original signal.

XY =D, (2-23)

Xo' )
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X\ = D, (2-24)
The j th rank component of relative acceleration and displacement at i-th floor to the ground

are given by follows
o<W W W
%= X0 =X (2-25)

X = j j %" dt? (2-26)
When deriving displacement from acceleration, some signal processing technique, such as

demean and detrend, may be required to perform the baseline correction[2]. Substituting
Eqg. (2-23) ~ Eq. (2-26) to Eqg. (2-19) and Eg. (2-20), the j th rank component of hysteretic
loops can be obtained. To the choose the appropriate ranks that constitute the predominant
mode, the rank with largest cyclic area representing the largest dissipated energy during
vibration would be selected as the temporary predominant mode. In this step, the structural
behavior would be judged as linear or nonlinear according to deviation of the largest cyclic
curve. Then, if the representative linear slope of adjacent rank is similar to that of the
temporary predominant rank, it would be added. Different threshold values would be
chosen according to the behavior judged in the previous step. Note that once the threshold
values for area ratios and slope proximity are set, the selection process can be completed
automatically, without manual interference. The mother wavelet adopted in this study is B-
spline wavelet of order 4. The framework of the proposed capacity estimation algorithm is

shown in Figure 2-1.

Limitation may arise for close modes near the fundamental mode component, where the
fundamental mode cannot be well isolated. However, given that the higher mode
frequencies are normally 3 times greater than the fundamental one for most buildings[3],
the first mode frequency component would fall into different ranks from higher modes,

which can be extracted using the proposed method.
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Figure 2-1 Flowchart of capacity curve estimation

2.3.3 Numerical example

In this example, performance of proposed method is presented for an elastic system.
Discussion on the inelastic system will be left for section 2.4. Acceleration response was
generated for 3 DOFs system subjected to a seismic wave MYGO13NS observed by K-
NET in Sendai on March 11, 2011 and the time history is shown in Figure 2-2. The model
parameters of the system are shown in Table 2-1. The time interval used to generate the
data was 0.01s and the damping ratios were set as 3% for each mode. Frequencies of the

first three modes were 0.63Hz, 1.12Hz and 2.00Hz, respectively.
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Figure 2-2 Time history of the input motion

Table 2-1 Model parameters

Mass Stiffness
1F 2695 kN 97.0 kN/cm
2F 540 kN 32.3 kN/cm
3F 540 kN 32.3 kN/cm

The hysteresis loops of fundamental mode estimated by proposed method are shown in
Figure 2-3(a), where only Rank 7 of decomposed responses were used during calculation.
Results of 6™ order low pass Butterworth filters with different cutoff frequencies chosen
based on visual judgement from Fourier amplitude spectrum of acceleration response are
also shown in Figure 2-3(b)~(d). In each figure, the solid line denotes the hysteresis loops

and the dashed line denotes the 1% mode frequency preset for model.

As shown in Figure 2-3(a), the fundamental mode is successfully extracted from measured
response by the proposed method. It is clear from the figure that the response of the system
is linear and the slope of the hysteresis loops agrees well with the preset value. On the other
hand, the estimation result by Butterworth filtering is sensitive to the choice of cutoff

frequencies where scattering is observed in some cases. It can be seen that using cutoff
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frequencies of 0.8Hz can obtain the most satisfactory result among the three. However, in
practice, the selection process is not readily achieved and may require manual trial and

error tests.
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2.4. Shaking table tests

Data from a full-scale 3-story reinforced concrete frame structure shaking test [4] was
utilized to validate the proposed method. The specimen had 3-story and four columns at
each floor as shown in Figure 2-4. The dimensions and bar arrangements of the column
and beams are listed in Table 2-2. The weight of the specimen was 37.28kN (1F), 37.07kN
(2F), and 39.05kN (3F), respectively. The first three mode frequencies from the
computational model by the finite element method were 3.2 Hz, 10.1 Hz and 20.1 Hz. The
east-west (EW) component of the earthquake recorded at the Hachinohe station during
1968 Tokachi Oki earthquake was applied for the input motion. The input motion was
scaled so that peak ground acceleration (PGA) was 6m/s2. Sampling rate of the data
acquisition system was 200Hz. During the tests, yield hinges were formed at all ends of

beams and bottom of the columns on the first floor.

Table 2-2 Details of members

Member Dimension (mm) Main bar Hoop
Column 450x450 8-D22 D10@200mm
Beam (Roof) 250%500 Top 2-D22 D10@200mm

Bottom 2-D16
Beam (1% and 2™ 300x500 Top 2-D22+1-D19 D10@200mm

floor) Bottom 2-D22
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Figure 2-4 Dimensions of the three-story structure

Figure 2-5 shows the transfer function, i.e. the ratio of the Fourier amplitude spectrum of
the top-floor acceleration to that of the ground acceleration response. It can be found that
the predominant mode was obscured due to the large nonlinearity induced by the strong

motion, which make it difficult to perform conventional capacity estimation methods by

visual judgement based filtering.
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By utilizing WTM, the original signal was decomposed into 14 ranks. Figure 2-6 shows
the hysteresis loops of each rank. Following the computation path in Figure 2-1, it turned
out that Rank7 (0.78Hz~1.56Hz) had the largest area of hysteresis loops, and its adjacent
rank Rank8 (0.39Hz~0.78Hz) shared a similar slope with Rank7. Finally, we set the major
rank as the sum of Rank7 and Rank8, while other ranks were discarded because of too

small area or inconsistent slope.
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Figure 2-7 shows the backbone curve of the capacity curve derived from hysteresis loops

computed by Rank7 and Rank8. The designed fundamental frequency of 3.2 Hz is also
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superimposed in the figure for comparison.
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Figure 2-7 Capacity curve of the three-story structure
The nonlinear behavior of the structure is well displayed in the figure. The capacity curve
shows considerable stiffness reduction during the course of the earthquake, which is
consistent with the result of experiment observation. This demonstrates that the proposed
method could be applied for the large nonlinear response. Next, we take a closer look in

Figure 2-7(b) by zooming in Figure 2-7(a) with a focus on the linear range. The hysteresis
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loops are not shown here for simplicity. It can be found that the superimposed diagonal
agrees well with the estimated backbone curve in the elastic range, implying the WTM

chose the first mode successfully.
2.5. Application

Having outlined the basic theory and the validation experiment of the proposed method.
This section presents an example of the field application for damage evaluation using

seismic response data recorded at a steel tower during 2016 Fukushima earthquake.

Hazawa Tower (Figure 2-8(a)) is located in Yokohama, Japan. This cylinder type steel
tower is about 58 m from the ground and is used for micro-wave telecommunication. Tri-
axial accelerometers (ITK-002, shown in Figure 2-8(b)) were instrumented at the basement,

top, 1/3 and 2/3 of the total height as shown in Figure 2-8(a) with sampling rate of 100Hz.

(a) Hazawa Tower
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(a) 1TK-002

Figure 2-8 Instrumented tower and sensor
Strong motions with magnitude 7.4 occurred at 30km beneath the seafloor of offshore of
Fukushima at 5:59 am (JST) of November 22", 2016. The epicenter of the main shock and
the location of the tower are shown in Figure 2-9. Figure 2-10 and Figure 2-11show the
measured acceleration time histories and the corresponding transfer function at Hazawa

Tower in northeast (NS) Direction, respectively.
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Figure 2-10 From top to bottom (ground (a), 1/3 height (b), 2/3 height (c), top of the

tower (d)): Measured acceleration at Hazawa Tower in NS Direction
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Capacity curve was estimated using the measured accelerations. Rank 7 (0.39Hz~0.78 Hz)
and Rank 8 (0.19Hz~0.39Hz) were selected as the 1% mode component. The calculated
capacity curve of Hazawa tower during Fukushima earthquake is shown in Figure 2-12. It
is shown clearly that Hazawa tower remained in elastic under Fukushima earthquake. The
predominant frequency derived from the capacity curve by using linear curve fitting is
0.69Hz, which is consistent with the value from the transfer function in Figure 2-11. This

indicates that the number of the sensor of 3 can give a good accuracy for Hazawa tower.
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Figure 2-11 Transfer functions (NS Direction)
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Figure 2-12 Capacity curve of Hazawa Tower

For comparison, the design predominant frequency of 0.57Hz is also shown in the figure.
The measured frequency was a little larger than the design value. This finding is consistent
with the results in literature review, which may be attributed to the overestimation of

effective mass values at the design stage[5][6][7].
2.6. Conclusions

A novel procedure for deriving structural capacity curve from its earthquake acceleration
response was presented. A clear advantage of this method is that it frees one from choosing
cutoff frequencies manually and is capable of generation of capacity curve in a relatively
short time. Structural damage or a change in system stiffness can be well displayed through
a simplified force-displacement relationship. The feasibility of the proposed method is
demonstrated by numerical examples, shaking table tests and actual recorded data of a steel

tower during an earthquake event.
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Chapter 3. Capacity curve estimation for high-rise

buildings using limited number of sensors

This chapter is reproduced from the journal paper titled “Capacity curve estimation for
high-rise buildings using limited number of sensors” coauthored with Koichi Kusunoki,
which has been accepted by Journal of Earthquake Engineering, (DOI:

10.1080/13632469.2019.1592792).
3.1. Overview

In this chapter, a strategy to estimate capacity curve with a limited number of sensors for
high-rise buildings based on the piece-wise cubic polynomial interpolation (PWCPI)
procedure is proposed. The PWCPI procedure for interpolation is adopted here but not the
mode-based procedure proposed by Goel (2008) [1] is mainly because during the process
of interpolation, the mode-based procedure usually requires the model properties
information, such as the distribution of stiffness, which is usually unavailable in the
practice of health monitoring. On the other hand, PWCPI procedure does not need such
information and is easy to implement. Meanwhile, sensors are instrumented on floors at a
regular interval along the height of the building; thus, detailed structural information is not
necessary for the optimization of the sensor location. Numerical simulations and shaking
table tests are conducted to illustrate the method. This chapter has a narrow focus on regular
buildings, where the stiffness distribution is assumed to be smoothly increased along the

height of the building.
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3.2. Piece-wise cubic polynomial interpolation procedure

Consider that an N-story building is instrumented at J locations including accelerometers

at the ground floor and the roof. Let Acc(h;) be the acceleration measured by the j-th
sensor located at height h;, from the ground. At a given height he[h;,h;,,], the desired

acceleration is given by

Acc(h)=a;(h—h,)* +b,(h—h,)* +¢;(h—h,) +d, (3-1)
where a;, b;, ¢, and d; are the coefficients to be estimated in each subinterval [h;,h;,,].

As there are J -1 subintervals divided by J sensors, 4(J —1) constants are needed to define
the response of the building. In addition, 2(J —1) equations are found by matching the
response at the two ends of J -1 subintervals, and the remaining constraints 2(J —1) can

be given by the continuity conditions at J —2 junctions of the J —1 subintervals and the
boundary conditions of the building. Interested readers can refer to Goel (2008) [1]for a
more detailed description of the PWCPI procedure. In this study, cubic interpolation was

performed using the MATLAB function “spline”[2].

The strategy to estimate capacity curve with a limited number of sensors can be divided
into two steps. First, the accelerations of noninstrumented floors are calculated by
interpolating the accelerations at floors at a regular interval along the height of the building.
It is useful to emphasize that the accelerations at the base and roof of the building are
always included in the interpolation. Next, the capacity curve is estimated from the
accelerations at each floor using the method proposed in Chapter 2. Figure 3-1 summarizes

the process.
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Figure 3-1 Procedure to estimate capacity curve with accelerations from limited sensors

3.3. Numerical simulation

In this section, the responses of shear buildings with 8, 18, and 28 stories subjected to
seismic ground motion are used to explore the accuracy of estimated capacity curve with

different number of sensors placed at regular intervals along the height of the building.

Each building was assumed to have a uniform floor mass of 200 tons. Trilinear model was
used to idealize the nonlinear behavior of each story, and initial stiffness decreased with
the floor height in accordance with the Japanese code [3]. The fundamental mode
frequencies of the three building models were 1.639 Hz, 0.874 Hz, and 0.567 Hz,
respectively. The damping was defined as classical damping with damping ratios in the

fundamental and second modes to be 5%.

In this study, the accelerations at each floor were simulated by the time history analysis
(THA) of building models subjected to ground motions at the base of the buildings. The
motions used in the investigation are translations recorded during the 1940 Imperial Valley
earthquake (Figure 3-2(a)), 1994 Northridge earthquake (Figure 3-2(b)), and 1995 Kobe
earthquake (Figure 3-2(c)). The THA accelerations at limited floors were used to

interpolate accelerations at the remaining floors. Next, the capacity curve was estimated
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from accelerations at all floors. The accuracy of the interpolation procedure was evaluated
by comparing the capacity curve from responses at all floors with that from the PWCPI

procedure using responses interpolated at limited floors.
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Figure 3-2 Time histories of earthquake events at 100% shaking intensity (a) 1940 Imperial
Valley earthquake (b) 1994 Northridge earthquake (c) 1995 Kobe earthquake

The accuracy of the estimated capacity curve from the PWCPI procedure is defined by

function of fitness F as follows:

Inp Inp | Inp
Sdisp.Pos + Sdisp.Neg + Saggpos + Salcc.Neg
F — Sdisp.Pos Sdisp.Neg Sacc.Pos Sacc.Neg (3_2)
4
where Sy, pes AN Sy, e are the maximum spectral displacements of the capacity curve

estimated from responses at all floors without interpolation in the positive and negative

directions, respectively; S and S are the corresponding spectral accelerations;

acc.Pos acc.Neg
Inp Inp Inp Inp . .
Saapes AN S;f ., and Sy o and Syf . are the corresponding spectral acceleration and

spectral displacement estimated from responses through interpolation, respectively. The

capacity curve is estimated with high quality when F is close to unity.

Each input motion was scaled to different levels of peak ground acceleration so that the
building models could deform from the linear-elastic range to the nonlinear range. The
trend of accuracy of the PWCPI procedure with different number of sensors was plotted

with respect to the maximum inter-story drift angle, as shown in Figure 3-4 - Figure 3-6.
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Note that as the soft-story condition may occur in the lower floors, resulting in stiffness
discontinuity, at least one additional instrument was needed somewhere in the middle
floors, apart from the ground floor and the roof. Therefore, at least three sensors were

required during the interpolation process.

When the building models deformed within the elastic range (maximum inter-story angle
< 1/1000 rad), F was very close to unity, indicating that the estimated capacity curves from
the PWCPI procedure matched well with those from responses at all floors without
interpolation. Figure 3-3(a) shows the capacity curve of 18-story building estimated from
accelerations using PWCPI with three sensors and capacity curve without interpolation
during the Northridge earthquake. It is found that these two capacity curves agree well.
The predominant frequency from the capacity curve using PWCPI was 0.87 Hz, which is
consistent with the design value. A nonlinear case with three sensors during the Kobe
earthquake is also presented in Figure 3-3(b), showing good consistency between the

estimated capacity curve with all sensors and limited sensors.
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Figure 3-3 Comparison of capacity curve from THA and PWCPI: (a) linear case; (b) nonlinear

case

The results presented in Figure 3-4-Figure 3-6 indicate that the accuracy was improved
with increased sensors and that the accuracy was high even in a large deformation range.
For the eight-story building, although there were some small fluctuations during the Kobe
earthquake, F was close to unity in most cases using three sensors. Some scatters were
found for the 18-story building with three sensors, and an outlier was observed at the
smallest drift level when the structure behaved linearly in Figure 3-5(b). Figure 3-7 shows
the capacity curve estimated at the outlier location. The capacity curve became a curve
with abrupt changes. These changes resulted from inappropriate rank selection by the
wavelet-based method. This shows that three sensors cannot be used to reconstruct the
response and at least four sensors are necessary for the 18-story building. Four sensors are
suitable for 28-story building and using more sensors could improve the accuracy. Table

3-1 summarizes the minimum number of instrumented sensors.
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Figure 3-4 Accuracy of PWCPI for eight-story building during the (a) 1940 Imperial Valley

earthquake, (b) 1995 Kobe earthquake, and (c) 1994 Northridge earthquake
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Figure 3-5 Accuracy of PWCPI for 18-story building during the (a) 1940 Imperial Valley

earthquake, (b) 1995 Kobe earthquake, and (c) 1994 Northridge earthquake
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Figure 3-6 Accuracy of PWCPI for 28-story building during the (a) 1940 Imperial Valley

earthquake, (b) 1995 Kobe earthquake, and (c) 1994 Northridge earthquake
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Figure 3-7 Estimated capacity at the outlier location: (a) three sensors; (b) four sensors

Table 3-1 Required numbers of sensors

8-story

Minimum numbers 3

18-story

4

28-story

4
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3.4. Shaking table experiments

Having demonstrated the strategy using numerical simulations, the proposed method is
applied to three shaking table experiments. These three examples deal with a 20-story
reinforced concrete (RC) frame building and two six-story RC shear wall buildings with

acceleration data measured during seismic excitations.
3.4.1 20-story RC frame shaking table experiment

The test structure was a 1:4 scaled model of a typical high-rise RC frame building in Japan
[4] (Figure 3-9). The specimen consisted of three paralleled two-bay frames in the
longitudinal direction. The story height was 0.75 m and the span widths were 1.625 m in
the longitudinal and transverse directions. The model was tested on the triaxial shaking
table E-defense (size: 20 m x 15 m) by exerting series of earthquake waves. Yield hinges
were formed and the maximum story drift angle was 0.028 rad during the earthquakes.
Figure 3-8 shows the input motion series and Figure 3-10 shows the visual inspection

results of damage to the building after experiencing the earthquake series.
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Figure 3-8 Time history of input motion series
Acceleration data used for the PWCPI procedure was utilized from sensors installed on the

ground floor, 8th floor, 15th floor, and the roof, following a distribution of equal distances.
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The capacity curve estimated using the PWCPI procedure was compared with that using
acceleration at all floors, as shown in Figure 3-11. It can be shown that estimated capacity
using data only from four sensors agrees well with that obtained using recorded data at all
floors. The capacity curve in Figure 3-11 demonstrates that the stiffness of the structure
decreased and the entire structure was deformed in the nonlinear range, which is consistent
with the observation result of the experiment. Figure 3-12 depicts the height-wise
distribution of the fundamental-mode accelerations at the peak spectral acceleration point
using the PWCPI procedure and that with all sensors. This shows that the PWCPI
procedure could provide good estimates of the fundamental-mode components of floor

accelerations.
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Figure 3-9 20-story RC frame building test model
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3.4.2 Six-story RC shear wall experiment

The instrumented structure in this example was a 30%-scaled six-story RC shear wall
building tested until collapse at E-defense shaking table [5] (Figure 3-14). The structure
was 5.4 m long, 4.6 m wide, and 6.5 m high. Shear walls were constructed from the second
to the sixth floor. The earthquake records used in the experiment were from the 1995 Kobe
earthquake and were mainly applied in the transverse direction (shear wall direction) of the
structure. Intensities of the ground motions were adjusted to different scale during the test.

Figure 3-13 shows the time history of input motion series.
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Figure 3-15 (a) shows the capacity curve estimated through the PWCPI procedure with
three sensors installed at the ground floor, fourth floor, and the roof. Nonlinear behavior is
well displayed in the figure. The spectral acceleration increases with increased spectral
displacement and then begins to decrease after reaching the peak point. This phenomenon
may contribute to the collapse of the structure. Although significant stiffness
discontinuities may occur at the bottom of the structure when the building collapses, the
capacity curve using the PWCPI procedure with three sensors and that using data from all

floors was consistent. For comparison, the capacity curve estimated using PWCPI with two
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sensors (ground floor and roof) is also shown in Figure 3-15 (b). These two curves matched
well in the linear region, but some differences were found in the nonlinear region. Figure
3-16 (a) and Figure 3-16 (b) show the height-wise distribution of the fundamental-mode
accelerations at the peak spectral acceleration point using the PWCPI procedure with three
and two sensors, respectively. As shown in the figure, the height-wise distribution with
three sensors approximates well with that using all sensors. Meanwhile, the error caused
by using two sensors is large for the middle floors when one of the floors is ignored in the
interpolation procedure and tends to be smaller for the upper and lower floors. The large
error in floor accelerations results in a poor approximation of capacity curve. This implies
that two sensors cannot be used to reconstruct an accurate capacity curve when the structure

behaves nonlinearly. Therefore, at least three sensors are necessary in a six-story building.
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Figure 3-15 Capacity curve of six-story building: (a) three sensors; (b) two sensors
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Figure 3-16 Height-wise distribution of maximum acceleration using the PWCPI procedure: (a)
three sensors; (b) two sensors

3.4.3 Six-story RC shear wall experiment

This test specimen here is a 6-story shear wall RC building[6] (Figure 3-18) tested on the
tri-axial shaking table E-defense (size: 20mx15m) by exerting series of earthquake waves.
The input motion was the horizontal components (East-west and North-south) and the
vertical (Up-down) component of the 1995 Hyogo-ken Nambu earthquake recorded at the
Japan Meteorological Agency. All three components were applied simultaneously. To
induce progressive damage of the structure, the specimen was subjected to a series of scaled
earthquake loads during the tests. The specimen finally collapsed due to shear failure in
short columns and the structural wall at the 1st-story during the last strong earthquake

motion. Figure 3-17 shows the time history of the input motion series.
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Figure 3-18 Six-story RC shear wall building test model

Figure 3-19(a) shows the capacity curve estimated through the PWCPI procedure with
three sensors installed at the ground floor, fourth floor, and the roof. The nonlinear behavior
is apparent as shown in the figure. The figure also shows that the capacity curve using the
PWCPI procedure with three sensors matched well with that using data from all. For
comparison, the capacity curve estimated using PWCPI with two sensors (ground floor and
roof) is also shown in Figure 3-16(b). Like the previous 6-story case, these two curves
matched well in the linear region, but the curves in the nonlinear region show some

difference. Figure 3-20(a) and Figure 3-20(b) show the height-wise distribution of the
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fundamental-mode accelerations at the peak spectral acceleration point using the PWCPI
procedure with three and two sensors, respectively. As shown in the figure, the height-rise
distribution with three sensors approximates well with that using all sensors. However, the
error caused by using two sensors is large, especially for the middle floors when one of the
floors is ignored in the interpolation procedure. The large error in floor accelerations results
in a poor approximation of capacity curve. This replicates the finding in the previous case.

Therefore, at least three sensors are needed in a six-story building.
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Figure 3-19 Capacity curve of six-story building: (a) three sensors; (b) two sensors
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Figure 3-20 Height-wise distribution of maximum acceleration using the PWCPI procedure: (a)

three sensors; (b) two sensors

3.5. Conclusions

A strategy for capacity curve estimation from accelerations at limited floors is proposed.
Numerical simulations and shaking table tests have shown that the estimations based on
the PWCPI procedure using data from sensors placed at regular intervals provide good
estimates at the linear-elastic range as well as the nonlinear range. The entire procedure
does not require sensors to be installed at optimal locations calculated from the modal
property. This finding is useful and convenient in practice, because modal property, such
as mode shape, is not always available for the instrumented building. The required number

of sensors is also provided in this study.
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Chapter 4. Validation of post-earthquake damage
evaluation using field survey results, shaking table tests and
numerical simulations

4.1. Overview

This chapter will present the validation of post-earthquake damage evaluation using field
survey results, shaking table tests and numerical simulations. This study will have a narrow
study on RC buildings, because they are widely constructed around the world. The field
survey results and shaking table tests are used for the validation of damage evaluation for
mainshock, while the numerical simulations are used for aftershock, respectively.
Comparisons between the result using the capacity curve method and visual inspection-

based guideline for post-earthquake damage evaluation in Japan[1] are also presented.
4.2. Methodology

4.2.1 Outline of the methodology[2][3]

The framework for post-earthquake damage evaluation based on capacity curve is shown
in Figure 4-1. The capacity curve here denotes the relationship between the mass-
normalized base shear and roof displacement derived from the recorded accelerations of
the instrumented building, in which the displacements are obtained by the double integral
using a wavelet transform. The demand curve represents the demand for the structure given
an earthquake, which is obtained from the ground acceleration. The demand curve with 5%
viscous damping is usually adopted for elastic range. When the structural behavior is

nonlinear an additional damping effect is considered. Then, the demand curve is reduced
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from the 5% elastic demand curve, as shown in Figure 4-1. The intersection of the capacity
curve and the reduced demand curve is the predicted maximum response during the
mainshock. In practice, the maximum deformation of capacity curve estimated from
measured seismic can be considered as the maximum response under the mainshock and

thus demand curve is not needed.

Similarly, this method can also be extended to predict the maximum response during a MA
sequence by considering the mainshock and its subsequent aftershock as a single
earthquake input. Given that the input energy of the combined earthquake is greater than
that of the mainshock alone, the maximum response of the former would usually be greater.
One simple method of accounting for this in the capacity spectrum is to reduce the
equivalent damping and the subsequent reduction in demand, as indicated in Figure 4-1.
The predicted maximum response during the MA sequence is the intersection of the

demand curve and the capacity curve and then the damage class can be judged.
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Figure 4-1 Concept of the CCB method

For the demand curve for aftershock, as specified in Japan design code [4][5],the response
spectral acceleration and displacement of the demand curve for a yielding structure
subjected to earthquake is reduced from the elastic demand curve with 5% damping by the

response spectrum reduction factor F, :

F_ 15
" 1+10h, 41
1
h, =y(1—-—=)+0.05 4-2
q T (4-2)

where 4 is the ductility factor of the structure. h,, is the total equivalent viscous damping

and y is the reduction factor considering the damping effect for the nonlinear seismic

response of the building. For RC structures, » usually takes the values of 0.25.

Kusunoki (2006)[6] proposed a reduction coefficient y of 0.06 for the estimation of the

equivalent damping ratio during a MA sequence through numerical study, in which the

maximum aftershock is assumed to be the same as the mainshock.
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To evaluate the damage state in a quantitative manner, the capacity curve obtained using
measured responses is modeled as a tri-linear backbone curve here. The tri-linear curve is
widely adopted in simulation of the backbone of RC structural hysteretic behaviors ([8]-
[11]) for its acceptable modeling complexity and computational accuracy. The damage
state of a building is classified into five classes (0: no damage I: slight, II: minor, IlI:
moderate, IV: severe, V: collapse) in terms of the mass-normalized force-displacement
relationships, which represents the structural behavior ranging from elasticity to totally
collapse, as illustrated in Figure 4-1. Class O is the state when the structural behavior is
linear and no damage occurs. Class | corresponds to a state when sporadic cracks start to
occur in concrete but the reinforcement is yet to reach the yield limit. Then, if deformation
exceeds the yielding point, the initiation of reinforcement would result in larger cracks in
concrete, and the strain in the compressive concrete will rapidly increase to the strain at
maximum stress (Class 11 to Class IV). Here, the region between Class 11 and Class 1V is
divided evenly for simplicity. When the deformation exceeds the safety limit state(SLS)

(Class V), the lateral and vertical load sustaining capacities are lost.

The safety deformation of the entire structure can be predicted using the story deformations
at the second corner and the last step of the trilinear modeled capacity curve[7]. It was
found that the safety limit deformation can be predicted within 10% error when the
maximum response is around the second corner point of the trilinear model, and within the
few percent error when the maximum response exceeds the second corner point. ). The
preset limit state could be different for different structural system. In practice, it is
reasonable to set the limit as the inter-story drift angle of 1/50 for RC frame building and

1/100 for RC shear wall building
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4.2.2 Damage evaluation procedure
The damage evaluation strategy for RC structures is summarized as follows:

1. Estimate the capacity curve using measured seismic responses and model the restoring

force characteristic by converting capacity curve into the tri-linear fitting curve.

2. For damage evaluation for mainshock, evaluate the damage class with the modeled

restoring force using the damage index in section 4.2.1.

For damage prediction for aftershock, obtain the inelastic response curve for the yielding
structure using the estimated response reduction calculated by Eqg. (4-1) and Eqg. (4-2), in

which y would be selected as 0.06. Next, evaluate the damage class using the intersection

of the capacity curve and demand curve and the damage index in section 4.2.1.
4.3. Japanese guideline for damage evaluation

The damage evaluation method in the Guideline for Post-Earthquake Damage Evaluation
and Rehabilitation of RC Buildings in Japan is based on the residual seismic capacity ratio
index R, which is defined to represent the residual seismic performance of earthquake-

damage buildings.

The R-index for each direction in each story of the target building is defined by Eq. (4-3)
based on the damage condition of each column of that floor, which is calculated based on
the seismic capacity reduction factor # listed in Table 4-1. # is defined as the ratio of the
residual energy dissipation capacity to the original energy dissipation capacity of the

member, as illustrated in Figure 4-2.
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R=212 x100(%) (4-3)

\

2
j=0

where j is the damage class of the column in Table 4-1; 7, is the seismic capacity reduction
factor for the columns with damage class j; and n, is the number of the columns with

damage class j.

The damage levels of a structure can be evaluated based on the R index.
[slight damage] R>95%

[Minor damage] 80<R<95%

[Moderate damage] 60<R<80%

[Severe damage] R<60%

[Collapse] R=0
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Table 4-1 Damage class definition with the seismic capacity reduction factor n for ductile

reinforced concrete columns

Damage class, j Description of damage 1,

0 No damage 1.0

| Visible narrow cracks on the concrete surface 0.95

I Visible clear cracks on the concrete surface 0.75

i Local crush of cover concrete 0.5

v Significant crush of concrete with reinforcing bar 0.1
exposure; Spalling of concrete cover

\YJ Buckling of the reinforcing bars; Significant damage 0

to the core concrete; Visible vertical and/or lateral
deformation of the column; Visible settlement and/or

leaning of the building
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4.4. Investigation of capacity-curve-based method

4.4.1 Field survey

The department building of architecture, Yokohama National University is a reinforced
concrete building located in Yokohama, Japan. The height of the building is 30.8m with 8
stories and 1 underground floor (Figure 4-4). Tri-axial accelerometers have been installed
on every floor of the building since 2008, and the monitoring system functioned well during
the 2011 Tohoku earthquake. Figure 4-3(a) and (b) give the measured accelerations of the

basement and the roof, respectively.
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The capacity curve is successfully estimated from measured accelerations of the basement
and of each story of the building during the main shock, as shown in Figure 4-5. Restoring
force characteristic modeling is performed on the estimated capacity curve. It can be shown

that cracking takes place and the whole structure begins to deform into the inelastic range.
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From the modeled capacity curve, the damage class of the building is evaluated as I, minor
damaged (Figure 4-5(a)). Field surveys were also conducted after the main shock. As
shown in Figure 4-5(b), small cracks were found mainly at the bottom of the continuous
shear walls and at the corner of openings, which indicated the building had suffered minor

damage. These results are consistent with the one made by the CCB method.
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4.4.2 Shaking table tests

This section presents an experimental investigation of seismic damage evaluation of a full
scale 6-story RC wall-frame building model (Figure 4-6)using the CCB method. An outline
of the shaking table tests is given here, and a more detailed description can be found in
[12]. The test specimen consisted of 3 paralleled three-bay in the longitudinal (Y) direction
and two bays in the transverse (X) direction. The span widths were 5 m in the longitudinal

and transverse direction. The plan dimensions were 15m by 10m, and the height of the
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structure was 15m. The central frame had a structural wall in the central bay continuously

from the 1st to the 6th story.

The model was tested on the tri-axial shaking table E-defense (size: 20mx15m) by exerting
series of earthquake waves. The input motion was the horizontal components (East-west
and North-south) and the vertical (Up-down) component of the 1995 Hyogo-ken Nambu
earthquake recorded at the Japan Meteorological Agency. All three components were
applied simultaneously. To induce progressive damage of the structure, the specimen was
subjected to a series of scaled earthquake (Table 4-2) loads during the tests. The specimen
finally collapsed due to shear failure in short columns and the structural wall at the 1st-
story during the last strong earthquake motion. Table 4-3 gives the damage observations

and the maximum story drift angle for the 2" story.

Damage evaluations were conducted with the capacity-curve-based method at the end of
each input motion. These evaluations included the building response from proceeding
excitations. For example, the evaluation for Input 3 would also consider the building
response under Input 1 and Input 2. This is to ensure that cumulative damage effects are
considered in the assessment. Figure 4-7 and Figure 4-8 show the time histories of the input

motion in X direction and Y direction, respectively.
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Figure 4-6 Tested building model

Table 4-2 Input plan[12]

Input Scale

Maximum acceleration (m/s?)

no. X Y z
1 5% 0.307 0.469 0.191
2 10% 0.785 0.916 0.391
3 25% 1.97 2.99 0.946
4 50% 3.43 4,74 1.86
5 100%  6.30 11.40 3.45
6 60% 3.11 5.40 1.93
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Table 4-3 Damage observation and quantification results during different cases[13]

Input no. Test result and damage Maximum deformation for the 2" floor
observation x direction y direction

1 Elastic behavior  without 0.69 mm (1/3600) 0.46 mm (1/5400)
damage

2 Flexural cracks were found on 2.44 mm (1/1000) 1.32 mm (1/1900)
the bottom of the columns on the
1% floor

3 Flexural cracks were found on 5.19 mm (1/480) 3.96 mm (1/630)
the end of the beams on every
floor

4 Shear cracks were found on the 11.15 mm (1/220) 9.22 mm (1/270)
shear wall on the 1° floor

5 Short columns and the bottom of  48.00 mm (1/52) 98.33 mm (1/25)
the shear wall on the first floor
suffered shear failure

6 Long columns on the 1% floor 44.03 mm (1/57) 150.06 mm (1/17)

suffered compression failure;
The structure was on the state of

near-collapse

The capacity curve and the modeled restoring force in terms of spectral displacement and
spectral acceleration were estimated for the six test cases, as shown in Figure 4-9 and
Figure 4-10. In general, the capacity curves were satisfactorily correlated with the observed

damage scenarios of the specimen shown in Table 4-3. In the context of spectral
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displacements, one could find that values in the Y direction and X direction are almost
identical for the first four input cases. However, the spectral displacements in the Y
direction is two times larger than those in the X direction for the case of Input 5 and Input
6, which is consistent with observed inter-story drift angle. As illustrated by Figure 4-9 and
Figure 4-10, for the case of Input 1 to 3, the capacity curve is linear or nearly linear, which
agrees well with the observation that the structure was undamaged or only formed flexural
cracks. The structure behaved nonlinearly in the case of Input 4 in X direction, as illustrated
by Figure 4-9 (d), and deformed in a large nonlinear range for the Input 5. In the case of
Input 5, the spectral acceleration increases with increased spectral displacement and then
begin to decrease after it reaches the ultimate point. This phenomenon may be contributed
to shear failure of the short columns and the bottom of the shear wall on the first floor
(Figure 4-11).

Next, the damage evaluation result based on capacity curve method and post-earthquake
damage evaluation guideline [13] are listed in Table 4-4 for comparison. It is shown in
Table 4-4 that the result of the CCB method agrees approximately with the guideline’s one,
although differences can be found for the Input 4 and 5. Note that while the CCB method
evaluates the damage according to the overall structural performance and the inter-story-
drift-based safety limit, the guideline method requires the identification of damage state of
each lateral-load resisting member and classifies the damage level based on the weighted
arithmetic mean value of the damage states of members by visual inspection[1], which
could lead to the differences in the assessment result. In view of this, the agreement

between the guideline and the CCB method is acceptable.
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Figure 4-9 Capacity curve and modeled restoring force in X direction
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(©)

Figure 4-11 Visual inspection of damage after Input 5 (a) short column on the first floor (b)
another short column on the first floor (c) shear wall on the first floor

Table 4-4 Comparison between results of CCB method and guideline

Input no. Damage by Damage class by the capacity curve method
guideline X direction Y direction

1 0 0 0

2 | | 0

3 | | |

4 | | |

5 v V V

6 V \Y V

4.4.3 Numerical investigation
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The numerical model is a 2-dimension RC frame structure with 6 stories and 2 bays (Figure
4-12). The numerical simulation was performed by Open System for Earthquake
Engineering Simulation (OPENSEES). To compare the result using the CCB method and
the one that using Japanese guideline which evaluates the damage based on the vertical
members, the RC beams were assumed to be elastic, while the columns considered
nonlinear flexural characteristics to concentrate the damage in the columns during the

simulation.

Table 4-5, Table 4-6 and Table 4-7 show the information on the columns and the material
parameters of the reinforcement and concrete. Figure 4-14 and Figure 4-15 show the
hysteretic behaviors of the steel and concrete, respectively. The ground motion used in this
investigation was the seismic wave MY GO013NS observed by K-NET in Sendai on March
11, 2011. which was selected as the mainshock of the MA sequence. The aftershock was
then assumed to be identical as the first motion. Figure 4-13 gives the time history of the

MA sequence at 100% shaking intensity.
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Figure 4-13 Time history of MA sequence at 100% shaking intensity

Table 4-5 Details of the columns

Dimension Longitudinal
(mmxmm) reinforcement (mm?)
Column 500x%500 3040
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Table 4-6 Mechanical properties of the reinforcement

Material Yield strength Initial elastic tangent  Strain-hardening ratio
(N/mm?) (N/mm?)
Steel 345 2x10° 0.02

Table 4-7 Mechanical properties of the concrete
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Material Compressive Strain at Crushing Strain at
strength maximum strength crushing
(N/mm?) strength (N/mm?) strength
Concrete 30 0.002 15 0.003
stress
yield strength |- — 1 initial elastic tangent X

strain-hardening ratio

A initial elastic tangent

>

strain

'''''''' yield strength

initial elastic tangent X strain-hardening
ratio

Figure 4-14 Hysteretic behavior of steel
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Figure 4-15 Hysteretic behavior of concrete

The input motion was scaled to different levels of peak ground motion so that the building
could deform from the linear-elastic range to the nonlinear range. Accelerations at each
floor were simulated by the time history analysis of the building model subjected to the
ground motion at the base of the building. Figure 4-16 gives the high-wise distribution of
the maximum story drift angle of the building under various levels of the MA sequence.
The increasing responses caused by the increasing intensity of the input motions are
apparent in the figure. The largest story drift angle occurred at the bottom floor and
increased sharply after 20% intensity, which indicates the bottom floor had deformed into
nonlinear range. Meanwhile, the drift angles at other floors were small and grew gradually

with increasing intensity.
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Figure 4-16 High-wise distribution of the maximum story drift angle
Using the recorded floor accelerations and ground motion during the mainshock of the MA
sequence, the capacity curve and demand curve of each seismic events are estimated. For
the input at 5% and 10% shaking intensity, the structure behaves within the elastic range,
as shown by the linear capacity curve in Figure 4-17 (a) and (b). The capacity curve
intersects the 5% elastic demand curve in its linear-elastic region, indicating that the
structure would behave linearly after the excitation of the aftershock. The structure initiated
nonlinearity under the input at 20% intensity, and nonlinearity increased with increased
input motion. Therefore, the demand curves from input at 20% intensity to 80% intensity
are reduced from the 5% elastic demand curve. As shown in Figure 4-17 (c)-(f), the
intersection point tends to be closer to the preset safety limit (SL) as the excitation increases,
which means the damage class for aftershock is getting higher. Note that the maximum
deformation points lie beyond the SL under the input at 80% intensity. This indicates the

structure has already collapsed during the mainshock.
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Figure 4-17 Capacity curve and demand curve

The predicted aftershock damage class using the proposed method would be compared with
the one using the guideline method in Japan. Since visual inspections are not available in
this case, the damage class of the structure would be determined based on the ratio of the
residual energy dissipation capacity to the original energy dissipation capacity of the

member. A summary of the procedure for damage evaluation using guideline is given here.

1. Adjust the MA sequence to the same intensities in the experimental studies and
perform structural analysis to obtain the maximum axial forces and maximum
curvatures of the bottom and the top section of the columns.

2. Perform sectional analysis to obtain the moment-curvature behavior for the bottom
and top sections of each member under the obtained axial forces in step 1. The
ultimate limits of the curvatures of the sections are set where the strain at the

extreme compression fiber of the concrete reaches 0.0033.
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3. The obtained moment-curvature curves from step 3 is first converted a trilinear
fitting curve. Next, with the modeled curve and the maximum curvature predicted
from structural analysis in step 1, the n parameter is calculated, according to the
definition in Figure 6. To estimate post-yield scant unloading stiffness for the
trilinear model, the stiffness degradation factor adopted here is 0.4.

4. Select the smallest 1 considering both the top and bottom sections of each column
and calculate the R of each floor using Eq. (4-3). The smallest R overall represents

the damage condition of the entire structure.

The damage evaluation result based on capacity curve method and post-earthquake
damage evaluation guideline are listed in Table 4-8. It is shown that the result of the
proposed method agrees fairly well with the guideline’s one, although in the moderate
damage and severe damage condition, the damage class for the guideline are higher.
The major reason for these differences may due to the damage classes defined in these
two methods. For the proposed method, the region between Class Il to Class 1V is
divided evenly in terms of the entire structure capacity curve. On the other hand, in the
guideline, the region between Class 11 to Class IV is split in terms of dissipated energy
ratio of each members and then take the average of damage classes of the members as

an indicator for the overall damage condition.



Table 4-8 damage evaluation results for aftershock

Input level Scale Damage evaluation result

Capacity curve method Japanese guideline

Damage class

1 5% 0 I

2 10% I I

3 20% Il 1
4 30% Il v
5 40% v \%
6 80% \Y \Y

45. Conclusions

Validation of post-earthquake damage evaluation was presented and the results using the
capacity curve method was compared with those using guideline in Japan. First, field
survey results and an experimental investigation of a 6-story RC building model using the
CCB damage evaluation method are demonstrated. The results of CCB method agree fairly
well with the visual inspection’s one. Next, the capacity curve method for aftershock
damage prediction is validated by the simulated data from a 6-story RC frame structure
under earthquakes and comparisons with guideline are made, which also shows good

agreement.
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Chapter 5. Conclusions and future work

5.1. Conclusions

A rapid and reliable methodology for estimating capacity curve using wavelet transform
for damage evaluation with limited number of accelerometers was proposed and a

validation of the CCB method was presented in this study.

In Chapter 2, a novel procedure for deriving structural capacity curve from its earthquake
acceleration response was presented. A clear advantage of this method is that it frees one
from choosing cutoff frequencies manually and is capable of generation of capacity curve
in a relatively short time. Structural damage or a change in system stiffness can be well
displayed through a simplified force-displacement relationship. The feasibility of the
proposed method is demonstrated by numerical examples, shaking table tests and actual

recorded data of a steel tower during an earthquake event.

In Chapter 3, a strategy for capacity curve estimation from accelerations at limited floors
is proposed. Numerical simulations and shaking table tests have shown that the estimations
based on the PWCPI procedure using data from sensors placed at regular intervals provide
good estimates at the linear-elastic range as well as the nonlinear range. The entire
procedure does not require sensors to be installed at optimal locations calculated from the
modal property. This finding is useful and convenient in practice, because modal property,
such as mode shape, is not always available for the instrumented building. The required

number of sensors is also provided in this study.

In Chapter 4, validations using field survey results, shaking table tests and numerical

simulations are presented and comparison between the capacity-curve-based method and
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code-specified visual inspection method are made. It is shown that the damage evaluation

results using the CCB method agree fairly well with those of visual inspection during the

tests, indicating that the CCB method could serve as a useful tool for post-earthquake

damage evaluation.

5.2.

106

Future work

The long-period component in the measured signal eliminated by WTM may lead
to the elimination of residual displacement after applying double integration. Thus,
the maximum displacement of derived capacity curve could be less than the actual
value when the structure subjected to large inelastic deformations during violent
ground motion. In this case, it may be possible to model the restoring force of the
capacity curve from the acceleration measurement value and then extract the
residual deformation component by WTM from the result of the elastoplastic
analysis using this restoring force model. Next, by adding the extracted residual
deformation component to the displacement calculated by double integral of the
measured accelerations, the capacity curve in consideration of the residual
deformation can be obtained. In addition, global positioning system (GPS) could
be an alternative. In recent years, the improvement of GPS has allowed near real
time (100 Hz) positioning with the accuracy in the order of millimeter to centimeter.
In this regard, it may be possible to recover the residual displacements using the
GPS technology in future studies.

The original formulation of the capacity curve method is based on the fundamental
mode of vibration, and higher mode effects are neglected in this study for damage

evaluation. Extensions that account for higher mode effects for the capacity curve



has been studied in previous studies and its application on the damage evaluation
could be considered in future studies.

e Regarding the sensors placement, further research is needed for buildings where
stiffness changes significantly, such as irregular unsymmetrical buildings and
buildings with soft story. For this kind of buildings, additional sensors may be
needed for interpolations to estimate the capacity curve.

e This study for damage evaluation has a narrow focus on RC structures, because
they are widely constructed around the world. Extensions to other kinds of structure

system, such as timber houses and steel structures, may be carried out in the future.
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