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Synopsis

Presented herein is a substructure online hybrid test system that is extensible for

geographically distributed tests. In this system, a set of devices conventionally used for

cyclic tests is adopted to load the tested substructures to the target displacement or the

target force. Multiple tested substructures and numerical substructures using various

structural program codes can be accommodated within the single framework, simply

interfaced with the boundary displacements and forces. A coordinator program is

developed to keep the boundaries among all substructures compatible and equilibrated.

An Internet-based data exchange scheme is also devised to transfer data among

computers equipped with different software environments. A series of online hybrid

tests are introduced, and the portability, flexibility, and extensibility of the proposed

online hybrid test system are demonstrated.

Keywords: earthquake engineering, dynamic response, online hybrid test, remote testing

1. Introduction

More than thirty years have passed since the
online hybrid test (also referred to as the
pseudo-dynamic test) was developed (Takanashi et
al., 1978; Mahin and Shing, 1985; Nakashima et al.,
1995; Shing et al., 1996; Herrera et al., 2008; Tsai
et al.,, 2008). The test treats the dynamics of a

structure numerically, while using restoring forces

obtained from an associated quasi-static experiment.

The test specimen used in the online hybrid test
does not necessarily need physical masses that
produce inertia, and can be loaded quasi-statically
by means of conventional loading devices that are
available in many structural laboratories. Thanks to
these advantages over the shaking table test, the
online hybrid test has become one of the standard
experimental methods for the assessment of the
seismic performance of structural components,

assemblies, and systems.

Since the incipience of the online hybrid test,
the concept of substructuring has been proposed,
developed and applied (Dermitzakis and Mahin,
1985; Nakashima et al.,, 1990; Elkhoraibi and
Mosalam, 2007). The online hybrid test associated
with the substructure technique, also called the
hybrid test,
increases the size of the tested structures. By

substructure online significantly

exchanging data over the Internet, multiple
structural laboratories located at remote sites are
able to collaborate, each taking one part of the
entire structure, increasing the scale at which the
structure can be tested. Several notable systems
were developed and demonstrated by physical
applications (Pinto et al., 2004; Pan et al., 2005 a;
Takahashi and Fenves, 2006; Stojadinovic et al.,
2006; Yang et al., 2007, Wang et al.,, 2007;
Mosqueda et al.,, 2008). However, it is not
necessarily easy to extend these systems for more

versatile applications because of the following



limitations. One is the use of costly
servo-controlled hydraulic actuators that require
large capacity pumps and accumulators. They are
not easily transported to other locations, either. The
other is the rigid software framework that requires
the source-code modification to implement the
interaction  between  numerical and  test
substructures. A general approach thus far is to
incorporate a user-defined experimental element
into the numerical substructure models (Pan et al.,
2005 a; Takahashi and Fenves, 2006).

To fully achieve the appealing features of the
substructure online hybrid tests, a set of portable
and flexible loading devices and an extensible
software framework are devised. Chapter 2 of this
paper describes the developed loading devices,
which are characterized by large stroke and force
capacities, accurate and flexible displacement and
force control, compactness and portability,
robustness, and economic efficiency, thus being
available in many structural laboratories. Chapter 3
presents the extensible software framework, which
is equipped with a coordinator program that makes
the system more versatile, a generalized interface to
tested

substructures, and an Internet-based data exchange

encapsulate both the numerical and
scheme to realize fast and stable communication
between the substructures and coordinator program.
In Chapter 4, the effectiveness of the developed
system is demonstrated by a series of physical
applications, i.e., a physical testing of a three-story
frame installed with steel plate walls, an application
to an eight-story base-isolated building, a seismic
simulation of a steel reinforced concrete (SRC)
building with a steel tower on the top, and the
distributed testing to explore the collapse behavior

of four-story steel moment frames.

2. Conventional Testing Devices

An online hybrid test system that makes the
maximum use of conventional test devices available
in many structural laboratories consists of a
hydraulic pump, a hydraulic jack, a controller, a set
of measuring devices for the jack displacement and
forces, and a set of computers for control and
calculation, as shown in Fig. 1 This test system was
first developed at Kyoto University, and has been

used extensively for the past fifteen years in a
nearly maintenance-free mode (Nakashima et al.,
1995). The system is characterized by the strength,
flexibility,

robustness, and key components to achieve them

portability, controllability ~ and
are the quasi-static jack, the hydraulic unit, and the
digital controller, whose details are described
below.

MeasuriT fnalog signal

Dynamic strain meter .
. Load cell analog singal

Detector

00000
00000
|::I 00000

Switch box = T LVDT digital signal
CIEgo—¢ & 2 T ek o
g8 s> = sl ——ic
Datalogger (2 2 HIIS| - o
[cp] =2 5 g
GPIB]] S o S
Q [com = 5 ° Hydraulic unit
=7 . P [y =
EEIIEL [Lan] g m.% g <:)
Calculation PC Q|5 = g
g 5  Digital controller g_
el B4
= —c &
. ID (Rs232¢) | = A0 55
=102 trol digital L 09000]Bo%0
L— S\ rol dig
Control PC signal \g?j.lij T ? A~/
Analog control signal Qil

Fig.1 Typical online hybrid test system using
conventional loading facilities (External loop)

2.1 Robust quasi-static jack

Compared with the dynamic actuator that is
commonly equipped with a complex servo-valve,
configuration of the quasi-static jack is much
simpler. It consists of a jacket, a piston, and two
chambers, as shown in Fig. 2. Each chamber outfits
an orifice through which the chamber is able to
accept/release oil from/to the hydraulic unit. When
loading, the oil pressure in one of the chambers
equals the supply pressure in the hydraulic unit,
while the pressure in the other chamber is zero. The
force imposed on the specimen equals the pressure
difference between the two chambers multiplying
the area of the piston. The mechanism is simple, but
it is very robust and needs nearly no maintenance.
Without the need of a sophisticated servo-valve, the
quasi-static jack is far less expensive than the
dynamic actuator.

The slow loading, ranging normally from 0.1 to
2 mm/s, is not necessarily a disadvantage. It
provides a chance for close observation, and a
favorable fault tolerance that can help prevent an
expensive specimen seriously suffering from wrong
loading. A larger supply pressure (about 70 MPa)
adopted for quasi-static jacks compared to that
normally assigned for dynamic actuators (about 21



MPa) is another asset; for the same cylinder size,
the quasi-static jack can possess a force capacity
about three times larger than that of the dynamic
actuator. A larger pressure also means that the
quasi-static jack is stiffer than the dynamic actuator,
allowing relatively better precision in displacement
control.
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Fig. 2 Hydraulic pump system with inverter motor
(At the pulling state)

2.2 Portable hydraulic unit

The hydraulic unit is designed to provide oil to
the quasi-static jack and control the jack for loading
and unloading according to the input signals from
the digital controller. Its function is fulfilled by
activating the pump with an inverter motor, two
solenoid valves, and a high-speed on/off valve, as
shown in Fig. 2. Once it receives the loading signal
(a voltage) from the digital controller, the inverter
motor starts to pump oil to one of the chambers
(“push” or “pull”) of the quasi-static jack. The
loading speed is controlled by the frequency of the
inverter motor, which is proportional to the signal
voltage. The flow of the pump commonly ranges
from 0.08 to 0.48 I/min, which corresponds to the
frequency from 6 to 60 Hz. The “push” or “pull”
direction is selected by changing the on/off mode of
the two solenoid valves. The unloading action is
achieved by releasing oil from the jack to the oil
tank through the high-speed on/off valve. The
high-speed on/off valve adopts a pulse-width
modulation (PWM) control at a frequency of 20 Hz.
The flow through this valve ranges from 0.15 to 1.5
I/min by modulating the width of the pulse (also

called the duty cycle). In Fig. 2, the solid lines
inside the hydraulic unit represent the supplying oil
whose pressure is always monitored by a pressure
sensor, while the dotted lines show the return oil
whose pressure is always zero.

The mechanism of this hydraulic unit is
naturally much simpler and most likely more robust
than the servo-controlled system that requires an
accumulator to collect the pressurized oil. Due to its
simplicity and robustness, this hydraulic unit is
almost maintenance free. In fact, the system
developed fifteen years ago is still fully functional
with only minimal maintenance. Because of the
slow loading rate, the power needed for the pump is
small. The power of the inverter pump is about 0.75
kW, while a pump used for servo-controlled
actuators commonly requires a power more than
100 kW. The inverter motor, solenoid valves,
high-speed on/off valve, pressure sensor and a 25
liter oil tank, are installed in a portable box, and the
total weight is about 170 kg. This hydraulic unit is
apparently much
Such

possibilities of remote, distributed testing in that

lighter, more compact and

portable. characteristics enhance the
quite a few structural laboratories are equipped with
space but not with an automatic loading system

conforming to the online hybrid test.

2.3 Accurate digital displacement control

To achieve the accurate displacement control
required for the accurate reproduction of earthquake
responses in the online hybrid test, the proposed
system employs a digital displacement transducer
and a digital controller. The digital displacement
transducer is attached to the quasi-static jack and
feeds back the measured value to the digital
controller. The digital signal can be applied directly
for the displacement without any
digital/analog (D/A) or (A/D)
conversion. The digital displacement transducer has

control

analog/digital

a large stroke capacity, up to £500 mm. One of its
appealing features is that the accuracy, i.e., the
measuring resolution, remains constant at 0.01 mm
regardless of the displacement stroke. This is
different from commonly used analog displacement
transducers whose accuracy is dependent on the
full-stroke.

A digital controller is adopted to control the



hydraulic unit using the digital displacement signal
fed back from the digital displacement transducer
(also called the feedback control), as shown in Fig.
3. The feedback control is defined as the internal
loop, in contrast to the external loop associated with
the solution of the equations of motion (Mercan and
Ricles, 2007). The digital controller adopts a 32-bit
micro-processor, and has a serial communication
port through which it can talk with a computer, i.e.,
accepting the target values and loading/unloading
time, and sending back the measured force and
displacement. It is equipped with three input ports
to collect signals from the digital displacement
transducer, the load cell, and the pressure sensor of
the hydraulic unit, and three output ports to send the
control signals to the inverter motor, the solenoid
valves, and the high-speed on/off valve,
respectively.

Fig. 3 shows an example feedback control of the
controller, where unloading is conducted first,
followed by loading. In each step of loading or
unloading, the digital controller accepts the target
value (x,+;) and the time (A7) to reach the target
from the control computer, and starts the feedback
control to achieve the target physically. The
controller first computes the subcommand signals at
every 10 ms for the period of A¢, as shown by the
thin solid line in Fig. 3, named “SV”. By comparing
the target with the current state of the jack, the
controller sends the subcommand signals to the
high-speed on/off valve as a pulse. After every 10
ms, the controller receives the feedback signal from
the digital displacement transducer or the load cell
attached to the jack, and the supply pressure signal
(defined as PVP) from the hydraulic unit. The
controller computes the difference between the
subcommand value assigned at 10 ms later and the
measured value (the thick solid line), converts the
difference to the control signal, and sends it again
to the pump unit. This loop continues until PVP
becomes smaller than a predefined tolerance, PSF,
when the controller stops the unloading action and
switches to the loading action. It sends signals to
drive the two solenoid valves to select the loading
direction. After the solenoid valves are repositioned,
the loading action starts. The controller repeats the
same procedure for unloading, but this time sends
frequency signals to the inverter motor for loading.

This operation continues until the measured value
reaches the target value within a pre-specified band

of tolerance.
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2.4 Flexible displacement and force mixed
control

Two types of control modes are available: the
displacement control using the signal feedback
from the digital displacement transducer, and the
force control using the signal feedback from the
load cell. Both controls adopt the scheme described
in Section 2.3, except that an A/D module is
inserted between the load cell and the digital
controller. The control modes can flexibly be
switched even during one test. This is made feasible
by the external loop of control and the slow loading
rate. This characteristic is specifically effective for
tests with specimens having large disparities in the
magnitude of stiffness in various loading stages.
Here, the force control is used when the structure is
very stiff; the displacement control is adopted once
the structure becomes softer.

Two types of mixed control, namely the
“displacement-force combined control” and the
“displacement-force  switching control”,
proposed and validated (Pan et al., 2005 b). In the

displacement-force combined control, one jack is

were

operated by the displacement control, and another is

operated by the force control, while in the
displacement-force switching control, the jack is
operated by the displacement control when the test
specimen is soft but switches to the force control

once the specimen becomes stiff.



3. Extensive Framework for Substructure
Online Hybrid Test

The substructure online hybrid test needs an
extensible framework to accommodate multiple
tested substructures and numerical substructures.
software

Considering different hardware and

environments adopted in different laboratories, the
1) a

coordinator program to seek the compatibility and

framework should be equipped with:

equilibrium at the boundaries among all

substructures; (2) a generalized interface to
encapsulate each tested or numerical substructure;
and (3) an Internet-based data exchange scheme
capable of transferring data among computers

having a variety of software environments.

3.1 Coordinator program to host
multi-substructures

The basic function of the coordinator is to
realize the equilibrium and compatibility at the
boundaries among substructures. It sends target
displacements to all substructures, and accepts
reaction forces from them. The compatibility is
automatically satisfied by assigning the same
displacement vector to all substructures having the
common boundaries. The equilibrium is sought by
the coordinator program dynamically or statically,
depending on where the equations of motion are to
be solved. In this online hybrid test framework, the
equations of motion can either be solved globally
by the coordinator program or treated separately
within each substructure. Correspondingly, two
types of coordinators are developed, one that solves
the dynamics and one that does not, called the
dynamic and the static coordinators, respectively.

(1) Dynamic coordinator

The basic idea of the dynamic coordinator is to
solve the dynamics of the structure separately from
its static tests and analyses, i.e., to formulate and
solve the equations of motion of the entire structure
using the restoring forces obtained from the static
substructures (Wang et al., 2006). Figure 2.4
illustrates the test scheme using an eight-story
base-isolated structure as an example. It is
reasonable that the dynamics of the structure are

simplified into the equations of motion of a nine

degree-of-freedom (DOF)

corresponding to one story level.

system, each DOF
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Fig. 4 Concept of dynamic coordinator

The static behavior, i.e., the restoring forces of
DOFs, is
substructures:  the

respective obtained from two

superstructure  simulated
numerically by a finite element program, and the
base-isolation layer tested physically. The dynamic
coordinator uses the information from previous
steps to predict the displacement vector for the
current step, and sends the next displacements to
both substructures for physical loading and static
analysis. The restoring forces corresponding to
these displacements are then collected and sent
back to the coordinator. The global restoring force
vector is formed, each component of which is
associated with one dynamic degree of freedom.
Finally, the coordinator updates the state variables
for the next step simulation. With the dynamic
coordinator, the boundaries between substructures
are always associated with dynamic degrees of
freedom, and the equilibrium at the boundary is
satisfied explicitly by solving the equations of

motion.

(2) Static coordinator

For a structure with more complicated dynamics,
it is sometimes efficient to separate the massive
dynamic model that represents the entire structure
into multiple small dynamic models and treat them
DOFs of

substructure interfaces may not be associated with

independently.  Furthermore, the
the dynamic DOFs, thus making it difficult to apply
the dynamic coordinator introduced above. To solve
these difficulties, a static coordinator was proposed
(Pan et al., 2006), where the dynamics are always
solved within each substructure, and the coordinator
is used to statically search the equilibrium and



compatibility amongst substructures.
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Two-round quasi-Newton test scheme

A generic structure, as shown in Fig. 5 (a), is
taken as an example which is decomposed into two
substructures, with the degrees of freedom of each
substructure grouped into the internal set and the
boundary set. The equations of motion are
formulated for each substructure, and the boundary
compatibility and equilibrium between the two
substructures are sought by the static coordinator.
The static coordinator first determines a set of trial
boundary displacements and sends them to all
substructures. In this process, compatibility is
achieved automatically. Each substructure then runs
a dynamic analysis or conducts an independent
online hybrid test with the constraint of the
boundary displacements. The reaction forces
obtained from each substructure are sent back to the
If the

equilibrium is achieved, then the simulation goes on

coordinator to check the equilibrium.

to the next step. Otherwise, the coordinator

determines another set of trial boundary
displacements and repeats the above procedures
until the equilibrium is satisfied. It is essentially a
trial-and-error procedure. Its realization is not

straightforward, however, and two issues still

remain to be resolved: (1) how to systematically
find the boundary displacements to achieve the
equilibrium; and (2) how to avoid iteration for the
tested substructures?

To find the equilibrium systematically, one of
called the BFGS
method (Broyden, 1965), was employed. It uses

the quasi-Newton methods,

only the boundary displacement vector and the
corresponding reaction force vector to gradually
build up the secant stiffness matrix at the boundary,
and thus is able to find the equilibrium even for a
nonlinear structure.

To avoid multiple iterations for the tested
substructure, a test scheme featuring a two-round
devised. The
procedure, shown in Fig. 5 (b), is in essence a

trial-and-error  procedure was

predicting and  correcting  scheme, each
corresponding to one round of the quasi-Newton
procedure. The first round is called the prediction,
where the tested substructure is assumed to behave
linearly and the reaction force is calculated from the
displacement increment and the initial stiffness
matrix or the secant stiffness matrix updated from
the previous loading. After finding the equilibrium
at the boundary, the predicted displacement vector
is then applied to the tested substructure for
physical loading. Due to the nonlinearity in the
tested

imbalanced again. Finally, the second round of the

substructure, the boundary becomes
quasi-Newton procedure is applied to compensate
for the imbalanced force, also assuming the tested
substructure behaved linearly.

3.2 Generalized interface to substructures

In the extensible online hybrid test system, the
coordinator is able to accommodate multiple tested
and numerical substructures by virtue of the
standard input and output interface, which takes
care of the Dboundary displacements and
corresponding reaction forces. The coordinator
program provides each substructure with the target
displacements and accepts the reaction forces from
them. Because of the simplicity of this exchange,
laboratories employing different facilities and
numerical substructures using various programming
languages can readily be incorporated into the
framework. Each boundary degree of freedom of
the tested

substructure shall be controlled



physically by loading devices. The interface to the
tested substructure directly communicates with the
channels that control these devices, which enables
the coordinator to send the target displacements to
the loading devices and accept the reaction force
them. The
substructure is

from interface to the numerical

realized through the standard
input/output files of each specific programming
language. The interface first generates the input file
that contains the boundary displacements of the
current step as the external constraint, then calls the
program application to run the input file, and finally
extracts the reaction forces from the result files
created by the program application. The restart
option is the key element that allows external
intervention from the coordinator, but without
revising the source code of the program (Wang et
al., 2006).

3.3 Internet-based data exchange scheme

To achieve high-speed data exchange among
laboratories, an
scheme was developed (Pan et al., 2006). This
scheme adopts the socket mechanism based on the
TCP/IP  protocol.

framework. The server first creates the listening

Internet-based data exchange

It works as a server-client

socket and waits for connections from clients. The
client then creates a client socket and attempts to
connect to the server in reference to the TCP/IP
address and the port number. Once the connection
is accepted by the server, a channel is built up, and
the data can be transferred through it. Two types of
data exchange are considered: direct data exchange,
and data exchange through proxy. In the direct data
exchange, the coordinator and the substructure are
set as the server and the client, respectively. The

proxy
Internet with

data exchange through enables

communication over the strict
firewalls, in which both the coordinator and
substructure are clients, and the proxy is the server.
Here the proxy is a program developed for
forwarding the data between the server and clients.
To facilitate the application, the raw socket
application programming interfaces (APIs) are
encapsulated into a dynamic link library which can
be easily implemented by most commonly used
programming languages, such as Visual Basic,

Fortran, and Visual C++. It is also possible for the

data exchange scheme to transfer data among
computers with different operating systems, such as

Windows, Linux, and Macintosh.

4. Demonstration Tests

The proposed substructure online hybrid test
system has been applied for seismic simulation of
several structures. In what follows, four of them are
introduced, in which the appealing features of the
proposed hardware and software framework were
demonstrated. They are a three-story steel moment
frame equipped with steel plate walls, an
eight-story base-isolated building, an SRC building
with a steel tower on the top, and a four-story steel

moment frame.

4.1 Online test using flexibly reconfigured
loading devices
In this application, the seismic response of a
three-story steel moment frame was examined, as
shown in Fig. 6 (a). One bay of the frame equipped
the tested
substructure, while the rest of the frame was

with steel plates was treated as
implemented numerically using a general purpose

structural analysis code: Open System for
Earthquake Engineering Simulation (OpenSEES,
Mazzoni et al.,, 2006). The dynamics of the
structure were simplified as a mass-spring model
with three degrees of freedom, and solved by a
dynamic coordinator. The tested substructure was
stiffer and than the

surrounding numerical substructure, so that the

significantly stronger
contribution of the boundary beams in the
numerical substructure to the tested substructure
was neglected, and the boundary was treated as if it
were pin-supported.

Three sets of conventional loading facilities
were reconfigured in parallel as shown in Fig. 6 (b).
The controllers and functional computers were
integrated as in Fig. 6 (c). Two controllers were
connected to one control computer via a RS485
cable and a RS
controller was connected to one control computer
through a RS232C cable. Although RS232C can be
used for each

interchanger, while the Ilast

individual loading unit, this

configuration is maintained to minimize the

modification of existing facilities. The calculation



computer was used to communicate with each
control computer, to exchange data with the
coordinator program, and to collect data from GPIB
devices. All computers were set within a local
network so that a direct data exchange scheme was

employed.
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with slit walls: (a) Prototype; (b) Installation of
loading devices; (c) Integration of loading system

Displacement error (mm)

Fig. 7 Displacement errors in three jacks

of the
reconfigured loading facilities, the structure was

To examine the Iloading accuracy

tested using a small ground motion to keep all
substructures elastic. The target and measured
displacements are compared as shown in Fig. 7 It is
observed that all units achieved the respective
target displacements accurately, with differences in
most steps not greater than 0.05 mm, and the
maximum difference not exceeding 0.4 mm. This
demonstrates the feasibility of the proposed online
hybrid in that: (1) the
conventional loading facility ensures its loading

system reconfigured

accuracy; (2) the generalized interface encapsulates
the numerical substructure well by means of the
restart option; (3) the data exchange within the local
network runs smoothly and takes almost no time;
and (4) the dynamic coordinator reproduces the

seismic response reasonably.

4.2 Application of displacement and force
mixed control

An online hybrid test for a base-isolated
structure to validate the displacement and force
mixed control was proposed. The structure was an
eight-story and two-span steel moment frame
isolated by high damping rubber bearings (HDRB),
as shown in Fig. 8 (a). To examine the seismic
performance of the structure when subjected to
horizontal and  vertical ground  motions
simultaneously, an online hybrid test was conducted
in which the isolation layer was tested physically as
in Fig. 8 (b), while the superstructure was
simplified into a mass spring model and treated
numerically. Details were introduced by Pan et al.
(2005 b).

One of the displacement-force mixed controls,
the displacement-force combined control, was
applied in the tests. The HDRBs were assumed to
be in a compressive state all the time, and behaved
linearly in the vertical direction. Because the
vertical force has a significant influence on the
horizontal behavior of the isolators, it is necessary
to reproduce the variation of the vertical forces. In
the test, the horizontal response was obtained using
a conventional displacement-controlled online
hybrid test, but the vertical response was obtained
scheme. The

using a force-controlled target

displacement in the vertical direction was
transformed into the target force in reference to the
initial stiffness obtained from the preliminary test,
and applied to the specimen. The
force-displacement relationships and the
displacement histories obtained from the test are
shown in Fig. 8 (c) and (d), respectively (Pan et al.,
2005 b). The advantage of this control was such
that the dependency of the horizontal hysteretic
behavior of base-isolators on the magnitude of the
vertical force was taken into account explicitly.

If the base-isolated structure is subjected to
large vertical and/or

ground motion large

— 10—



overturning, the isolators will sustain tension. To
deal with such a situation, a force-displacement
switching control was developed using the same
test setup. This time, only the vertical response was
considered, and the force control was adopted when
the isolators sustained compression, while the
displacement control was adopted when they
sustained tension. During the force-control segment,
a force equal to the product of the predicted
displacement and the vertical initial stiffness was
applied to the tested structure, and the predicted
used

displacement was directly during the

displacement-control. The control mode was
switched when the force changed from compression
to tension or from tension to compression. The test
proceeded successfully, and the displacement and

force histories are shown in Fig. 8 (¢) and (f) for the

displacement control and the force control,
respectively.
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Fig. 8 Displacement and force mixed control: (a)
Eight-story base-isolated structure; (b) Specimen
installation; (c) and (d) Hysteretic and displacement
response curves obtained from displacement-force
combined control; (¢) and (f) Displacement and
force control

accuracy in displacement-force

switching control

These demonstrate  that (1) the
displacement-force combined control is valid for
different
force-displacement relationships according to the

tests

specimens having distinctly
direction of loading; (2) the displacement-force
switching control is effective for structures that
display large disparity in the magnitude of stiffness
and (3) the control of

employed loading devices is accurate.

during the response;

4.3 Implementation of multiple numerical
substructures

The framework employing the static coordinator
was applied to investigate the seismic response of a
steel reinforced concrete (SRC) structure with a
steel braced tower built on the top, as shown in Fig.
9 (a) (Wang et al., 2008 a). The entire structure was
divided into three substructures, namely, the SRC
frame, the first story of the tower, and the super part
of the tower. The static coordinator was employed
to handle the horizontal displacements among the
three substructures. The first story of the tower was
tested physically using a scaled model that
maintained the similitude, while the other two
substructures were treated numerically. OpenSEES
was used to simulate the SRC frame as the program
code is equipped with an excellent fiber-formulated
element that is particularly suitable for composite
members. A general-purpose finite element
program, ABAQUS (SIMULA, 2008), was used to
simulate the upper part of the tower because of its
strength in implementing strong geometric
nonlinearity. Each model contained a few hundreds
of degrees of freedom. The setup for the tested
substructure is shown in Fig. 9 (b). The vertical
jack adopted the force control to provide a constant
gravity of the tower, while the horizontal jack was
used in the displacement control to realize the target
boundary displacement sent from the coordinator.
All substructures were encapsulated by means of
with
displacements and reaction forces exchanged by the

the generalized interface, boundary
input and output files. The restart option of each
finite element program was employed, which
enabled the simulation to advance step by step.

All three substructures exhibited large inelastic

behavior, and in particular the tested substructure



sustained the largest deformation and the braces
buckled seriously. In order to validate the interface
implementation, the seismic responses obtained
from the online hybrid test were compared with
those of the overall numerical simulation (Wang et
al., 2008 a). The displacements at the substructure
interfaces are compared in Fig. 9 (c¢) and (d) for the
SRC frame and the
respectively. For both interfaces, the displacements

top of the specimen,
are very close to each other. Some discrepancy is
observed in Fig. 9 (d) due to the difference in
hysteretic behavior between the numerical model
(assumed behavior) and the physical test (actual
behavior). The
influence on the tower behavior, but had little effect

discrepancy has a significant

on the SRC frame because the SRC frame was
much heavier than the tower.
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Fig. 9 Online hybrid test hosting multiple numerical
substructures: (a) Prototype structure; (b) Photo for
specimen; (c¢) Response of roof of SRC frame; (d)
Response of first story of tower

This application validates that (1) the
generalized interface is able to encapsulate multiple
numerical substructures using different program
codes; (2) the static coordinator employing the
two-round quasi-Newton procedure is capable of
reproducing the seismic response of complex
structures; and (3) the data exchange scheme
transfers the data quickly and reliably across the
Internet with strict firewalls.

4.4 Geographically distributed tests

The seismic behavior of a four-story one-bay
steel moment frame, shown in Fig. 10 (a), was
simulated. The entire structure was divided into
three substructures. The two column bases were
treated experimentally, and their complex behavior
under varying axial loading was considered. The
rest of the structure was simulated numerically by
ABAQUS using rigid plastic hinge models (Wang
et al., 2008 b). Each column base was loaded
simultaneously for the varying axial force due to
overturning and for the column base rotation
delivered by the horizontal jack. Due to space
limitations of the laboratory, the right column base
was tested in the writers’ laboratory with facilities
configured as shown in Fig. 2.10 (b), while the left
one, together with two sets of conventional loading
facilities, was transported to another laboratory
fifteen kilometers away, where the two loading sets
were reconfigured to achieve the bi-directional
loading. The data were transferred over the Internet.
However, the two laboratories were protected by
strict firewalls and could not exchange the data
directly. To overcome this difficulty, a proxy
program was set outside both firewalls and could be
accessed by both laboratories. The proxy program
worked as a message passenger that accepted the
data from one laboratory and passed them to the
other.

The test results given by Wang et al. (2008 b)
indicated the success of the online hybrid test.
Significant failure was observed in both column
bases, and the structure underwent very large
deformations to collapse (Fig. 10(d)). The force
error in the vertical jack was not greater than 3 kN
(about 1% of the maximum target force) for most
loading steps, and the largest error was about 9.6
kN. The largest displacement error in the horizontal
jack was about 0.24 mm, while most of its errors
did not exceed 0.04 mm. Note that the maximum
target displacement was about 228 mm, which
means that the displacement control was accurate
enough to reproduce the seismic response. The test
lasted for 16.6 hours, during which the data were
exchanged continuously and the delay over the
Internet could be neglected.

This application demonstrates that (1) the
conventional loading devices are portable and



flexible enough to be readily transported and
reconfigured; and (2) the extensible framework is
able to take care of multiple tested substructures

having significant nonlinearities.
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Fig. 10 Four-story steel moment frame: (a)
Prototype; (b) and (c) Physical setups in two
histories

laboratories; (d) Displacement time

obtained from test and associated numerical

analysis

Using the system developed for geographically
distributed tests, another four-story steel moment
frame, this time with two bays instead of one, was
also simulated. In the distributed online hybrid test,
the boundary implementation is always a key issue
to determine before the test. To achieve the highest
precision, both equilibrium and compatibility
should be satisfied at all of the boundary degrees of
freedom. The reality, however, is that it is difficult
to control stiff degrees of freedom, and the loading
facilities and test space are sometimes limited to
of freedom. The flexible

boundary implementation adopted in the test is

control all degrees

shown in Fig. 11 (a), and more detail is found in
Wang et al. (2011). In the test, one portion of the
tested substructure was tested in Kyoto University
(KU), and the other part by the State University of
New York at Buffalo (BU) (Fig. 11 (b) and Fig. 12).

Note that the experimental environment of the two
testing sites (laboratories) were very different; in
one site servo-controlled hydraulic actuators were
used, while in the other site quasi-static jack system
was adopted; and the control software was
distinctively different. Nonetheless, the test was run

successfully without any malfunction.
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simulation: (a) Numerical model with hinges; (b)
Numerical substructures

From  this challenging geographically
distributed test, various problems (necessary to
resolve or overcome for future applications) were
surfaced out. To save time and shipping expense,
the tested substructures were manufactured by local
fabrications, one in Kyoto, Japan, and the other in
Buffalo, the United States. The material properties
of the test specimens were not identical, having
caused a non-negligible difference in the yield
strength, and this caused some errors in the
obtained response relative to the prototype response.
Time difference was another concern as there is a
twelve hour difference between Japan and the
Eastern U.S. Since one test may take a few hours, it
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became necessary for one lab to work through the
night. The operators may make some mistakes
because they are working in an unusual period.
These difficulties shall be of significant concerns to

the project administrator.

(b)

Fig. 12 Test setups at two laboratories: (a) Test
setup at UB; (b) Test setup at KU

5. Conclusions

An extensible framework for the substructure
online hybrid test is proposed. In this framework,
conventional loading facilities are adapted and
reconfigured to realize the physical loading of
specimens. The extensible framework, equipped
with a versatile coordinator program, a flexible test
scheme, a generalized I/O interface, and an
Internet-based data exchange scheme, can satisfy
the demands of many applications, and is
particularly suitable for geographically distributed
online hybrid tests. This framework has been tested
with several applications. The major findings of this
study are as follows.

(1) The conventional loading devices are robust
and portable and can be reconfigured flexibly
to satisfy the demands of various structural
tests. The loading performance can be adjusted
by tuning the parameters of digital controllers,
and the control modes can be flexibly selected
prior to or during the test.

(2) Thanks to the outstanding performance of the

transducer, accurate

digital displacement

displacement control can be ensured to
conduct the online hybrid test.

(3) The online hybrid test framework is extensible
to host tested

substructures. The versatile

multiple and numerical
coordinator

program can be applied to structures with

simple dynamics as well as those with
complex dynamics. The generalized interface
can encapsulate substructures completely only
by accessing the boundary displacements and
forces. The Internet-based data exchange
scheme is also demonstrated to be fast and
stable.
(4) To demonstrate the strength of the proposed
test system, a series of physical applications
are presented, including a physical testing of a
three-story frame installed with steel plate
walls, an application to an eight-story
base-isolated building, a seismic simulation of
a steel reinforced concrete (SRC) building
with a steel tower on the top, and the
distributed testing to explore the collapse
behavior of four-story steel moment frames. In
the  last

“geographically distributed online

applications, the idea  of
hybrid
testing” is realized, and its effectiveness as
well as problems to resolve or overcome is

discussed.
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Fig.2 High sampling waveforms of microearthquake.
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Developement of a Seismic Observation System in the Next Generation
- to Install Ten Thousands Stations -

Yoshihisa 11O

Synopsis
We developed a new seismic observation system in the next generation, with the initiative of DPRI
Kyoto Univ. and Kinkei System Co.. We were able to record about 8 months continuous seismic data with
250 Hz sampling frequency and 32 dry cells. The system is small and light. The total weight is only about 6
kg, including those 32 dry cells. It takes only several minutes to install one station. This system is extremely
useful and it is expected that this system will be a main tool for all the field works.

Keywords: manten system, dense array observation, seismometer, power saving, small and light
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Catastrophic landslide induced by Typhoon Morakot, Shiaolin, Taiwan

Ching-Ying TSOU, Zheng-Yi FENG* and Masahiro CHIGIRA
* Department of Soil and Water Conservation, National Chung Hsing University, Taiwan

Synopsis

Typhoon Morakot induced the catastrophic and deadly Shiaolin landslide in
southern Taiwan on 9 August 2009, resulting in more than 400 casualties. We undertook
a geological and geomorphological investigation with the aim of reconstructing the
events leading up to this landslide and to clarify factors that contributed to its
development. The research results have been published with the title “Catastrophic
landslide induced by Typhoon Morakot, Shiaolin, Taiwan” to the Journal of
Geomorphology, volume 127, in 2011, where we provided the same contents as this
paper. Cumulative rainfall reached up to 1676.5 mm in about three days under the
influence of the typhoon, and the Shiaolin landslide, with a volume of 25 x 10° m’,
occurred one day after the peak in rainfall intensity. The landslide occurred on a dip
slope overlying late Miocene to early Pliocene sedimentary rocks consisting of silty
shale, massive mudstone, and sandstone. It started as a rockslide in the upper third of
the landslide area and transformed into a rock avalanche that crossed a series of terraces
and displaced or buried the village below. It buried the riverbed of the Chishan River
and ran up the opposite slope, creating a landslide dam 60 m high, which was breached
about 1 hour and 24 minutes later, flooding the village. The velocity of the landslide is
estimated to have been 20.4 to 33.7 m s ' and its apparent friction angle was 14°, which
indicates its high mobility. The detachments in the source area consist of combinations
of bedding planes and joints or faults. The landslide was preceded by gravitational
deformation, which appeared as hummocky landforms before the landslide and as
buckle folds exposed after the event. The landslide deposits consist of fragments of
mudstone, shale, and sandstone, as well as clayey material at its base. This clayey
material, consisting of illite, chlorite, quartz, feldspar, and calcite, is assumed to have
strongly influenced the long, rapid runout.

Keywords: Typhoon Morakot, landslide, deep-seated landslide, gravitational slope

deformation, Shiaolin

1. Introduction

A catastrophic landslide is a rapid, large
gravitational mass movement, which changes the
topography and remains for a long time. Guthrie
(2007)
catastrophic when it is individually formative and

and Evans regarded a landslide as

persist more than 10 times longer than moderate
sized landslides. Many catastrophic landslides
accompany avalanches—events that in their

post-failure stage involve rapid runout and
emplacement of relatively thin sheets of crushed,
pulverized, and dry rock (Hewitt et al., 2008). Rock

avalanche, which is also called sturzstrom (Heim,
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1932; Hsi, 1975),
rockslide-avalanche (Mudge,

may be complex as
1965), or rockfall
avalanche (Schuster and Krizek, 1978). Previous
research on catastrophic landslides has been
reviewed several times (Voight, 1978; Evans and
DeGraff, 2002; Hewitt, 2006) and has shown that
many are induced by earthquakes. Fewer cases have
been reported of catastrophic landslides induced by
rainstorms (Sidle and Chigira, 2004; Catane et al.,
2007, 2008; Evans et al., 2007; Guthrie et al., 2009).
In such cases, rock debris may be saturated with
water (classified as debris flows) or not saturated
(classified as debris avalanches) (Takahashi, 2010).
One of the most recent catastrophic landslides
occurred at Mt. Canabag in southern Leyte Island,
Philippines, in 2006, which followed a continuous
heavy rainfall and two recorded small earthquakes
(Catane et al., 2007, 2008; Evans et al., 2007;
Guthrie et al., 2009).

Catastrophic landslides are commonly preceded
by gravitational deformation (Voight, 1978; Chigira,
1992, 2001; Chigira and Kiho, 1994; Evans and
DeGraff, 2002; Crosta et al., 2006), although this
by itself does not necessarily transform into
catastrophic failure. The failure of slope is
controlled by internal factors, such as fracture
development in rock mass and external factors
(Kilburn and Petley, 2003; Korup, 2004; Petley et
al., 2005). Gravitational deformation creates a
variety of internal structures and new materials
(Hutchinson, 1988; Chigira, 1993a), some of which
are more susceptible to earthquakes and others to
rainstorms. Therefore, gravitational deformation
may provide a clue in predicting potential sites of
catastrophic landslides, and it must be interpreted in
the context of slope development.

Progress in understanding these issues depends
on the accumulation of case histories, particularly
for contemporary landslides, as prehistoric
landslides provide no direct information on their
behavior and pre-event conditions. Here, we present
the results of a geological and geomorphological
investigation of the most recent rain-induced
catastrophic landslide, which was triggered by
Typhoon Morakot in Taiwan on 9 August, 2009.

Typhoon Morakot swept Taiwan on 7 August
2009, resulting in 619 deaths, 76 missing persons,
the temporary evacuation of 24,950 residents,

flooding, and more than USS$ 5 billion in economic
(National
Protection Commission, 2009). It also isolated

losses Disasters  Prevention and
numerous villages in southern mountain areas of
Taiwan. It was the worst typhoon disaster in
Taiwan for 50 years. The typhoon landed at Hualian
in eastern Taiwan, crossed the island in a
northwestward direction, and left at Taoyuan on the
northwest coast (Fig. 1). The typhoon, which was a
according to  the

medium-strength  event

classification system of the Taiwan Central
Weather Bureau, with a maximum wind speed of 40
m s ', set a precipitation record of 2749 mm for a
single rainfall event at Alishan, where the previous
rainfall record of 1749 mm was set by Typhoon

Herb in 1996 (Lin and Jeng, 2000).
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Fig. 1. Path of Typhoon Morakot (after Taiwan
Central Weather Bureau, www.cwb.gov.tw).

The catastrophic landslide at Shiaolin Village,
Kaohsiung County, was the largest landslide
induced by Typhoon Morakot (Fig. 2). It occurred
at 6:16 AM (local time) on 9 August, when the
cumulative rainfall had reached 1676.5 mm, about
three days after the start of rainfall according to the
record at the Jiasian station (COV250) of the
Taiwan Central Weather Bureau, located 11.4 km
SSW of the village (Fig. 3). The landslide dammed
the rain-swollen Chishan River, but the dam was
breached at about 7:40 AM on 9 August, flooding
the downstream area (Feng, 2011). Abrupt river
water level changes were recorded at 27.8 km
downstream of Shiaolin Village (Feng, 2011): 2.75
m drop during the period from 7:10 to 7:50 AM and
7.88 m rise during the period from 8:40 to 9:30 AM.
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Total casualties in Shiaolin Village were more than
400 people dead and missing. The village itself no

longer exists.

7

landslide

-—— slope break O knickpoint
- -~ backwater of landslide dam

I T =

0 1667
Elevation (m above sea level)
Fig. 2. Image map of the study area showing an
elevation image superimposed on an inclination
image. Low-relief surfaces occur at higher
elevations, and terraces occur at lower elevations
along the Chishan River. Small streams have
knickpoints along the slope breaks. Formation of
the landslide dam caused inundation of the area
within 5 km upstream of the dam, as shown by the

blue dashed line.

We investigated the Shiaolin landslide through
fieldwork and analyses of digital elevation models
(DEMs),
seismic records, as well as analyses of mineralogy

topographic maps, rainfall data and
and particle size distribution of the landslide
material. The main purposes of this study are: (I) to
characterize the geological and geomorphological
features of the Shiaolin landslide, (II) to describe
the role of rainfall in this landslide and (III) to
discuss whether it would have been possible to
predict this landslide in advance.

2. Method

We conducted field investigations at two and
seven months after the event, using a 1:10,000 scale
topographic map that was magnified from a
1:25,000 scale map. We used a 5-m mesh DEM
published by the Ministry of Interior of Taiwan to
derive elevation and slope maps before the
landslide. The Ministry constructed a new DEM
after the event at the same resolution, which was
used to analyze topographic changes. Rock-forming
minerals were analyzed using an X-ray
diffractometer (Rigaku Gaigerflex RAD IIB).
Ethylene glycol treatment was used to identify clay
minerals. We interpreted photographs downloaded
News website

from the Taiwan

(www.etaiwannews.com) to examine the
topography after the event and observed Google
Earth imagery for the topography before the event.
We referred to the information given by Takeshi
Shibasaki of the Japanese broadcasting service
Nippon Hoso Kyokai (NHK), who conducted
thorough interviews with local
landslide

seismological data of two broadband stations of the

residents, to
reconstruct  the event. We used
Taiwan Central Weather Bureau: SGSB in Jiasian
Township and TWMB in Chishan Township (11.4
km SSW and 47 km SSW from Shiaolin Village,
respectively), to determine the timing and duration
of the landslide event (Fig. 4). The distance
between the landslide toe and the foot of source
area (1.94 km) and the distance between the toe and
the crown of the source area (3.2 km) were divided
by the duration to estimate the landslide velocity.
Precipitation was recorded at the Jiasian rainfall
station (COV250) (Fig. 4).

100 2000

Jiasian rainfall station
(COV250, 11.4 km SSW)

2
8

Shiaolin landslide 6%
(6:16 AM)

R =1676.5 mm

1= 42 mm/hr 1200

Y

Hourly precipitation (mm/ hr)
Cumulative precipitation (mm)

0806am800 0807 am 1:00 08/08 a.m 1:00

Date

08/09 a.m 1:00 08/10 am 1:00

Fig. 3. Hourly and cumulative rainfall observed at
Jiasian station (COV250), 11.4 km SSW of the
Shiaolin landslide (data from Taiwan Central
Weather Bureau).
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3. Geomorphological and geological
setting

The region, located in the southern Western
Foothills of Taiwan, is underlain by sedimentary
rocks of Quaternary, Pliocene, and Miocene age
(Fig. 4). The NE-SW-trending Neiying Fault,
oriented parallel to the general strike of strata, runs
across this area (Central Geological Survey, 2010a).
The village was located on the valley floor on the
left bank of the Chishan River, which flows
southwestward in the mountains. Above the village
was a 70-m-high terrace scarp with the terrace top
at elevations of 400 to 450 m (Fig. 5). Terrace
gravels were exposed in windows at the edge of the
terrace after the landslide. Slopes above the terrace
steepen to the east (from 15° to 78°) to reach a wide
ridge of 700 to 1660 m in height, trending NNE—
SSW with a low-relief top surface with slopes
mostly less than 15°. The low-relief surface slopes
to the west and terminates mainly at convex slope
breaks. Small streams descending from the NNE—
SSW-trending ridge have knickpoints along the
slope breaks as shown in Fig. 2. The source area of
the Shiaolin landslide is on a west-facing slope with
elevations from 770 to 1280 m, at the rim of the
low-relief surface. A small stream ran westward
from a point at an elevation of 800 m before the
landslide (Fig. 5), which became the foot of the
source area of the landslide. The stream flow
changed direction to northwestward at an elevation
of 520 m and then
dissecting the terrace. Pebble to cobble gravel beds

to west-northwestward,

were found to overlie mudstone at the elevation of
580 m on the E-W ridge, which indicates that the
ridge was once a river terrace. The terrace surface,
however, has been removed by erosion.

The Shiaolin landslide and subsequent flooding
of the Chishan River stripped off vegetation and
exposed new outcrops in a wide area. Consequently,
the geologic map compiled during the present study
improves upon the previous 1:50,000 scale geologic
map, which was made from fewer outcrops by the
Central Geological Survey, Ministry of Economic
Affairs (Sung et al., 2000). The study area is
underlain by the late Miocene to early Pliocene
Yenshuikeng Formation (Sung et al., 2000), which
consists of mudstone, sandstone, and shale (Fig. 6).

The fresh sandstone is more strongly indurated than
the mudstone and shale, and is estimated to have a
uniaxial compressive strength of about 15 Mpa
(Central Geological Survey, 2010b). The sandstone
contains molds of dissolved shell fossils. The
mudstone and shale include beds of siltstone and
silty shale.
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Fig. 4. Geologic outline map and locations of
Jiasian weather station (COV250) and seismic
stations of the Taiwan Central Weather Bureau.
Stations SGSB in Jiasian Township and TWMB in
Chishan Township are within a region dominated
by sedimentary rocks, based on a geologic map
published by Central Geological Survey (2010a).
The geologic structure in and around the
location of Shiaolin Village is characterized by an
asymmetrical syncline whose axis trends NNE,
plunges to the SSW, and runs to the east of the
village. The beds on the west limb strike NE-SW
and dip 30°-75° to the SE; the beds on the east limb
strike NW-SE and dip 22°-48° to the SW. The
source area of the landslide was the dip slope of the
east limb of the syncline. This plunging syncline
would show simple traces of strata on a horizontal
cross-section, but because the strata and slopes on
the east side of the Chishan River have similar
attitudes, the bedding
complicated patterns. High-angle faults trending

traces have rather
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NNE-SSW and E-W are found in the study area.
An E-W-trending fault was
boundary of the southern margin of the landslide,
and a NNE-SSW-trending fault bounded the
eastern margin (Fig. 6). To the east of the NNE-
SSW-trending NNE-SSW-trending
anticline axis is shown in the 1:50,000 scale

exposed as the

fault, an

geologic map (Sung et al., 2000) outside the present
study area.

4. Characteristics of the Shiaolin landslide

4.1 Morphology and deposits of the landslide

The Shiaolin landslide is 3.2 km long in an E-W
direction and 0.8 to 1.5 km wide. The total fall
height was 830 m from the top of the head scarp, at
an elevation of 1280 m, to the toe of the landslide
deposit at 450 m. The runout distance was about
four times the total fall height, and its apparent
friction angle, which is a parameter of landslide
mobility, was 14°. A comparison of the topography
before and after the landslide shows that the terrace
above the village and the E-W-trending ridge to its
northeast remained, and that the source area was the
upper third of the landslide area. The source area is
divided by the E—W-trending ridge into a larger
southern part (source area A) and a smaller northern
one (source arca B) (Fig. 5a). The northern side of
this ridge is cut by E-W-trending joints, as
described below. The depth of the slide in the
source area was estimated to be largely uniform,
based on a comparison of DEM data before and
after the event (Fig. 7). Calculations based on these
DEMs indicate that the maximum depth of the
landslide is 86.2 m in source area A and that the
rock volume lost from source areas A and B was 25
x 10° m’. Corresponding to the two source areas,
the depositional area is also separated into two
arcas (arcas A’ and B’) by the same ridge that
bounds the two source areas (Fig. 5a).

Landslide of blocks of
sandstone, and dark
containing mudstone fragments. The

deposits  consist

mudstone, shale, clayey
material
surfaces of landslide deposits displayed wrinkles,
streaks of rock blocks of the same colors, and
streaks of soil clods. Sandstone blocks of landslide
deposits are larger than mudstone or shale blocks,

with many being 2 to 5 m in diameter and a few as

large as 10 m across. The deposits are topped with
trees and grass, which are not mixed into the
deposits even in the distal part across the Chishan
River. The terrace surface above Shiaolin Village
was covered by a layer of debris averaging 18 m in
thickness, and the small valley was buried by debris
to a maximum thickness of 82.5 m, so that only a
small valley remained with its channel shifted about
50 m northward from its original location. Debris
that covered Shiaolin Village was largely flushed
away by surge waves after the dam breach, leaving
landslide deposits mostly less than 10 m thick,
topped with scattered large rock blocks. Landslide
debris at the distal end across the Chishan River
toppled trees forward and buried them. A N-
S-trending linear step was found in these deposits
36 m from the landslide toe, which was 1 m high
and 400 m long. This suggests that the deposits
settled downhill after rushing up the slope.

The debris from source area A moved straight
across the terrace surface or was deflected by a
small mound at 580 m elevation and then descended
the small valley dissecting the terrace, and swept
across the Chishan River, forming a landslide dam.
The debris

northwestward to northward down a small valley,

from source area B moved
hit a spur projecting from the north side of the
valley, and then changed direction to westward to
reach the Chishan River. This distal part is assumed
to have been thin and immersed in the lake behind

the landslide dam.

4.2 Landslide dam

Substantial amounts of debris from source area
A moved rapidly downhill to the west, burying the
village, crossed the Chishan River and climbed 80
m up the opposite slope to an elevation of 460 m.
Debris that was derived mainly from the small
valley dissecting the terrace blocked the 80-m-wide
river channel and formed a debris dam. From the
topographic map and the DEMs, we estimate the
landslide dam to have been 60 m high with its crest
elevation at 435 m, which was the elevation of
water marks in a house on the right bank of the
river just upstream of the dam (Jia-Jyun Dong, pers.
com.). Upstream from this dam, we observed signs
of water on the slopes of both sides of the river:
vegetation was draped on trees and grass was
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Fig. 5. Morphological features of the landslide and an aerial image of the area. (a) Morphological features of
the landslide. The 10-m contours indicate the topography before the landslide. (b) Aerial image taken on 21
August 2009 by the Aerial Survey Office, Forestry Bureau, Taiwan. Circles indicate the locations of

gravitationally deformed beds.

flattened. The backwater of the lake reached 5 km

upstream from the dam, corresponding to a lake

3

volume of 34.7x10° m® and a catchment area of

353.9 km?. The internal structure of the dam was
observed on the sides of its breach. The side on the
right bank of the Chishan River contains a lower
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layer of dark gray clayey material and a 10-m-thick downstream debris of the landslide.

upper layer of rock blocks. The upper surface is

covered by trees and grass. The landslide dam burst 4.3 Duration of the landslide event

at 7:40 AM on 9 August (Feng, 2011), and the The seismic waveforms induced by the Shiaolin
ensuing flood flushed away much of the landslide were recorded by broadband observatories.
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SGSB and TWMB during 06: 15-06:20 AM on Aug.

Records from two stations, SGSB at Jiasian and
TWMB at Chishan, were selected for analysis in
this study. Because Shiaolin Village lies along a
sublinear NE-SW-trending line that also contains
stations SGSB and TWMB, the N-S components of
the two stations were analyzed. The signals are
mixed with noise, especially the N-S velocity
signal of station TWMB. We employed empirical
mode decomposition (Huang et al., 1998; Crockett
et al., 2010) to “sift” each N-S velocity signal into
a set of intrinsic mode functions (IMFs), and we
adopted the 5th IMFs of the signals at both stations
(Fig. 8) for analysis of the wave propagation in this
region. The seismic wave arrived at SGSB at
approximately 6:16:15 AM and ended at 6:17:50
AM, which suggests that the landslide seismic
signal lasted 95 s. The seismic wave arrived at
station TWMB at 6:16:40 or 6:16:45 AM.
Therefore, the travel time of the landslide wave

06:17

06:18 06:19 06:20

velocity components of the signals recorded at stations
9,2009.

between these two stations, 33 km apart, was 25-30

s. Because this line between the stations is
dominated by sedimentary strata (Fig. 4) that strike
the

homogeneous medium and obtain a wave velocity

subparallel to line, we can assume a
of 1.1-1.32 km s '. Taking an average velocity of
1.21 km s ' to represent the wave speed in this
region and the distance between Shiaolin and
station SGSB of 11.4 km, the travel time of the
landslide wave was 9.4 s. This would put the start
of the landslide at 6:16:06 AM, and this result is
consistent with Lin et al (2010) and eyewitness
accounts. From the vibration signal, the duration of

the landslide was 95 s.

4.4 Geological structure and detachments

Source areas A and B are located on dip slopes
on the east limb of the syncline. Source area A was
with minor

occupied by massive mudstone
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shale beds
sandstone bed, which is 30 m thick and was

sandstone and overlying a large
probably exposed along the stream bed before the
landslide, because no elevation change occurred
there (Figs. 7 and 9a). After the landslide, this
sandstone was covered by shale and mudstone on
the north side of the stream. It was newly exposed
on the north side of the E-W-trending ridge (Fig.
9b), along E-W-trending en echelon joints dipping
54°-84° to the N (Fig. 9c). Planar sliding surfaces
in shale located stratigraphically just above the
thick sandstone are exposed in an area tens of
meters across, beneath the debris in the middle and
northern parts of source area A. An E-W-trending
high-angle fault bounded the south rim of source
arca A (Fig. 9d), and an NNE-SSW-trending
high-angle fault controlled the crown of this source
area. Within source area B, sliding surfaces on
shale below the thick sandstone bed and on another
sandstone bed are exposed beneath debris. The
detachment surfaces in source area B are this
bedding plane in the north and the joints in the

a

south, defining the E-W ridge. Bedding planes in
source area A, which strike NW—-SE and dip 28° to
the SW, contain striations showing movement to the
west (Fig. 10a). Westward or northwestward
striations are developed on the joints bounding the

south side of source area B (Fig. 10b).

4.5 Weathering

Calcite veins, which are commonly observed
within the sandstone blocks of the deposits showed
signs of dissolution in many blocks, being stained
with iron precipitates (Fig. 11a). This is indicative
that the calcite veins had already been dissolved
before the landslide event. In addition, water
flowing out of the source area precipitated calcite,
which was identified by XRD analysis, on the bed
of the stream in the depositional area after the event.
This calcite occurred as thin films of pale yellow
material (Fig. 11b). Calcite precipitation was
recognized in many locations in the depositional

Sandstone

Fig. 9. Photographs of the landslide. (a) View of the upper two-thirds of the landslide. Dashed line indicates

the E-W-trending sandstone ridge. Photo downloaded from Taiwan News (www.etaiwannews.com). The

arrows indicate the direction of photographs b, ¢ and d. (b) Sandstone bed that was probably exposed along

the stream bed before the landslide occurred. (c) Detachment surfaces in source area B showing bedding

planes in the north and E-W-trending en-echelon joints in the south. (d) East-west-trending high-angle fault

bounding the southern margin of source area A. Rock debris on this surface adheres to fault gouge.



area and in the bed of the stream in the source area
at its upstream end. Besides the pale yellow
precipitates, white powdery precipitates occur on
dry mudstone surfaces as weathering products.
These were identified as thenardite (Na2S04),
gypsum (CaSO4- 2H20), and halite (NaCl) by XRD
analysis.

Wulff nets
Lower Hemisphere

Fig. 10. Stereographic projections showing the
orientations of bedding, faults, striations, and
average slope attitude for (a) source area A and (b)
source area B.

Fig. 11. of calcite veins and

precipitation. (a) Calcite veins within sandstone

Photographs

blocks. (b) Calcite precipitated on the stream bed,
deposited from water from the source area.

4.6 Gravitational slope deformation

Large volumes of destabilized material remained
after the landslide in source areas A and B. In
source area A, this material resembled debris, but
we could recognize its continuity with previous
bedding, particularly sandstone beds on the head
fractured but still
maintained the morphology of beds. We found

scarp. The material was

gravitationally deformed beds of alternating beds of
sandstone and shale beneath this “debris” in at least
four locations in the upper part of source area A.
The beds were buckled, forming undulating beds or
asymmetrical folds with a near-vertical downslope
limb (Fig. 12). These buckle folds have limbs as
long as 10 m. This deformation was accompanied
by brittle fracturing and many fracture openings,
particularly in sandstone beds, indicating that the

deformation occurred near the ground surface.

Before the landslide, the slopes in the source
area, where the buckle folds were found after the
landslide, had hummocky rather than smooth
surfaces, which are clearly identified on a Google
earth image. Source areas A and B had irregularly
shaped bulges and depressions, as shown in Fig. 13.
These locations are related to the locations where
buckle folds were found. We therefore assume the
hummocky landforms to be the surface expression
of gravitational deformation of the beds. Before the
landslide, a stream emerged from the bottom of
these hummocky slopes.

4.7 Characteristic and distribution of clayey
material

At the base of the remaining debris in the lower
part of source area A, there occurs dark-colored
clayey material containing mudstone fragments (Fig.
14a). This material has chaotic texture and also
fraction banding induced by shearing. The clayey
material occurs in layers 1 to 2 m thick and consists
of illite, chlorite, quartz, feldspar, and calcite, as
identified by X-ray analysis. No swelling minerals
were identified.

Dark clayey materials were found at the base of
the deposits at the landslide dam site and in the
depositional area usually as masses protruding from
rock block debris. They are the same as those found
in the source area, in terms of texture and
mineralogy. These observations suggest that clayey
materials form the basal part of the deposits. We
observed the base of the deposits on the left bank of
the Chishan River, where clayey material overlies
alluvial gravel (Fig. 14b). The clayey material
contains shear bands of up to 10 cm in thickness, in
which platy rock fragments are aligned (Fig. 14c).
The shear bands dip 36°
intercalated with weakly sheared zones that contain
blocks with

to the S and are
disintegrating mudstone “jigsaw
structure”.

5. Discussion

5.1 Geological causes of the landslide

We found that the orientation of the intersection
lines of the en-echelon joints, high-angle fault, and
bedding planes was the fundamental structural
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cause of the Shiaolin landslide. The detachments
consisted of bedding planes and high-angle faults in
source area A, and bedding planes and en-echelon
joints in source area B. The detachments exposed
along the bedding planes are developed in shale
next to thick sandstone beds, in both source areas.
We found no bedding-parallel faults in the study
area, but the beds are folded by a flexural slip
mechanism, so bedding-parallel faults could have
been produced by flexural slip along bedding planes
that may have become a sliding surface of the
landslide (Wang et al., 2003). The detachments
bounding the south side of source areas A and B are
fault and
respectively. The intersections of bedding planes

a high-angle en-echelon joints,

=2

and the faults or joints dip 27° and 25° respectively
to the west, at a slightly lower angle than the
surface slope; consequently, the intersection lines
(Fig. 10). Thus the
orientation of these intersection lines was the

daylighted downslope

fundamental structural cause of the landslide. In
addition, the crown in source area A was controlled
by an NE-trending fault.

Weathering, particularly dissolution of calcite,
which is contained in rock matrices and veins,
played a significant role in landslide initiation. The
dissolution of calcite veins on the surfaces of rock
blocks and iron staining along fractures increased
fracture openings and separated blocks in the source
area before the landslide occurred. The dissolution

ther locations

Oa
L Waulff net
4+ o

Lower Hemisphere

Fig. 12. Photographs of outcrops of the upper part of the landslide (a and b) and stereographic projection

showing the orientation of folded beds (c). Buckle folds and abundant open fractures were observed in the

rocks (see Figs. Sb and 13a for locations). The stereographic projection indicates that the folds have NW—

SE-trending axes, indicative of movement to the SW.
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Fig. 13. Landforms in the source area before and after the landslide. (a) Google Earth image before the event.

(b) Elevation image before the event, as constructed using a 5-m mesh DEM. (c¢) Elevation image after the

event, as constructed using 5-m mesh DEM. Source area A had irregularly shaped bulges (arrows) and

depressions, as shown in (a) and (b). Circles indicate the locations of gravitationally deformed beds (same

locations as in Fig. 5b). Squares mark the source of a small stream before the landslide at an elevation of 800

m.



Fig. 14. Photographs of clayey material. (a) Dark
clayey material consisting of fragments
mudstone; photograph taken near location 4 in Fig.
S5a. (b) Clayey material overlying riverbed gravel
and overlain by flood deposits. (c) Shear banding in
clayey material in the squared area in (b). Shale

fragments with aligned surfaces.

of the calcite veins can cause some large gaps in
rock masses and subsequently induced excessive
rainfall infiltration reaching the deep-seated failure
surface. Chigira (1993b) performed weathering
experiments on mudstone with calcite in the matrix
and showed that calcite dissolution resulted in a
significant decrease in shear strength.

5.2 Landslide velocity and mechanism

The velocity of the Shiaolin landslide was
estimated at 20.4-33.7 m s ' from seismic records
These
extremely high in comparison with debris flows in

and eyewitness accounts. values are

Jiangjia Gully, China, which typical viscous debris

0.8

of

flows, for which frontal velocities range from 6-10
m s ' (Takahashi, 2010). The apparent friction
angle of the highly mobile Shiaolin landslide was
14°, a 0.25 equivalent coefficient of friction (Fig.
15). Debris volume of a rock avalanche is inversely
proportional to the apparent friction angle (Hsii,
1975; Okuda, 1984). The Shiaolin landslide is
consistent with this trend (Fig. 15).

The rapid movement of the Shiaolin landslide
could be explained by its mechanism of movement.
Rock avalanches do not require materials that are
saturated with water and may occur in partially to
completely unsaturated materials, so different
mechanisms have been proposed from those of
water-saturated debris flows, including grain
collision (Heim, 1932), fluidization (Kent, 1966),
air-layer lubrication (Shreve, 1966), pressure from
vaporized pore water (Goguel, 1978), and acoustic
fluidization (Melosh, 1979). However, most studied
rock avalanches have been induced by earthquakes,
and few rock avalanches have been reported to be
induced by rainfall.

The Shiaolin landslide, which was induced by a
rainstorm, has clayey material with blocks of
sandstone, mudstone, and shale. This clayey
material, which is assumed to be made by shearing
during the landslide movement as well as by earlier
gravitational deformation, forms an essentially
impermeable layer at the base of the landslide
material, suggesting that heavy rainfall penetrates
downward to the layer of clayey material, where
water pressure builds up and decreases the effective
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Fig. 15. Comparison of the relation between debris volume and apparent friction for the Shiaolin landslide
and large landslides in the world (Hsii, 1975) and Japan (Okuda, 1984).



stress. This could have been the trigger of the
initiation of the Shiaolin landslide. After the
initiation of the movement, the clayey material
probably played an important role to form a
lubricating layer at the base of landslide material by
keeping high pore pressure during movement. This
phenomenon has been investigated in flume tests,
which show that the pore pressure increases rapidly
with increasing fine-grained content and movement
velocity during shearing (Wang and Sassa, 2003).
Evans et al. (2007) attributed the long runout of the
Leyte landslide, the Philippines, to the loading of
undrained paddy field material in the path of the
landslide.

5.3 Role of rain in this event

The Shiaolin landslide occurred about 1 day
after the peak of rainfall intensity, which could be
attributable to the infiltration behavior of rainwater
through the gravitationally deformed rock body.
The source area of the Shiaolin landslide had been
which
suggests that the deformed rock body was fractured

gravitationally  deformed beforehand,

and permeable, except for the essentially
impermeable clayey material and intact rock.
Fractures have the potential to become pathways for
water infiltration that would cause water pressure
buildup at depth. In contrast to the Shiaolin
landslide, many shallow landslides occurred when
rainfall intensity was increasing or near its peak
(Godt et al., 2006; Yu et al., 2006). This difference
in terms of landslide timing is attributed to the
difference in the effects of water infiltration and
pore water pressure buildup. A time lag between
peak rainfall intensity and landslide initiation is
commonly observed for large landslides (Lollino et
al., 2006; Evans et al., 2007; Chigira, 2009),
considered to reflect the time required for water
infiltration to deep levels. Rapid infiltration in
shallow soil layers means that pore water pressure
responds to rainfall quickly and landslides occur
when rainfall intensity is strong.

We suggest the geological, geomorphological
conditions, and landslide type needs to be taken
into account when evaluating the susceptibility of a
location to rain-induced landsliding in addition to
the variables of rainfall, such as the combination of
1980;

rainfall intensity and duration (Caine,

Guzzetti et al., 2008) or the combination of mean
and maximum hourly intensity, duration, and
rainfall amount (Dhakal and Sidle, 2004).

5.4 Prediction of the Shiaolin landslide site

Can the site of the Shiaolin landslide be
predicted beforehand? We believe that this site
could be extracted as a potential site based on the
unusual landform before the event. The hummocky
slope morphology was easily identified on the
Google earth image before the event as stated
before and it could have been delineated more
clearly by using aerial photographs, which have
much higher resolution than the Google earth image.
Internal structure of the hummocky slopes, which
have been identified as gravitational buckle folds
with many openings after the event, might not have
been found before the event, but the geological map
made by the Central Geological Survey (Sung et al.,
2000) indicated that the source area are located on a
detailed
distribution of beds was not precise. On a dip slope,

dip slope notwithstanding that the
buckle folds is one of the common gravitational
deformation types as well as sliding (Chigira, 2001)
and are highly unstable and easily transform into
catastrophic failure, because when the downslope
limb of a buckle fold is removed, the upslope limb
loses its support from downslope and becomes
suddenly destabilized (Wang et al., 2003; Tommasi
et al., 2009).

Gravitational slope deformation develops and
leads to a catastrophic landslide at a certain
condition, so we need to pick up a gravitational
slope deformation just before the catastrophic event
of gravitational

(2001)
statistical analysis of various field monitoring and

from various stages slope

deformation. Moriwaki performed a
experimental data on landslides and found that there
is a critical strain, which is defined as the ratio
between a slope displacement at its upper part and
the slope length just before landsliding. According
to Chigira (2009), this ratio is consistent with the
ratio between the length of a scarplet and the length
of a gravitationally deformed slope. Chigira (2009)
also analyzed large landslides induced by a
rainstorm and found that they were preceded by
gravitational deformation and that their “strains”

were as small as 1 to 16% before the event and
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interpreted that they were under the critical strain
just before the failure. These ideas of critical strain
may be similar to those found by Saito and Uezawa
(1966), Fukuzono (1985), Voight (1988), and
and Allison (1997). Whether the
gravitational deformation at the Shiaolin landslide

Petley

site had been at a critical condition or not could be

examined by using high-resolution aerial
photographs, which were not available. In addition
we need further research to examine whether there
were such potential sites near the Shiaolin landslide
site or not by using aerial photographs.

The gravitational slope deformation that
preceded the Shiaolin landslide were located at the
margin of a low-relief surface, which suggests that
deformation

the  gravitational leading to

catastrophic landslide can be interpreted and
located from the view point of long-term slope
development. The paleosurface, the age of which is
unknown, has been dissected by the rejuvenation of
the Chishan River and its tributaries in response to
base-level lowering associated with tectonic uplift
of the area. Corresponding to the incision, the walls
of the river valley have been denudated by mass
movements, which possibly started as gravitational
slope deformation in areas with adverse geological
structures as a precursory stage of landslide. During
this dissection, the valley walls were debuttressed
and destabilized by undercutting. This idea can also
be linked to the notion of ‘waves of aggression’ in
landscape (Brunsden, 2001). Such a combination of
slope development, gravitational deformation, and
landslide occurrence was reported in nonglaciated
areas such as Kyushu in Japan (Chigira, 2009). The
effect of debuttressing on slope destabilization is
expected to be similar but less severe than that of
glaciated valleys in Europe and North America
(Bovis and Evans, 1996; Arsenault and Meigs,
2005; Ambrosi and Crosta, 2006; Briickl and
Briickl, 2006), initiating gravitational deformation
of slopes, destabilization, and failure during severe

rainstorms or snow melting (Crosta et al., 2006).

6. Conclusions

We  investigated the  geological and

geomorphological features of the catastrophic 2009

Shiaolin landslide, which was induced by a

cumulative rainfall of 1676.5 mm by Typhoon
Morakot and buried Shiaolin Village. The landslide
occurred on a dip slope in late Miocene to early
Pliocenesedimentary rocks consisting of shale,
massive mudstone, and sandstone. The source area
was the slope that had been gravitationally
deformed beforehand. The deformation appeared as
a hummocky slope surface before the event and was
observed as gravitational buckle folds in the source
area after the event. Gravitational deformation
occurred with a preferable geological structure of
wedge-shaped detachments consisting of bedding
planes and joints or fault planes. Gravitational
deformation occurred at the margin of a low-relief
paleosurface, the apparent result of denudation of
this surface. The gravitationally deformed rocks
were not only mechanically but also chemically
deteriorated, as suggested by large amounts of
calcite precipitation from water draining from the
source area. Thus, structural factors, weathering,
and gravitational slope deformation were the
underlying causes of the landslide. The landslide
deposit consisted of a thin sheet of debris consisting
of rock blocks and pulverized rock with weak
clayey material at their base. This clayey material,
which was probably produced by shearing during
the landslide

gravitational deformation, must have played an

movement as well as earlier
important role in the long, rapid runout by pressure
build up and its persistence.
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Figure 1 Route map of site investigation in the northern Miyagi
prefecture.
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Figure 2 Damage to pier supported warf in Kesen’numa

Figure 3 Damage to coastal levee in Kesen’numa
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Figure 6 Ishinomaki fishery port: (Top) Present, (Bottom) Past
in 1978 (1 Hff, 1979)
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Figure 9 Cross section of the sea wall of concrete block type in
Onagawa fishery port(#£ZEHFHP, 2011).

Figure 10 Lost sea walls in Onagawa fishery port.
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Figure 14 Satellite image of the Jo River near the Jokawa bridge
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Figure 15 Lost embankment of Jokawa bridge.
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observed in the Kitakami River.

Figure 17 Semi-circular crack observed i n the e mbankment of
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Figure 22 Damaged embankment in Kajima port
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Preliminary Report of the 2011 off the Pacific Coast of Tohoku Earthquake: Port facility, River dykes
and Liquefaction-induced Damage in Northen Miyagi and Ibaragi Prefecture

Tetsuo TOBITA, Susumu IAI and Seiji KAT*

* Dia Consultants, Co.

Synopsis

Results of site investigation after the 2011 off the Pacific coast of Tohoku Earthquake occurred on

March 11,

2011 are reported. The investigation focused on port

facilities, river dykes, and

liquefaction-induced damages in the northern Miyagi prefecture and Ib aragi prefecture. Substantial damage

caused by liquefaction was found as well as damage caused by the tsunami.

Keywords: the 2011 off the Pacific coast of Tohoku Earthquake, Miyagi, Ibaragi, Liquefaction
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Table-1

Damage of harbor activity by cyclone
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Storm Surge Generated by 2008 Cyclone NARGIS in Myanmar
- On Harbor Facility Damage -

Tetsuya HIRAISHI

Synopsis

A huge disaster was induced in Myanmar by the attack of Cyclone NARGIS on May 2™, 2008. The Yangon
port which is the largest in Myanmar was heavily damaged while the port operation was urgently necessary to carry
the emergency supply by waterway to the Ayeyarwady Delta severely devastated in storm surge. A field survey was
carried out in order to study on the disaster characteristics in the harbor and to obtain the information for recovery
planning. As the results in the survey, the storm surge deviation above the high water level was measured up and it
was about 1.8m in the northern side of the Yangon River. The floating pontoon and connecting bridge parts in the
jetties were mainly damaged in the storm surge of harbor. The number of damaged jetties was 28 out of the total

number of 37 in the harbor.

Keywords; storm surge, cyclone NARGIS, field survey, Myanmar Port Authority
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Table 1 Influence to the companies by aviation restriction

Europe  Airline (UK) The loss to be £ 15 —20 million (¥ 2.1 — 2.8 billion) a day.
(entire world: €1.7 billion (¥ 192 billion )*
Airports (UK) The loss to be £ 500 mullion (¥ 70 billion) a day.
Distribution company (EU Delay of 1-2 days (domestic), delay of 3-5 days (overseas).
Fishery company Reduction of salmon fishing due to the ditficulty of airlift.
Motor company In 3 factories , the operation was stopped for 2 — 3 days one by one due to the

shortage of parts’ supply.

Flower market: In flower market in Netherland, the import of roses from Kenya was broken
off. The roses were kept in the refrigeration facility in Kenya. The loss to be
$2 million (¥ 185 million) a day.

Japan Personal computer manufacturer Influence on export to European nations.

Airlines and travel agency Slip in stock prices. Anxiety to decrease of number of travelers during the
coming golden week holidays.

Airports Criticism of travelers to the response of Japanese airport authority compared
with those of Europe. The stay traveler measures were announced by Japan
tourism agency.

Travel agency Cancellation of Europe travel.

Sales industry of medicine; Import of radiologist medicine for diagnosis of breast cancer was broken off.
Shipping cannot be used as the half — lite of the radioactivity is 2 -3 days.

Manufacturer of electric applianc Some companies depending on airlift were influenced.
Source: STRM report, 28/may/2010; * Flight International, Sep/2010
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The Economic Influence on the Civil Aviation by the Large-scale Eruption in Iceland

Nario YASUDA, Yoshio KAJITANI, Hirokazu TATANO and Sabro ONODERA*

* J. F. Oberlin University

Synopsis

The volcano of Eyjafjallajokull in Republic of Iceland which is located in 125km east of Capital Reykjavik
erupted on April 14, 2010. The eruption column reached the stratosphere of 10,000m or more in the
atmosphere, and volcanic ashes had been diffused by the air current in high altitude to the whole land in west
Europe. The volcanic ash clouds caused the confusion of the aviation in the airports in Europe. The airports
of about 30 countries in Europe closed temporarily, and 100,000 aircraft flights a week interrupted
operations. The confusion of the airline consequentially exerted a large influence on an international
economic activity centering on Europe.

Japan is one of the eminent volcano countries in the world and the large-scale eruptions were recorded at
the surrounding of the eastern Asia in the past. Recently, a human movement by the aircraft has been
activated according to remarkable economic development in the eastern Asian countries, which are
connected in the supply chain. In such a circumstance, the influence by a large-scale volcanic eruption to the
aircraft is not neglected. In this study, we prepare the assumption scenario of the volcanic ash clouds in the
future to investigate the influence reduction of the civil aviation and the related facilities as for the
large-scale eruption.

Keywords: volcanic ash, civil aviation, economic loss
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Information Analysis in the Field of Natural Disaster Science (38)

Haruo HAYASHI, Katsuya YAMORI, Norio MAKI, and Shingo SUZUKI

Synopsis

The objectives of this paper are to summarize the research activities of Research Center for Disaster

Reduction Systems, DPRI. They are systematically organized by not only our staff members but also many

researchers and practitioners who do voluntary work in some workshops and symposia. Open symposia

were held monthly with large audience. The 16h Seminar for Regional Disaster Prevention Plan was held

focusing on heavy rain disaster reduction. The 11th Workshop on Comparative Disaster Studies was held

to discuss the international standard of social security. We are also upgrading and expanding the database

SAIGAI and historical disaster database.

Keywords: database, catastrophic disaster, comparative disaster studies, seminar, workshop
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Dr. Annette Gukelberger (V—/L7 > M REHEF, KA )
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2000 FHRA LT — 2 KOS
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11:30-11:45 JRAT 2N D B IRERL DI
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11:50-12:30 CA I babEs
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(tyra 3 MpERSBIN] AR - RIS - RIS - (RREETE

14:00-14:30 Marine Magnetotellurics on a Continental margin with application to Costa Rican Subduction

Zone:

— 117 —



OTamara Worzewski (IFM-Geomar, University of Kiel)
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14:45-15:00 Z USRI T 5 RN AR S B O
OB HFN - SeHEAT « ARERE - KRS - BT (WERY) - /IR - 17
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15:00-15:15 2D Modeling of OBEM data beneath the Eastern Marmara Sea
O T.Kaya, *Y.Ogawa ( STAKILHA) - T. Kasaya ( JAMSTEC ) -
S.B.Tank (A7 VFK) - MK. Tuncer (R7 TVFK, £ AF 7 —/LK) + N. Oshiman
CEARBASEHF) - Y.Honkura - M. Matsushima (5 T kcHhz)
15:15-15:30 MHEBVKELRIZ 1T 5 ROV (2 X SIS
ORLHE - AN (UKR) - WIS - R GRIER) - 550 - VRl
(JAMSTEC) + fafgER (7 m—/37 v 7)
15:30-15:45 NRIR— AW D AUV & VT REREARERE OFHIRRBRIC W\ C
Ottt - (HEMRFEaL - Rk GRIER) - 35 (JAMSTEC) - #2Ri% (0YO A
yZ—=Fadl) - RS (D - RKIEA (7727 =%) - FaAREN
CRIER) - FHEEME (JAMSTEC) - B GRIER) « 7akee - sPiliE+ (A
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A= FN

TRk 22 AR EERCER RSB R FERT LM TER & TR EAFER )
(B & OFRED TR & SEEFEARME ORI L OMERER I B9 2 7EE =)

AEE: PRE284:1 H 12 0 OK) - 13 H (K)
BT« AR TR PR ST SRR
http://www.uji.kyoto-u.ac.jp/campus/map.pdf ¢ 2 FDOEY)
bR HW401 (JR 78 AR T HL, 784549 10 47)
Eff - SERRBS SRS
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13:20 - 13:30 RS L (SR 3 ORE YN D)

— 119 —



(2=
13:30

13:50

14:10

14:30

i35
14:45

15:05
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- 16:05 B JEIRF ORI 545 U 7= SN EER O MR BRTEIZ DU T
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- 16-40 AVRRET ML LB 0314 5D I alb—a
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- 17:00 8. Fengshen (2008) DFEAEIZRE o B #HlE LUV A Y Ay — Lifafe
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- 17:20 HIE 0918 %5 R AT TR LTz LA 23y RORERE L TERRA 1 = K 1

O/NMUEF (T BRFE) - FEAFIA
- A % 4,000 M, 42,000 M
FIRA WA http://www.uji.kyoto-u.ac.jp/campus/map.pdf D 7 FHDEW)

3H
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- 09:50 FEET D BUEHR KRR 3 D Vi A AR AR oD 5o

OEAEN GHRRY) - 7R
10:10 BRI TR ET ' A OZR5LE (BRIESLR) « Yuqing Wang
10:30 2001 4 18 Z B EDFIHRMIZHIBFEZ DU T
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10:50 B R e KRR B~ 2 [ P RAT
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ZfF:9:30 A& — | 1 10:20
10:20-10:30 B8 O BRI SERHID
PRIOH 10:30-12:00 R : a5 HIE —FGEEHD
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