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Introduction

1. Introduction

1.1. Seismic isolation technique

In August 1909, a medical doctor, J. A. Calantarients submitted a patent application to
the British patent office for his construction method. He proposed an approach to reduce
the force transmitted to the building itself by separating the building from its foundation
with a layer composed of fine sand, mica, or tale that would allow the building to slide in
earthquakes. This is the first well-documented example of an earthquake-resistant design
strategy that was later known as “seismic isolation” [1-1]. During the same era, J.
Bechtold from Germany was issued a US patent for an Earthquake Proof Building
supported on a rigid plate that is mounted on balls of hard material such as loose pebble
gravel. In his explanation, the rigid foundation of the conventional buildings is regarded
as the main source of danger in the case of earthquakes. A rigid plate with suitable
carrying power can prevent the building from being damaged by carrying the building
freely [1-2]. The patents of Calantarients and Bechtold revealed the two key functions of
seismic isolation system: 1), sufficient load-carrying capacity; and 2), capacity to
uncouple the motion of the structure from the ground shaking. The third key function was
introduced by R. W. de Montalk from New Zealand in the late 1930s. Montalk was issued
a US patent for absorbing or minimizing the buildings’ earthquake-induced vibration [1-
2]. To achieve this, he described a bed composed of materials that will absorb or minimize
shocks. Placing and retaining the bed between the base of the building and its solid
foundation can prevent the building from earthquake-induced excitation. The term

“absorb” revealed the third key feature of seismic isolation system—energy dissipation
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capacity.

In the late 1960s, R. Ivan Skinner from New Zealand systematically expounded the
theory of seismic isolation for civil structures [1-3]. Their findings are soon adopted in
the design of a tall railway concrete bridge with base isolation [1-2]. Thereafter, the
implementation of this earthquake protection strategy of buildings grew slowly but stably
worldwide. People truly recognize that seismic isolation is an extremely effective means
for buildings to fight against earthquake-induced damage in the 1990s. The performance
of seismic isolated structures under catastrophic events was verified with the occasions
of a series of severe earthquakes. The University of Southern California (USC) hospital
building experienced strong vibration in the 1994 Northridge earthquake. However, due
to the effectiveness of base isolation, the peak roof acceleration was reduced to nearly
50% of the peak ground acceleration, and the peak drift was controlled under 30% of the
code specification. It is confirmed that the bearings worked normally and the
superstructure remained elastic in the subsequent studies [ 1-4]. As in another earthquake-
prone developed country Japan, the implementation of seismic isolation started in the
early 1980s. less than a decade later, the excellent performance of two base isolation
buildings (the Matsumura-Gumi Research Laboratory and the West Japan Postal Savings
Computer Center (West-1)) in the 1995 Kobe earthquake kicked off a new era for seismic
isolation technique [1-5]. The growth of base-isolated buildings increased to 150
buildings per year after 1995, making Japan a leading country in the number of base-
isolated buildings [1-6].

The explosion of seismic isolation applications promotes the rapid maturity of new
techniques. A large variety of seismic isolation devices are developed to fulfill the

aforementioned functions of seismic isolation system. The high compressive strength and
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low lateral stiffness of isolators provide the building with sufficient load-carrying
capacity and freely moving capacity. The energy dissipation capacity of dampers is
helpful to reduce the displacement experienced by the superstructure in the case of severe
earthquakes and promotes the building to recover from shaking. The present study focuses
on the relationship between the shape change induced by in-plane cyclic loading and
cumulative damage of U-shaped steel dampers—one type of hysteretic dampers that is
widely applied in the design practice of base-isolated structures in Japan—and

establishing a quick inspection approach for it.

1.2. U-shaped steel damper and seismic isolation devices

1.2.1. seismic isolation devices

The majority of seismic isolation system’s features are achieved rely on the devices
known as “seismic isolation devices”. Taking the base-isolated structure, for instance,
isolators and energy dissipation devices have composed the main body of its base-isolated
layer.

As aforementioned, the function of isolators includes 1) supporting the superstructure;
and 2) reducing and inhibiting the transmission of vibrations by uncoupling the motion
of ground and building. whereas, when an earthquake strikes, the building might crash
into the around buildings if isolators cannot put the building back promptly. Isolators are
always designed with the following characteristics to satisfy these requirements.

1). Sufficient compressive carrying capacity. The superstructure is connected with the

ground surface only through isolators, which means isolators must be capable to hold up
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the whole weight of the building.

2). Low lateral stuffiness. Reduces the response of the building by allowing the
superstructure to move freely to a certain extent, and provides the structure with a longer
natural vibration period to mitigate the potential threat from long-period ground motions.
Otherwise, the base-isolated structure will be indistinguishable from the conventional
ones.

3). Sufficient restoring force (re-centring capability). Prompt the building to get back
to its original position.

The displacement experienced by a structure without damping tends to be relatively
large. It is not conducive to the design practice of base-isolated structures in space-limited
urban areas. Meanwhile, low damping makes it difficult for the structure to soon recover
from swaying, and earthquake-induced energy can only be dissipated through the
dynamics of the whole system. This results in significant challenges for structural damage
control and gravely threatens the security of the people and equipment inside. Energy
dissipation devices referred to as “dampers” are induced in the system to prevent the load-
resisting structural elements from inelastic behavior by concentrating the input energy
dissipation at pre-defined locations and consequently reduce the displacement
experienced by the system. To achieve these purposes, dampers are generally fabricated
with the following two characteristics:

1). Excellent energy dissipation capacity. As supplementary to the system’s energy
dissipation capacity, dampers have to ensure reliable and stable performance in any
extreme environments.

2). High initial stiffness. Ensure the building would not sway severely when suffering

from wind load.
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As a country devastated by natural disasters such as earthquakes and tsunamis, seismic
isolation design has been a high priority in Japan. Thus, seems in comparison with the
structural engineers from other regions of the world, Japanese structural engineers tend
to be more concerned about the seismic-resistant capacity of the structure and are willing
to consider more costly designs. In recent years, Rubber bearings (RB) and Sliding
Bearings (SB) have been the most commonly used types of isolators in Japan. In the years
before 1944, Natural rubber bearings (NRB, [1-13]) are the best-known isolator (applied
in over 65% of cases) [1-6]. Their validity against the earthquake-induced vibration had
survived the test of the 1995 Kobe earthquake. With the rapid development of seismic
isolation techniques, Rubber bearings with a subset of the features of energy dissipation
devices are subsequently developed and taken into use. HDRB (High Damped Rubber
Bearings) and LRB (Lead Rubber Bearings, [1-13]) are outstanding representatives.
Sliding Bearings such as Friction Pendulum bearings (Figure. 1-3) are normally applied
in combination with these Rubber bearings.

Although the advent of isolators with energy dissipation capacity such as HDRB and
LRB gives the designers more options, advantages such as using flexible, convenient
replacement make dampers cannot be replaced completely. Takayama et al. (1993)
reported that the seismic isolation devices that integrate the function of isolators and
dampers have disadvantages in striking a balance between the system’s re-centring and
damping capability [1-7]. That is why incorporating various types of isolators and
dampers in the design practice of base-isolated structures is becoming more and more
popular in recent years. Furthermore, take Lead Rubber Bearings, for instance. The
earthquake-induced energy is dissipated through the inserted lead plug’s hysteretic

behavior (Figure. 1-2 (a)). Therefore, the fatigue life of the metallic material would
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seriously affect the service life of the whole system. Additionally, it is hard to evaluate
the cumulative damage of the lead plug after years of use and the device cannot be fixed
even though the lead plug is severely damaged because the lead plug is installed inside
the device.

Dampers are conceived as and destined to a unitary function, meant to reduce the
displacement experienced by the superstructure and protect the main components from
irreparable plastic damage. In comparison with isolators, the variety of dampers is rather
limited. Types of dampers commonly used include 1) hysteretic, and 2) fluid viscous
dampers. Fluid viscous dampers such as oil dampers (Figure. 1-4) dissipate the energy
through convert it to the kinetic energy of the high-pressure fluid [1-8]. Hysteretic
dampers exercise the function of energy dissipation through frictional forces arising from
the relative motion between two contacting surfaces (friction damper) or outstanding
plastic deformation capacity of metallic materials (metallic damper (Figure. 1-5) [1-9]).
U-shaped steel damper (Figure. 1-5(b)) is a type of metallic damper. The specially
designed curved part greatly optimizes the dampers’ plastic deformation capacity and
extents its fatigue life [1-10]. Unlike another type of widely adopted metallic damper—
lead damper (Figure. 1-5(a)) [1-11] [1-12], steel dampers demonstrate less dependence
on temperature and loading speed. Stable performance promotes the rapid growth of the

application of U-shaped steel dampers in recent years.
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Figure. 1-2 Lead Rubber Bearing
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Figure. 1-3 Simple friction pendulum friction
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Piston Rod Oil Cylinder

Piston head with holes

(a). Configuration (b). Photo [1-16]

Figure. 1-4 Oil damper

(a). U-shaped lead damper [1-17] (b). U-shaped steel damper [1-18]

Figure. 1-5 Metallic damper

1.2.2. U-shaped steel dampers

Research into U-shaped steel energy dissipation devices began in the early 1990s.
Echavarria et al. proposed oval-shaped strips energy dissipation devices that dissipate
energy through the rolling—bending motion of oval steel elements positioned horizontally
[1-19]. This type of energy dissipation device is assumed to be adopted in “one story, one-
bay steel frames with inverted Y-shaped braces”. Varieties of U-shaped energy dissipation
devices are developed since entering the new century. Kato et al. described a J-shaped

metallic damper in 2004 (Figure. 1-6) [1-20]. Four energy dissipation plates are fixed
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between the connection plates and a loading plate that is connected to the wall with two
rollers. Consequently, energy dissipation would be achieved through the rolling—bending
motion of the U-shaped plates caused by the relative motion between wall and connection
plates.

Suzuki et al. conceived the idea of U-shaped steel dampers [1-10]. U-shaped steel
dampers not only possess the general features of dampers such as using flexible and ease
of maintenance but also enable the system to suit the different types and magnitudes of
loads present at particular structural support locations through different configurations
(Figure. 1-7) of dampers. To enhance the seismic energy dissipation and plastic
deformation capability of U-shaped steel dampers, researchers are dedicated to
optimizing the appearance of U-dampers. Deng et al. and Khatibinia et al. focused on the
effect of the main influential dimensions such as the length, height, thickness of the
dampers, and the shape of its parallel arms [1-21] [1-22]. Atasever et al. broke through
the outline of commercially used U-shaped steel dampers and proposed new types with
perforated and nonparallel arm configurations [1-23].

The object of the present research—the standardized products of U-shaped steel
dampers manufactured by Nippon Steel (referred to here as U-dampers) —are engineered
based on long-accumulated technologies in the fields of steel material and energy
dissipation devices. The U-shaped element is fabricated by a type of high-quality rolled
steel SN490B. The U-shaped curved part is built after a series of cold bending and heat
treatment processes. The main features of U-dampers can be summarized as follows:

1). Specially designed U-shaped. The geometric proportions of U-dampers were
determined based on numerous sets of loading tests. The resultant strain caused by cyclic

loading tends to disperse all over a U-shaped element rather than concentrating on a
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certain place. The fatigue life of the U-shaped element is greatly extended by this special
design.

2). Stable performance in harsh environments. Cyclic loading tests conducted in the
previous studies demonstrated U-dampers’ low dependence on temperature and loading
speed. Additionally, almost no strength deterioration was observed even though the
damper was loaded under large deformation amplitude.

3). Differently sized U-shaped elements are similar in shape. Five commercially
available sizes of the U-damper (Figure. 1-8 and Table 1-1) were designed to address
different capacities. Previous experimental studies [ 1-24] indicated that the properties of
differently sized dampers could be evaluated based on similarity principles. Therefore, it
1s much more flexible to determine the number or size of the damper to fit the design
requirements, such as the required yield shear force of the system.

U-dampers have been among the most widely used energy dissipation devices in Japan
for several types of seismic isolated structures due to the aforementioned advantages.
After the 2011 Great East Japan Earthquake, almost none of the U-dampers used in base-

isolated buildings were reported to be seriously damaged even in severely affected areas.

) Share force
Connection Plate ——%———

= = 7

. bar
/ /
Slide p/late F'QD) (CT'QF' § /

Roller
Connection Plate L—W

Energy dissipation Plate

Figure. 1-6 The composition of a J-shaped metallic damper
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Figure. 1-7 Example of U-shaped steel dampers’ different configurations [1-15]

. [ .
! y ! i
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Curved part Parallel arm hy
[ ] |
|
} P
Figure. 1-8 Outline of the specimen
Table 1-1 Geometric characteristics
Damper
size L (mm) h o (mm) ¢t (mm) wo (mm)  w; (mm)
UuD40 611 231 28 60 45
UD45 758 284 36 74 55"
UD50 882 335 40 87 65
UD55 983 374 45 97 72"
UD60 1199 453 55 118 88

(*: Calculated value based on the available data)

1.3. Research objectives

To minimize personal injury and property damage, conducting post-earthquake safety

11
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assessments for building subjected to severe vibration as soon as possible has been a
consensus. Damage evaluation approaches of structural components based on visible
damage can usually provide speedy results and are relatively easy to implement. Thus,
these damage estimation methods are ideal for the structure’s quick inspection and can
provide the primary mechanism for prohibiting secondary hazards. Kishiki et al.
conducted a series of studies from 2014 to 2017 and proposed quick inspection methods
for structural components such as exposed column bases, single angle braces, and steel
columns based on visible damage such as the crack pattern initiating on the concrete
foundation and the residual deformation caused by local buckling [1-25] [1-26] [1-27].
Ufuk described a seismic assessment method of buildings using post-earthquake residual
displacement in his doctoral thesis [1-28]. Raghunandan et al. (2015) discussed in depth
the correlation between the residual inter-story drift and the reduction in collapse capacity
of reinforced concrete frame structures [1-29].

A series of dynamic cyclic loading tests confirmed a positive correlation between the
residual plastic deformation and cumulative damage of U-dampers (Figure. 1-9). This
finding reveals the possibility of establishing a cumulative damage evaluation approach
for U-shaped steel dampers based on shape change. U-dampers loaded under in-plane
loading normally deform in the way shown in Figure. 1-9. The most obvious residual
plastic deformation initiates in the middle part of the parallel arms when deformation
returns to 0 (the superstructure returns to its original location) (APPENDIX A), whereas
the accumulation of residual plastic deformation would not be induced by the dampers’
out-of-plane deformation. Therefore, the focus of the present study has been 1) the
development of the in-plane cyclic loading induced residual plastic deformation that

initiates in the middle part of parallel arms when deformation equals 0, and 2) how this

12
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deformation behavior correlates to the dampers’ cumulative damage. However, as
aforementioned, it is unsafe to ignore the effect of the factors, such as the damper’s out-
of-plane and torsion deformation. The effect of these factors on the dampers’ cyclic
deformation capacity and quick inspection method composed in the present study is
briefly discussed in APPENDIX C and will be systematically investigated in further study.

Kishiki et al. and Ene et al. had systemically discussed the cumulative damage
evaluation of U-dampers from 2008 to 2016 [1-30] [1-31] [1-32] [1-33], the deformation
behavior of U-dampers under cyclic loading remains uncharted territory. On the other
hand, the quick inspection of U-dampers cannot rely solely on the residual plastic
deformation initiating on the dampers’ parallel arms. A U-damper loaded under relatively
small amplitude deformation might be damaged more seriously than the one loaded under
relatively large deformation amplitude, even though they are the same in residual plastic
deformation. Other commonly available factors such as the maximum displacement
experienced by base-isolated layers and duration of earthquake-induced vibration are
found to be tightly correlated to the U-dampers’ cumulative damage as well. How to use
these factors to achieve the cumulative damage estimation of U-dampers has been the
other pressing concern of the present study.

For this purpose, the objectives of the present study are targeted as follows (Figure. 1-
10).

1). A set of dynamic cyclic loading tests of U-dampers are conducted to investigate the
deformation behavior of the dampers loaded under constant deformation amplitude. The
previously discussed cumulative damage evaluation method is adopted as a tool to
describe the fatigue behavior of the dampers, while a new indicator—residual plastic

deformation ratio—is introduced for quantifying the deformation behavior of the dampers.

13
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Consequently, a set of evaluation equations are proposed to describe the correlation
between the residual plastic deformation and the cumulative damage when the dampers
are loaded under constant deformation amplitude (Chapter 2).

2). Effect of random waves on the U-dampers’ residual plastic deformation-cumulative
damage relationship is indicated by a set of dynamic loading tests under complicated
loading histories. Using the proposed residual plastic deformation-cumulative damage
relationship evaluation equations, a precision verification approach for the previously
discussed cumulative damage evaluation method is discussed (chapter 3).

3). Assess the reliability of U-damper under various hazard levels of earthquakes by
conducting a set of nonlinear time-history analyses. Based on the analytical results,
indicators of visible damage such as the plastic deformation of the dampers and the
maximum displacement experienced by base-isolated layers are adopted in the quick

inspection method of U-damper (chapter 4).

Origin

Cyeclic loading

Figure. 1-9 Residual plastic deformation caused by cyclic loading
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Chapter 2

2. Deformation behavior of U-shaped steel damper under cyclic loading with

constant deformation amplitude

2.1. Introduction

Indicating the relationship between the deformation behavior and the cumulative
damage of U-damper is the top priority of the present study. Chapter 2 focuses on
quantitatively evaluating the dampers’ deformation behavior and mathematically
describing the correlation between the shape change and cumulative damage of the
dampers loaded under constant deformation. This is fundamental for investigating the
effect of earthquake-induced excitations.

The fatigue behavior of U-damper is firstly systematically formulated by Ohkawara et
al. in 2007 [2-1]. They composed a cyclic deformation capacity prediction method for
single U-shaped elements loaded under in-plane constant deformation amplitude based
on Manson-coffin law (APPENDIX A). Whereas, the fatigue life of differently sized
dampers can only be described through the corresponding deformation amplitude (o,
Figure. 2-1)-number of loading cycles to fracture (Ny) relationship.

Kishiki et al. (2008) [2-2] presented that the fatigue life of differently sized U-damper
can be precisely evaluated using a dimensionless indicator—peak-to-peak horizontal

shear angle 7 (%) (Eq (2-1)(a)). Ao is the original height of the dampers (Figure. 1-9).

Vi = (a) Eq(2-1)

= |
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Correspondingly, the peak deformation amplitudes on the positive and negative sides

were converted to » (%) (Eq (2-1)(b)) and 5 (%) (Eq (2-1)(c)), respectively.

o (b) Eq(2-1)
Iy 1

2
T (c)

Additionally, in the process loading test, the dampers’ deformation 6 can be

expressed as ¥ (%) (Eq (2-1)(d)).

y=— d) Eq(2-1
T (d)  Eq(2-1)

And optimized the evaluation method composed by Ohkawara et al. (Eq (2-2)). Ny
indicates the number of loading cycles to fracture. %, . and ), denote the peak-to-peak,

elastic, and plastic deformation amplitude. The fatigue life of U-damper is precisely but

slightly underestimated by this curve.

¥, =35-NP (a) Eq(2-2)
¥, =3620- N, (b)
7/t — 35 . N/:O.IS +3620 . N;O.SO (C)
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However, the value of Ny corresponding to a certain deformation amplitude y cannot
be calculated directly using this equation. To resolve this problem, Kishiki et al. dropped
the way to separately evaluate the fatigue behavior of U-damper loaded under plastic and
elastic deformation amplitude and composed a simplified but more accessible equation in

2012 (Eq (2-3)) [2-3].

oV =2370-N " 20% <y, <500% Eq (2-3)

Meanwhile, a set of equations for fatigue behavior evaluation under out-of-plane

excitation (Eq (2-4)) is composed [2-3].

o Vi =2535-N "2 20% <y, <253.5% (a) Eq(2-4)

o Vi =644-N P 2535% <y, <500% (b)

Based on the previous discussion about the fatigue life of U-damper, Ene et al. (2016)
developed a cumulative damage evaluation method for U-dampers under bidirectional
excitation (Figure. 2-2) based on Miner’s law (APPENDIX A). The damage in the in-
plane (Eq (2-5)(a)) and out-of-plane directions (Eq (2-5)(b)) was assumed to accumulate
simultaneously. Consequently, the cumulative damage to the dampers was evaluated by

calculating the sum of the damage in both directions (Eq (2-5)(c)) [2-4] [2-5].
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ooD=An[ y J (@) Eq(2-5)

goeD=Z£ gy J ®

n n m n .
D= : +Z£ : } (c)
i=l [ 0 Nf,i j J=E\ 908 NfJ

Where n; and »; are the frequency of the cycles having deformation amplitude y ; for

0-degree direction and y, ; for 90-degree direction. Ny ;, and Ny ; are the corresponding
number of cycles to the fracture. The value of Ny ;, and Ny ; are defined by Eq. (2-3) and
Eq. (2-4), respectively. n and m are the total numbers of cycles in 0-degree and 90-degree
directions.

Meanwhile, it is indicated that ignoring the effect of the torsion deformation of the
dampers leads to unsafe estimated values of cumulative damage. After checking the
cumulative damage of the dampers loaded with circular and elliptical patterns, in her own
words, Diana Ene explained: “The cyclic deformation capacity under bidirectional
loading is reduced by the presence of torsion induced by the swaying motion of the upper
structure”. Thus, an empirical index—sway-motion index Jy—is introduced in Ene et al.
(2016) [2-4] to quantify the complexity of the displacement orbit experienced by the base-
isolated layer, and index J; is employed further to estimate the effect of the torsion
deformation on the reduction of cyclic deformation capacity of U-dampers. Consequently,

the upper limit to the reduction of the cyclic deformation capacity caused by the dampers’
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torsion deformation was founded. The cyclic deformation capacity of a U-damper loaded
under a pattern with a relatively large Jr (over 30 rad) might decrease to 0.4 times that
loaded under unidirectional loading (APPENDIX C).

Additionally, Kishiki et al. (2008) indicated that, although U-dampers always operate
under bidirectional excitations, the damage is primarily caused by in-plane excitations.
When loaded with identical deformation amplitudes, the number of loading cycles to
fracture under in-plane excitation is substantially less than that under out-of-plane
excitation. Moreover, because an observable change in the shape of the U-damper initiates
only under in-plane excitations, this study focused on the deformation behavior of a U-
damper under in-plane excitation The effect of bidirectional loading and the torsion
deformation of U-damper on the cumulative damage evaluation based on deformation
behavior remains to be further studied.

Eq (2-2) (c) is adopted to evaluate the dampers’ cyclic loading capacity (Eq (2-6)).
Based on Miner’s rule (Miner 1945), the estimated value of the number of cycles until
fracture (N ;) under a constant deformation amplitude can also be applied to evaluate the
cumulative damage (D) of the U-damper loaded under seismic excitation. The present
study focuses on the deformation behavior of U-damper induced by in-plane cyclic

loading, Thus, Eq (2-3)(a) is adopted to describe the dampers’ cumulative damage D (Eq

(2-7)).

¥, =35-N;3" +3620-N™ Eq (2-6)
n n
D=2 | = Eq (2-7)
=l Nf,i
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U-damper 7|

RUltSdbearing

Figure. 2-1 Deformation amplitude (&)

Damaged building Time-history analysis Displacement orbit
/ Eq (2-4)
t —=— D,
y
— D
Eq (2-3)
t q—— D}C
Figure. 2-2 Cumulative damage evaluation method of U-damper loaded under

bidirectional loading (Ene et al. 2016)

2.2. Residual plastic deformation caused by cyclic loading

Residual plastic deformation initiates on the parallel arms of U-dampers due to cyclic

loading. The cause of this phenomenon is investigated in this section using Finite Element

Method (FEM modeling).

2.2.1. Creation of the FEM model

Before the cyclic loading tests, problems, such as residual plastic deformation of the
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parallel arms’ which area is most obvious that can be used as an indicator to evaluate the
dampers’ deformation behavior, should be determined in advance. For this purpose, a
FEM model has been composed in the present study to indicate the deformation behavior
of such a single U-shaped element loaded under cyclic loading.

The creation of the FEM model obeys the following rules:

1). The Model is a three-dimensional FEM single U-shaped element created by
ABAQUS/CAE 2020. The element type is set to be general purpose linear brick element
C3D8R (8-node linear brick, reduced integration with hourglass control). The size of the
FEM model remains the same as that of U-damper UD.40 [Table 1-1].

2). Material properties. Taking the results of coupon tests of U-damper from the
previous study as a reference [2-6], the analytical model’s material property is simplified
to a bilinear constitutive model. Young’s Modulus and Poisson’s ratio are respectively
assumed to be 205GPa and 0.3 according to AIJ Standard for Allowable Stress Design of
Steel Structure [2-7]. Yield and tensile strength remain the same as that of coupon test
results [2-6] and are set to be 380GPa and 540GPa, respectively. Additionally, the
material’s hardening behavior is described as the kinematic hardening rule. The material
property (true strain (&)-true stress (or) relationship) used in the input file is illustrated in
Figure. 2-3.

3). Mesh refinement (Figure. 2-4(a)). The deformation behavior of the parallel arms is
the main investigation objective. Therefore, the element size of parallel arms is purposely
assigned to be smaller than that of the curved part and connection part in the process of
mesh refinement to ensure that the strain distribution on the parallel arms can be more
accurately resolved.

4). Boundary conditions (Figure. 2-4(b)). The lower connection part of de damper is
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fixed. In-plane excitations are applied on nodes at the top surface of the upper connection
part to simulate the parallel horizontal movement applied in the dampers through
experiment equipment such as an actuator. The vertical displacement of the upper

connection part is not allowed.

o, [MPa]
800
540GPa |-
380GPa F
0 0 b Goien
Figure. 2-3 Material properties of FEM modeling
Upper connection part Constraint 1

Deformation

X: pvvﬂme

Y: Constant
Z.. Constant

_ Upper parallel arm

Constraint 2

X: Constant

Lower connection part
L Y: Constant

Lower parallel arm ‘ Z: Constant . "

(a) Mesh refinement (b) Boundary condition
Figure. 2-4 Analytical model

2.2.2. Analytical results

Figure. 2-5 illustrates both experimental and FEM modeling results. experimental
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result of the specimen’s force-deformation (Q-y) [2-2] is precisely reproduced by FEM
modeling. The deformation behavior under monotonic loading is illustrated in Figure. 2-
6. Measurement points P; to P17 (Figure. 2-7) are assigned on the parallel arms and curved
part to facilitate the description of the damper’s deformation behavior. The part around
section Pg starts to yield. Subsequently, the plastic area tends to distribute along the
parallel arm. The bending-rolling motion of parallel arms is considered to be the main
cause of outward protrusion.

Figure. 2-8 indicates curvature change of section P4 in the first loading cycle with y =
110%. The sum of ¢ax and ¢@min 1s used to evaluate the cyclic loading induced residual
plastic deformation. The residual plastic deformation of the parallel arm’s other sections
can be evaluated in the same way (Figure. 2-9). The bending-rolling motion makes the
area from section P> to Ps severely deformed and protrude outwards. The analytical result
is highly consistent with the image of the deformed damper’s upper arm (Figure. 2-9).

Moreover, the residual plastic deformation caused by the first loading cycle with other
deformation amplitudes (y = 55, 90, and 110%) is illustrated in Figure. 2-10. It is worth
noting that section P4 normally has the most obvious deformation. Thus, using the shape
change between sections P4 and P14 as an indicator to describe the deformation behavior

of U-damper seems reasonable.

O [kN]

------------ Experimental results
Analytical results

7[%]

Figure. 2-5 force-deformation (Q-) relation
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(d) o= 105mm (e) 0= 130mm (f) o= 175mm

Figure. 2-6 Deformation behavior of U-damper under monotonic loading

Figure. 2-7 Measurement point

0.003  ¢[1/mm] = é;

L y [q 0] / lz%gmzmmmrﬁ —
........... » ¢mm

20001 L T ——

Figure. 2-8 Curvature change of section P4
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Figure. 2-9 Residual plastic deformation of U-damper’s parallel arm

(1 cycle; = 110%).

é¢max+¢n:1in
0.003 3 : ;
Figure. 2-10 Residual plastic deformation of U-damper’s parallel arm

(1 cycle; =55, 90, and 110%).

2.3. In-plane cyclic loading tests under constant deformation amplitude

In this section, the results of unidirectional constant amplitude cyclic loading tests of
single U-damper elements are presented. All of the specimens were loaded until fracture.
The objective is to have a clear idea of the relation between the cumulative damage,
residual plastic deformation, and deformation amplitude of the dampers. Meanwhile, the

scale effect, hysteretic behavior, and low-cycle fatigue characteristics of the dampers were
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confirmed. Subsequently, a mathematical model was established to evaluate the residual
plastic deformation—cumulative damage relation of U-dampers with regards to any

constant deformation amplitude.

2.3.1. Specimen

In the present study, full-scale single U-damper elements (UD40) were tested.
Meanwhile, previous experimental results [2-8] (UD50) were compiled to indicate the
scale effect of U-dampers; the dimensions of single U-shaped element UD40 and UD50
are listed in Table 1-1. The material characteristics, manufacturing process, and
proportions of the geometric characteristics of the specimens of our study and previous

research [2-8] remain the same.

2.3.2. Loading equipment

The test equipment is illustrated in Figure. 2-11 (APPENDIX D). The specimens were
tested under horizontal loading in the in-plane direction with respect to the symmetry axis
of the U-damper. The lower arms of the U-dampers were connected to a reaction jig fixed
on a reaction beam through base plates; the reaction jig at the bottom is to obtain the
reaction force. The upper arms were connected to the loading unit through base plates and
a loading jig. The loading unit was installed on a horizontal roller of the reaction beam
and connected to a dynamic actuator (£250 mm, +2000 kN, £50 cm/s (max)). Therefore,
the parallel horizontal movement during cyclic loading could be applied in the dampers

through an actuator until the fracture of the specimens. The U-dampers are typically
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integrated with rubber bearings or placed under elements that do not transmit vertical

force; thus, no vertical loads were applied in this experiment.

Loading unit

Actuator

Loading direction

Figure. 2-11 Experimental Equipment

2.3.3. Measurement plan

The force-deformation relations of the specimens were recorded during the loading
tests. A built-in load cell in the actuator measured the force Q in the system. The
horizontal deformation of the system was obtained through wire displacement transducers
ol and &2, as shown in Figure. 2-11. The real-time deformation behavior during loading

was recorded by digital cameras, which were set at fixed locations. Then, image analysis
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[2-9] [2-10] was used to reproduce the deformation behavior of the dampers through the
measurement points distributed along the damper (shown in Figure. 2-7).

As mentioned in Section 2.2 the residual plastic deformation tends to concentrate in
the middle part (between measurement points P4 and P14) of the parallel arms. Residual
plastic deformation 4; (Figure. 2-12)—the sum of the distance between P4 and Pis
(horizontal deformation equals 0 mm) and the thickness of the dampers—is used to reflect
the magnitude of shape change. Meanwhile, the measurement of 4; was performed
through a metal scale as well to verify the precision of image analysis. 4, was converted
to the residual plastic deformation ratio £using Eq (2-8) for quantitatively evaluating the
deformation behavior of different sized U-damper. 4y is the original height of the dampers

(Figure. 1-8).

§=— Eq (2-8)

i
Vi,

Figure. 2-12 Residual plastic deformation 4,
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2.3.4. Test program

The loading information and fatigue life of single U-damper specimens are listed in
Table 2-1. The loading history and the size of the dampers were the test parameters. The
peak-to-peak horizontal shear angle y was selected from the range of 25% to 110%.
Unlike the specimens loaded with positive/negative symmetry amplitude, specimen 1-4
was loaded with an offset deformation amplitude, of which j» was 55%, while - was 0
(Figure. 2-13). Previous experimental data [2-8] are listed in Table 2-1 as series IIL
Notably, although the U-dampers were all fabricated using structural steel SN490B, the
steel material lot of series I actually differed from that of series II, which is presented in
Chapter 3. The difference in the steel material lot caused a slight difference in the material
characteristics, i.e., yield strength, tensile strength, and elongation. However, the material
of I-6 was the same as that of series II, rather than the other specimens of series I. Test I-
6 was conducted as a supplement to the cyclic loading test with constant deformation

amplitude, hence it is listed in series I rather than series II.

o

Figure. 2-13 Offset deformation amplitude
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Table 2-1 Specimen list and experimental results
Damper . Amplitude Amplitud Frequency Fatigue life
size Series  No. Vi (mm) (Hz) (cycle)
deviation Y
-1 110% +£127.6 Symmetry 0.008 128
1-2 70% +81.2 Symmetry 0.012 312
1-3 55% +62.4  Symmetry 0.016 418
Present UD40 I
research 4 55% 1276 offset 0.016 302
I-5 25% +29 Symmetry  0.035 1381
1-6 90%  +103.5 Symmetry 0.01 179
-1 40% +67 Symmetry 617
i -2 70% +118  Symmetry 267
Previous UD50 I
research -3 150%  +251  Symmetry 64
-4  300% +502  Symmetry 25

2.4. Experimental results

This section focuses on the experimental results of in-plane dynamic cyclic loading test

under constant deformation amplitude. Hysteretic behavior, fatigue characteristics, plastic

deformation, and energy dissipation capacity are confirmed. The correlation between the

residual plastic deformation ratio & and cumulative damage D is discussed and an

evaluation method of &D relationship under constant deformation amplitude is

established.

2.4.1. Force—deformation (Q—)) relations

The ultimate state of specimens -5, -2, and I-1 are illustrated in Figure. 2-14.

Specimen I-5 loaded with y = 25% fractured near the damper’s curved part (Ps). Dampers

tended to fracture in the area around the middle part of the parallel arms as the increment
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of deformation amplitude. The force—deformation (Q-y) relations of U-dampers loaded
with constant deformation amplitude are indicated in Figure. 2-15 and Figure. 2-16; the
Y-axis is the force in system Q, while the X-axis is the horizontal shear angle y. The
hysteresis loops of specimens I-2, I-3, I-5, and I-6 are shown in comparison with that of
I-1. The full hysteresis loops indicate the excellent energy dissipation capability of U-
dampers; moreover, the energy dissipated in each loading cycle increases proportionally
with the deformation amplitude. Although the increment of loading cycles induces
strength deterioration, stiffness deterioration occurs only in the last few loading cycles.
U-dampers maintain pretty good energy dissipation until their ultimate state. The steel
material lot of specimen I-6 actually differed from that of the others in series I, and the
maximum force of these two specimens are slightly different. However, their initial
stiffness and the unloading stiffness are similar; this proves that the hysteresis loop of a
U-damper is not strongly affected by slight differences in material characteristics within
tolerance limits.

As illustrated in Figure. 2-16, the force—deformation relation of I-4 is compared with
that of I-3. Their similar outline of hysteresis loops suggests that as long as y remains the
same, the energy dissipated in each loading cycle is mostly unchanging, and almost not

related to whether the deformation amplitude has positive or negative symmetry.

(a) % =25%1-5 (b) 3 =70% 1-2 (©) %= 110% I-1

Figure. 2-14 Fracture of single U-shaped element
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2.4.2. Fatigue characteristics

The experimental results of single U-shape elements’ number of loading cycles until
fracture Ny are illustrated in Figure. 2-17 and compared with Eq (2-6). The damper’s
fatigue life is conservatively estimated when the damper is loaded under y within 100%,
erring on the side of safety is beneficial to the design practice of seismic isolated
structures with U-dampers.

Although the deformation amplitude of I-4 is asymmetrical, and the specimens of
series I and series III differ in size, their fatigue behaviors are all precisely evaluated by
Eq (2-6); this indicates that the symmetry of the deformation amplitude is negligible in
fatigue evaluation, and the fatigue behavior of the dampers that differ in size can be

evaluated through .

—Eq (2-7)
O Series III
® Series |

I-4 Offset 55%

1 10 10? 10° 10*

Figure. 2-17 Experimental results of U-dampers’ fatigue behavior
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2.4.3. Deformation behavior

The image analysis results of specimen I-6 (deformation amplitude: £103.5 mm) are
shown in Figure. 2-18, as an example of the deformation behavior of dampers in the cyclic
loading test. The growths of the residual plastic deformation (horizontal deformation: 0
mm) of specimens I-1 (3= 110%), I-6 (7= 90%), and 1-5 (3= 25%), in the whole process
of the cyclic loading test, are shown in Figure. 2-19. As mentioned above, the residual
plastic deformation caused by cyclic loading tends to concentrate in the middle part of
the parallel arms, and increases with the growth of cumulative damage D.

Contrastingly, for specimen I-5 (% = 25%), no obvious residual plastic deformation was
observed until fracture. Evaluating cumulative damage through residual plastic
deformation has proven to be ineffective with y smaller than 25%.

Additionally, for specimen [-4 (3 = Offset 55%), although the residual plastic
deformation accumulates in the lower parallel arm because of the offset deformation
amplitude in the positive side only, the growth of the shape change between points P4 and
P14 keeps in almost the same level as that of the damper loaded under positive/negative
symmetry deformation amplitude with the same y (specimen I-3, % = 55%). The detail of

offset amplitude’s effect on the deformation behavior of U-damper will then be discussed.
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Figure. 2-18 Deformation behavior (first loading cycle of 1-6)
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Chapter 2

2.4.4. Residual plastic deformation—cumulative damage (&-D) relation

The residual plastic deformation ratio—cumulative damage (&-D) relation is plotted
in Figure. 2-20(a); the measurement results, which are shown as marks using a metal scale,
are consistent with the results of image analysis (solid line). Image analysis is an effective
method for real-time tracing of U-damper deformation behavior.

As indicated in Section 2.7, the residual plastic deformation increases with the growth
of cumulative damage. The & of specimens, which is loaded with relatively large 3, tends
to be higher than that of the specimens loaded with relatively small y for the same value
of D. Note that almost the same &-D relationships were obtained in loading tests 1-4 and
I-3; this suggests that the &D relationship of U-dampers loaded with the same  is not
strongly affected by the symmetry of deformation amplitude.

In Figure. 2-20(b), the test results of series III are shown with a dashed line and
compared with that of series 1. Although the specimens of series III and I differ in size,
the &D relationships of the specimens with the same y (I-2 and III-3; % = 70%) are
congruent with each other. Meanwhile, the &D relation of II-1 () = 40%) fills the
vacancy during that of I-3 (%= 55%) and I-5 (= 25%). The experimental results of U-
dampers that differ in size are found to be complementary to each other. It is highly likely
that similarity principles are still applicable to the evaluation of the dampers’ deformation
behavior, as in the previous discussion [2-6]. The effect of size can be eliminated through
the index » as well as in the &D relation evaluation of U-dampers.

Overall, it is confirmed that there is a corresponding &-D relation of any particular y of
a loading test. The D of the dampers, which is subjected to y within the range from 25%

to 110%, can be evaluated through the corresponding &D relationship.
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Figure. 2-20 Residual deformation ratio—cumulative damage (&-D) relation

2.4.5. Numerical model of &D relationship

&D relations under constant deformation amplitudes that are far beyond the types of
tested in cyclic loading test series I and III are necessary for investigating the effect of
random waves, such as earthquake-induced vibrations. As indicated in Figure. 2-20, U-
dampers’ residual plastic deformation normally grows rapidly at the very beginning of
the cyclic loading test, whereas the increment of & gradually slows down when D exceeds
a certain value. The &D relation was approximated by a series of natural logarithm

functions in the present study (Figure. 2-21, Eq (2-9)):
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D
cf—k(D,ﬁ)—ln(HTA‘)H Eq (2-9)

Where «is 0.013, and gis related to the peak-to-peak horizontal shear angle .

B=g(7,)=7846-77" 0<y,<73% Eq (2-10)

B=g(7,)=-20-y,+33.167 73%<y,

The Y-axis of the lower part of Figure. 2-21 presents the experimental results of the
residual plastic deformation ratio (&xp) normalized by the evaluated values of the residual
plastic deformation ratio (&ar), while the X-axis presents the cumulative damage D. The
results are overestimated until D reaches 0.6; subsequently, the value of &xp/ &a gradually
converges to one. Overall, & is estimated precisely by the composed numerical model

within the range from 0.96 to 1.04.

[ ¢[%]
1.4 Experimental 7 =110%
Curve fitting
L3 90%
70%
1.2
55%
1.1 |
40%
| : — ‘ ———~——p 25%

Figure. 2-21 Numerical model of &D relationship and precision analysis
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2.5. Conclusion

In this chapter, the deformation behavior of U-damper loaded under constant

deformation amplitude is indicated through a series of in-plane dynamic cyclic loading

tests. The main conclusions are listed below.

1). Cumulative damage of U-shaped damper is proven to be tightly correlated to the

residual plastic deformation caused by cyclic loading.

2). Residual plastic deformation tends to accumulate around the middle part of the

parallel arms. residual plastic deformation ratio & is adopted in the present study

as an indicator to quantitatively evaluate the deformation behavior of U-damper.

3). The effect of the U-shaped steel dampers’ size is proved to be negligible in the

deformation behavior evaluation based on the residual plastic deformation ratio &

under the condition that deformation amplitude y remains smaller than 110%.

4). No obvious residual plastic deformation was observed when y equals 25%. The

5).

residual plastic deformation ratio was proven to be an ineffective index of
cumulative damage evaluation when j was smaller than 25%. Thus, another
evaluation method is required for this case.

Independent of whether the amplitude deformation has positive or negative
symmetry, the &D relationships of U-shaped steel dampers loaded with constant
deformation amplitude, which are the same in  (in the range from 25% to 110%)),

are congruent.

6). There is a corresponding &-D relation of any particular y within the range from

25% to 110%. An evaluation method of U-shaped steel dampers’ &-D relationship.

Is composed in this chapter.
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3. Effect of complicated loading history on U-shaped steel dampers’ residual
plastic deformation-cumulative damage relation of U-shaped steel damper and

precision verification of the exciting cumulative damage evaluation method

3.1. Introduction

As mentioned in Section 2.1, Kishiki et al. (2008) [2-1] conducted numerous cyclic
loading tests under unidirectional excitation and developed a fatigue behavior evaluation
method of U-dampers. Based on this, Ene et al. (2016, 2017) [2-2] [3-3] developed a
cumulative damage evaluation method for U-dampers under biaxial excitation using the
seismic response of the structure obtained from a time-history analysis.

However, excessive reliance on numerical analysis makes it difficult to certify the
estimated value of cumulative damage. Ground motion recorded by the sites (K-NET or
KiK-net in Japan (NIED, 2019) [3-4] around the target building has been used to
reproduce the structural response during earthquakes. However, selecting a reliable
ground motion record remains a sensitive task because the earthquake-induced excitation
acting on structures is significantly influenced by different soil types (rock, closed, and
soft) and geological structures (more-or-less hemmed in valleys, sedimentary basins, and
synclinal and anticlinal basins) of the locations of the target buildings and sites (JASO,
1997) [3-5]. Konishi et al. (2012) [3-6] proposed a precision verification approach for the
existing cumulative damage evaluation method of U-dampers (Ene et al. 2016) [2-2] by
evaluating the residual plastic deformation capacity of dampers that are dismantled from
damaged structures using cyclic loading tests until fracture. However, this approach is

uneconomical, ineffective, and unfeasible in most cases. Therefore, the previously
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reported cumulative damage evaluation method should be complemented with a simple
and feasible precision verification approach (Figure. 3-1). A precision verification
approach is composed in this chapter based on the investigation of the relationship
between U-dampers’ residual plastic deformation and cumulative damage. Although U-
dampers’ &D relationship has been quantitatively evaluated in Chapter 2, the effect of
more complicated loading history, such as incremental and decremental deformation
amplitude, is still unknown. For this purpose, a series of in-plane dynamic loading tests

under constant deformation amplitude is conducted.

&-D relation
________ Compare &
15 e & ,WMWWWW‘
-------- D
‘ Check ———— f
D(’AI
Figure. 3-1 Precision verification of exciting cumulative damage method of

U-damper.

3.2. Unidirectional cyclic loading test under complicated loading history

This section presents the experimental results of U-dampers loaded with complicated
loading histories. A &D relationship evaluation method was proposed based on the
above-mentioned numerical model (Figure. 2-21) and the investigation of experimental
results. To simplify the following representation, cyclic loading with constant and

positive/negative symmetry deformation amplitude was defined as standard loading. The
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U-damper elements loaded under standard loading (series I and III) are referred to here

as standard specimens.

3.2.1. Specimen and experimental equipment

The size of the specimens (Single U-shaped element UD40) and experimental equipment
used in cyclic loading tests under complicated loading history remains the same as that

of loading test series I.

3.2.2. Overview of loading histories

Several loading patterns (series II, Table 3-1) were considered to investigate the &-D
relation of U-dampers with regard to more complicated loading histories. The material
characteristics and manufacturing process of the specimens of series Il remained the same
as that of series I and III. The loading tests were conducted under the same conditions as
described in Chapter 2, and the U-damper elements were loaded until fracture as well.

The loading information of test series II is listed in Table 3-1. Deformation amplitude
was changed on the timing marked by triangles. The U-damper elements were loaded
with a sine wave and corresponding loading speed shown in Table 2-1. The j was set to
be smaller than 110% (% < 55%) except for test II-4. To investigate the deformation
behavior of the dampers loaded with y over 55%, the y of test 1I-4 was set to be higher
than 55%. It is important to note that the dampers are considered to be reaching their
ultimate state when D reaches one in the evaluation of the &D relation; hence, the

deformation behavior until D reaches one is regarded as the main object of observation
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in this study. Specimens II-1 and II-4 were tested under the condition that y only
increased; by contrast, specimens II-2 and II-3 were loaded with decreasing y, until D
reached one. The loading history of II-5 was composed of both increasing and decreasing
%. Additionally, as mentioned above, it is indicated that the &D relationship is not
strongly affected by the symmetry of deformation amplitude through tests I-3 (3= 55%)
and [-4 (offset 55%). Therefore, to check whether this is still valid to the dampers loaded
under relatively complicated loading history, the deformation amplitude of II-5 was set to
have positive/negative asymmetry deformation amplitude and change gradually.
Therefore, to check whether this is still valid for the dampers loaded under relatively
complicated loading histories, the deformation amplitude of II-5 was set to have
positive/negative asymmetry deformation amplitude and change gradually.

Loading history II-7 was obtained by simplifying a structural response to investigate
the effect of a relatively complicated loading history which is approximated to the
earthquake-induced verification. The steps of simplifying the wave are shown as follows
(Figure. 3-2):

Step 1. Filtered out the loading cycles with deformation amplitude smaller than 25%.
Counted the number of loading cycles and deformation amplitude of each loading cycle.

Step 2. Adjusted the deformation amplitude of each loading cycle, and the deformation
amplitude was selected from y equals 25%, 40%, 55%, 70%, 90%, and 110% (the y used
in the dynamic loading test under constant deformation amplitude). For instance, 7= 61%
approximately equals 55%, thus, the deformation amplitude of this loading cycle was
replaced by 3 = 55% in the simplified wave.

The deformation amplitude of each loading cycle was adjusted to be consistent with

that used in the dynamic loading test under constant deformation amplitude. Therefore,
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the trend change of the residual plastic deformation-cumulative damage (&-D)
relationship caused by complicated loading history caould be checked through the
experimental results of &-D relationship under constant deformation amplitude.

Wave II-6 was made by rearranging the loading cycles of five times of wave II-7 in
ascending order of y (Figure. 3-3). A triangular wave (constant loading speed: 8 mm/s)

was used in tests II-6 and II-7 to simplify the experimental procedure.

’ ‘WWV‘WWWV\AN\/‘*
t
Step 1
Y
J‘ y‘\v\v | / z
7,=61% %583_% =
Step 2
7,=55% %= 90% e
; A
Fn AN AM A\ t
AN RN

Figure. 3-2 Creation of loading history II-7

55%
I

-7 AN A A AN N
VIV YV VY
55%

~

Rearranging Loading cycles

110%
wh
55%

4 /\/\/\A/\/\/\/\/\/\/\
“\/\/VV‘V\/VVV V\/\/

~

55%
x5
55%_
e Ao AAANA A D\ ],
\/VV V\/ VvV oV \/\/ \/
55%

Figure. 3-3 Creation of loading history II-6.
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Table 3-1 List of loading histories
Damper . . .
. Series No. Loading History D
size
0 55%
Y1 27.5% 35% i_ —_—
T D
1I-1 03 05 0.73 T 1203 T4 1.3
275% T 3sey ————— T
A% 559
, 45% 35%  45%
D
A4 A4
-2 05 075 T4 1.32
-45% 35%  -45%
45% 35% 45%
D
v v
1I-3 025 038 Ts 145
-45% -35% -45%
" 90%
35% o 45%
UD40 II ¥
1I-4 5| y D 1.26
0.25 0.5 1.4
-45%
50% 55%
y ______——— o —
e 0J5 145
15 I AL ¥ 2 109
27.5%  -35% -45% -55%
11-6 Refer to Figure. 3-2. 1.5
55%
A AN A M A A A
-7 A val 1.25

VV YV WV Y

55%
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3.3. Residual plastic deformation ratio—cumulative damage (&D) relationship

The &-D relationships of loading test series II (solid) are presented in comparison with
that of the standard specimens (dashed) in Figure. 3-4. The loading histories are shown
with graphs to indicate the trend changes of &-D relationships caused by the changes of
deformation amplitude. These relationships of standard specimens I-3 (3 = 55%), -4 (3 =
70%), 1-6 (3= 90%), and I-1 (= 110%) are shown in blue, black, green, and red,
respectively. The &-D relationships of series II are colored with the same colors over the
interval of D, where the dampers are loaded with the corresponding . However, because
of the almost random loading histories, the &-D relationships of 1I-6 and II-7 would be
difficult to discern if shown in color; thus, their &D relations are compared and shown
only in black (Figure. 3-4(f)). Furthermore, for demonstrating the links between the &-D
relationships of series II and standard specimens, parts of these relationships are
horizontally translated (parallel to the X-axis) to the vicinity of that of the standard

specimens with the corresponding .
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3.3.1. Increase in deformation amplitude

For II-1 (Figure. 3-4(a)), it is apparent that & grows sharply after every increment of
the deformation amplitude. The horizontal translation of the &D relationship over the
interval for D ranging from 0.25 to 0.5 is almost coincident with the &D relationship of
the standard specimen with the corresponding y (I-2, %= 70%); a similar phenomenon is
observed over the interval for D ranging from 0.5 to 0.75 as well as 0.75 to 1. This
similarity indicates that the trend change of &D, which is caused by the increase of y,
can be estimated by the &D relationship of the damper loaded under standard loading
with the target .

For II-4 (Figure. 3-4(b)), the offset deformation amplitude was applied over the interval
from D = 0 to 0.75. Similar to II-1, the &-D relationship of II-4 is consistent with that of
I-3 over the interval from D = 0 to 0.25; further, the rapid growth of & caused by the
increase of y is observed. However, the growth of & over the interval from D = 0.25 to
0.5 (»= 70%) and 0.5 to 0.75 (= 90%) is much slower than that of I-2 and I-6,
respectively. The growth of & caused by the peak deformation amplitude over 55% is
approximately half of that caused by standard loading with the corresponding 5. This
suggests that when y exceeds 55%, the growth of & would be overestimated if the &D
relation of the standard specimen with the corresponding y is applied in the &D relation
evaluation. Moreover, after the rapid growth of ¢ at the first step since the deformation
amplitude changed to +45% from 90% offset (+90%, 0) when D equals 0.75, the
horizontal translation of the &-D relation of 11-4 and I-6 finally converges as cumulative
damage D increases. It is likely that the growth trend of & can still be estimated precisely

by the &D relationship of the dampers, which are loaded under standard loading with the
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corresponding ¥, even though the y exceeds 55% temporarily.

3.3.2. Deformation amplitude decrease

For tests II-2 (Figure. 3-4(c)) and 1I-3 (Figure. 3-4(d)),  was decremented at different
times. The y of 1I-2 decreased from 90% to 70% (D = 0.8), when & had already exceeded
the &max0f [-2 (1.2); &max 1s defined as the residual plastic deformation ratio when D equals
one. By contrast, for test II-3, 3 was decremented at a moment (D = 0.1) that & was still
smaller than the &max of 1-2. The & of 1I-2 remains stable after the decrement of the
deformation amplitude. By contrast, the & of II-3 still grows slowly after decreasing the
deformation amplitude; subsequently, the growth rate remains at almost the same level as

that of I-2 as D reaches 0.7.

3.3.3. Complicated loading history

The &D relation of 11-5 is almost consistent with that of II-1 over the interval from D
= 0 to 0.5. Meanwhile, similar to II-2, the stable &D relation appears owing to the
decrement of » which was applied when & had already exceeded &nax of the standard
specimen with target ; &max of 1-3 is 1.12. These similarities indicate that as long as the
maximum value of yremains smaller than 55%, the &D relation of the U-damper that is
loaded with relatively complicated loading history is not as strongly affected by the
symmetry of the deformation amplitude.

The only difference between loading histories II-6 and II-7 is the arrangement of the

loading cycles; therefore, their &D relations are compared and illustrated in the same
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figure (Figure. 3-4(f)). Note that the & of the U-damper after every 5 times loading with
II-7 is nearly the same as that of the U-damper after every loading with II-6. Finally, &
tends to be the same, even though rearranging loading cycles in ascending order of y

results in different &-D relationships.

3.4. Evaluation of &D relationship under complicated loading history

Based on the experimental results of cyclic loading test series II, an evaluation method
of residual plastic deformation-cumulative damage relationship of U-damper is composed

in this section.

3.4.1. Evaluation of &D relationship of U-dampers loaded with increasing

deformation amplitude

The numerical model (Figure. 2-21) was used as a tool to evaluate the &D relation of
U-dampers. Based on the investigation of II-1 and II-4, an evaluation method for the &D
relation of U-dampers loaded with increasing deformation amplitude only was formulated
(Figure. 3-5).

The &D relation of U-dampers loaded with increasing deformation amplitude is
expressed by Eq. (7). Under the condition that the peak deformation amplitude y remains
smaller than 55%, the trend change of the &-D relation that is caused by the increment of
7 can be evaluated by the &-D relation of the standard specimen with target y (where u
of Eq. (7) equals 1); the target y denotes ;> in Figure. 3-5. D. and & denote the cumulative

damage index D and the residual plastic deformation ratio & at the time of changing
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deformation amplitude, respectively. D denotes the D of the standard specimen with
target  when & equals &. Furthermore, as mentioned in Section 3.2, the growth of &
caused by yover 55% is approximately half of that caused by standard loading with the
corresponding 3. Eq (3-1) can also reflect the low growth of £ caused by yover 55% when

the value of x1s 0.5.

é:c,i = ﬂ'(k(Dk,i—l +AD>/B(7t,i))_ ‘fc,i—l)—i_ c,i-1 Eq (3-1)

Residual plastic deformation (&)

g pooTTTTTTTT T TTTTTN

/l/ <-' Estimated value of £(Eq (3-1)), u=1 !
& D r !

S

RTATATATAY) Cumulative damage (D)

(@A) £ »<55%
Residual plastic deformation (&)
4

& D

(b) + 32 > 55%

Figure. 3-5 &D relationship evaluation

(deformation amplitude increasing, %,2>71)
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3.4.2. Evaluation of &D relationship of U-dampers loaded with other loading

histories

The final & of U-dampers, which are loaded with loading histories that only differ in
the arrangement of loading cycles, have proven to be similar to each other based on the
investigation of 1I-6 and II-7. Applying this characteristic, as illustrated in Figure. 3-6,
the &D relationship evaluation of a single U-damper element loaded with any random
excitations is achieved in three steps:

(1) converting the wave into a simple loading history of which the deformation
amplitude only increases.

(i1) calculating the residual plastic deformation ratio £at any particular value of
cumulative damage D by applying Eq (2-3).

(i11) repeating the previous steps after the accomplishment of each loading cycle.

Residual plastic deformation (&)

& D

Cumulative damage (D)

Incremental deformation amplitude | Complicated loading history

Figure. 3-6 &-D relationship evaluation

(Complicated loading history)

63



Chapter 3

3.5. Comparison of evaluated values and experimental results

The evaluated values of & (red) compared with experimental results (black) are shown
in Figure. 3-7 and Figure. 3-8.

For the &D relation of I1-1, II-4, and II-5 (from D = 0 to 0.5) that are shown in Figure.
3-7 (a), (d), and (e), although the experimental results are slightly overestimated, the
increase in the growth rate of the &-D relation caused by the increment of y is reproduced
precisely by Eq (2-3). Meanwhile, when coefficient i equals 0.5, Eq (3-1) can describe
the low growth of £ due to ybeing over 55%, which occurred in test 1I-4 over the interval
from D =0.25 to 0.75.

As illustrated in Figure. 3-7(b) (II-2), 5 was decreased on the timing that £ had already
exceeded the &nax of the standard specimen with target y (I-2). The slow growth of the
evaluated values of & was observed since y decreases to 70% from 90%; this is slightly
different from the stable residual plastic deformation ratio shown in the experimental
results. There is a similar occurrence in Figure. 3-7(e) (II-5) over the interval from D =
0.5 to 0.75. The stable &D relations due to the decrement of y cannot be reflected
correctly by the evaluation method described in Figure. 3-6. Meanwhile, for 1I-3 (Figure.
3-7(c)), y» was decreased on the timing that £ had not yet exceeded the &max of I-2. After
observing the experimental results, it is obvious that the growth rate of the &D relation
decreases significantly after the decrement of % when D equals 0.1. Subsequently,
&slowly increases at a relatively stable growth rate. However, the significant reduction
in the growth rate is not precisely reproduced by the evaluation method (Figure. 3-6),
which is considered to be the main reason why & is overestimated after the decrement of

7 in Figure. 3-7(c).
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The sufficient applicability of the evaluation method (Figure. 3-6) is demonstrated in
Figure. 3-7(d) and Figure. 3-8, when U-dampers are loaded with almost random
excitations. Although the experimental results are slightly underestimated at the very
beginning of the loading test (until D reaches 0.2; refer to Figure. 3-8(a)), the evaluated
values tend to be almost consistent with the experimental results subsequently. It is worth
mentioning that the numerical model of the &D relationship was proposed on the
principle that the experimental results are precisely reproduced over the whole process of
the loading test; this can cause the experimental results to be overestimated sometimes
and underestimated at other times. Therefore, positive and negative errors tend to cancel
out each other when the dampers are loaded with a relatively complicated loading history.
This is considered to be the reason why the experimental results of 1I-6 and II-7 are
evaluated more precisely in comparison with other specimens. Overall, the deformation
behavior of the dampers that are loaded under almost random excitation is precisely
described by the combination of Eq (2-3) and the evaluation method defined in Figure. 3-

7, even though there is still room for improvement in the numerical model.
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3.6. Precision verification of the exciting cumulative damage evaluation method

When the previously reported evaluation method (Ene et al. 2016) [3-2] is applied
to evaluate the dampers’ cumulative damage after an earthquake, ground motions
recorded by the observation stations around the damaged building can be used to
reproduce the seismic response of the structure. Additionally, the value of &
corresponding to the selected ground motion records can be conveniently estimated using
the &D relation evaluation method depicted in Figure. 3-6. Consequently, the most
appropriate ground motion record that can precisely reflect the excitations experienced
by the target building can be identified by comparing the estimated and measured values

of &
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3.7. Conclusion

Significant conclusions were obtained through loading tests with complicated loading
histories:

1). The trend change of &D relations, which was caused by the increase of y, could
be evaluated through the &D relations of a U-shaped steel damper loaded under
standard loading with target 7.

2). The final residual plastic deformation ratio &£ of the U-shaped steel dampers,
suffered from loading histories that only differ in the arrangement of the loading
cycles, tend to be similar to each other. After applying these properties, a method
for the &D relation evaluation of the U-shaped steel dampers loaded with any
excitations, such as ground motion, was developed in the present study.

3). Applying this &D relation evaluation method, a precision verification approach
for the exciting cumulative damage evaluation method (Ene et al. 2016) [2-2] is
proposed by comparing the estimated and measured value of residual plastic
deformation ratio & corresponding to the ground motion records used in
cumulative damage evaluation.

Furthermore, this mechanical and simple deformation behavior estimation method
facilitates the determination of deformation behavior statistics of U-dampers loaded under

various ground motions.
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4. Quick inspection of U-shaped steel damper based on shape change.

4.1. Introduction

The cumulative damage evaluation method composed by Ene et al. [4-1] [4-2] is
theoretically valid only when insufficient information, such as reliable ground motion
records and dynamic properties of the structure, is available. As a time-consuming
information-gathering process is detrimental to the functional recovery of damaged
buildings, establishing a more convenient and intuitive damage evaluation method (quick
inspection) for U-dampers is essential.

Researchers have made great efforts to simplify the cumulative damage evaluation of
U-dampers. Jiao et al. (2014) [4-3] determined that the cumulative damage of U-dampers
is very likely related to the area of the circumscribed rectangle corresponding to the
displacement orbit (Figure. 4-2). Kawamura et al. (2014) [4-4] presented a cumulative
damage evaluation approach that relies on the comparison between the seismic input
energy (dissipated by the damper) and its ultimate energy dissipation capacity. These
methods can simplify the process of cumulative damage evaluation to a degree. However,
similar to that composed by Ene et al. (2016) [4-1], the lack of precision verification
approaches seriously constrains the implementation of these methods as well. &D
relationship evaluation method established in Chapter 2 and Chapter 3 makes it possible
to estimate the dampers’ cumulative damage through the shape change that initiates on its
parallel arms.

However, as shown in Figure. 4-1, the residual plastic deformation of U-dampers

loaded under relatively large deformation might be the same as that of the ones loaded

72



Chapter 4

under relatively small deformation amplitude, even though they differ in cumulative
damage. Seems that cumulative damage evaluation cannot rely solely on residual plastic
deformation. A set of strong ground motion records from Japan was applied in the time-
history analysis to find indicators that might be helpful to achieving the quick inspection
of U-dampers. Section 4.3. presents the details of the time-history analysis and analytical
results. In section 4.4, the equivalent deformation amplitude (% ¢q in Figure. 4-3) is
introduced in the evaluation of the cumulative damage of U-dampers. Herein, the damper
subjected to seismic excitation is assumed to be loaded under a constant deformation
amplitude with an equivalent deformation amplitude. Easily obtainable indicators, such
as the maximum value of the deformation experienced by the dampers recorded using the
scratch plates (Figure. 4-2) installed in isolation layers (% max (% peak) in Figure. 4-3) and
the significant deration of the earthquake record are found to be tightly correlated to the

value of equivalent deformation amplitude.

s [%]

|
AN AN

Figure. 4-1 Different cumulative damage of dampers with the same &

Figure. 4-2 Scratch plate and record of displacement orbit [4-3]
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Figure. 4-3 Quick inspection of U-damper

4.2. Fatigue behavior evaluation equation of U-damper applied in the time-history

analysis

As aforementioned, Kishiki et al. (2012) [4-5] simplified the fatigue life prediction
equation in 2012 because the value of Ny corresponding to a certain deformation
amplitude y cannot be calculated directly using Eq (2-2)(c). The simplified one is more
accessible to estimate the value of Ny corresponding to a set of various deformation
amplitudes from a random wave such as earthquake-induced excitations. Only 6 types
of deformation amplitudes (% = 25, 40, 55, 70, 90, and 110%) are applied in cyclic
loading tests, so the value of Nrcan still be obtained easily through the functional image

of the fatigue curve Eq (2-2)(c). However, it is necessary to count the number of loading
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cycles to fracture corresponding to far more than 6 types of » in time-history analysis.
The simplified fatigue curve Eq (2-3) has become a more desirable choice here.
Therefore, replacing Eq (2-7) (the same as Eq (2-2)(¢)), Eq (2-3) is applied as the low-

cycle fatigue behavior evaluation equation of U-damper in this chapter (Eq (4-1)).

Y, =2370-N 5% 20%<y, <500% Eq (4-1)

As illustrated in Figure. 2-17, the experimental results (Series I) of the number of
loading cycles to fracture are precisely but slightly overestimated by Eq (4-1), which is
similar to Eq (2-7). Eq (4-1) is considered to be reliable in the fatigue behavior evaluation
of the single U-shaped element specimens of the present study as well. Detailed
discussion about the applicability of Eq (4-1) refers to APPENDIX F.

It is worth mentioning that, the scope of application of Eq (4-1) is 20% < 5 < 500%.
Only the cumulative damage and residual plastic deformation caused by loading cycles

with » over 20% are considered in time-history analysis.

" |
® Experimental result
— Eq@4-1)
e
o " -~ - =N,
Figure. 4-4 Fatigue behavior evaluation of U-damper
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4.3. Scope of application of deformation amplitude in evaluating the &-D relation

of the U-damper

Single U-shaped elements (UD40) are known to yield when the deformation reaches
18 mm in the monotonic loading test (Jiao et al. 2015 [4-6]) at approximately » = 16%.
The damper remains in an elastic state when loaded under y of approximately 16% and
does not begin exercising its function of energy dissipation under this negligible
deformation amplitude. The results of the cyclic loading tests indicate that no apparent
residual plastic deformation was initiated when y was less than 25%. This provides a
more precise reference value of the lower limit of y in evaluating the &-D relation of the
U-damper. Figure. 2-10 indicates the analytical results obtained from FEM modeling.
Residual plastic deformation caused by a single loading cycle when the damper is loaded
with y = 25, 55, 90, 110, and 150% are compared and shown together. It is found that
almost no residual plastic deformation is caused by a single loading cycle with y = 25%.
It neatly explains the reason why the shape of the damper’s parallel arms did not
obviously change when loaded with » = 25% in test I-3.

For dampers loaded under y > 110%, residual plastic deformation tends to accumulate
around the part connected to the structure rather than concentrating on the middle part of
the parallel arms. This phenomenon is observed in the deformation behavior of the
damper loaded under an offset increasing deformation amplitude with > 55% or » >
110% (Figure. 3-4(b), 1I-4). The residual plastic deformation of this specimen
accumulated on the lower parallel arms because it was loaded only in the positive

direction. However, the upper parallel arm would exhibit a similar deformation behavior
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if the loading direction was converted to negative. This test result provides a significant
reference for identifying the deformation behavior of dampers loaded with y > 110%.

Residual plastic deformation accumulates in the middle part of the parallel arms before
D reached 0.25 under a constant deformation amplitude y= 55%. However, it remained
at nearly the same level as y was increased to 70 and 90%, as indicated in Figure. 4-6(b)
and Figure. 4-6(c), respectively. Conversely, the residual plastic deformation that
accumulated around the connection to the structure (right side of the middle part in Figure.
4-6) increased considerably. Therefore, & grows more slowly than expected when y
exceeds 55%. Moreover, it is observed that the & of I11-4 is always lower than that of I11I-
3 for the same value of cumulative damage D (Figure. 2-20(b)), despite the deformation
amplitude of III-4 (% = 300%) being larger than that of III-3 (% = 150%). This
phenomenon indicates that & can no longer correctly describe the development of the
residual plastic deformation when the U-damper is loaded with y> 55% (> 110%) even
though the deformation behavior is also precisely evaluated by Eq (3-1) (¢ = 0.5).
Additionally, the analytical results of FEM modeling (Figure. 2-10) indicated that the
most obvious residual plastic deformation caused by a single loading cycle initiates
around P3 rather than P4. The analytical result matches well with the description of the
experimental results.

In summary, the cumulative damage can be correctly reflected using & only when
loaded with y ranging from 25 to 110%. This principle is applied to the time-history
analysis presented in the next section. The values of D and & were considered only when
the maximum deformation caused by the ground motion occurred in this range of j. The
relation between residual plastic deformation and cumulative damage of U-damper can

be evaluated using Eq (4-2) in time-history analysis.
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§c’,i = k(Dk,i—l + AD,' ’ ﬂc,i) Eq (4'2)

§¢max+¢min
0.003 ¢

7 150%

110%

Figure. 4-5 Residual plastic deformation initiates on the parallel arm of

U-dampers (1 cycle; = 25, 55, 90, 110, and 150%).
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Figure. 4-6 Deformation behavior of specimen 1I-4

4.4. Nonlinear time-history analysis

The effects of seismic excitations on the residual plastic deformation (&) and

cumulative damage (D) are investigated in this section. As this requires a set of realistic
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unidirectional displacement histories, a set of strong ground motions and a series of
analytical models were established. The deformation behavior evaluation method
(Chapter 3) was applied to estimate the values of the residual plastic deformation of the
U-damper that corresponds to the ground motion records. Additionally, the equivalent
deformation amplitude (equivalent peak-to-peak horizontal shear angle (% ¢q)) was
induced to simplify the approach of investigating the effect of ground motions and

dynamic properties of structures.

4.4.1. Ground motion set

U-dampers are widely used in Japan for designing isolated structures. A subset of
ground motions from K-NET and KiK-net (NIED, 2019 [4-7]) in Japan was used for the
time-history analysis. Over 900 strong ground motion records from 190 different seismic
events with magnitudes greater than five (5 <M < 9) were selected (APPENDIX H). Both
horizontal components of each ground motion were considered. Although selecting
appropriate ground motions to perform a reliability analysis for nonlinear systems is a
sensitive task and has been extensively studied, it is beyond the scope of this study. Rather
than selecting a certain set of ground motions based on a specific seismological parameter,
the ground motions in this study were selected as widely as possible to obtain more
universal and representative analytical results. Furthermore, the selected ground motion
records were not scaled to ensure that the analytical results reflect the actual use of

dampers with high precision.
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4.4.2. Analytical model

For a base-isolated structure, the response of the entire system is always designed to
concentrate on the level of the isolation layer to protect the superstructure. Therefore, the
superstructure was modeled as a rigid body and reduced to a single mass (m = 750t) with

one degree of freedom in the analytical model (Figure. 4-7).

Mass of superstructure

V4 Isolation layer

§ -1~ Ground motion

Figure. 4-7 Analytical model.

The isolation layer is assumed to comprise natural rubber bearings and hysteretic
dampers. Figure. 4-8 depicts the restoring-force characteristics of the isolation layer. The
assumed hysteretic behavior for the dampers is a linear elastic-perfect plastic behavior,
whereas the isolator (rubber bearing) is modeled as linear elastic. The yield deformation
of the isolation layer was identical to that of the damper element (18 mm).

The isolation period (7;) is defined as the period of the structure with only isolators and
can be evaluated using Eq (4-3); here, m represents the mass of the superstructure, and &;
denotes the stiffness of the isolator. Based on the design practice followed in Japan (Pan

et al. 2005 [4-8]), Ti is commonly higher than 3.5 s. In this study, 7; was set to 4, 5, and
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6 s to rebuild the seismic response of base-isolated structures with different dynamic

properties.

T =27 |= Eq (4-3)

The damper strength ratio (o) defined as the ratio of the total yield strength of the
hysteretic dampers (Q,%) to the weight of the superstructure (m) is another significant
parameter involved in the establishment of analytical models. In this study, the values of
as were set to 0.02, 0.04, and 0.06 (Pan et al. 2005 [4-8]; Qu et al. 2013 [4-9)).
Correspondingly, the initial stiffness of the hysteretic damper was modified using the
same scale to demonstrate that the increase in ¢ is caused by an increase in the number
of dampers installed in the system. By integrating the aforementioned parameters, namely

T; and o, nine analytical models were adopted for the time-history analysis.

- Isolated layer

Damper

d,

Figure. 4-8 Analytical model.

4.4.3. Equivalent deformation amplitude } eq

The cumulative damage (D) caused by strong vibratory motion (with 7 >20%) and the
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corresponding value of the residual plastic deformation ratio (&) are calculated using Eq
(2-7) and Eq (4-2), respectively. Figure. 4-9 illustrates the obtained analytical results, Danq
and &a. Where the rainflow counting method was adopted to count the number of
loading cycles (Amzallag et al. 1994 [4-10]). Subsequently, (Dana, &ana) Was plotted in a
coordinate system with D as the X-axis and £ as Y-axis. Although the damper is not loaded
under a constant deformation amplitude, one corresponding value of y exists when the
values of D and ¢ are known. Eq (4-4) is obtained by rewriting Eq (2-9) to convert

(Dana, &na) to an equivalent peak-to-peak horizontal deformation angle (7 eq).

Vi =& (By) (a) Eq(4-4)
Where
D
In(1 + —<a)
,Bqu(D & ):—0( (b) Eq(4'4)
e ana ana gana _ 1

Consequently, the cumulative damage of the dampers caused by seismic excitations
can be estimated conveniently using the measured values of & and &D relation under
constant deformation amplitude with the corresponding % <. Additionally, the
introduction of ¥ ¢q significantly simplifies the approach by avoiding the investigation of
the effect of the dynamic properties of the structure and seismic excitation on the values
of £and D. The results of the time-history analysis are explained in terms of } ¢q in next

the section.
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Figure. 4-9 Calculation of % eq.
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4.4.4. Results pf the nonlinear time-history analysis

As depicted in Figure. 4-10, although the maximum value of the damper deformation in
both the positive and negative directions can be easily obtained using the displacement
orbit recorded by the scratch plate installed at the isolation layer, the sum of the absolute
values of the maximum deformation in both directions (s peax) does not always equal the
maximum deformation amplitude (% max). Moreover, % peak 1S @ more significant reference
indicator in the quick inspection of the U-damper because » max cannot be obtained
without time-history analysis. Therefore, y;¢q is plotted in Figure. 4-11, Figure. 4-12, and
Figure. 4-13 with J max (% peak) as the X-axis. As explained in Section 2.4, cumulative
damage can be reflected correctly only using & when the damper is loaded with j ranging
from 25 to 110%. Therefore, the analytical results with 7 peak only within this interval are
discussed in this study.

For simplification, the analytical models are referred to as (7, o). In the case of model
(5, 0.02) (black in Figure. 4-11, and Figure. 4-12), y¢q increases with the increase in % max
and y peak. The linear relationship between y eq and % max 1S more significant than that
between % eq and % peak- As all models are derived from model (5, 0.02), the analytical
results of these models (red in Figure. 4-11, and Figure. 4-12) are illustrated as
representatives in comparison with those of model (5, 0.02). The value of y ¢ 1s not
significantly affected by the dynamic properties of the analytical models.

Figure. 4-13 depicts the analytical results of the ground motion records from
earthquakes that differ in intensities against the background of all analytical results.
Typically, 3 eq-7 max (J4 peak) relationships are not significantly affected by the intensities

of earthquakes. However, when } max Or % peak remains the same, }; ¢q of high-magnitude
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earthquakes (M = 9) tends to be lower than that of relatively low-magnitude earthquakes
(M < 7). Particularly, this behavior is prominent when  peak Or % max 1S greater than 0.5.
The correlation between the duration of strong ground motion and destruction
experienced by structures during earthquakes has been widely discussed in the literature
(Trifunac 1971 [4-11]; Bommer et al. 2004 [4-12]). Bommer and Martinez-Pereira (1999)
[4-13] reported that for ground motion records with similar amplitudes of accelerograms,
those with longer durations tend to be more destructive; whereas, for records with the
same energy content, the ones with shorter durations are capable of causing more
destruction. Additionally, % eq equals % max (% peak) under extreme conditions, wherein only
one full loading cycle is completed owing to the short duration of the ground motion.
Subsequently, an increased duration leads to more loading cycles, whereas the value of
eq Would never be as large as J max (4 peak). In other words, 7 ¢q is highly likely to be
negatively correlated with the duration of ground motion under constant J max (% peak). TO
verify this conjecture, this study adopted “‘significant duration,” which indicates the time
interval required for the Arias Intensity (14) (Arias 1970 [4-14]) of an earthquake to reach
two relative thresholds to quantitatively evaluate the duration of strong vibratory motions
(APPENDIX G). Two commonly used measures of significant duration are the time
intervals between 5-75% and 5-95% of the final value of 14, denoted as SDs.75 and SDs.
95, respectively (Somerville et al. 1997 [4-15]; Bradley 2011 [4-16]). As the cumulative
damage caused by a single loading cycle with y < 20% cannot be evaluated using Eq (4-
1), loading cycles with % < 20% were excluded from the evaluation of the cumulative
damage to the dampers. In this study, strong vibration is defined as vibration with a
deformation amplitude () greater than 20%. This causes the duration of the strong

vibratory motion to be grossly overestimated by SDs.os. Therefore, Figure. 4-14 illustrates

85



Chapter 4

Jt eq Of ground motion records with similar % max (J peak) With SDs.75 as X-axis, and any
reference to “duration” represents SDs.7s.

Similar to model (5, 0.02) (Figure. 4-14), the analytical results are depicted in different
colors to indicate the effect of the intensities of earthquakes. Earthquakes with high
magnitude (M = 9) are indicated in red, whereas black spots denote the y;¢q of the ground
motion records from the earthquakes with relatively lower magnitude (M < 7). When y
max (% peak) Temains the same, the corresponding value of » to ground motion with a
relatively longer duration tends to be smaller. The negative correlation between % ¢q and
the duration of strong motion with a similar % max (% peak) Was confirmed. Additionally,
the duration of ground motion records from high-magnitude earthquakes is always longer
than that obtained from low-magnitude earthquakes. Previous studies (Kempton and
Stewart 2006 [4-17]; Bahrampouri, Rodriguez-Marek, and Green 2021 [4-18]) have
reported that the duration of strong motion with a similar source-to-site distance exhibits
a positive correlation with the intensity of events. A similar trend change is observed in

Figure. 4-14 when J max (4 peak) remains nearly the same.
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Figure. 4-10 Definitions of % peak and % max.
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4.5. Cumulative damage evaluation method of U-dampers

As mentioned earlier, the cumulative damage of the U-damper caused by seismic
excitations can be easily estimated using £and &-D relation under a constant deformation
amplitude with y¢q. Additionally, consolidating multiple research objects (¢ and D caused
by a certain ground motion record) into one (% ¢q) simplifies the investigation of the effect
of dynamic properties of structures and seismic excitations. The residual plastic
deformation & can be easily obtained by determining the actual measurements after an
earthquake. This section discusses the estimation approaches of j; ¢q based on easily

available information, such as % max (} peak) Or duration of strong vibratory motion.

4.5.1. Estimation approach of yeq based on the duration of earthquakes

The y: ¢q estimation approach is presented in this section based on the analysis of the
relation between the duration of strong vibratory motion and y;¢q. The number of loading

cycles experienced by dampers during an earthquake was estimated using Eq (4-5).

SD; ;s
Num _ cycle = 7 Eq (4-5)

eq

where T, denotes the equivalent vibration period of the analytical models under
maximum displacement Omax = 400 mm.
In most instances, the deformation amplitude of the other loading cycles remains

unknown along with the value of % max (4 peak) despite estimating the number of loading
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cycles. Therefore, the time history of the structure’s response is simplified, as illustrated
in Figure. 4-15, to identify a viable y:¢q estimation approach. A simplified wave comprises
two primary components; only one loading cycle with y equals } max (% peak), Whereas the
others are reduced into loading cycles with % = 25%. Figure. 4-11 and Figure. 4-12
validates that 3 max (4 peak) 18 closely associated with the value of y¢q, which indicates that
% max (% peak) cannot be omitted in the simplification of the time history. For ground motion
records with similar 3 max (% peak), @ longer duration implies more loading cycles with =
25%. This decreases the value of 7 ¢q and precisely reflects the effect of duration (Figure.
4-14) using the simplified wave. Furthermore, as discussed in Section 2.3, the residual
plastic deformation caused by loading cycles with 3 <25% is insufficient for observation.
Therefore, for ground motions with y;eq < 25%, 7% ¢q 1S considered to be 25% in this study
as they result in almost non-observable residual plastic deformation. Reducing the loading
cycles, except for the one with % max (% peak) to %= 25%, can ensure that the estimated
value of y does not reduce below 25%. D* and &* indicate the cumulative damage and
residual plastic deformation of the simplified wave, respectively. The estimated value of
7% eq Can be obtained by substituting D* and &* in Eq. 6.

As the estimated results of all analytical models were similar, only those of the
analytical model (5, 0.02) are illustrated in Figure. 4-16. The estimated values of y ¢q were
compared with the analytical results and plotted in Figure. 4-16(a) and (c). Eq (4-6) is
obtained by rewriting Eq (2-9) to estimate the cumulative damage of the dampers using
the measured value of & (substituted by the analytical value of &) and the &D relation

under a constant deformation amplitude with  eq.

D, =d(§ B =™ =) (a) Eq(4-6)
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Where

P = &(Vieq) (b)

Figure. 4-16(b) and (d) depict the estimated values of D. Although y ¢q 1s precisely
estimated uSing ) max, Ji eq 1S Overestimated by replacing % max With 7 peak. Consequently,
the cumulative damage D is precisely estimated by 7 max and slightly underestimated by
7 peak- However, over 80% of the estimated results (Dey) are distributed in the interval

from y—oto u+o of the analytical value (Dang) for both 7 max and 4 peax.

(Number of loading cycles-1)x25% 1X 9 max

Figure. 4-15 Simplification of the response analysis results.
Frequency U—o H+o
0.2 T T ]
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(a) Estimated value of % eq (7 max)- (b) Estimated value of D (% max).
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(c) Estimated value of % cq (J4 peak)- (d) Estimated value of D (% peak).
Figure. 4-16 Estimated value of cumulative damage (D) and equivalent

deformation amplitude (% ¢q) with 7y=15 s and o = 0.02.

4.5.2. Estimation approach of yeq based on j max or % peak

As depicted in Figure. 4-11 and Figure. 4-12, 7 ¢q1s almost linearly correlated with y
max (7% peak). This correlation is not significantly affected by the dynamic properties of
analytical models and the intensities of earthquakes. Eq (4-7) provides a reference value
of the lower limit of };eq (7 eq)) for over 80% of the sample size; the estimated value of
% equ) Was lower than the analytical value of y . Estimating y oq conservatively

overestimates the cumulative damage of the dampers in most cases.

Vi = 0-54% (¥, —02)+02 025<y,  <I1.1 Eq (4-7)

Additionally, y:eq would not be greater than % max ()4 peak) in any circumstance. Therefore,

the upper limit of };eq (J4equ)) can be expressed using Eq (4-8) as

7teq(U) = Yimax » OF 7teq(U) = ytpeak Eq (4_8)
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To estimate the value of y q more precisely, Eq (4-9) was derived from Eq (4-7) and
Eq (4-8) to ensure that the average ratio between the analytical and estimated values of

eq 18 approximately 1.

_ 3 : yteq(L) + }/teq(U)
]/teq - 4

Eq (4-9)

By statistically analyzing the values of % peak and y max, the average value of the ratio
between (% peak—0.2) and (7 max—0.2) was determined to approach 1.5. Therefore, 3 oq can

be estimated conservatively using % peak, as follows:

(}/tpeak -0.2)
1.5

=0.54x +02 025<y, ., <11 Eq (4-11)

Y ieqy

Furthermore, 7 q can be precisely estimated using 7 peak and Eq (4-9).

_ 3 Ve ey
}/teq - 4

Eq (4-12)

All analytical results (y:¢q) are plotted in Figure. 4-17(a) and Figure. 4-18(a) based on
Eq (4-7) to Eq (4-12).

Figure. 4-17(b) and (c) depict the estimated results of cumulative damage, whereas
Figure. 4-18(b) and (c) illustrate the results with the ratio between the analytical and
estimated values of the cumulative damage (Dana/Desi) as X-axis and frequency as Y-axis.
As explained in Section 4.5.1, the lower limit of % ¢q was set to 25% despite the estimated

value of 7 ¢q being lower than 25% in certain cases. As depicted in Figure. 4-17(b) and
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Figure. 4-18(b), the cumulative damage can be precisely estimated using % max and % peak
(Eq (4-9) and Eq (4-12)). Over 80% of the estimated results were distributed within the
interval 1£0. Conversely, Figure. 4-17(c) and Figure. 4-18(c) indicate that approximately
80% of the analytical results for the cumulative damage were overestimated using Eq (4-
7) and Eq (4-11) (Dana/Des: > 1), indicating that the equations satisfy the requirements
completely. Although the cumulative damage of the U-damper was more precisely
estimated by % max and Eq (4-9), % peak 1s substantially easier to obtain from the
displacement orbit recorded by the scratch plates or the displacement record of the
superstructure. This indicates that the estimated value obtained using Eq (4-12) and  peax
should be analyzed from an engineering point of view. Furthermore, the estimation
approaches of y;¢q discussed in this and previous sections exhibit nearly the same level of
estimation precision. The introduction of the strong-motion duration and dynamic
properties of the structure failed to improve the precision of j ¢q estimation significantly.
As the information required is less yet similar to the estimation precision, the 5 g
estimation approach based on % max (J peak) 1S considered more suitable for the quick

inspection of U-dampers.
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4.6. Conclusion

U-shaped steel dampers are widely used in designing base-isolated structures in Japan.
The observable shape changes caused by earthquake-induced excitations are closely
associated with their cumulative damage. The major conclusions of Chapter 4 can be

summarized as follows:

1). The process of investigating the effect of the dynamic properties of the structure
and seismic excitations is significantly simplified by introducing the equivalent
deformation amplitude y eq.

2). The time-history analysis confirms that the value of y ¢q is positively correlated to
the maximum deformation amplitude experienced by the dampers during an
earthquake (% max (7 peak)), and the 3 eq —% max (J# peak) relation is not significantly
affected by the dynamic properties of the structure and the intensities of
earthquakes. Consequently, the cumulative damage of the dampers can be
estimated conveniently by assuming that the damper is loaded under a constant
deformation amplitude with y ¢q. The reduced calculation effort and adequate
precision validate that the proposed method is highly effective for the quick

inspection of U-shaped steel dampers.
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5.1. Conclusions

The deformation behavior of U-shaped steel dampers under in-plane excitation is
systematically investigated in the present study. Cumulative damage of U-shaped
dampers is proven to be tightly correlated to the residual plastic deformation caused by
cyclic loading with constant deformation amplitude. As a tool to describe the cumulative
damage of the dampers in the process of dynamic cyclic loading, low cycle fatigue
behavior, and cumulative damage evaluation method of U-shaped steel dampers that is
composed by Kishiki et al. (2008) and Ene et al. (2016) is applied in this research. The
residual plastic deformation tends to grow with the increment of cumulative damage. The
deformation residual plastic grows more obviously when the dampers are loaded under
relatively larger constant deformation amplitudes (Chapter 2).

It is indicated in the dynamic cyclic loading tests under complicated loading histories
(test Serious II) that, the residual plastic deformation-cumulative damage relationship of
U-shaped steel dampers is severely affected by the dynamically changing deformation
amplitudes. Whereas, the deformation behavior of the dampers can be simply predicted
by rearranging the loading cycles in ascending order of deformation amplitudes. Based
on this, the precision verification of the exciting cumulative damage evaluation method
composed by Ene et al. (2016) can be achieved easily and effectively (Chapter 3).

The process of investigating the effect of the dynamic properties of the structure and
seismic excitations is significantly simplified by introducing equivalent deformation

amplitude. It is confirmed that the value of the equivalent deformation amplitude is tightly
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correlated to the maximum displacement experienced by the seismic isolated layer and is

not significantly affected by the magnitude of earthquakes and the dynamic properties of

the structure (Chapter 4).

The main conclusion of the present study are:

1.

2).

3).

4).

Residual plastic deformation of U-shaped steel damper caused by cyclic loading
tends to accumulate in the middle part of the parallel arms. Applying the shape
change of the deformed parallel arms, residual plastic deformation ratio & is used
as an indicator for describing the deformation behavior of U-shaped steel dampers.
No obvious residual plastic deformation was observed when y equals 25%. The
residual plastic deformation ratio is proven to be an ineffective index of cumulative
damage evaluation when y was smaller than 25%. % max = 25% is defined as the
lower limit of cumulative damage evaluation of U-shaped steel dampers based on
shape change.

It is indicated in cyclic loading under complicated loading history and FEM
modeling that, the residual plastic deformation ratio is no longer an effective
indicator for evaluating the deformation behavior of U-shaped steel dampers when
deformation amplitude in positive or negative sides exceeds 55%. % max = 110%
seems to be the upper limit of quick inspection of U-shaped steel dampers based
on residual plastic deformation.

The effect of the U-shaped steel dampers’ size is negligible in the dampers’ residual
plastic deformation-cumulative damage evaluation. Meanwhile, independent of
whether the amplitude deformation has positive or negative symmetry, the &D
relationships of U-shaped steel dampers loaded with constant deformation

amplitude, which are the same in  (in the range from 25% to 110%), are congruent.
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5).

6).

7).

A residual plastic deformation-cumulative damage of U-shaped steel dampers is
composed based on the experimental results of dynamic loading tests Series I to
Series III. The deformation behavior of U-shaped steel dampers under random
waves such as earthquake-induced excitations can be predicted precisely by
rearranging the loading cycles in ascending order of deformation amplitudes.

Excessive reliance on numerical analysis makes it difficult to certify the estimated
value of cumulative damage obtained from the existing cumulative damage
method composed by Ene et al. (2016). The aforementioned finding provides the
solution to the problem. Precision verification can be conducted effectively by
comparing the estimated and measured values of the deformed parallel arms’
residual plastic deformation corresponding to a certain ground motion record.

Equivalent deformation amplitude (}; ¢q) is introduced in the quick inspection of
U-shaped steel dampers. Estimating the cumulative damage of the dampers can be
conducted easily through the residual plastic deformation-cumulative damage
curve under constant deformation amplitude corresponding to ; ¢q. it is indicated
in the time-history analysis that, the value of % ¢q seems not significantly influenced
by the magnitude of the earthquake events and the dynamic properties of the
structures and can be estimated through readily available information, such as the
maximum deformation amplitude experience by the base-isolated layer and the
structures’ equivalent vibration period. This quick inspection method allows
nonprofessionals such as users of the building to estimate the earthquake-induced
damage and judge whether the building can be used continuously. This would
undoubtedly contribute significantly to speeding up the urban function recovery

after severe disasters.
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5.2. Future works

The cumulative damage evaluation method composed in the present study provides
valuable insight into the quick inspection of U-shaped steel dampers or even of other
metallic energy dissipation devices. However, it is previously discussed that ignoring the
effect of U-shaped steel dampers’ torsional deformation and out-of-plane deformation
results in unsafe evaluated results of cumulative damage. Indicating the effect of these
factors on the quick inspection method proposed in the present study has been the focus

of future work.
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APPENDIX

APPENDIX A. Effect of material properties on the deformation behavior of U-

shape steel damper

Although the single U-shaped elements investigated in the present study are all
fabricated from a type of high-quality rolled steel SN490B and the manufacturing process
is mature and reliable, the effect of material on the deformation behavior of U-dampers
is briefly discussed in APPENDIX A through the analytical results of FEM modeling. The
outline of the FE model remains the same as that discussed in Section 2.2.

Single U-shaped elements that differ in material properties (stress-strain (o-¢) relation)
are tested. Two parameters (Figure. A-1) are considered: (1) yield strength o; (380 Mpa
and 235Mpa for SN490B and SN400B); (2) tangent modulus E; (0.01F and 0.03E,
Young’s Modulus £ = 205Gpa).

Same as Section 2.2, the sum of @nax and ¢in 1s used to estimate the residual plastic
deformation caused by a single loading cycle. The residual plastic deformation initiates
at the sections on the parallel arm is indicated in Figure. A-2.

Models with different stress-strain relations show a similar distribution of residual
plastic deformation. Bending which occurs at sections from P> to Ps makes the parallel
arm of the damper protrudes outwardly. For the three models, section P4 normally has the
most obvious residual plastic deformation. Estimating the shape change of the dampers
by the residual plastic deformation that initiates at the middle part (the area around section
P4) of the parallel arm is still the best selection for &D relationship evaluation. Whereas,

it is obvious that the value of residual plastic deformation for a single loading cycle is
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different. The evaluation method of residual plastic deformation-cumulative damage (&-
D) relationship under constant deformation amplitude should be adjusted to fit the
variation of dampers’ material. However, the &D relationship evaluation equations for
constant deformation amplitude can only be composed based on the experimental results
of a series of dynamic loading tests of single U-shaped elements. Unfortunately, we are
in no condition to experiment with U-shaped steel dampers that are fabricated from other

metallic materials.

o [Mpa]

600 E,=0.03E
so0 || \ ________________
B E,=001E
300 f
s00 M Tt E,=0.01F
100

JPE . ¢

0 0.01 0.02 0.03
Figure. A-1 Stress-strain relation of FEM modeling
§¢max+¢n:1in 7 : . —

00015 s : : | Jy—:380Mpa, E,=0.01E |

I : i ; ’ o, =235Mpa; E,= 0.01E ‘
K : . : S 1
[ : : : H
[

< ‘ 0, =380Mpa; E, = 0.03E ‘

Figure. A-2 Residual plastic deformation initiates on the parallel arm of U-

-0.0015

dampers (% = 90%).
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APPENDIX B. Fitness of the previously discussed cumulative damage evaluation

method of U-shaped steel in the present study
The exciting cumulative damage evaluation method composed by Ene et al. (2016) is
discussed in detail in Chapter 2. Miner’s rule was applied to describe the fatigue behavior

of U-damper loaded under complicated loading history such as earthquake-induced

vibrations (Eq (A-1), same as Eq (2-7)).

D=2~ Eq (A1)

Where #; is the frequency of the cycles having deformation amplitude y, n is the total
number of cycles, and Ny; is the corresponding number of cycles to the fracture. The value
of Ny; is evaluated using a fatigue curve (Eq (A-2), same as Eq (2-6)) defined according

to Manson-Coffin model (Kishiki et al. 2008 [A-1]).

Y, =35-N"+3620- N5 (a)  Eq(A-2)

Or (Kishiki et al. 2012; same as Eq (4-1))

7, =2370- N;O-“ (b)

Manson-Coffin and Miner’s rules [A-2] [A-3] are prediction approaches for metallic

materials’ fractures caused by fatigue, which are widely applied in the cumulative damage
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evaluation of steel components in fields such as civil engineering and architecture. The
components are proposed to be fractured when the estimated value of cumulative damage
D reaches 1.0. An indispensable condition for minimizing losses caused by structures’
failure is establishing a prediction approach to the fracture of the structures’ main
components caused by fatigue. In order to exercise the function of “predicting the
happening of fracture”, engineers normally attempt to adjust the estimation equations and
make the estimated value of D slightly exceed 1.0 when the fractures happen.

Experimental results of U-dampers’ in-plane low cycle fatigue tests conducted in the
present and previous studies (Kishiki et al. 2008 [A-1]) are indicated in Figure A-3 (a)
and (c) in comparison with Eq (A-2) (a) and (b). Figure A-3 (b) and (d) illustrate the
precision of both Eq (A-2) (a) and (b). Where the X-axis indicates the ratio of the
estimated value and experimental results of the number of loading cycles to fracture (Ny
(est) and Ny(exp)). The experimental results are precisely but slightly underestimated by both
equations which means the fracture of the damper has been conservatively predicted.

As defined in Eq (2-7), the estimated value of cumulative damage D is the sum of the
damage caused by each loading cycle. Where, the damage caused by a loading cycle with
a certain deformation amplitude 5, is the reciprocal of the estimated value of the number
of cycles until fracture Ny (1/Nyi). Both Eq (A-2)(a) and (b) were proposed to
underestimate the number of cycles until fracture in most cases because of the
aforementioned reason. Therefore, the estimated value of cumulative damage D obtained
from Eq (A-2)(a) and (b) normally exceeds 1.0 (Table 3-1).

Furthermore, the present study focuses on the relation between U-damper's cumulative
damage and residual deformation. We are dedicated to establishing a cumulative damage

evaluation method based on the damper’s residual plastic deformation. Establishing an
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effective approach for describing the deformation behavior of U-damper is the priority.
The previously discussed cumulative damage evaluation method for U-damper is proven
to be mature and reliable by both the experimental results of the previous and present
studies, so it is adopted in the present study as a tool to describe the fatigue behavior of
single U-shaped elements in the dynamic cyclic loading tests.

Certainly, improving the goodness of fit of Eq (A-2) is helpful to evaluate the
cumulative damage of U-damper more precisely. Whereas, the purpose of predicting the
failure of the dampers cannot be satisfied with an evaluated value of D less than 1 (it
cannot be called a “prediction” for the fracture of the damper if an evaluated value of D
less than 1 is obtained when the fracture happens). Additionally, it is worth mentioning
that the optimization of the fatigue curve Eq (A-2) needs large samples. Only 6 specimens
()r = 25, 55, Offset 55, 70, 90, 110%) were tested in loading test series I (constant
deformation amplitude) in the present study. Optimization of Eq (A-2) cannot be achieved
with such a small sample size. Overall, U-dampers cumulative damage evaluation

equations proposed by Jiao et al. (2015) and Ene et al. (2016) apply to the present study.
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APPENDIX C. Effect of U-shaped steel damper’s torsion and out-of-plane

deformation on its inelastic deformation capacity

APPENDIX C is a brief introduction to the effects of U-damper’s torsion and out-of-

plane deformation on its inelastic deformation capacity.
1. Effect of U-dampers’ torsion deformation

In Ene et al. (2016) [A-4], the cumulative damage of U-dampers loaded under
unidirectional and bidirectional loading is defined by Eq (A-2) (a) and (b), respectively.
Meanwhile, Ene et al. (2016) introduced an empirical index—sway-motion index Jy
(defined in Eq (A-3))—to quantify the complexity of the displacement orbit experienced
by the base-isolated layer, and index Jris employed further to estimate the effect of the

torsion deformation on the reduction of cyclic deformation capacity of U-dampers.

n—1
J, [% o Lt 7 IAfp,Ij Eq (A-3)

i=1

where y; is the ratio of deformation amplitude (R; in Eq (A-3)) to the original height of
the damper.; Ag; is the incremental in-plane rotation angle [rad] between two consecutive
loading steps (Figure 1); and 7 is the total number of loading steps.

Figure. A-5 and Eq (A-5) indicate the way that J; affects the ultimate inelastic
deformation capacity (D?,) of U-damper loaded under bidirectional loading. In her own
word, Diana ENE described that: “On the one hand, for values of Jysmaller than 15 [rad],

the loading history is approaching one-directional loading; therefore, the D> index will
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be limited to 1.0. On the other hand, for values of Jr larger than 30 [rad], D: is almost
constant, resulting in the existence of an upper limit to the reduction of the cyclic
deformation capacity.” The dampers are proposed to be fractured when the estimated
value of cumulative damage D reaches 1.0 (Fracture limit for 1D, the left side of Figure.
A-5) when loaded under unidirectional loading. While the ultimate inelastic deformation
capacity of a U-damper loaded under bidirectional loading would decrease to about 0.4

(Fracture limit for 2D, the right side of Figure. A-5) when the value of Jrexceeds 30 [rad].

DY =10 J, <15
DY =1.6-0.004J,  15<J, <30 Eq (A-4)
DY =04 30<J,

However, the cumulative damage of U-dampers suffered from ground motion records
(Figure. A-6) reveals that the damage produced by the original records is significantly
small compared to the bidirectional interaction curve [A-5]. Sway motion induced by
ground motion records seems much smaller than Jy =15 (inelastic deformation capacity
of U-damper starts to decrease when Jr exceeds this value). It is highly likely that the
effect of dampers’ torsion deformation can be ignored when the dampers suffer from the

original ground motion records.
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Figure. A-4

Figure. A-5

Figure. A-6
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2. Effect of out-of-plane deformation

The cumulative damage induced by a single loading cycle is compared in Figure. A-7.
The X-axis is deformation amplitude y. The Y-axis expresses the ratio of the cumulative
damage induced by a loading cycle of a circular loading pattern (D-) to that induced by a
single in-plane loading cycle (D1). The scope of application of deformation amplitude in
&-D relation evaluation of the U-damper is y = 25% to 110%. The effect of out-of-plane
loading increases with the increment of deformation amplitude. D reaches 1.35 times D
when » equals 110%. That is also the reason why we proposed an underestimation
approach of the equivalent deformation amplitude y ¢q to conservatively evaluate the
cumulative damage in Chapter. 4 (Figure. 4-18). The mean value of Des/Dana reaches 1.7
using the underestimation equation of j ¢q, which means the quick inspection method
proposed in the present study is still reliable even if the damper is loaded under

bidirectional loading.

D, /D,

13 F /

1 Y
0 20 40 60 80 100
Figure. A-7 Effect of out-of-plane deformation on U-dampers’ cumulative

damage evaluation
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APPENDIX D. The dimension of the loading equipment

The dimension of the loading equipment is marked in the following figure.
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Figure. A-8 Loading equipment (unit: mm) damage evaluation
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APPENDIX E. The most severely deformed part of parallel arms

Figure. 2-7 shows the measurement points attached to the single U-shaped element.
The shape change of the specimen was traced through the displacement of these
measurement points in dynamic loading tests. Test results are used to describe how the
dampers’ shape change developed along with deformation o (Figure. A-9).

Figure. A-10 and Figure. A-11 indicate the experimental results of the damper loaded
under complicated loading history II-7, and the loading history is demonstrated as a
background image. Only the damper’s deformation behavior under the first set of loading
history II-7 is illustrated in both Figure. A-10 and Figure. A-11 because a similar
phenomenon is observed in the whole process of the loading test. Residual plastic
deformation ratio &is defined as the ratio of residual plastic deformation between P4 and
P14 (0= 0) to the original height of the damper. Shape change ratio & yy—the ratio of the
distance in the Y-axis direction between P4 and P14 to the original height of the damper—
is used to describe the shape change of the specimen when deformation 6 does not equal
0. & (red) and & (y) (black) are compared and indicated in Figure. A-10 with time ¢ as the
X-axis. Seems that £is the peak value of & (y) in each loading cycle, which means the most
obvious shape change normally initiates on the parallel arms when deformation dreturns
to 0.

The residual plastic deformation ratio of other pairs of measurement points such as P;
and P17 (&1-17), black), are indicated in Figure. A-11 in comparison with & (red). It is worth
noting that, the area around the middle part of the damper’s parallel arms (P4 and P14)
normally has the maximum residual plastic deformation. Residual plastic deformation

ratio & seems to be applicable for describing the deformation behavior of U-shape
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dampers loaded under complicated loading history.
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Figure. A-9 Shape change of U-damper (Loading cycle No. 14, 11-7)
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Figure. A-11 Residual plastic deformation of other sections
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APPENDIX F. Effect of different low cycle fatigue behavior evaluation equation

Both fatigue curves Eq (A-2)(a) composed by Kishiki et al. (2008) and the simplified
one Eq (A-2)(b) are applied in the cumulative damage evaluation of U-shaped steel
dampers in the present study. Eq (A-2)(a) is capable of precisely reflecting the fatigue of
the dampers under both elastic and plastic deformation amplitude. Thus, this equation
was applied in the experimental design of dynamic loading tests Series I and Series II.
The loading cycles to fracture corresponding to the variable deformation amplitudes of
earthquake-induced excitations can be counted easily through the inverse function of Eq
(A-2)(b) (Chapter 4). This determines that Eq (A-2)(b) is adopted in cumulative damage
evaluation of U-shaped steel dampers in time-history analysis. The residual plastic
deformation-cumulative damage relationship evaluation equations under both constant
deformation amplitude and complicated loading history (Eq (2-9), Eq (3-1), and Figure.
3-6) are established based on the estimated value using Eq (A-2)(b) (Chapter 2 and
Chapter 3). APPENDIX F indicates the effect of the fatigue curves on the residual plastic
deformation-cumulative damage relationship evaluation of U-shaped steel dampers.

As mentioned in APPENDIX B, both Eq (A-2)(a) and (b) were proposed to
underestimate the number of cycles until fracture in most cases to exercise the function
of “predicting the happening of dampers’ fracture”. The experimental results of cyclic
loading test under constant deformation amplitude (Series I, Table A-1) indicate that
fatigue curve Eq (A-2)(b) satisfies the requirements completely. The loading cycles to
fracture of single U-shaped elements loaded under constant deformation amplitude are all
slightly underestimated by Eq (A-2)(b).

Applying the estimated value of Eq (A-2)(b) to evaluate the residual plastic
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deformation-cumulative damage relationship evaluation under constant deformation
amplitude (test Series [; Figure. A-12), the error can still be controlled within the range
from 0.96 to 1.04, which remains the same as the results using Eq (A-2)(a). Furthermore,
for the residual plastic deformation-cumulative damage relationship evaluation under
complicated loading histories (test Series II; Figure. A-13, and Figure. A-14), evaluating
precision seems not significantly affected by replacing Eq (A-2)(a) with Eq (A-2)(b) as
well.

In summary, the residual plastic deformation-cumulative damage relationship of U-

shaped steel dampers can be evaluated precisely based on both Eq (A-2)(a) and (b).
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Table A-1 Experimental results of cumulative damage under constant

deformation amplitude (test Series I)

Darpper Series No. Loading History D
size
II-1 Incremental deformation amplitude 1.3
I1-2 Decremental deformation amplitude 1.32
-3 Decremental deformation amplitude 1.45

UD40 I 11-4 Incremental deformation amplitude (Offset) 1.26

Incremental + decremental deformation amplitude

-5 1.29
(Offset)
1I-6 Approximately random 1.5
1I-7 Approximately random 1.25
y=110% ~— Estimated value
— Experimental value
90%
70%
55%
40%
D 25%
D

Figure. A-12 &-D relationship evaluation using Eq (A-2)(b) and precision analysis
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Figure. A-14 &D relationship evaluation of specimen I-7 using Eq (A-2)(b)
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APPENDIX G. Significant duration

Bommer and Martinez-Pereira (1999) [A-6] has summarized more than 30 definitions
of ground-motion durations in the literature. Among these definitions, significant duration
(termed as SD) is one of the most widely used metrics. SD is defined based on the Arias

intensity (Arias, 1970, Eq (A-5)) [A-7].

T (o 2

Li=ggl ) d Eq (A-5)

Where /4 is the Arias intensity; fmax 1s the total duration of ground motion records; g is
acceleration of gravity. Significant durations defined as the time interval over which
specified proportions of normalized /4 are accumulated. The time intervals between 5%—
75% and 5%—-95% of 14 (denoted as SD5-75 and SD5-95, respectively) are commonly
used definitions of significant duration. Other time intervals such as 20%—80% of /4 have
also been used for some applications. Figure. A-15 shows an example of the computed
significant durations using a ground-motion record. It is obvious that SD5-95 is always
greater than SD5-75 for a given time history. The cumulative damage caused by a single
loading cycle with y <20% cannot be evaluated using Eq (4-1). Thus, loading cycles with
7% < 20% were excluded from the evaluation of the cumulative damage to the dampers.
Meanwhile, residual plastic deformation caused by loading cycles with y < 25% is not
significantly affect the final estimated value of residual plastic deformation ratio &
Therefore, in the present study, strong vibration is defined as vibration with y greater than
20%. This causes the duration of the strong vibratory motion to be grossly overestimated

by SDs.95. SDs.75 has become a more desirable choice for significant duration estimation.
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Figure. A-15 Significant duration
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APPENDIX H. Ground motion records applied in the analytical study.

Ground motion records applied in time-history analysis in Chapter 4 are listed in Table

A-2
Table A-2 Experimental results of cumulative damage under constant
deformation amplitude (test Series I)
NO. Record Date Record Station Code = Magnitude  Epicenter EwW NS
(Month/Day/Year) Time Distance Component Component
(km) PGA PGA
(gal) (gal)

1 2011/3/11 14:47:04 FKSH10 9.0 266 768.098 1062.405
2 2011/3/11 14:47:08 TCGH16 9.0 301 1196.698 798.625
3 2011/3/11 14:47:10 IBRH11 9.0 309 826.980 814.855
4 2011/3/11 14:46:48 MYGH10 9.0 174 852.677 870.792
5 2011/3/11 14:47:08 IBRH15 9.0 284 780.754 605.773
6 2011/3/11 14:46:53 FKSH19 9.0 201 856.590 605.806
7 2011/3/11 14:47:05 TCGH13 9.0 282 839.503 554.681
8 2011/3/11 14:46:43 IWTH27 9.0 155 630.297 738.151
9 2011/3/11 14:46:46 IWTHOS 9.0 156 654.706 576.866
10 2011/3/11 14:47:04 IBRH12 9.0 265 526.014 604.410
11 2011/3/11 14:46:57 IWTHO2 9.0 230 535.771 586.835
12 2011/3/11 14:47:06 TCGH10 9.0 286 600.299 541.251
13 2011/3/11 14:47:04 IBRH16 9.0 272 585.054 503.960
14 2011/3/11 14:46:49 FKSH20 9.0 178 660.456 394.283
15 2011/3/11 14:47:08 IBRH18 9.0 277 591.943 442.018
16 2011/3/11 14:46:55 FKSH18 9.0 216 506.944 577.648
17 2011/3/11 14:46:43 MYGHO04 9.0 154 449.898 552.540
18 2011/3/11 14:46:49 IWTH26 9.0 188 512.967 521.076
19 2011/3/11 14:46:56 AKTHO04 9.0 222 523.309 356.975
20 2011/3/11 14:47:01 IBRH13 9.0 249 438.193 556.236
21 2011/3/11 14:46:41 MYGHI12 9.0 137 459.842 526.517
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230

175

318

158

140

299

225

244

189

205

314

172

258

209

250

183

198

316

221

271

192

338

165

205

201

177

200

259

415

387

335

225

340

360

328

219

433.227

384.203

338.304

486.379

423.576

345.377

417.813

394.439

407.021

387.683

461.564

413.579

393.074

399.395

294.087

256.502

323.302

322.821

325.610

314.999

324.933

295.431

263.394

288.732

289.265

255.981

229.328

256.894

276.953

254.014

210.972

222.392

233.965

234.159

191.503

180.526

424375

333.365

472.234

354.419

453.572

466.173

355.365

492.285

487.700

355917

406.964

331.318

378.483

374.044

308.995

332.610

315.904

342.480

204.430

263.272

250.891

274.128

246.578

270.562

265.589

282.865

291.571

283.900

209.377

225.361

190.977

219.044

244.478

203.757

165.412

196.257

129
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58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

71

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

14:47:27

14:47:15

14:47.07

14:46:59

14:46:58

14:47:16

14:47:29

14:46:54

14:47:20

14:46:50

14:47.09

14:47:15

14:46:55

14:47:21

14:47.06

14:47:17

14:47:25

14:47.03

14:47:11

14:47:21

14:47.03

14:46:52

14:47:28

14:47.08

14:46:57

14:46:56

14:47.06

14:47:31

4:50:39

4:50:38

4:50:44

4:50:27

4:50:32

4:50:41

4:50:34

4:50:32

GNMH12

IBRH19

FKSHO05

YMTHO6

YMTHO7

IBRH20

SITH11

IWTH15

GNMHO05

IWTH24

AOMH16

TCGHO7

IWTHO03

SITHO1

FKSHO04

CHBH14

SITH10

IWTHI11

TCGHO09

CHBH10

IWTHO06

IWTH17

TKYH12

AOMH13

YMTHO02

IWTHI16

FKSHO03

KNGHI11

KSRHO03

KSRH10

NMRHO02

TKCHO8

KSRHO07

NMRHO04

TKCHOS5

KSRH02

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

9.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

413

323

280

235

250

316

405

227

382

202

303

330

216

368

278

319

399

263

301

367

281

203

419

301

229

238

279

433

184

180

223

109

152

199

154

148

195.735

210.613

180.550

202.253

208.130

187.607

203.783

196.959

199.670

181.370

153.883

188.323

183.639

164.000

177.197

122.344

136.406

151.311

142.567

131.396

158.620

158.750

105.914

130.356

149.633

154.811

115.855

123.558

299.515

580.440

455.315

499.732

500.248

428.320

406.141

404.614

147.575

191.203

174.797

147.674

147.177

216.148

200.449

185.123

172.249

188.006

200.853

147.660

163.940

177.175

170.684

170.352

152.036

142.562

151.025

106.529

146.525

126.998

157.180

130.492

139.739

114.626

133.003

139.108

806.160

534.579

514.111

416.056

339.595

437.754

357.185

373.116

130
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94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

4:50:31

4:50:28

4:50:39

4:50:34

4:50:44

4:50:36

4:50:36

4:50:34

4:50:38

4:50:39

4:50:41

4:50:35

4:50:26

4:50:47

4:50:42

4:50:33

4:50:38

4:50:36

4:50:46

4:50:51

4:50:39

4:50:38

15:12:08

15:12:08

15:12:04

15:12:04

15:12:10

15:12:08

15:15:50

15:12:16

15:12:04

15:12:16

15:12:17

15:12:36

15:12:01

15:12:05

KSRH09

TKCHO07

NMRHO05

KSRH06

IBUHO3

KSRH04

KSRHO05

TKCHI11

TKCHO04

KKWHO08

HDKHO04

HDKHO06

HDKHO07

ABSHO07

HDKHO1

TKCHO06

TKCHO02

TKCHO03

IBUHO1

IBUH06

KSRHO1

TKCHO1

IBRH18

TCGH16

IBRH16

FKSHI10

IBRH11

IBRH15

IBRH17

IBRH20

IBRH12

IBRH21

TCGHI1

CHBH14

IBRH13

TCGHI13

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

134

123

189

163

206

167

164

156

182

182

187

156

104

244

184

149

179

174

222

264

184

190

65

117

98

157

105

100

86

57

117

105

150

58

98

120

391.698

403.939

341.519

319.383

376.509

334.004

326.634

254.425

228.042

246.115

216.149

209.253

198.580

173.793

137.193

148.233

183.385

180.371

139.890

139.046

158.981

132.272

604.145

344.648

313.347

196.731

287.653

206.720

198.359

228.084

199.702

193.469

198.748

125.499

144.527

157.388

368.996

366.731

391.309

377.144

255.856

249.714

274.541

228.749

215912

170.633

140.675

188.678

168.470

175.461

186.080

162.410

146.862

134.908

124.683

150.383

151.573

133.296

306.325

283.290

234.990

293.956

272.668

286.827

218.484

168.051

235.068

137.493

169.056

179.197

182.233

152.810

131
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130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

2011/3/11

2011/3/11

2011/3/11

2004/9/5

2004/9/5

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2016/11/22

2016/11/22

2016/11/22

2016/11/22

2016/11/22

2016/11/22

2016/11/22

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2000/10/6

2012/12/7

15:12:06

15:15:50

15:15:53

23:57:42

23:57:46

15:06:57

15:07:04

15:07:17

15:07:09

15:07:01

5:59:59

6:00:04

6:00:11

6:00:13

6:00:11

6:00:08

6:00:14

13:30:00

13:30:00

13:30:00

13:30:00

13:30:00

13:30:00

13:30:00

13:30:00

13:30:28

13:30:27

13:30:25

13:30:25

13:30:23

13:30:36

13:30:37

13:30:33

13:30:29

13:30:32

17:19:09

TCGHI10

CHBH13

IBRH10

MIEHO05

NARHO05

IWTHO02

IWTHO1

AOMHO05

AOMH16

IWTH12

FKSH14

FKSHI12

FKSHI10

TCGH16

TCGHI13

MYGHO07

IBRH11

TTRHO02

SMNHO01

SMNH02

OKYH14

HRSHO03

OKYHO09

OKYHO0S8

HRSHO06

OKYH10

SMNH12

SMNH10

TTRHO04

OKYHO07

OKYHO1

HRSHO1

HRSHO05

SMNHO03

OKYHO0S5

IWTHO02

7.7

7.7

7.7

7.4

7.4

7.4

7.4

7.4

7.4

7.4

7.4

7.4

7.4

7.4

7.4

7.4

7.4

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

139

92

115

136

175

120

130

182

160

121

67

93

136

163

144

125

170

24

45

86

32

41

56

53

46

31

33

26

99

105

80

57

65

294

148.716

127.462

117.001

233.765

187.489

401.277

244.491

246.415

166.000

164.893

182.376

153.861

142.948

171.313

95.131

152.452

133.666

753.026

607.058

314.945

442.991

341.141

283.756

238.467

240.323

131.752

258.577

226.415

207.152

127.080

180.702

169.288

131.040

154.626

149.029

206.620

136.689

151.710

132.535

226.270

159.349

320.161

165.664

154.642

167.776

105.662

250.706

190.156

173.196

83.464

155.039

133.681

142.631

927.178

720.366

563.951

260.328

224.775

181.806

224851

185.052

280.663

227.174

155.130

184.383

179.669

97.379

158.318

117.268

154.792

107.452

315.230

132
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166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

2012/12/7

2012/12/7

2012/12/7

2012/12/7

2012/12/7

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

2005/8/16

17:19:15

17:19:22

17:19:15

17:19:00

17:19:14

1:25:08

1:25:10

1:25:14

1:24:20

1:25:18

1:25:12

1:25:11

1:25:16

1:25:17

1:25:11

1:25:16

1:25:18

11:46:42

11:46:46

11:46:58

11:46:45

11:46:49

11:46:44

11:46:42

11:46:45

11:46:43

11:46:55

11:46:46

11:46:54

11:46:53

11:46:52

11:46:49

11:46:47

11:46:53

11:46:49

11:46:50

IBRH11

AOMHO05

TCGH16

IWTH27

IWTHO1

KMMH16

KMMHO03

KMMHO02

KMMH14

OITH11

KMMHO01

KMMHO09

KMMH12

KMMH10

KMMHO06

MYZH04

SAGHO04

MYGH11

MYGH10

IWTHO02

MYGHO1

IWTH26

MYGHO04

MYGH12

IWTHO5

MYGHO03

IWTH14

IWTH27

FKSHI12

IWTH20

FKSHI19

IWTHO04

IWTH23

FKSH18

MYGHO05

MYGHO09

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.3

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

378

395

374

233

329

28

50

13

72

40

32

61

73

32

60

76

91

124

201

113

144

109

91

113

102

180

117

183

170

156

138

131

170

139

148

230.113

146.694

181.515

111.589

138.126

1156.946

227.640

660.389

402.223

518.752

208.778

200.010

155.069

176.318

162.473

164.491

97.637

301.231

408.911

325.720

216.333

239.309

225414

236.370

237.665

222.485

110.063

214.705

212.037

194.074

197.411

135.838

154.933

139.251

157.770

109.876

186.727

151.475

118.670

160.401

100.573

653.017

786.576

302.731

457.322

559.415

201.128

240.424

217.353

130.727

117.976

106.979

143.857

462.050

301.961

197.527

287.995

189.233

267.029

254.812

223.306

169.146

230.750

211.048

166.525

161.050

180.549

154.236

167.701

163.998

126.507

148.771

133
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202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2008/6/14

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2003/9/26

2004/11/29

2004/11/29

2004/11/29

2004/11/29

2004/11/29

2004/11/29

2004/11/29

2004/11/29

2004/11/29

2004/11/29

2011/4/7

2011/4/7

8:43:46

8:43:49

8:43:48

8:43:50

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

8:43:51

6:08:09

6:08:36

6:08:39

6:07:34

6:08:42

6:07:39

3:32:29

3:32:26

3:32:24

3:32:31

3:32:29

3:32:31

3:32:30

3:32:26

3:32:29

3:32:28

23:33:00

23:33:00

IWTH25

AKTHO04

IWTH26

IWTH24

MYGHO02

IWTH27

AKTHI19

IWTH20

IWTHO5

MYGHO04

IWTH22

MYGH10

IWTHO02

IWTHO04

AKTHO06

MYGH11

IWTH14

IWTH19

HDKHO03

IBUHO1

IBUH06

TKCHO8

IBUH04

HDKHO07

KSRH06

KSRH04

KSRH10

KSRHO05

KSRHO03

KSRH02

NMRHO02

NMRHO04

KSRHO07

NMRHO03

IWTH27

IWTHO5

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.2

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

22

12

22

27

56

40

38

45

47

50

121

98

47

34

70

119

49

148

201

236

97

271

80

75

57

32

91

72

96

85

52

80

72

98

89

1432.594

2449.245

1055.515

434.580

229.600

235.493

161.118

240.304

176.120

150.857

161.519

203.597

178.390

158.769

185.671

120.273

129.607

136.824

175.031

163.526

122.999

169.262

167.134

146.195

562.546

377.480

274.012

315.666

204.226

265.877

252.892

183.581

122.956

116.235

782.814

571.549

1143.231

1318.461

888.277

502.915

254.437

216.795

248.091

249.258

211.279

229.470

207.155

152.358

162.878

125.552

179.888

182.430

170.680

145.182

136.879

121.193

147.829

130.774

71.332

107.912

756.457

194.234

364.090

337.521

282.473

234.092

167.012

158.031

123.086

118.877

795.532

836.249

134
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238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2011/4/7

2003/5/26

2003/5/26

2003/5/26

23:33:12

23:33:00

23:32:58

23:32:58

23:33:03

23:33:03

23:33:03

23:33:05

23:33:01

23:33:04

23:32:59

23:33:06

23:33:07

23:33:07

23:33:10

23:33:05

23:33:09

23:33:05

23:33:00

23:33:18

23:33:11

23:33:03

23:33:05

23:33:07

23:33:09

23:33:17

23:33:04

23:33:10

23:33:16

23:33:06

23:33:05

23:33:07

23:33:09

18:24:47

18:24:45

18:24:45

IWTHO02

MYGH10

MYGH04

MYGHO03

IWTH26

IWTHO04

IWTH23

IWTH21

MYGHO05

IWTH28

MYGHO06

IWTH18

AKTHO04

IWTH20

IWTH14

IWTH22

FKSHI12

FKSHI19

MYGHO08

IWTHO1

IWTHO03

MYGHO09

IWTH24

FKSH18

IWTH17

IBRH16

FKSH17

IWTH15

IWTH12

FKSH16

YMTHO1

YMTHO6

FKSHO09

IWTHO04

IWTH27

MYGHO03

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.0

7.0

7.0

186

95

83

83

117

118

119

141

108

128

86

141

150

148

171

137

162

133

95

231

179

118

136

145

162

220

131

172

221

144

136

155

162

48

28

13

558.401

756.913

629.313

510.339

434.512

431.876

483.476

409.782

373.486

395.642

371.240

331.196

346.361

344.557

219.506

320.997

203.478

254.526

199.747

218.394

199.692

238.276

231.001

173.264

112.044

203.022

175.596

143.489

166.333

173.740

144.221

148.623

137.097

722.976

556.093

650.758

649.455

542.623

539.800

674.815

533.291

581.137

507.320

411.243

445.228

417.934

370.132

341.077

335.271

268.359

305.117

238.158

277.170

267.805

249.585

252.034

191.379

169.404

195.767

213.131

176.431

131.817

149.489

194.726

160.877

96.214

163.439

106.051

150.180

729.625

888.060

809.059

135
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274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2003/5/26

2005/3/20

2005/3/20

2005/3/20

2005/3/20

2005/3/20

2005/3/20

2005/3/20

2005/3/20

18:24:50

18:24:54

18:24:45

18:24:48

18:24:50

18:24:45

18:24:49

18:24:53

18:24:47

18:24:45

18:24:46

18:25:00

18:24:49

18:24:51

18:24:54

18:24:48

18:24:52

18:24:53

18:24:48

18:24:49

18:24:58

18:24:54

18:24:50

18:24:51

18:25:05

18:25:01

18:24:57

18:24:55

10:53:49

10:53:53

10:53:48

10:53:49

10:53:54

10:53:48

10:53:57

10:53:52

IWTH21

IWTHO02

MYGH04

IWTH26

MYGHO05

IWTHO5

IWTH18

IWTH14

IWTH23

MYGH12

MYGH11

IWTHO1

IWTH20

IWTH19

MYGHO07

IWTH25

IWTH15

IWTHO03

IWTH22

IWTH24

IWTH12

MYGH10

MYGHO1

IWTH17

FKSHI12

IWTHO06

IWTHO09

AKTH17

FKOHO03

FKOHO08

SAGHO03

SAGHO04

FKOHO05

FKOHO09

NGSHO01

FKOHO04

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

71

116

31

61

82

29

73

106

53

28

44

161

81

93

114

74

103

110

67

72

151

118

87

93

202

167

142

124

40

68

37

46

76

36

90

57

586.219

674.510

502.552

521.295

579.017

501.657

434.641

296.201

529.373

391.235

435.424

386.897

317.517

373.018

305.740

287.349

268.816

272.020

261.403

268.786

199.298

223.449

180.074

184.195

206.800

179.909

138.296

150.336

203.213

211.445

201.856

114.518

145.744

143.559

180.172

163.916

549.897

795.582

664.727

483.528

614.980

570.648

461.888

458.662

419.983

346.445

359.089

243.773

291.327

353.645

239.466

316.616

328.131

299.455

246.771

226.377

254.180

221.217

196.855

199.439

136.301

127.658

131.264

157.754

249.519

240.024

215.690

194.754

165.740

140.024

110.511

132.573

136
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310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

2005/3/20

2005/3/20

2008/5/8

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2004/9/5

2004/9/5

2004/12/6

2004/12/6

2004/12/6

2004/12/6

2004/12/6

2004/12/6

2004/12/6

2004/12/6

2007/3/25

2007/3/25

10:53:52

10:53:48

1:45:41

17:16:18

17:16:16

17:16:23

17:16:22

17:16:19

17:16:18

17:16:20

17:16:21

17:16:18

17:16:24

17:16:21

17:16:25

17:16:22

17:16:21

17:16:23

17:16:22

17:16:22

17:16:24

17:16:30

17:16:26

17:16:17

19:07:34

19:07:29

23:15:22

23:15:27

23:15:29

23:15:27

23:15:26

23:15:25

23:15:28

23:15:25

9:42:05

9:42:10

SAGHO02

SAGHO1

TCGH16

FKSHI12

IBRH13

IBRH18

FKSHI10

FKSH11

IBRH14

IBRH16

FKSHO09

IBRH12

TCGH16

TCGHI13

IBRH11

TCGHI10

IBRH15

FKSH18

FKSHO08

FKSHI19

TCGHI12

IBRH17

FKSHO05

FKSH14

NARHO05

MIEHO05

KSRH10

KSRH06

KSRHO05

KSRHO03

NMRHO05

KSRH04

NMRHO02

NMRHO04

ISKHO02

ISKHO1

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

7.0

6.9

6.9

6.9

6.9

6.9

6.9

6.9

6.9

6.9

6.9

6.9

6.9

59

37

142

31

19

65

57

41

30

4

50

34

69

50

80

59

54

62

55

58

67

101

79

28

170

128

44

85

101

83

75

68

97

64

35

63

174.206

141.833

108.018

416.912

445.589

467.749

322.378

338.363

244378

200.561

294.197

198.252

257.613

252.242

236.972

192.244

150.666

144.394

150.795

147.431

137.782

151.463

141.756

139.027

203.861

126.935

437.248

381.468

265.279

139.002

242.590

173.371

190.124

142.259

359.337

123.075

106.938
125.447
135.839
510316
362.748
188.040
322.774
264.062
243.940
292.333
263.173
219.118
230.024
162.335
169.078
208.882
188.687
194.645
170.899
148.677
168.547
159.660
144.414
116.932
153.368
118.461
334.700
376.309
193.932
257455
161.552
176.469
134.057
132.113
274.265

359.311

137
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346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

2007/3/25

2011/6/23

2011/6/23

2011/6/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2007/7/16

2007/7/16

2007/7/16

2007/7/16

2007/7/16

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

9:42:17

6:51:08

6:51:09

6:51:16

17:56:04

17:56:05

17:56:09

17:56:04

17:56:08

17:56:08

17:56:06

17:56:10

17:56:12

17:56:13

17:56:11

17:56:13

10:13:34

10:13:32

10:13:32

10:13:32

10:13:29

0:26:35

0:26:36

0:26:34

0:26:35

0:26:35

0:26:35

0:26:35

0:26:36

0:26:36

0:26:36

0:26:35

0:26:36

0:26:36

0:26:36

0:26:36

ISKHO09

IWTHO02

IWTHO1

AOMHO05

NIGHO1

NIGH11

NIGH06

NIGH12

NIGH09

FKSH21

NIGH15

NIGH10

FKSHO06

TCGHO7

FKSHO07

NIGHO08

NIGH13

NIGHI12

NIGH11

NIGH06

NIGHO1

IWTHO02

IWTH12

IWTHO03

IWTH21

IWTH14

IWTHO09

IWTH18

IWTHO08

IWTH23

IWTH27

IWTH17

IWTHO7

AKTHO04

AOMH17

AKTH14

6.9

6.9

6.9

6.9

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

106

104

111

162

15

17

44

13

36

40

29

52

59

69

55

68

59

50

44

42

29

24

50

38

23

40

30

61

53

78

10

60

101

84

80

179.342

418.393

198.024

178.589

655.346

587.851

409.766

345.430

390.056

361.727

182.627

131.375

147.469

100.465

101.234

139.834

169.518

195.585

133.082

149.948

120.962

683.841

669.922

548.519

444.708

317.355

524.084

389.574

384.351

399.121

433.086

324.874

218.983

221.288

297.595

197.033

179.340

219.607

142.539

213.201

818.250

454.426

356.745

409.975

368.367

246.517

242.773

214.156

125.924

160.414

149.237

125.508

264.107

114.491

163.057

147.917

151.222

1019.271

716.204

475.028

469.152

486.494

421.565

378.330

314.377

399.585

300.912

309.531

384.198

301.896

215.472

280.610

138
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382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2008/7/24

2015/5/13

2015/5/13

2015/5/13

2015/5/13

2015/5/13

2015/5/13

2010/3/14

2011/3/11

2011/3/11

2011/3/11

2011/3/12

2011/3/12

2011/3/12

2011/3/12

2011/3/12

0:26:36

0:26:36

0:26:36

0:26:36

0:26:36

0:26:36

0:26:36

0:26:36

0:26:36

0:26:36

0:26:35

0:26:36

0:26:36

0:26:36

0:26:36

0:26:36

0:26:36

0:26:36

0:26:37

0:26:36

0:26:40

6:13:09

6:13:10

6:13:18

6:13:09

6:13:11

6:13:08

17:08:19

20:37:00

20:37:04

20:36:51

3:59:18

3:59:20

3:59:20

3:59:31

3:59:21

IWTHO5

IWTHO04

MYGHO03

IWTHO1

IWTH19

IWTH22

IWTH26

AOMHO05

MYGHO04

AOMH16

IWTH13

IWTH20

AOMH12

MYGH11

IWTHO06

IWTH15

AOMH13

AOMH18

MYGHO1

IWTHI11

IWTH25

IWTH27

MYGH13

IWTHO02

IWTH23

MYGH04

MYGHO03

MYGHO1

IWTHO02

IWTHO1

IWTH23

NGNH29

NIGH14

NIGH11

NIGH06

NIGHI19

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.7

6.7

6.7

6.7

6.7

6.7

6.7

6.7

6.7

99

65

90

62

63

53

101

133

108

93

24

66

103

137

71

48

95

82

175

54

104

57

66

126

54

72

45

92

129

162

70

16

23

25

85

26

318.826

241.229

218.105

246.781

222.722

252.276

239.714

249.425

191.038

222.541

207.434

191.588

156.173

194.175

186.436

184.149

144.122

105.844

87.520

140.757

115.330

210.216

140.160

118.258

120.654

79.332

116.832

131.370

274.643

190.571

139.027

323.809

346.101

158.368

145.829

127.317

195.907

303.966

312.670

268.813

244.993

182.383

148.564

185.646

226.613

197.406

228.985

181.608

179.413

148.564

168.945

151.674

197.642

153.475

151.892

127.721

124.028

149.014

183.378

175.709

168.122

149.552

140.679

152.859

327.960

84.931

127.230

279.523

300.030

238.511

201.609

139.842

139
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418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

2011/3/12

2011/3/12

2014/11/22

2014/11/22

2014/11/22

2016/1/14

2012/3/27

2012/3/27

2012/3/27

2012/3/27

2012/3/27

2012/3/27

2012/3/27

2012/3/27

2012/3/27

2016/10/21

2016/10/21

2016/10/21

2016/10/21

2016/10/21

2016/10/21

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2009/8/11

2009/8/11

2009/8/11

3:59:24

3:59:19

22:08:21

22:08:21

22:08:22

12:25:42

20:00:49

20:00:51

20:00:57

20:00:57

20:01:00

20:01:08

20:01:05

20:00:55

20:01:01

14:07:28

14:07:27

14:07:25

14:07:28

14:07:28

14:07:30

18:31:00

18:34:09

18:34:18

18:34:12

18:31:05

18:34:13

18:34:28

18:34:17

18:34:12

18:34:15

18:34:16

18:34:15

5:07:12

5:07:11

5:07:14

GNMH13

NIGH13

NGNH28

NGNH27

NIGH17

HDKHO07

IWTH14

IWTH21

IWTHO02

IWTH12

IWTHO1

AKTHO04

AKTH14

IWTH23

IWTH27

OKYHO09

TTRH04

TTRHO7

TTRHO3

TTRHO06

OKYHI11

NIGH11

NIGHI12

NGNH29

NIGH09

NIGHO1

FKSH21

NIGH06

NIGH13

NIGH15

NIGH10

FKSHO07

NIGHO07

SZOH33

SZOH39

SZOH42

6.7

6.7

6.7

6.7

6.7

6.7

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

44

19

19

19

26

21

37

50

81

87

97

156

133

73

110

27

23

10

33

31

42

22

10

62

31

14

34

40

55

29

47

51

50

29

25

43

117.574

135.939

178.462

152.061

113.872

160.683

191.795

164.408

211.015

168.653

148.661

122.849

82.652

126.630

140.561

217.844

210.554

185.535

162.582

101.789

111.308

533.969

363.994

216.086

291.610

273.865

289.597

219.164

234.580

139.765

132.655

121.849

134.714

431.576

294.810

442.631

160.039

143.138

200.823

139.631

115.738

114.290

218.739

177.195

128.619

102.339

84.918

99.722

150.253

139.479

64.923

177.611

159.398

178.155

197.018

159.762

122.698

741.341

545.156

345.272

186.019

321.718

212.003

258.283

180.822

211.438

175.885

176.486

121.341

429.009

519.361

332.367

140



Appendix

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

2009/8/11

2009/8/11

2009/8/11

2009/8/11

2009/8/11

2009/8/11

2009/8/11

2009/8/11

2009/8/11

2009/8/11

2009/8/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/28

2011/3/28

2011/3/28

2011/7/31

2011/7/31

2011/7/31

2011/7/31

2011/7/31

2011/7/31

2011/7/31

2011/7/31

2011/7/31

2011/7/31

2011/7/31

2011/8/19

2013/2/2

2013/2/2

2013/2/2

2013/2/2

2013/2/2

5:07:13

5:07:12

5:07:11

5:07:14

5:07:14

5:07:14

5:07:12

5:07:14

5:07:14

5:07:14

5:07:14

16:28:50

16:28:52

16:25:50

16:29:07

16:28:48

7:24:13

7:24:14

7:24:16

3:54:04

3:54:06

3:54:03

3:54:05

3:54:00

3:54:05

3:54:08

3:54:09

3:54:06

3:54:03

3:54:09

14:36:47

23:17:56

23:17:55

23:17:56

23:17:53

23:17:52

SZOH34

SZOH36

SZOH43

SZOH37

SZOH38

SZOH35

SZOH41

NGNH14

KNGH19

SZOH31

NGNH25

IWTH27

IWTH23

MYGHO05

IWTHO02

MYGHO03

MYGHO04

IWTH23

IWTHO5

FKSHI12

FKSH18

IBRH13

IBRH16

FKSH14

FKSHI19

FKSHI10

IBRH11

IBRH15

IBRH14

TCGHI10

MYGH10

KSRH06

KSRHO07

KSRHO05

KSRH09

TKCHO07

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

39

31

21

47

55

57

33

99

86

42

71

65

48

140

117

57

97

107

99

68

89

59

79

26

71

104

113

91

64

107

86

114

102

103

69

27

294.629

217.338

223.924

250.964

128.404

91.201

132.011

148.097

171.696

139.868

126.079

264.456

181.877

129.796

121.654

129.966

116.440

142.144

138.010

304.503

364.705

281.190

234.738

119.008

162.432

120.585

182.251

131.304

157.718

115.409

256.244

545.101

574.692

501.567

246.399

303.000

275.475

291.397

247.082

177.304

173.857

165.724

143.470

146.589

81.380

148.549

114.423

250.499

177.324

119.795

119911

140.458

148.511

103.675

119.894

363.271

325.831

299.520

207.520

180.276

165.093

192.206

168.074

153.096

111.887

129.775

231.324

694.844

324.475

321915

338.047

250.927

141



Appendix

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

2013/2/2

2013/2/2

2013/2/2

2013/2/2

2013/2/2

2013/2/2

2013/2/2

2013/2/2

2013/2/2

2013/2/2

2013/2/2

2016/4/14

2016/4/14

2016/4/14

2016/4/14

2016/4/14

2016/4/14

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

23:17:50

23:17:52

23:17:54

23:17:50

23:18:01

23:18:04

23:17:59

23:18:00

23:17:53

23:17:55

23:17:52

21:26:36

21:26:37

21:26:40

21:26:39

21:26:40

21:26:43

15:28:05

15:28:05

15:28:07

15:28:06

15:28:08

15:28:03

15:28:08

15:28:05

15:28:06

15:28:10

15:28:06

15:28:09

15:28:11

15:28:09

15:28:10

15:28:11

15:28:13

15:28:08

15:28:06

TKCHO8

TKCHOS5

KSRH02

TKCHI11

KSRH10

NMRHO02

KSRH03

NMRHO05

KSRH08

HDKHO03

TKCHO04

KMMH16

KMMH14

KMMHO07

KMMHO03

KMMHO09

KMMHO02

HRSHO1

EHMHO05

HRSHO03

EHMHO02

KOCHO05

HRSHO7

EHMHO08

EHMHO04

HRSHO02

HRSHO06

YMGHO03

EHMHO07

KGWHO02

HRSH10

SMNHO05

EHMHO06

KGWHO01

HRSHO09

HRSHO08

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

25

56

86

34

164

178

137

149

75

73

58

13

27

28

29

48

40

47

59

53

67

19

70

41

52

90

54

69

93

75

83

88

115

68

58

242.340

252.734

207.653

220.140

173.301

242.493

171.058

165.372

135.971

137.444

136.925

925.025

218.997

150.694

123.609

140.442

143.397

492.962

504.428

554.513

396.845

296.661

336.100

287.265

328.479

308.453

291.033

218.979

234.718

182.782

185.921

214.111

154.146

166.743

218.201

181.727

294.528

244.298

262.082

267.411

241.758

114.345

177.167

141.860

162.069

139.200

136.062

759.771

328.222

166.211

125.446

118.073

142.135

460.976

506.448

374.847

285.411

328.511

285.005

241.281

313913

228.622

215.908

206.540

197.076

236.510

234.124

207.177

198.776

197.546

123.873

123.088

142



Appendix

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/3/24

2001/12/2

2001/12/2

2001/12/2

2001/12/2

2001/12/2

2001/12/2

2001/12/2

2001/12/2

2001/12/2

2001/12/2

2005/1/18

2005/1/18

2005/1/18

2011/3/11

2011/3/11

2011/3/15

2011/3/15

2011/3/15

2011/3/15

2011/3/15

2011/4/12

2011/4/12

2011/4/12

2011/4/12

2011/4/12

2011/4/12

2011/4/12

2011/4/12

2011/7/23

2011/7/23

15:28:10

15:28:08

15:28:10

15:28:16

15:28:10

15:28:09

22:02:14

22:02:13

22:02:14

22:02:14

22:02:14

22:02:12

22:02:14

22:02:16

22:02:14

22:02:13

23:09:19

23:09:19

23:09:20

15:06:44

15:06:43

22:31:50

22:31:53

22:31:52

22:31:51

22:31:53

14:07:46

14:07:49

14:07:48

14:07:50

14:07:51

14:07:48

14:07:49

14:07:49

13:34:34

13:34:43

EHMHO03

YMGHO05

SMNHO07

TKSHO02

SMNHO08

KOCHO02

IWTH14

IWTH18

IWTHO02

IWTH21

MYGHO04

IWTH22

IWTH23

IWTH12

MYGHO03

IWTHO04

KSRH06

NMRHO04

KSRHO03

IWTH23

IWTH27

SZOH37

KNGH20

YMNH14

YMNHI15

SZOH34

FKSHI12

IBRH12

IBRH13

FKSHI19

IBRH16

FKSH11

FKSHO09

IBRH14

IWTH23

IWTHO02

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

6.4

90

66

88

129

88

76

67

36

49

58

68

50

85

62

26

61

59

65

56

75

18

38

32

27

33

19

38

29

47

51

32

39

41

50

122

202.694

145.040

156.586

129.424

136.871

124.344

147.975

250.848

248.501

220.754

151.711

157.117

161.890

103.527

144.834

140.053

128.192

97.306

158.006

217.623

123.360

475.922

201.139

185.028

138.980

186.799

416.419

247.760

216.651

329.965

242.343

214.684

146.793

146.734

155.792

165.981

156.545

161.338

164.936

168.441

137.241

137.465

271.659

216.437

215.261

210.809

211.757

155.227

119.096

111.940

115.193

120.454

224.016

158.131

136.163

211.065

174.529

362.549

200.747

138.918

187.690

130.829

347.075

364.523

324.302

194.863

176.813

170.258

195.681

186.993

134.880

118.591

143
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562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

571

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

2011/7/23

2016/4/15

2016/4/15

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2011/7/25

2011/7/25

2011/7/25

2013/2/25

2013/4/13

2016/12/28

2016/12/28

2016/12/28

2016/12/28

2016/12/28

2016/12/28

2003/7/26

2003/7/26

2003/7/26

2006/6/12

2006/6/12

2010/6/13

2010/6/13

2011/3/12

2011/3/14

2011/3/14

2011/3/14

2011/3/24

2011/3/24

2011/3/24

2011/8/1

2011/8/1

13:34:34

0:03:27

0:03:48

18:01:04

18:01:09

18:01:09

18:01:04

18:01:08

18:01:24

3:51:38

3:51:41

3:51:39

16:23:54

5:33:21

21:38:51

21:38:51

21:38:53

21:38:55

21:39:00

21:38:52

7:13:42

7:13:37

7:13:39

5:02:03

5:01:57

12:33:13

12:33:10

22:15:12

10:02:47

10:02:50

10:02:54

17:21:11

17:21:13

17:21:13

23:58:15

23:58:18

IWTH27

KMMH16

KMMH14

NIGHO1

NIGH06

NIGH09

NIGH12

FKSH21

NIGH10

MYGH10

FKSH18

FKSHI19

TCGHO7

HYGHO1

IBRH13

IBRH14

IBRHO06

TCGHI13

FKSHI10

IBRH16

MYGHO07

MYGHO06

MYGH12

HRSHO03

KOCHO05

MYGH10

FKSH20

FKSHI12

IBRH18

IBRH16

TCGH16

IWTH27

IWTHO5

IWTHO04

SZOH39

SZOH36

6.4

6.4

6.4

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.3

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

51

11

12

34

24

14

30

40

70

99

84

14

19

35

65

18

53

22

35

222

171

100

72

76

47

68

95

72

90

84

23

39

140.102

590.160

323.927

501.752

133.363

173.337

138.687

175.499

85.437

257.052

139.963

159.435

834.984

167.700

730.050

354.048

307.515

157.135

123.917

105.012

139.958

125.533

119.848

173.900

159.776

137.742

119.455

119.111

195.558

155.767

101.245

119.653

182.842

101.497

231.684

208.295

158.560

353.195

353.275

742318

232.009

159.364

163.083

133.712

132.789

332.138

146.443

114.058

1224.321

159.632

760.452

393.730

366.303

146.290

153.144

135.020

139.729

126.336

143.705

175.048

184.218

143.460

109.092

140.054

187.003

147.876

109.647

156.055

113.709

136.312

208.303

207.310

144
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598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

2011/8/1

2012/6/18

2014/3/14

2014/3/14

2014/3/14

2014/3/14

2014/3/14

2014/3/14

2014/3/14

2014/3/14

2014/3/14

2014/3/14

2002/11/3

2002/11/3

2002/11/3

2002/11/3

2002/11/3

2004/10/27

2004/10/27

2004/10/27

2004/10/27

2004/10/27

2004/10/27

2004/10/27

2004/10/27

2004/10/27

2004/10/27

2004/10/27

2004/12/14

2004/12/14

2011/3/11

2011/3/11

2011/3/11

2011/3/19

2011/3/19

2011/3/19

23:58:18

5:32:31

2:07:06

2:07:08

2:07:08

2:07:06

2:07:11

2:07:06

2:07:07

2:07:12

2:07:03

2:07:07

12:37:58

12:37:57

12:37:54

12:37:55

12:37:57

10:40:56

10:40:53

10:40:56

10:40:56

10:40:59

10:40:56

10:40:58

10:41:01

10:40:57

10:40:59

10:41:01

14:56:13

14:56:17

17:37.03

17:40:47

17:39:55

18:56:20

18:56:22

18:56:27

SZOH33

IWTH23

EHMHI12

HRSHO7

HRSH13

EHMHI11

EHMHO02

HRSH14

EHMHO05

HRSH10

YMGH15

EHMHO07

MYGH11

MYGHO04

MYGHO03

IWTH23

IWTHO5

NIGHO1

NIGHI12

FKSH21

NIGH09

NIGH06

NIGHI15

NIGHI11

NIGHO08

NIGH14

FKSHO07

TCGHO07

RMIHO5

SRCHO02

FKSH20

MYGH10

FKSHI19

IBRH13

IBRH14

IBRH12

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.2

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

38

50

64

96

92

67

121

75

85

125

32

82

81

72

44

50

68

20

26

29

40

27

29

57

33

44

59

36

30

68

53

10

23

118.555

142.837

226.850

167.486

190.009

169.284

118.942

88.363

143.131

107.680

84.317

144.169

145.152

95.047

128.300

122.769

102.476

442.553

336.859

300.134

287.207

184.464

89.063

194.378

120911

119.814

120.701

141.802

236.099

268.915

194.840

194.987

179.801

526.091

382.583

168.451

138.546

126.306

149.252

176.852

155.555

125.838

144.973

163.028

140.223

157.768

151.976

76.719

214.072

214.263

165.733

135.395

118.723

399.588

397.214

411.291

219.538

198.453

214.508

108.214

182.062

172.908

136.940

100.541

340.433

187.459

159.609

220.871

186.829

1026.463

407.210

145.192

145



Appendix

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

2011/3/19

2011/3/19

2011/3/19

2011/3/19

2011/3/19

2011/3/19

2011/3/31

2011/3/31

2011/8/12

2011/8/12

2011/8/12

2011/8/12

2011/8/12

2011/8/12

2012/3/14

2012/5/24

2012/8/25

2012/8/25

2014/8/10

2017/9/27

2018/6/18

2018/6/18

2018/6/18

2018/6/18

2018/6/18

2000/7/21

2000/7/21

2000/7/21

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/10/23

2004/11/29

2011/3/11

2011/3/23

18:56:30

18:56:24

18:56:37

18:56:28

18:56:33

18:56:37

16:15:40

16:15:40

3:22:16

3:22:13

3:22:18

3:22:19

3:22:17

3:22:16

21:05:07

0:02:44

23:16:25

23:16:26

12:43:35

5:22:28

7:58:37

7:58:38

7:58:38

7:58:39

7:58:37

3:39:00

3:39:35

3:39:00

18:11:04

18:11:08

18:11:49

18:11:14

18:11:30

3:36:44

16:30:14

7:12:33

TCGH16

IBRH16

IBRH11

TCGHI13

IBRH18

FKSHI10

IWTH27

IWTH23

FKSHI12

FKSH14

FKSHO09

FKSH18

FKSHI19

IBRH13

CHBH14

AOMHO05

TKCHO8

HDKHO07

AOMHO05

IWTHO02

KYTHO7

OSKHO05

KYTHO08

OSKHO02

OSKH04

IBRHO09

TCGHI13

FKSHI10

NIGHO1

NIGHI11

NIGH06

NIGHI12

NIGH09

KSRH10

FKSHI19

FKSHI12

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.0

6.0

6.0

6.0

6.0

6.0

6.0

6.0

6.0

6.0

6.0

51

22

60

35

47

60

51

50

59

18

78

80

68

56

10

101

18

27

104

104

13

17

21

29

12

67

85

114

20

12

49

14

41

37

51

24

210.413

184.066

139.692

132.513

148.428

133.913

129.250

151.460

170.796

148.294

176.308

158.223

144.457

91.286

187.184

165.762

490.466

169.400

122.806

98.441

258.986

223.036

191.705

120.354

131.333

113.530

151.001

98.084

272.204

345.853

168.368

171.466

163.933

194.185

163.376

140.429

106.835

187.667

154.187

127.817

96.652

123.837

139.422

82.394

153.968

140.119

82.502

149.409

157.435

152.616

167.297

138.720

315.525

112.943

140.267

134.989

326.450

262.420

119.439

178.124

131.218

145.731

127.885

147.403

236.577

317.828

202.758

177.258

150.703

203.918

105.032

252.174

146



Appendix

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

2013/5/18

2013/5/18

2013/5/18

2013/8/4

2013/8/4

2013/8/4

2013/8/4

2013/8/4

2001/4/27

2001/4/27

2004/11/8

2011/3/12

2011/4/11

2011/4/11

2011/4/11

2011/4/11

2011/4/16

2012/4/1

2012/4/1

2013/4/17

2013/4/17

2013/9/20

2013/9/20

2013/9/20

2013/9/20

2013/9/20

2014/7/5

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/11/12

2016/11/12

2017/10/6

14:48:12

14:48:16

14:48:14

12:29:04

12:29:08

12:29:03

12:29:06

12:29:06

2:49:17

2:49:17

11:16:01

4:30:14

20:42:40

20:42:41

20:42:41

20:42:43

11:19:43

23:04:36

23:04:38

21:03:42

21:03:44

2:25:12

2:25:13

2:25:13

2:25:16

2:25:18

7:42:13

1:45:08

1:45:14

1:42:59

1:44:11

1:43:28

3:02:39

6:43:10

6:43:12

23:56:55

MYGH10

MYGHO07

FKSHI19

MYGH13

MYGHO07

MYGH11

MYGHO03

IWTHO5

NMRHO02

NMRHO05

NIGHO1

NGNH29

FKSHI12

IBRH12

FKSH11

FKSHO09

IBRH11

FKSHI12

FKSH18

MYGH13

MYGHO03

IBRHO06

FKSH14

FKSHI12

IBRH12

FKSH20

IWTH14

KMMH16

KMMHO02

KMMHO03

KMMHO01

OITH11

KMMHO02

MYGH13

IWTHO5

IBRH12

6.0

6.0

6.0

6.0

6.0

6.0

6.0

6.0

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

59

70

101

84

68

102

56

85

87

104

96

13

12

29

31

37

47

18

52

70

32

51

19

25

22

41

55

21

10

33

16

33

55

18

31

50

80

141.196

146.012

127.641

154.884

238.118

108.044

164.541

118.061

205.028

135.970

262.365

214.797

130.657

185.877

144.979

104.668

262.080

177.480

103.315

115.433

170.012

342.878

197.962

85.908

184.028

172.814

148.602

384.504

348.187

183.434

155.502

133.159

127.432

122.490

157.274

158.089

210.945

100.090

102.886

318.996

213.564

203.430

110.560

147.088

143.454

131.045

224.592

393.177

172.682

167.285

141.517

133.834

176.242

123.776

159.428

285.409

123.578

321.386

272.801

255.727

170.787

135.011

145.947

371.539

272.890

162.469

155.976

123.271

148.564

311.233

179.687

231.536

147



Appendix

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

2017/10/6

2017/10/6

2004/4/12

2004/4/12

2004/8/10

2004/8/10

2004/10/25

2004/10/25

2004/10/25

2004/10/25

2005/4/20

2005/4/20

2006/4/21

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/11

2011/3/20

2011/3/23

2011/3/23

2011/8/1

2011/8/1

2014/6/16

2014/6/16

2014/6/16

2014/6/16

2016/4/14

2016/4/14

2016/4/16

2016/4/18

2018/4/9

2018/4/9

2018/4/9

2002/11/4

2002/11/4

23:56:54

23:56:54

3:06:23

3:06:26

15:13:40

15:13:44

6:05:04

6:05:01

6:05:02

6:05:04

6:11:33

6:11:37

2:50:42

14:52:01

14:52:02

14:52:04

14:52:04

14:51:49

21:03:56

7:35:00

7:35:03

22:45:01

22:44:56

5:15:02

5:15:04

5:15:04

5:15:07

22:05:02

22:06:31

3:55:56

20:42:01

1:32:34

1:32:34

1:32:37

13:36:15

13:36:08

FKSHO09

FKSH18

KSRH10

KSRHO03

IWTH14

IWTHO02

FKSH21

NIGHO1

NIGH12

NIGH09

FKOHO03

FKOHO08

SZOH35

IBRH13

IBRH14

IBRH12

FKSHI10

FKSH20

IWTH18

FKSHI12

IBRH13

IWTHO02

IWTH14

FKSHI12

FKSH18

FKSHO09

MYGH10

KMMH16

KMMH14

KMMHO02

KMMHO02

SMNH04

SMNHO03

SMNH16

KMMHO05

MYZH15

59

59

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.8

5.7

5.7

71

71

43

68

21

66

33

12

12

28

28

55

10

103

113

116

116

30

41

25

34

75

31

55

72

72

99

18

16

18

14

11

31

86

27

99.447

136.825

138.911

167.536

144.330

115.848

217.298

354.611

190.716

147.412

290.285

144.540

141.860

780.320

196.108

180.136

132.643

146.888

102.728

145.662

98.044

120.176

118.114

174.528

191.285

175.897

142.265

559.833

87.575

231.503

152.107

181.793

188.967

130.315

204.146

207.857

180.138

69.517

185.885

105.314

140.906

128.377

332.183

243.514

247.516

150.012

264.603

118.641

129.887

669.665

212.077

203.172

213.048

81.224

169.240

267.700

188.608

190.892

177.463

126.944

96.635

146.428

119.193

464.685

176.308

197.069

161.942

551.643

290.121

153.469

220.593

175.821

148



Appendix

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

771

2002/11/4

2004/10/6

2004/10/23

2008/6/14

2008/6/14

2008/6/14

2010/9/29

2011/4/13

2015/2/17

2015/2/17

2015/7/10

2015/7/10

2017/2/28

2017/2/28

2017/2/28

2001/4/25

2004/11/27

2011/4/12

2011/7/8

2011/10/10

2012/4/30

2012/8/30

2012/8/30

2012/10/25

2012/10/25

2014/7/8

2014/7/8

2014/9/16

2014/9/16

2014/9/16

2014/9/16

2014/9/16

2014/9/16

2014/9/16

2014/9/16

2017/6/25

13:36:07

23:40:54

19:42:35

9:18:46

9:20:05

9:20:11

16:59:59

10:08:01

13:46:52

13:46:50

3:33:04

3:33:06

16:49:15

16:49:11

16:49:18

23:40:17

7:42:46

7:26:20

3:35:53

11:46:11

0:02:24

4:05:25

4:05:25

19:32:39

19:32:37

18:05:27

18:05:27

12:28:40

12:28:43

12:28:43

12:28:43

12:28:46

12:28:42

12:28:43

12:28:42

7:02:17

MYZH16

IBRHO09

NIGHO1

IWTH25

MYGHO02

AKTHO06

FKSHI10

IBRH13

IWTHO02

IWTHO03

AOMH17

IWTHO02

FKSH18

FKSH20

MYGHO07

EHMHO01

TKCHO8

NGNH29

FKSHI12

FKSH18

IWTH14

IWTHO5

MYGHO04

MYGHO04

MYGH11

IBUHO0S

IBUHO7

IBRH11

SITH11

TCGHI11

SITH10

GNMH12

TCGH14

IBRH15

SITHO6

NGNHI18

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

5.6

19

55

15

22

19

15

18

69

50

22

61

73

34

98

35

19

18

51

84

30

71

66

72

52

12

17

40

59

69

59

86

55

65

52

95.886

129.822

160.257

210.323

346.242

151.755

131.898

163.123

186.160

149.140

147.572

112.025

166.928

150.261

104.053

158.565

160.389

116.582

107.584

100.919

113.918

156.071

159.582

63.929

118.220

330.943

191.934

185.080

115.578

143.880

132.961

124.287

158.740

115.069

133.467

573.387

204.837

113.333

235.352

781.934

445812

108.566

137.783

200.522

217.354

83.484

139.759

161.539

226.276

103.787

114.757

151.421

163.934

161.684

137.816

299.708

192.254

156.590

196.861

165.924

119.773

239.205

171.505

192.866

159.457

156.453

151.235

119.438

119.230

121.170

112.359

356.707

149
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778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

2017/6/25

2000/10/8

2000/10/31

2000/10/31

2000/10/31

2000/10/31

2002/2/12

2002/2/12

2010/3/13

2010/3/13

2010/10/14

2011/2/27

2011/2/27

2011/4/13

2011/7/5

2012/7/30

2014/4/3

2014/6/15

2015/5/25

2015/5/25

2015/5/25

2016/4/19

2016/5/16

2017/8/2

2017/8/2

2017/8/2

2017/8/2

2017/8/2

2017/8/2

1999/8/21

2001/4/3

2001/4/3

2004/1/6

2005/2/16

2005/2/16

2005/2/16

7:02:18

13:17:58

1:43:01

1:43:05

1:43:01

1:43:01

22:44:54

22:44:51

21:46:43

21:46:42

22:59:04

5:38:05

5:38:05

4:38:02

19:18:44

7:05:19

8:22:58

2:31:59

14:28:22

14:28:26

14:28:22

17:52:15

21:23:11

2:02:09

2:02:10

2:02:10

2:02:17

2:02:11

2:02:13

5:33:00

4:54:31

4:54:35

14:51:01

4:46:46

4:46:49

4:46:48

NGNH20

SMNH02

MIEHO05

MIEHI10

NARHO05

MIEHO03

IBRH11

IBRHO09

FKSH18

MYGHO1

TKCHO8

GIFH14

GIFH16

IWTHO02

WKYHO01

IWTH27

IWTH27

IWTH14

IBRH17

IBRH18

IBRH11

KMMHO07

IBRH17

IBRH13

IBRHO06

IBRH14

FKSHI10

IBRH12

TCGHI13

NARHO1

IWTHO08

IWTHO06

MIEHO06

IBRH17

IBRHO09

IBRHO08

5.6

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.4

5.4

5.4

5.4

5.4

5.4

5.4

15

11

29

60

33

29

88

67

84

81

21

12

12

79

82

25

79

61

95

57

12

39

14

12

56

20

33

20

39

72

39

38

61

61

321.012

161.638

224.064

148.551

137.083

130.733

208.527

148.511

158.823

144.374

142.723

219.835

199.669

154.846

1064.490

120.715

277210

68.739

148.640

160.346

136.413

142.370

94.475

261.585

278.215

163.552

133.452

161.232

123.871

157.562

120.478

86.974

251.906

170.603

171.947

143.795

139.918
285.466
543.557
127.854
157.573
133.890
159.190
127.601
119.457
121.144
152.933
213.850
116.870
79.707
754.203
173.434
192.996
161.868
357.517
137.470
134.360
146.813
151.505
352.087
198.252
261.869
203.930
151.981
146.477
117.967
140.468
123.523
87.302
254.219
137.783

130.525

150
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814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

2005/2/16

2007/4/15

2007/4/15

2007/4/15

2007/4/15

2009/4/28

2011/3/12

2011/4/3

2011/11/21

2011/11/21

2011/11/21

2012/1/28

2012/1/28

2012/1/28

2012/3/10

2012/3/10

2013/12/31

2013/12/31

2016/4/16

2016/4/16

2016/4/16

2016/4/16

2016/7/27

2016/11/19

2016/11/19

2016/11/19

2018/4/14

2018/4/14

2018/4/14

2002/1/27

2002/1/27

2002/9/16

2002/9/16

2002/9/16

2004/2/4

2004/10/23

4:46:44

12:19:33

12:19:35

12:19:34

12:19:36

20:21:32

15:18:51

16:38:58

19:16:32

19:16:38

19:16:34

7:42:22

7:43:19

7:43:18

2:25:32

2:25:32

10:03:02

10:03:02

9:48:36

9:48:35

9:48:39

16:02:03

23:47:27

11:48:10

11:48:14

11:48:10

4:00:16

4:00:13

4:00:15

16:09:27

16:09:26

10:10:52

10:10:55

10:10:53

15:08:39

19:33:33

IBRH10

MIEHI10

MIEHO1

MIEH02

MIEHO03

KSRH10

IWTH23

MYGH10

HRSHO06

HRSHO03

SMNHO05

YMNHI11

KNGH18

KNGH20

IBRH13

IBRH14

IBRH14

IBRH13

KMMHO03

KMMH16

KMMHO02

KMMH14

IBRH11

WKYHO1

MIEHO05

WKYHI10

NMRHO02

NMRHO04

NMRHO03

IWTH23

IWTH21

TTRHO7

TTRHO3

TTRHO04

IWTH14

NIGH11

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

53

53

53

53

53

53

53

12

22

12

27

69

59

75

45

23

15

22

19

13

17

37

43

28

70

23

80

52

71

51

45

23

15

44

87.844

374.024

261.309

217.073

148.778

163.732

149.524

81.902

223.442

224.824

105.118

188.582

102.735

151.776

304.414

390.507

290.893

132.957

103.813

114.679

162.139

135.827

128.283

240.332

169.430

162.791

268.665

144.318

115.446

190.773

167.784

181.729

156.615

101.868

127.487

321.774

127.014

849.568

198.615

189.807

144.720

163.136

188.055

152.935

361.771

130.250

194.041

161.492

168.126

106.081

691.192

228.969

279.300

157.789

75.975

181.133

64.968

189.073

164.638

240.564

225.273

114.270

153.945

76.161

115.106

125.053

151.648

265.005

181.884

82.822

85.261

249.681
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850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

2004/10/23

2004/10/23

2004/10/23

2004/11/10

2007/3/25

2007/3/25

2007/3/25

2007/4/26

2007/4/26

2007/4/26

2007/4/26

2008/6/16

2008/6/16

2008/6/16

2011/3/19

2011/3/19

2011/4/30

2011/11/20

2011/11/20

2012/3/1

2012/3/1

2016/10/20

2016/10/20

2017/7/11

2017/7/11

2017/7/11

2004/11/4

2008/3/8

2008/7/5

2008/7/5

2008/8/22

2008/8/22

2008/8/22

2008/8/22

2009/2/18

2010/7/4

23:33:43

23:34:53

23:33:33

3:43:11

18:11:49

18:11:52

18:11:50

9:03:04

9:03:04

9:03:06

9:03:08

23:14:39

23:14:42

23:14:41

8:49:33

8:48:14

14:06:40

10:23:42

10:23:43

7:32:41

7:32:44

11:50:00

11:50:01

11:56:39

11:56:39

11:56:42

8:57:33

1:55:08

16:49:16

16:49:13

19:59:59

19:59:59

20:00:00

19:59:58

6:47:09

4:33:14

NIGHI12

FKSH21

NIGHO1

NIGHO1

ISKHOS5

ISKHO03

ISKHO02

EHMHO03

KOCH13

KGWHO02

KGWHO01

IWTH25

AKTHO04

IWTH26

IBRH13

IBRH14

FKSH14

IBRH14

IBRH13

IBRH18

IBRH11

CHBHO06

IBRH20

KGSH09

KGSH10

KGSHO07

NIGHO1

IBRH11

IBRH11

IBRH16

IBRH15

IBRH16

IBRH11

IBRH18

GIFH12

IWTH26

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

53

52

52

52

52

52

52

52

52

52

52

12

36

12

12

15

36

19

15

36

50

23

14

11

18

41

10

44

16

19

18

20

37

43

79

50

31

29

43

11

10

155.183

177.467

98.881

165.359

306.265

170.764

144.285

228.001

204.603

125.619

151.844

547.286

221.759

184.908

289.692

150.468

145.921

385.980

165.504

223.082

192.798

96.426

73.954

260.162

182.382

145.818

164.001

118.165

173.054

175.168

151.617

188.852

161.740

170.177

344.004

214.828

179.139

137.432

154.650

225.551

263.123

126.379

86.110

184.808

253.437

159.926

154.194

687.711

116.228

214.552

301.118

110.586

139.056

484.459

280.272

174.758

116.562

170.671

139.894

460.185

102.584

176.794

215.048

118.836

224.621

201.686

148.522

144.907

153.282

144.690

363.457

194.550

152
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886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

2011/6/4

2011/6/4

2011/9/21

2011/9/21

2011/9/21

2012/2/19

2012/2/19

2012/7/10

2012/8/22

2012/8/26

2012/11/24

2012/12/21

2012/12/21

2013/7/23

2015/8/6

2015/8/6

2015/8/6

2015/8/6

2015/8/6

2016/8/31

1999/4/25

2001/1/4

2001/1/4

2001/1/4

2001/4/3

2001/8/25

2004/11/8

2004/11/8

2004/11/8

2009/12/18

2011/4/14

2011/4/14

2011/4/14

2011/6/14

2012/1/23

2012/6/1

1:57:34

1:57:34

22:30:59

22:30:59

22:31:02

14:54:52

14:54:51

12:48:59

10:33:14

3:37:15

5:21:40

17:07:30

17:07:28

12:02:15

18:22:40

18:22:39

18:22:38

18:22:38

18:22:37

19:46:06

21:27:00

13:18:25

13:18:28

13:18:26

23:57:23

22:21:29

11:32:21

11:32:20

11:32:24

8:44:38

7:35:51

7:35:52

7:35:54

21:49:08

20:45:53

17:48:20

SMNH12

SMNH04

IBRH13

IBRH14

IBRH12

IBRH14

IBRH13

NGNHO07

TKCHO8

FKSHI19

MYGH11

IWTH27

MYGH13

FKSHI12

IBRH12

IBRH11

IBRH15

IBRH16

IBRH18

KMMH14

IBRHO09

NIGH14

NIGH11

NIGHI19

NGNH14

KYTHO04

NIGH09

NIGHO1

NIGH10

SZOH35

IBRH13

IBRH14

IBRH16

NMRHO05

FKSHI12

TCGHI5

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

19

13

10

18

64

52

50

35

16

52

44

31

30

16

25

11

24

17

56

16

18

15

33

10

22

55

58

59

211.303

86.021

379.192

347.628

125.524

191.573

183.764

192.704

148.745

131.899

80.809

100.386

84.699

190.111

159.612

153.439

148.151

164.944

144.271

97.119

161.553

244.533

203.190

111.445

120.365

189.693

194.838

129.029

77.890

86.705

658.233

163.904

199.494

147.702

155.902

115.704

219.166

155.877

357.300

220.361

87.312

210.645

142.662

135.046

108.863

105.783

206.327

151.961

134.984

168.933

117.989

141.053

89.625

119.363

76.712

141.502

169.781

316.093

133.089

115.081

134.874

118.476

142.949

191.975

140.893

178.486

536.271

328.441

185.855

117.195

183.009

212.022

153
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922 2014/9/3 16:24:20 TCGHO7 5.1 6 280.865 247.580
923 2014/9/3 16:24:21 TCGHO8 5.1 11 131.072 153.390
924 2015/2/6 10:25:15 TKSHO5 5.1 9 488.920 418.788
925 2017/7/1 23:45:57 IBUHO1 5.1 10 279.507 191.735
926 2017/7/1 23:45:59 SRCH09 5.1 30 133.594 72.816

927 2018/3/30 8:17:42 IBRHI8 5.1 9 184.882 135.429
928 2018/3/30 8:17:45 IBRH12 5.1 51 160.712 104.745
929 2004/10/23 21:44:32 NIGHO1 5.0 18 122.852 133.904
930 2004/12/30 22:29:58 MYGH04 5.0 32 104.342 107.045
931 2005/1/1 5:14:06 FKSHI19 5.0 80 178.104 128.782
932 2005/7/28 19:15:45 GNMHO06 5.0 30 136.388 123.695
933 2007/6/11 3:45:16 ISKHO04 5.0 8 160.897 72.204

934 2009/12/17 23:45:25 SZOH35 5.0 5 180.204 299.607
935 2011/2/27 2:19:01 GIFH14 5.0 12 119.445 186.089
936 2011/3/30 22:19:15 IBRH16 5.0 54 128.948 160.478
937 2011/4/1 19:49:46 AKTH09 5.0 8 197.375 259.125
938 2011/4/1 19:49:47 AKTHO8 5.0 13 160.818 218.614
939 2011/4/1 19:49:54 AOMHI8 5.0 56 128.332 175.291
940 2011/4/19 23:10:33 IBRH16 5.0 75 181.335 261.376
941 2011/4/19 23:10:29 TCGH06 5.0 33 75.454 184.593
942 2011/4/19 23:10:30 IBRH17 5.0 47 58.470 74.673

943 2012/3/18 9:36:48 IWTHO02 5.0 114 128.514 87.524
944 2015/6/4 4:34:16 KSRHO1 5.0 7 168.650 205.473
945 2016/4/14 23:43:22 KMMH16 5.0 3 109.047 104.437
946 2016/4/19 20:47:06 KMMH07 5.0 10 141.039 209.784
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