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Abstract
The objective of this study is to link up smoothly the current classical force-based
design code to the future version of performance-based design guideline. For the purpose, a
transition design framework has been proposed in this report to combine the concepts of
seismic use group and seismic design category, which are recommended by FEMA450 and
IBC2006, as well as the Demand Capacity Factor Method (DCFM), which is recommended
by FEMA 350, to evaluate the performance of a building in a global structural system.
Therefore, the seismic design code developed in the next stage can be expected to serve as
an intermediate version. In addition, this report would like to address and discuss the key
issues in the proposed transition design framework.
Keywords: transition version of performance based design, seismic use group, seismic design
category, performance evaluation, acceptance criteria, design framework

and considered the reliability in the preliminary design
phase, the direct displacement-based design is still in
its development and further, not so familiar to most of
the structural engineers. The second one is that the
acceptance criteria adopted in the proposed version is
merely in a sense of performance evaluation of local
members therefore only the median values are needed
in the approach. Nevertheless, the check approach for
local members is more suitable for the retrofit of
existing buildings rather than the design of new
buildings. Thus, it is more apposite to present or
evaluate the performance capability of a building in
the global sense, i.e. in the IM (intensity measure)
versus DM (damage measure) format.

Introduction
In the early research stage of developing the
performance-based design guideline (2004-2006), the
direct displacement-based design that considered the
reliability in the preliminary design phase was adopted
as the preliminary design method. Besides, combined
with the performance objectives, analysis procedures,
and the acceptance criteria recommended by FEMA
356, the first version of performance-based design
guideline for new buildings (draft) has been finished.
However, there exist some difficulties indeed in the
engineering design practice regarding to the first
version of performance-based design guideline. The
first on these difficulties is that although we have
adopted the direct displacement-based design method
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In order to avoid the aforementioned difficulties, a
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transition design framework to link up to the future
performance-based design guideline is proposed as an
intermediate version in the next stage of development,
and Figure 1 shows the outlines for the undertaking. In
order to develop this transition version, the immature
direct displacement-based design must be set aside
first and instead, the current sophisticated force-based
design methodology incorporated with the concepts of
seismic use group as well as seismic design category
which are recommended by FEMA450 and IBC2006
must be retained as depicted in Fig. 2. Then, in the
second step, the aforementioned design procedure is
combined with the Demand Capacity Factor Method
(recommended by FEMA 350 for the performance
evaluation of global structural system) to complete our
transition version. In the following sections, the key
issues in the proposed transition design framework
will be addressed and discussed briefly.

probability of exceedance in 50 years. The Demand
Capacity Factor Method (DCFM) is used to associate
a level of confidence with the probability that a
building will have less than the specified probability
of exceedance of a desired performance level. The
basic approach is to determine a confidence parameter,
λ, to determine the confidence level that exists with
regard to the performance estimation. In order to
determine a level of confidence with regard to the
probability that a building has less than the specified
probability of exceeding a performance level over a
period of time, several steps that recommended in the
transition version should be followed.

Conclusions
The transition version has the merit of that when a
structural engineer designs a building in accordance
with the requirements for the various SUGs, the
designed building can achieve the specified design
objectives essentially. It implies that he needs not
perform the performance evaluation procedure that
may be much cumbersome. In this situation, it makes
no difference with the classical one. On the other hand,
this transition version provides an option beyond the
current seismic design code. It means that if a specific
performance is desired rather than simply achieving
the code compliance, the performance evaluation as
indicated in Fig. 1 may be performed.

Seismic Use Group and Design Category
Each Building and structure may be assigned to
one of three Seismic Use Groups (SUGs) on the basis
of their intended occupancy and use. Buildings in each
of SUG II and III are intended to provide better
performance than buildings in SUG I. Each structure
may be assigned a Seismic Design Category in
accordance with the provisions as depicted in Fig.3.
Seismic Design Category are used in these provisions
to define the permissible structural system, limitation
on height and irregularity, the components of structure
that must be designed for seismic resistance, and the
types of lateral force analysis that must be performed.
Buildings designed in accordance with the provisions
for each SUG are intended, as a minimum, to be
capable of providing the default seismic performance
as indicated in Fig. 4.
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DCFM for Performance Evaluation
The performance evaluation procedures contained
in this transition version permit the estimation of a
level of confidence that a structure will be able to
achieve the desired performance objective. A design
may be designed to provide a 90% level of confidence
that the structure will provide Collapse Prevention or
better performance for earthquake hazard with a 2%
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Note: the procedures with gray shadow are in compliance with the current seismic design code, and
the others are additional procedures proposed for the transition version of performance-based
seismic design code
Fig. 1

Design flow chart proposed in the transition version of
performance-based seismic design code
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Fig. 2

Design flow chart proposed for the modification of current seismic design code
(with the same concept as FEMA 450 or IBC 2006)
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Fig. 3 Seismic Design Category based on SDS and SD1
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Design Guidelines for Seismic Rehabilitation and
Qualification Testing of Nonstructural Components
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Abstract
The seismic design methods and standards for structures in Taiwan have significantly
progressed and been revised in recent decades. However, earthquake resistant design of
nonstructural components and equipments is not popular yet among engineers in Taiwan.
In order to maintain the function of important facilities after earthquakes, the performancebased design guidelines for seismic rehabilitation of nonstructural components and systems
are developed in this study. On the other hand, recognizing the increasing requests of
seismic qualification by shaking table test of non-structural components, NCREE shall take
the responsibility to establish an appropriate test environment for the seismic qualification
testing of nonstructural components in Taiwan. Hence, in this study, the synthetic time
histories for shaking table test were generated numerically in compliance with the
requirements specified by AC-156 and GR-63-CORE. The excitations of the shaking table
at NCREE and the associated test response spectra would be discussed in this paper briefly.
Keywords: nonstructural components, seismic rehabilitation, seismic qualification testing,
synthetic time histories

function of nonstructural components. Meanwhile,
the submitted construction documents shall record
the seismic design and/or qualification of specified
nonstructural components.

Introduction
Since 1927, the U.S. seismic design provisions for
nonstructural components have been developed to
protect the public life and safety. However, it can be
found from the 1971 San Fernando earthquake to 1994
Northridge earthquake that the great economic loss of
important facilities was caused by the poor seismic
performance of nonstructural components which were
even designed in compliance with the early provisions.
Hence, from earlier FEMA273 to lately ATC-58 and
PEER Testbed program, all of the current studies and
resulted guidelines were focused on the performancebased design and seismic rehabilitation for specified
performance levels of nonstructural components.

Fig. 1 Development of U.S. seismic design force

The greatest revision in IBC2006 (ASCE 7-05)
for the nonstructural components is to request that all
critical nonstructural components shall be designed
by professionals and/or seismic qualified by analysis,
testing or experience data to maintain the operational
function of important facilities after an earthquake.
Component and equipment suppliers shall provide
the seismic certifications or establish the fragility
1
2

Alternatively, to prove the seismic capacity of
nonstructural components, the seismic qualification
testing shall be held according to an approved testing
standard. As specified in UBC, AC-156 (ICC-ES) is
one of the nationally approved testing standards for
nonstructural components. In addition, other testing
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standards for nonstructural components under higher
seismic risks, such as IEEE-344 and GR-63-CORE,
are also considered and discussed in this study.

Performance Level (HR, LS, IO) Requirements and methods of
analysis
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FEMA 356 is referred in this study to set forth the
outlines of guideline for the seismic rehabilitation of
nonstructural components in Taiwan. Instead of the
traditional seismic design method, FEMA 356 defines
requirements for the seismic rehabilitation of existing
architectural, mechanical, and electrical components
and systems that are permanently installed in, or are
an integral part of, a building system. FEMA 356
provides the requirements for condition assessment,
component evaluation, rehabilitation objectives, and
structural-nonstructural interaction. It also defines the
acceleration- and deformation- sensitive components.
Besides, it specifies procedures for determining design
forces and deformations on nonstructural components,
and it specifies evaluation and acceptance criteria for
architectural, mechanical and electrical components.
Requirements for the Immediate Occupancy (IO), Life
Safety (LS), and Hazards Reduced (HR) nonstructural
performance levels are provided in FEMA 356, but
requirements for Operational Performance are outside
the scope of this standard.

(Ex.)8. Stairs
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F/D

• Mechanical Equipment
• Electrical and Telecommunications
• Furnishings and Interior equipment

Fig. 3 Performance Level Requirements and
Methods of Analysis
1. Rehabilitation objectives: Rehabilitation objectives
shall be established in terms of the nonstructural
performance levels and earthquake hazard levels.
According to the zones specified by FEMA 356,
the whole Taiwan region shall be regarded as high
seismicity zones (SDS ≥ 0.5g and SD1 ≥ 0.2g).
2. Visual inspection and condition assessment: The
configuration and physical condition of each type
of nonstructural components, and the presence of
components that may influence overall building
performance shall be investigated and recorded.
3. Analysis and rehabilitation requirements: Analysis
and rehabilitation requirements for the selected
nonstructural performance levels and appropriate
seismic zones are specified as shown in Fig. 3.
“Yes” indicates that rehabilitation shall be required
if the component does not meet the applicable
acceptance criteria.

Building rehabilitation can be implemented using
the simplified or systematic rehabilitation methods.
The simplified rehabilitation method is applicable for
buildings in zones of low seismicity with HR or LS
performance levels. Important facilities within high
seismicity zones shall adopt systematic rehabilitation
method including mathematical model analysis and
verification of acceptable overall performance. The
procedures for nonstructural rehabilitation design can
be isolated from the systematic rehabilitation of total
building and illustrated in Fig. 2. Nonstructural
components shall be rehabilitated by completing the
six major steps discussed below.

4. Structural-nonstructural interaction: Nonstructural
components with lateral stiffness larger than 10%
of the total lateral stiffness of the story shall be
included in mathematical model of the building.
For nonstructural components in a base-isolated
structure, the lateral force and displacement of the
isolation system shall be considered.
5. Classification: Nonstructural components that are
sensitive to inertial loading or deformation shall be
classified as acceleration- or deformation-sensitive
components, respectively. Components that are
sensitive to both inertial loading and deformation
of the structure shall be classified as deformationsensitive components.

1. Specify the Rehabilitation Objective
2. Visual inspection and condition assessment
3. Analysis and rehabilitation requirements
4. Structural-nonstructural interaction

6. Evaluation procedure: Evaluation of nonstructural
components shall be conducted using analytical or
prescriptive procedure based on the requirements
as shown in Fig. 3 for each type of nonstructural
components. For analytical procedure, the forces
and/or deformations on nonstructural components
shall be calculated according to the specified force
analysis and/or deformation analysis.

5. Classified by response sensitivity
6. Decide analysis procedure
7. Rehabilitate non-compliant components

Fig. 2 Procedures for performance-based rehabilitation
of nonstructural components

As mentioned above, FEMA 356 has established
the framework of performance-based rehabilitation of
6

shutdown earthquake event. Unlike AC156 and GR63-CORE, the RRS (required response spectrum) for
the input motion of shaking table test is not specified
by IEEE343. Instead, it provides the recommended
practices for procedures of various kinds of tests with
excitation of single frequency or multiple frequencies.
Fig. 4 shows the comparison of three nonstructural
seismic qualification guidelines.

nonstructural components; however, the requirements
specified in FEMA 356 are based on the seismic
design codes for new buildings and the later is aimed
to achieve the Life Safety performance level. Besides,
because of limited study of nonstructural behavior and
too many types of nonstructural components, there are
no specific requirements for Operational Performance
Level which is applicable to critical nonstructural
components within important facilities. Therefore, the
performance-based design for seismic rehabilitation of
nonstructural components shall be developed to cover
the requirements for Operational Performance Level.
The acceptance criteria of nonstructural components
and associated anchors for selected performance level
shall be defined. In addition, it shall be also developed
to evaluate the capacity of important facilities to keep
operational function after strong earthquakes.

In accordance with AC156 and GR-63-CORE, the
associated RRSs for the region with highest SDS value
(SDS=1.136 g) in Taiwan are compared in Fig. 5. It can
be found that the shape of the RRS corresponding to
GR-63-CORE almost envelopes the one in compliance
with AC156, and the ratio is up to 2.75 in the range of
2∼5 Hz for the horizontal directions. In addition, the
RRS specified for vertical direction in GR-63-CORE
is much larger than that specified in AC156 because
GR-63-CORE adopts the same RRS for both vertical
and horizontal directions. Furthermore, compared with
other equipments, the weight of telecommunication
equipment is relatively low, and hence, it should be
noted that the tested equipment with heavy weight
may be damaged owing to the extremely inertial load
during the qualification testing in compliance with the
requirements of GR-63-CORE.

Seismic Qualification Testing of
Nonstructural Components
AC156, issued by ICC Evaluation Service, Inc., is
one of the seismic qualification testing guidelines for
general types of nonstructural components that are
approved by IBC 2006 and ASCE 7-05. The current
edition of AC156 (2007) is applicable to nonstructural
components and systems with fundamental frequencies
greater than or equal to 1.3 Hz. Either triaxial, biaxial
or uniaxial testing can be performed in compliance
with the specified requirements. Furthermore, both the
seismic design requirements as specified in UBC 1997
and IBC 2006 are adopted in AC156.

GR-63-CORE
4)

AC 156
Resonant Frequency Search Test
Amplitude of Sweep
Frequency Range

IEEE-344

0.1g±0.05g
1.3~33.3Hz
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1~50Hz
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5%
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1.0Hz~50.0Hz
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5.0g
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-

Sweep Rate

Bell Labs developed NEBS (Network EquipmentBuilding System) to standardize equipment that would
be installed in a central office in the 1970s. The
objective was to make it easier for a vendor to design
equipment compatible with a typical Regional Bell
Operating Company Central Office. This would result
in lower development costs and ease the equipment's
introduction into the network. The strictest NEBS
Level 3 means the equipment shall meet all of the
requirements of GR-63-CORE which provides the
physical protection for telecommunication equipment.
The requirements of environment and performance
criteria as well as earthquake, office vibration, and
transportation vibration test methods are specified.
According to the configuration of telecommunication
components, seismic qualification can be performed
as Frame-level or Shelf-level testing. The test methods
as specified in GR-63-CORE include static pull
testing and waveform testing, which consists of
uniaxial tests in vertical, front-to-back and side-to-side
directions individually.
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Fig. 4 Requirements for seismic qualification testing
in AC156, GR-63-CORE and IEEE-344
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IEEE Std 344-2004 is the guideline for seismic
qualification of Class 1E equipment for nuclear power
generating stations. The purpose of IEEE 344 is to
assure that the Class 1E equipment, after a number of
operating basis earthquake events, can still meet its
performance requirements during a following one safe
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Fig. 5 RRS of AC156 and GR-63-CORE
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Input Motions for Shaking-Table Test and
associated TRS
Two cases of seismic qualification shaking table
test of nonstructural components were established at
NCREE to further study the applicability of AC156
and GR-63-CORE. The synthetic input motions for
shaking-table tests can be generated on the basis of the
phase spectrum of near-fault ground motions observed
in the 1999 Chi-Chi (Taiwan) earthquake and the
modified Fourier amplitude, such that the associated
spectral response acceleration is compatible with the
RRS specified by AC156 and GR-63-CORE, and Fig.
6 shows the case for AC156.
Based on the client’s request, the GR-63-CORE
was applied for the uniaxial shaking-table tests along
two horizontal directions. Due to the light weight of
the tested equipment (about 80kgw), the associated
TRS (test response spectrum) measured from shaking
table did not exceed 30 percent of the specified RRS
even though the peak acceleration of input motions is
up to 1.2g, and it indicated that the test met the
requirements of GR-63-CORE. Fig. 7 shows the RRS
and TRS for the shaking-table test.

Fig. 8 TRS and RRS in the testing for AC156

Conclusions
In response to the current trend of performancebased rehabilitation of nonstructural components and
the verification of seismic capacity by qualification
testing, the applicable guidelines were developed and
discussed initially in this study. Besides, the synthetic
time histories which could be compatible with the
RRS specified by approved standards were generated
and used as the input motions in shaking table tests for
the seismic qualification of nonstructural components
and systems.

For the testing in compliance with AC156, in order
to study the influence of heavy weight on TRS, a set
of lead blocks with 28 tons was used first in the pilot
test to model the tested equipment with a weight of 30
tons. In contrast to the case without any specimen, it
can be found that the TRS in x-direction is affected
significantly by the heavy weight of specimen. As
shown in Fig. 8, the measured TRS corresponding to
heavy specimen exceeds the tolerance (30% of RRS)
over the range of 1~5Hz and 15~20Hz.
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Abstract
There are various retrofitting methods for reinforced-concrete (RC) school buildings. Most
of them can be verified only by numerical analysis and component test in the laboratory.
However, the actual efficiency of those retrofitting methods cannot be verified well. Performing
a field test with the actual school building is the most direct way to verify those methods. In
summer of 2007, NCREE has performed a field test of an old school building of Guanmiao
Elementary School which set to be demolished as an experimental specimen of seismic retrofits
in Tainan, Taiwan. Based from the past successful experiences of in-situ pushover test, a team
composed of NCREE and National Cheng Kung University (NCKU) worked with this project.
One original and three retrofitted buildings were tested by static lateral load and pushed until
collapse. This project is also under the international collaboration with Mexico to evaluate the
adopted post-tendon retrofit. It serves as a new option for retrofitting of school buildings in
Taiwan. Because of the uniqueness of this project, many famous academicians from America,
Japan and India came to Taiwan specially to make a visit. Results and findings from a series of
field tests offer a practical way to retrofit RC school buildings.
Keywords: school building, field test, seismic retrofit, retrofitting using Epoxy boned steel
plates, retrofitting using RC jacketing, retrofitting using post-tendon
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Fig.1 Test plan of specimens
Taiwan. Based from the past successful experiences of
in-situ pushover test (2006, 2007), a team composed
of NCREE and National Cheng Kung University
(NCKU) worked with this project. One original and
three retrofitted buildings were tested by static lateral
load and pushed until their collapse.

Introduction
In July and August 2007, NCREE performed a
field test of an old school building of Guanmiao
Elementary School which set to be demolished as an
experimental specimen of seismic retrofits in Tainan,
1
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As shown in Fig.1, the two-storey building
consists of 14 classrooms, with a hallway in the
longitudinal direction. The classrooms were
constructed in different years but have the same
structural dimensions. The building was divided into 6
specimens, each with 2 classrooms. Several
classrooms were reserved to act as reaction frames.
Before the tests, both sides of classrooms were
trimmed to suit the pushover test.

have lost their capacity as vertical supports. Fig. 3 and
Fig. 4 are photos of benchmark specimen (Specimen 4)
before and after test, respectively.

As shown in Fig.2, four hydraulic actuators were
placed at each beam’s end per floor to apply a static
monotonic lateral load along the longitudinal direction.
Lateral loads applied in the first and second floor were
controlled manually to retain the 1:2 proportion during
the test in simulating earthquake load by fundamental
mode of a low-rise building. To provide reacting
support and reinforcement, steel bracings were placed
in the spans behind actuators.

Fig.3 Benchmark specimen before the test

Fig.4 Benchmark specimen after the test
Fig.2 Setup of the pump and hydraulic actuators

Test results of Specimen 1: RC frames
retrofitted using epoxy-bonded steel plates

The test items included in the field test in
Guanmiao are:

As shown in Fig. 5, Specimen 1 is composed of
RC frames retrofitted using epoxy-bonded steel plates.
Figs. 6 and 7 show Specimen 1 before and after test.
The said method has been proven feasible in
retrofitting easily and effectively the old classrooms
with corridor. Result of the pushover test with the said
specimen showed that the strength and stiffness were
improved obviously. As shown in Fig. 8, the
maximum strength has increased about 110%. The
building then has satisfied the requirements in the
seismic code after being retrofitted. The most
important is that the classrooms had still kept their
function and physical state.

1. Pushover test: Specimen 1 (RC frames
retrofitted using epoxy-bonded steel plates), Specimen
2 (columns retrofitted using RC jacketing), Specimen
3 (post-tendon retrofit), and Specimen 4 (benchmark
specimen).
2. Dynamic amplification during gravity load
redistribution (Specimens 5 & 6).
3. Performance test for doors and windows.
4. Soil-structure interaction measurement.
5. Micro-seismic measurement and force vibration
test.
6. Image and video data measurement.
The procedure of the pushover test was controlled
by the roof drift ratio. From 0.25% to 2.5% of the roof
drift ratio, one must sketched the crack patterns and
took pictures for record. When the roof drift ratio
reached 2.5%, the specimen was damaged seriously.
Then, the instruments were withdrawn and
photographs were taken. After the roof drift ratio
came over 6.0%, the specimen was close to collapse.
The specimen is said to be collapsed if most columns
10

Test results of Specimen 2: Columns
retrofitted by using RC jacketing
As shown in Fig. 9, Specimen 2 is made of RC
frames retrofitted using RC jacketing. Figs. 10 and 11
are the photos of Specimen 2 before and after test.
From the results of Specimen 2, it has undergone
flexure-shear failure which is different from the shear
failure of the original specimen. And the strength and
ductility of the specimen with columns retrofitted
using RC jacketing has been improved clearly.
Besides, the cost of the retrofit with RC jacketing is
cheap and the construction process is also easy. These
evidences can prove that the retrofit with RC jacketing
is one of the most economical and efficient retrofitting
methods for low-rise school buildings. Engineers can
consult NCREE for this research program to design
their own retrofit with RC jacketing.

Fig. 5 Specimen 1: RC frames retrofitted by using
epoxy-bonded steel plates

Fig. 6 Specimen 1 before the test

Fig.9 Specimen 2: columns retrofitted using RC
jacketing

Fig. 7 Specimen 1 after the test

Fig.10 Specimen 2 before the test

Fig.8 Pushover curves of specimens
11

Fig. 11 Specimen 2 after the test

Fig.13 Specimen 3 before the test

Test results of Specimen 3: Post-tendon
retrofit
As shown in Fig. 12, Specimen 3 is composed of
RC frames retrofitted using post-tendons. Figures 13
and 14 detail Specimen 3 before and after test.
Specimen 3 is internationally-collaborated with
researchers from Mexico. From the experimental
results and in comparison with the original specimen,
Specimen 3 had obvious contribution on lateral
strength. As shown by test results, the said specimen
is 2.07 times higher than the original specimen
considering strength. It is considered for a high
efficiency retrofitting method in increasing the seismic
resistance of buildings. This retrofitting method is
easy and quick to use. If the tendons were damaged in
an earthquake, they can be replaced by new tendons. It
is then a great option for engineers as a new
retrofitting method for the school buildings in Taiwan.

Fig.14 Specimen 3 after the test

Conclusions
This field test project highlighted the international
collaboration with researchers from Mexico to
evaluate the efficiency and applicability of
post-tendon retrofit. The said type of retrofit has been
proven as a new option for the retrofitting scheme of
school buildings in Taiwan. Because of its uniqueness,
many famous academicians from America, Japan and
India came to Taiwan to make a visit. Results and
findings from a series of field tests offer new ideas for
engineers in choosing a practical way to retrofit RC
school buildings.
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Abstract
Reinforced concrete (RC) columns which failed due to shear were commonly observed
during Chi-Chi earthquake. Especially, the shear failure of RC short columns was one of
the major failure modes that caused collapsed buildings. Therefore, this study focuses on
the mechanism of shear failure during collapse. Also, the said behavior was compared with
the results of shaking table tests of half-scaled specimens to explore the differences
between static and dynamic tests. Eight specimens were constructed and tested to study the
seismic behavior of short columns. These specimens with different height-to-depth ratios,
shear reinforcement detailing, and axial load ratios were subjected to double curvature
bending with constant axial forces to understand the behavior of shear and axial failure.
Test results showed that the different shear reinforcement detailing resulted to different
failure modes and the axial failure took place much early with high axial load ratio. Finally,
this study recognizes that the RC short column may possess the gravity-load-carrying
capacity even if its lateral-load strength has been lost completely.
Keywords: reinforced concrete short column, double curvature, shear failure, axial failure,
collapse.

This research aimed to study the seismic behavior
and the collapse behavior of short columns under
lateral forces. In order to understand the shear strength,
the crack patterns and the collapse behavior of short
columns, a pseudo-static cyclic collapse test was
prepared in laboratory with full-scale short columns in
double curvature. The sign of collapsing low rise RC
buildings is the losing of axial capacity of columns.
This mechanism occurs after the shear cracks were
fully developed. In order to know the seismic behavior
of low-rise RC buildings, the failure mode of columns
must be realized and then the relationship with drift
ratio be established. In this experiment program,
which was referred from the ACI building Code and
the design of low-rise school building, eight short
column specimens were constructed. The material
strength of specimens is shown in Table 1. The

Introduction
In 1999 Chi-Chi earthquake, it has been found that
the failure of the columns was the major reasons for
the damaged reinforced concrete (RC) buildings,
especially for low-rise RC buildings. In order to
understand the characteristic of the columns in
low-rise RC buildings, common buildings of this type
were observed. Because of the windowsill, the slender
columns acted like the short columns and the failure
mechanism of low-rise RC buildings was controlled
by the shear failure of short columns. The decrease in
the axial capacity of columns which follows shear
failure tends to make the building collapse. Therefore,
to understand the behavior of the short columns after
shear failure is indeed important.

Experimental Program
1
2
3
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parameters of each specimen were varied such as
height-to-width ratios, ductile or non-ductile detailing
and axial load ratios. Table 2 shows the parameters of
the specimens. The specimens were grouped into four
types and each type had two specimens. These two
specimens were subjected to a low axial load
( 0.1 f c′ Ag , where f c′ = designed concrete

70

compressive strength and Ag = gross cross-sectional
area) and a high axial load ( 0.3 f c′ Ag ), respectively.

(c) 3DL&3DH

The column’s section and the detailing of specimens
are shown in Fig. 1.
Table 1 Material strength for specimens
Specimen

f c′

4DL、4NL
4DH、4NH
3DL、3NL
3DH、3NH

f y ( kgf / cm 2 )

f u ( kgf / cm 2 )

#3

4570

6707

#8

4812

7004

330

(d) 3NL&3NH

Table 2 Specimens’ layout

Fig. 1 Specimens’ details

Parameters
Specimen
s
Aspect ratio
Detailing
Axial load
4DL
0.1 fc’Ag (L)
Ductile(D)
4DH
0.3 fc’Ag (H)
4
4NL
0.1 fc’Ag (L)
Nonductile(N)
4NH
0.3 fc’Ag (H)
3DL
0.1 fc’Ag (L)
Ductile(D)
3DH
0.3 fc’Ag (H)
3
3NL
0.1 fc’Ag (L)
Nonductile(N)
3NH
0.3 fc’Ag (H)

Fig. 2 shows the test setup. The lateral support
consisted of four steel columns and two steel braces.
The test setup was designed to restrain the testing
columns against lateral movement with an L-shape
steel frame and four actuators.

Fig. 2 Test setup
Fig. 3 shows the loading history which consisted
of the following lateral drift cycles: three cycles each
at 0.25%, 0.5%, 0.75%, 1%, 1.5%, 2%, 3%, 4%, 5%,
6%, and after 6%, 2% of drift ratio per cycle was
added until column collapsed. As shown in Fig. 4, the
horizontal actuator 1 was under displacement control,
and the horizontal actuator 2 was under force control
which can be set to equal the loading of the actuator 1
( P2 − P1 = 0 ). The displacement of the vertical
actuator 3 was equal to that of the actuator 4
( Δ 3 − Δ 4 = 0 ). The constant axial load applied to the
specimen is the resultant of the vertical actuators 3
and 4 ( P4 + P3 − 0.1 f c′Ag or 0.3 f c′Ag = 0 ). This
kind of loading systems confirmed that the columns
were deformed in double curvature.
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(a) 4DL&4DH

(b) 4NL&4NH
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Fig. 6 Hysteretic loops of specimens

Test Result
Fig. 5 Photo of damaged specimen 4DL at drift ratio
3%

Fig. 5 shows a photo of damaged specimen 4DL
at drift ratio 3%, also notice that the obvious shear
failure mode can be observed. The test hysteretic
loops are shown in Fig. 6. Fig. 6(a) and Fig. 6(b)
show the test results for the columns whose
height-to-width ratio equals four. Fig. 6(c) and Fig.
6(d) show the test results for the columns whose
height-to-width ratio equals three. Vmn is the nominal
flexure strength of columns in those figures.
According to the figures, RC short column may
possess gravity-load-carrying capacity even if its
lateral-load strength has been lost completely. The
ductile detailing specimens have much better seismic
behavior and higher displacement than non-ductile
detailing ones. The amount of axial load affects
greatly the load-displacement relationship. The
specimens with high axial load have much higher

(a)
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Reinforced Concrete Columns,” MASc Thesis,
Department of Civil Engineering, University of
British Columbia, 2005.

ultimate strength. But the high axial load increases
the speed of shear degradation, and makes the
collapse earlier.

Conclusions
1.

In this study, the displacement and force actuator
control system to keep constant axial load and
keep the specimens deform in double curvature is
the first time to use in an experimental program.
This control method can make sure of a safe test
until columns collapse.

2.

Although all specimens were casted vertically, the
inflection points of specimens were not placed to
the top ends of columns.

3.

This study recognizes that the RC short column
may possess the gravity-load-carrying capacity
even its lateral-load strength has been lost
completely.

4.

The tests included three cycles for each drift ratio
which is different with the past tests. According
to the test results, the behavior of the second cycle
of tests is similar to the third cycle and the effect
of concrete softening is not clear between the
second and third cycles.
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Shaking Table Tests on Shear Failure of Reinforced
Concrete Short Columns
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Abstract
Research was undertaken in this study to investigate the full-range structural hysteretic
behavior, in particular post-peak response, of reinforced concrete short columns. The test
variables included seismic detailing (either ductile or nonductile), aspect ratio (either 3 or 4)
and whether there is an alternative path for load redistribution after local shear failure. A
total of 4 plane specimen frames were built; each was subjected to a unidirectional base
motion on a shaking table until global collapse was observed. The tests successfully
demonstrated pure shear type of column failure. Test data are compared with simplified
assessment models recently proposed in ASCE/SEI 41-06 updates, which prove
conservative in estimating shear strength and drift capacity of short columns tested in this
study.
Keywords: Shaking table, dynamic collapse, RC short column, shear failure.

observed results. Currently available assessment tools
in existing design documents and research literature
are carefully reviewed and hopefully the accuracy in
predicting shear strength and drift capacity can be
improved in the subsequent studies through the
collected experimental database.

Introduction
The failure of reinforced concrete (RC) columns
can be categorized into 3 major mechanisms, pure
flexure, flexure-shear and pure shear, as shown in Fig.
1. For the past few years (2004-2006), the National
Center for Research on Earthquake Engineering
(NCREE) has conducted shaking table tests on RC
columns that are prone to fail in pure flexure and
flexure-shear modes. In 2007, pure shear failure mode
was experimentally investigated to place the last piece
into the jigsaw puzzle to have a complete collection of
data in the failure spectrum. This particular type of
pure shear failure was commonly observed in short
columns close to window sills in old school buildings
during the 1999 Chi-Chi earthquake.

?

In view that knowledge on the load deformation
response of older RC short columns, especially
post-peak behavior, is very limited in engineering and
research community worldwide, this study aims to
improve the understanding on full range structural
behavior by conducting laboratory tests on a physical
model and conducting simplified analyses on the
1
2

3

Fig. 1 Three major column failure modes.
In addition to shaking table tests on dynamic
collapse of 1/2-scale specimen columns, there was
another companion test program on full-scale isolated
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engineering interest. Steel strain gauges were glued to
the surface of longitudinal and transverse reinforcing
bars when construction was in progress; their
locations were within zones where damage was
expected to take place during simulated earthquake
loadings.
Accelerometers
measured
lateral
accelerations at specified locations. Load cells were
used to record column axial loads and shear forces
during the shaking table test. Column shear force is
the lateral force measured by load cells installed
beneath the footings minus the inertia force induced
from the footing. Axial load is the vertical force
measured by load cells minus the footing weight.
Bending moment at the column base is determined
using the free-body equilibrium of the footing, and the
shear and axial force outputs from load cells. The
base-shear response of the frame can be obtained
either from accelerometers installed on the mass at the
top of the frame or from load cells installed
underneath the footings of columns. These data are
carefully compared to ensure the functionality of
frictionless sliders installed on the steel supporting
frame. It is observed that frictionless sliders did a very
fine job.

columns subjected to quasi-static cyclic loading under
double curvature deformation. This arrangement
allows for expanded database to facilitate comparison
of experimental results from static and dynamic tests
and the development of chart-based (e.g., ASCE/SEI
41-06), probability-based (e.g., Zhu et al. 2007) and
mechanics-based drift capacity prediction models.

Experimental Program
In accordance with the need, this study conducted
shaking table tests on 4 specimen frames to investigate
full-range structural behavior of RC short columns
until complete collapse was observed. A total of 9
1/2-scaled short columns were built to investigate two
major test variables: aspect ratios (3 and 4) and
seismic detailing (ductile and nonductile). Through a
mega steel beam system, these columns were then
assembled into one 3-column frame and three
2-column frames to experimentally reproduce
double-curvature column failure. A low axial load of
some 0.1 f c′ Ag was applied using lead packets, and
ground motion record TCU082ew from the Chi-Chi
earthquake was employed to excite the specimen
frame. To moderate the dynamic response, the
3-column frame was constructed to have both ductile
and nonductile RC columns, which allowed for
observations of load redistribution, local collapse of
the center column, and complete frame collapse. After
the center nonductile column of the 3-column frame
sustained severe shear damage, the axial load of this
column was successfully redirected to outer ductile
columns. On the other hand, the 2-column frames
allowed no load redistribution as they were composed
of 2 columns with an identical design. The loading
mechanism of 2-column frames is very similar to the
cyclic test of a double-curvature isolated column. The
degradation of lateral strength and progressive
development of cracking can be monitored through
such an experimental program.

Fig. 2 Photographical view of the test setup.

Test Results and Analyses

For the purposes of this study, a “ductile” column
is defined as one satisfying requirements for ductile
detailing common in current seismic building codes
(e.g., ACI 318-08), and a “nonductile” column has
details and configuration typical of those used before
the introduction of ductile detailing requirements.
These designations aside, it is noted that a column
defined as “nonductile” actually may display slightly
ductile response followed by a relatively brittle
failure.

The recorded load deformation responses from
tests are processed with correction for P-Δ effects in
PEER Structural Performance Database due to model
development consideration. Nonetheless, the lateral
resisting strength of the column is determined either
by its shear strength or by its moment capacity,
whichever comes least. As the lateral resisting
strength of a short column in pure shear failure is
determined by its shear strength rather than
flexure-induced lateral strength as commonly seen in
flexure-critical columns, correction for P-Δ effects is
not necessary here. For instance, assume that an RC
column has perfectly ductile detailing and its
transverse reinforcement will not fail, then its moment
capacity will be first reached and its P-Δ effects will
be similar to that of a steel column. On the other hand,
if a very short RC column has a non-ductile detailing,
then its shear capacity will be reached first and P-Δ
effects will not affect its shear capacity.

The experimental setup (Fig. 2) aims for
instrumented observation of global dynamic collapse
of the columns. Load cells, accelerometers,
Temposonics II linear displacement transducers,
dashpot LVDTs, steel and concrete strain gauges,
optical fiber sensors for measuring concrete strains
and a digital image-based displacement measurement
system were employed to collect experimental data of
18

ASCE 41-06 procedure is on the safe side from the
standpoint of engineering application, future
modifications on its predictive curves may still be
favorable in order to avoid excessive overdesign in the
future. Finally, test results presented in this study are
very helpful to subsequent numerical studies in
developing advanced nonlinear methods for
simulating pure shear failure.

To facilitate results comparison between shaking
table and cyclic tests, the experimentally obtained
peak shear strengths of identical column design are
normalized to the calculated flexural strength Vmn as
shown in Fig. 3. The flexural strength Vmn is
calculated at a maximum concrete strain of 0.003 from
monotonic moment-curvature analysis using material
properties measured during coupon tests and divided
by half the column length without taking account of
P-Δ effects. This study finds that shear strengths of
columns from dynamic tests are higher than those
from cyclic tests, while both tests reveal about the
same level of drift capacity at shear failure. The
post-peak strength degradation slope is slightly deeper
in case of cyclic tests probably because there were
more loading cycles than a regular earthquake usually
has at each specified drift level.
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Fig. 4 Comparison of calculated shear strengths
divided by experimental values.

-20
-40
Test1-C2
Test4-C1
Test4-C3
Cyclic loading

-60
-80

Conclusions
1. For

short columns tested in this study,
experimental shear strengths are higher than
calculated values using existing prediction models.
This observation agrees with Liao (2007), and
suggests that existing design documents provide
conservative estimates on column shear strength,
reasonable estimates on drift at the onset of shear
failure, overly conservative estimate on drift at
axial failure. However, the tested short columns all
lacked ductile plateau and demonstrated brittle
in-cycle collapse during the test program. As brittle
shear failure always causes catastrophic
consequence during earthquakes, such a design
scheme should be avoided or at least be assigned a
higher factor of safety wherever inevitable.
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Fig. 3 Comparison of load-deformation hysteresis
of nonductile columns (aspect ratio 1:4)
tested under a uni-directional table motion
and quasi-static cyclic loading.
The accuracy of a number of shear strength
prediction models available from the literature are
evaluated in this study using experimental data.
Generally speaking, Kowalski et al. (1997) yields
better estimates on the average in most cases with a
coefficient of variation of 15%, but may overestimate
shear strengths. ACI 318-05 underestimates column
shear strengths at least by 20%, and has a bit higher
coefficient of variation. Nonetheless, ACI 318-05 still
produces satisfactory estimates for ductile short
columns. The predictive models available from the
literature are inclined to underestimate the actual shear
strengths of columns, which is especially true for
columns with non-ductile detailing. In addition, ASCE
41-06 backbone model for short columns is shown
very conservative as its suggested post-peak
deformation capacity is almost negligible. Although

2. Experimental shear strengths obtained from
1/2-scale shake table tests are slightly higher than
those obtained from full-scale isolated column tests
using quasi-static cyclic loading. This may result
from: (1) higher strain rate due to dynamic effects;
(2) similitude requirements to suppress time scale
of input table motion that again speeds up the strain
rate in columns; (3) loading history influence due
to the number of quasi-static loading cycles at each
specified drift which may cause premature strength
degradation before the onset of shear failure.

3. The current code documents encourage ductile
19

318-05) and Commentary (ACI 318R-05).
American Concrete Institute: Farmington Hills,
MI, 430p.
ASCE/SEI 41-06 (2007). Seismic Rehabilitation of
Existing Buildings, America Society of Civil
Engineers, Reston, V.A.
Berry M., Eberhard M. (2005). “Practical
Performance Model for Bar Buckling”, Journal
of Structural Engineering, ASCE, 131(7):
1060-1070.
Elwood K.J., Matamoros A.B., Wallace J.W.,
Lehman D.E., Heintz J.A., Mitchell A.D., Moore
M.A., Valley M.T., Lowes L.N., Comartin C.D.,
Moehle J.P. (2007). “Update to ASCE/SEI 41
concrete provisions.” Earthquake Spectra; 23(3):
493-523.
Elwood K.J., Moehle J. P. (2005). “Drift Capacity of
Reinforced Concrete Column with Light
Transverse Reinforcement,” Earthquake Spectra,
21(1): 71-89.
Elwood K.J., Moehle J.P. (2005) “Axial Capacity
Model for Shear-Damaged Columns,” ACI
Structural Journal, 102(4): 578-587.
FEMA (2000). FEMA 356: Prestandard and
Commentary for the Seismic Rehabilitation of
Buildings. FEMA Publication No. 356, prepared
by the America Society of Civil Engineers for the
Federal Emergency Management Agency,
Washington, D.C.
Hwang S.J., Lee H.J. (2002). “Strength Prediction
for Discontinuity Regions by Softened
Strut-and-Tie Model,” Journal of Structural
Engineering, ASCE, 128(12): 1519-1526.
Kowalski M.J.; McDaniel C.C.; Benzoni G.,
Priestley M. J. N. (1997). An Improved Analytical
Model for Shear Strength of Circular RC
Columns in Seismic Regions. Structural Systems
Research Project. University of California, San
Diego.
Wu C.L., Hwang S.J., Yang Y.S., Su R.S. (2007).
Shake Table Tests on Reinforced Concrete
Columns Failing in Shear, Technical Report,
National Center for Research on Earthquake
Engineering, NCREE-07-033 (in Chinese).
Zhu L., Elwood K.J., Haukaas T. (2007).
“Classification and Seismic Safety Evaluation of
Existing Reinforced Concrete Columns,” Journal
of Structural Engineering, ASCE, 133(9):
1316-1330.

design to allow for favorable ductile plateau after
component yield, load redistribution using
structural redundancy, and a lower probability of
collapse. If the usage of shear columns can be
restricted, and a higher factor of safety is adopted
for shear columns, and suitable structural
redundancy is provided in the design, then the
potential for system collapse can be substantially
reduced.

4. Shear columns lacking the ability for seismic
responses are commonly seen in older-type of
construction especially in school buildings due to
the popular window sills in Taiwan’s school
buildings. Their reinforcement detailing usually
was not proven by registered engineers at the time
of construction, and therefore oftentimes did not
conform to code requirements. Their seismic
performance should be carefully evaluated;
unfortunately, FEMA 356 and ASCE/SEI 41-06
has not yet provided any means to do the task.
Recently proposed ASCE/SEI 41-06 updates copes
with finding a quantitative load deformation
relation prior to the onset of shear failure, even
though after which the assessment model turns into
qualitative descriptions.

5. While existing shear strength models produce
conservative predictions according to comparison
with the test results in this study, slightly better
accuracy, however, is observed in ductile short
columns. The models agree better with ductile
column strengths mostly likely thanks to more
reasonable underlying mechanical assumptions.
Nonetheless, nonductile columns demonstrated
mechanical features relatively unpredictable for
they owned complex nature; e.g., alternative
loading paths are hard to predict (e.g., inclination
angle of shear failure plane), and the calculation of
the frictional force along the shear failure plane is
strongly affected by the uncertainty of concrete
strength in real-life construction.

6. This study finds that FEMA 356 produces
satisfactory estimate on flexure-related lateral
strength of the flexure-shear columns in the
3-column frame, but overestimates their initial
stiffness, and thereby underestimates drift capacity
at flexural yielding. This implies that: (1) During
small earthquakes, strength demand could be
overestimated,
while
drift
demand
is
underestimated; (2) During severe earthquake
events, strength demand can be satisfactorily
predicted but drift response is underestimated so
that the accumulated energy dissipation is overly
underestimated.
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Abstract
Thousands of buildings were damaged by the devastating 921 Chi-Chi earthquake.
School buildings are the most vulnerable category in public buildings and the retrofit of
existing school buildings becomes a stringent issue. Therefore, the retrofit of school
buildings by adding composite columns onto the partition brick walls was proposed. In this
paper, the proposed method was verified dynamically and experimentally through shake
table tests. Three full-scale one-story reinforced concrete models were designed and
fabricated. One was a bench mark model with in-filled brick walls. After a series of tests,
the bench model was repaired by the proposed method and it was named as the second
model. The third model was a retrofitted one. All the models were subjected to a series of
shake table tests in the direction along the corridor that is the out-of-plane direction of the
brick walls. According to the experimental results, the maximum base shear of the model
with seismic repair was recovered from the damage to 100% of that of the bench mark
model. The maximum base shear of the model with seismic retrofit was 125% of that of the
bench mark model. The feasibility of the proposed retrofit method was successfully
verified.
Keywords: composite column; school buildings; retrofit; reinforced concrete; partition brick
wall

Therefore, the retrofit of school buildings by
adding composite columns onto the partition brick
walls was proposed. The said column was divided into
two parts and was added to the two sides of the
partition brick wall. The two parts were integrated
together with stirrups penetrating through the wall.
The composite column itself contributed to the
seismic capacity of the school building. Moreover,
the gravity-bearing capacity of the partition brick wall
were enhanced since the effective width of the
partition brick wall was reduced in the presence of
composite column. For the retrofit onto the partition
brick walls, no windows or doors along the corridor
have to be removed so that the proposed method is
cost effective and the impact on the functions of the
buildings is minimized.

Introduction
In Taiwan, school buildings are usually assigned
by the government as shelters just after disastrous
earthquake because they are public buildings, large in
number, distributed according to the population and
spacious. Nevertheless, school buildings were
seriously damaged by the 921 Chi-Chi earthquake due
to the deficiency in their design and construction.
Therefore, the retrofit of existing school buildings
becomes a relevant issue. The traditional retrofitted
methods were applied to the structural members or
structural system. If the seismic capacity of the school
buildings is upgraded by traditional method along the
corridor, the existing windows and doors must be
dismantled so that the function of the building may be
impacted.
1
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This research focuses on the dynamic behavior of
composite columns which was added onto the
partition walls as a measure for seismic repair after
severe earthquake and seismic retrofit before such
event.

Experimental scheme
Three full-scale one-story reinforced concrete
models were designed and fabricated. The first one
served as a bench mark model with in-filled brick
walls (B2F). The second model was a repaired model
(B2F-AC). After the bench mark model was damaged,
it was repaired and assigned as the second model. The
third model was a retrofitted one (A2F-BC) which was
retrofitted without even though undamaged.

Fig. 1 Elevation of repaired model (B2F-AC)

The B2F was a reinforced concrete structure with
pre-layered brick walls. Two partition brick walls had
dimensions of 21cm in depth along the corridor,
260cm in width perpendicular to the corridor and
2.8m in net height. Four columns were measured as
30cm in depth along the corridor, 35cm in width
perpendicular to the corridor and 2.8m in net height.
The reinforcement for the column is 8 D16 steel bars
in the longitudinal direction and D10@25cm steel bars
in the transverse direction

Fig. 2 Plane of repaired model (B2F-AC)

After a series of tests, the B2F was damaged. The
model was repaired by adding a composite column to
its partition wall and was assigned as the second
model (B2F-AC) as shown in Figs. 1 and 2.
The composite column was added to the two
sides of partition brick wall (Figs. 3 and 4). In one
side of the partition brick wall, the cross-section of the
composite column was measured as 15cm in depth
and 30cm in width. The total cross-section of the
composite column was 30cm in width and 51cm in
depth with reinforcement 6 D16 steel bars in the
longitudinal direction and D10@15cm steel bars in the
transverse direction. The spacing of transverse
reinforcement D10 bars was reduced to 10cm in 55cm
height above the foundation and below the slab to
prevent the longitudinal bars of the composite column
from buckling.

Fig. 3 Cross-section details of composite column

All the three modes were subjected to a series of
shake table tests in the direction along the corridor
which was the out-of-plane direction of the brick walls.
The ground acceleration recorded at TCU078 station
in Chi-Chi earthquake was chosen as the excitation for
the shake table tests. The intensity was gradually
increased. The amplitudes of earthquake excitation
were 120gals, 600gals, 1200gals, 1800gals. Finally,
the models were driven by sine wave with amplitude
of 600gals. After each test, the models were excited
with white noise of amplitude 50gals for system
identification.

Fig. 4 Composite column of retrofitted model
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It is about 125 % of that of the benchmark model.
When the base shear strength dropped to 80% of the
maximum one, the roof displacement of the model
was 83.5 mm. It is almost the same as the bench mark
model. The largest roof displacement of the model
was 117.7 mm and the corresponding base shear was
103.8 kN. The comparison of the three models is
shown in Fig. 9.

The reinforced concrete frame of the third model
(A2F-BC) was the same as that of the bench mark
model. However, the third model was post-layered
with brick walls and retrofitted with composite
column (Fig. 5). Boards were placed on the shake
table to prevent the falling concrete from damaging
the table. Moreover, a steel frame was mounted inside
the models to ensure safety in case of collapse of the
model.

Conclusions
Retrofit of school buildings with composite
columns onto the partition brick walls was
successfully verified by a series of shake table tests.
Comparing with the residual base shear strength of the
bench mark model, the maximum base shear strength
of the repaired model was enhanced by 141.9 kN due
to the composite column so that the strength of the
repaired model was recovered completely. Comparing
with the maximum base shear strength of the bench
mark model, the maximum base shear strength of the
retrofitted model was enhanced by 76.1kN due to the
addition of composite column. The contribution of the
composite column of the retrofitted model was less
than that to the repaired model because of the
torsional effect in the former.

Fig. 5 Experimental setup of retrofitted frame
(A2F-BC)
Accelerometers and linear variable displacement
transducers (LVDT) were placed on the two floors of
each specimen in two directions. The sensors were
also mounted on the partition brick walls. Moreover,
strain gauges were attached on the reinforcement of
the columns and composite columns, and tilt-meters
were installed at the top and bottom of the columns
and of the composite columns. Damage of specimens
was observed and photographed after each shake table
test. During each test, the vibration of specimens
was monitored by four video cameras.

After a series of shake table tests, the longitudinal
bars of the reinforced concrete columns had fractured
and the concrete at the bottom of the reinforced
concrete columns had seriously spalled. In spite of
nonductile reinforcement, the reinforced concrete
columns still failed in flexural mode because of its
aspect ratio. For the composite columns, the
longitudinal bars fractured and the concrete spalled at
the top. Rocking behavior at the bottom of the
composite columns was observed because its
anchorage to the foundation was insufficient.
Since the partition brick walls of the bench mark
model and the repaired model were pre-layered before
the erection of the columns, beams and slabs, the
linkage of the bricks walls with the reinforced
concrete frames was stronger. Horizontal cracks were
observed at the top and bottom of the partition brick
walls. In the retrofitted model, the partition brick wall
was post-layered after erection of the reinforced
concrete frame, thus, the linkage between them was
weaker. In addition to the horizontal cracks at the top
and bottom of partition brick wall, vertical cracks
were also observed at the interfaces between the
partition brick wall and the columns. Therefore, the
torsional effect was apparent in the retrofitted model
and the degree of the effect increased with the
intensity of excitation. Finally, the brick wall of the
retrofitted model collapsed.

Results
According to the results, the maximum base shear
strength of the bench mark model (B2F) was 300.4 kN
(Table 1 and Fig. 6). When the base shear strength
dropped to 80% of the maximum one, the roof
displacement of the model became 89.8 mm. The
largest roof displacement of the model was 127.6 mm
and the corresponding base shear strength was about
157.7 kN.
The maximum base shear strength of the repaired
model (B2F-AC) was 299.6 kN (Table 1 and Fig. 7).
The strength of the repaired model was 100%
recovered to be the same as that of the bench mark
model. When the base shear strength dropped to 80%
of the maximum one, the roof displacement of the
model was 151.8 mm. The largest roof displacement
of the model was 161.8 mm and the corresponding
base shear was 112.6 kN.
The maximum base shear strength of the retrofitted
model (B2F-AC) was 376.5 kN (Table 1 and Fig. 8).
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Table 1 Experimental result of three specimens
(Figure 9)
B2F

B2F-AC

A2F-BC

Vmax

300.4kN

299.6kN

376.5kN

Vmax-D

46.1mm

113.3mm

49.4mm

V0.8

240.3KN

239.7KN

301.2kN

D0.8

89.8mm

151.8mm

83.5mm

Vr

157.7kN

112.6KN

103.8KN

Dr

127.6mm

161.8mm

117.7mm
Fig. 9 The comparison of force-displacement
relationships of three specimens
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Fig. 6 Hysteretic loops of standard frame (B2F)

Fig. 7 Hysteretic loops of repaired frame (B2F-AC)

Fig. 8 Hysteretic loops of retrofitted frame (A2F-BC)
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Application of Seismic Records on Numerical Simulation of
Buildings
Yeong-Kae Yeh 1, Chao-Hsun Huang 2 and Wei-Lun Peng 3
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Abstract
According to the seismic records of several mid-raised buildings in some earthquakes,
the numerical models with ETABS program were established in this study to process
dynamic time analysis. The objective is to determine the dynamic properties in the
fundamental modes of buildings. To compare the calculated roof acceleration with the
seismic records provided by the Central Weather Bureau of Taiwan, this study modified the
stiffnesses of beams and columns to find the least square error and the best numerical
model. Finally, with the modified stiffnesses, the best damping ratio and the modal period
of the building were obtained. In various seismic records, the changed damping ratio and
modal period may result from the damage of the building. The results can be provided to
engineers as references for building design.
Keywords: seismic records, dynamic time analysis, least square error, ETABS analysis.

seismic testing in the site. The results from this in situ
testing cannot be obtained from laboratory tests. If we
can measure the real response of buildings in
earthquakes to correct our numerical models, the
dynamic parameters from the analysis will be more
precise. Since 1993, the Central Weather Bureau
(CWB) put strong-motion instruments in several
buildings of various heights, site conditions, and
construction materials. The received seismic records
were transferred to ASCII format for application. In
this study, the structural design blueprints of the office
building of the National Center for Research on
Earthquake Engineering, the civil and environmental
engineering building of the National Chung Hsing
University, the Fire Bureau building of Taitung
County, and school building of the Shih Hsien
elementary school were obtained for analyses. And
according to the seismic records of 77 earthquake,
Chi-Chi (921) earthquake, 1022 earthquake, 614
earthquake, and 0401 earthquake provided by the
CWB, ETABS program was utilized to analyze the

Introduction
Taiwan is located in the transitional zone of
Eurasian and Philippine plates so the occurrence of
earthquakes is very frequent. In recent years, the
Rueyli earthquake in 1998, the Chi-Chi earthquake in
1999 and the 331 earthquake in 2002 all caused a lot
of collapsed buildings, deaths or injuries of many
people, and losses of property. The major reason is
that the early building design code does not consider
seismic force. In February 15, 1974, the design code
was modified to consider the seismic force by
Taiwan’s Ministry of the Interior. After 1997, the
building technology rules and code were separated
and included the concept of ductile design. The
seismic force is the most important factor in the
design of buildings. The amount of seismic force is
dependent on the site of the building and especially on
the fundamental period.
During an earthquake, buildings vibrate like the
1
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floor responses in dynamic time analysis. By changing
the structural parameters and numerical models, the
analyzed floor responses can be made close to the real
responses during earthquakes. Thus, the numerical
model can be adjusted to get the accurate dynamic
parameters like the fundamental period and damping
ratio. These dynamic parameters can be relayed to
design engineers to estimate correctly the seismic
force in their works.

unmodified model and the CWB record
For the seismic motion of a building, the motion of
base floor can be treated as a rigid body motion. This
rigid body motion can be specified with x and y - axes
translational motions and z-axis rotational motion of
the geometrical center at floor’s base. This rigid body
motion can be transferred from the seismic records of
base floor and treated as the input seismic motion of
the building.

Acceleration (cm/sec2)

Method of Analysis
This study used the ETABS program to establish
the numerical model. Using the actual seismic
response of the base floor as the input of seismic
motion, the acceleration time serial of top floor can be
derived from the dynamic time analysis. The
difference between analyses’ results and the real
seismic records can be shown in the form of the
square error as written in Eq. (1).

∑ [CHA(t ) − CH A(t )]

ε2 =

i

∑ [CHA(t )]
i

CHA(ti ) and CH A(ti ) are the real

seismic record and the analysis result about the
acceleration time function of the locations of
strong-motion instruments in the top floor,
respectively. To adjust the stiffnesses of beams and
columns and the damping ratio of the numerical model
can find the least value of square error ε 2 . This
modified numerical model can solve for the more
accurate dynamic parameters in the first mode of the
building. And this approach can allow the analysis
response of the top floor close to the real seismic
response. As shown in Fig. 1, with unmodified model,
the analysis response of CH18 at top floor of the
National Chung Hsing University’s Civil and
Environmental Engineering Building is compared
with the seismic record. Its square error is 0.865. The
comparison shows obvious phase and amplitude
differences. As shown in Fig. 2, with modified model,
the square error is reduced to 0.472 and the
differences of phase and amplitude is also largely
reduced.

Acceleration (cm/sec2)

and

40

41

42

43

αc

were defined as the ratio of modified elastic

modulus of beams and columns to the original ones,
respectively. The modified stiffnesses of beams and
columns were obtained corresponding to the least
square error and then the stiffnesses of beams and
columns were fixed. Lastly, the damping ratio was
adjusted to find the value corresponding to the least
square error. This procedure can get a set of stiffness
and damping ratio close to the real ones. Thus, the
modified numerical model can provide the more
reliable fundamental period and damping ratio.
This study also considered two different models of
which the base floor was located at base of the first
floor and at the underground floor. It provided means
in considering the basement in the numerical model or
not. For the model that included the basement, the
influence of soil springs to the dynamic response was
discussed.

CWB
Analysis

600

39

The seismic response of structures is related to the
stiffnesses of beams and columns. This study aimed to
improve the analysis results by changing the
stiffnesses of beams and columns in the numerical
model. Simply, the stiffness of walls was unchanged,
the modification of stiffness of all beams was treated
as one group, and the modification of stiffness of all
columns were treated as another group. Firstly, the
damping ratio was fixed at 5% and then the elastic
modulus of beams and columns were modified. α b

2
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Fig. 2 Comparison between the analysis from
modified model and the CWB record
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77 Earthquake: It occurred on July 7, 1999 in
Chiayi County at 1:53 p.m. and measured 5.1 on the
Richter’s scale. Its epicenter was at 23.3° N latitude,
120.7° E longitude. The depth was about 13.8 km.

43

t (sec)

Fig. 1 Comparison between the analysis from
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This is a small earthquake and no disaster was
reported. This earthquake was chosen as the reference
earthquake for the National Chung Hsing University’s
Civil and Environmental Engineering Building.

Fig. 3 Front view of the Office Building at NCREE
The model with basement had smaller value of the
least square error than the model without basement.
The value of the least square was below than 0.4. To
consider soil springs or not is an issue that did not
influence the results. Table 1 summarizes the results
in several earthquakes of NCREE. The period in the
first mode of model with the basement is about 0.29
seconds.

Chi-Chi Earthquake: It occurred on September 21,
1999 in Nantou County at 1:47 a.m. and measured 7.3
on the Richter’s scale. Its epicenter was at 23.9° N
latitude, 120.8° E longitude. The depth was 8 km. This
earthquake left 2413 casualties. Many buildings were
damaged in this earthquake. The Civil and
Environmental Engineering Building of the National
Chung Hsing University also had serious damage.

Table 1 Results for the office building at NCREE
Events

1022 Earthquake: It occurred on October 22, 1999
in Chiayi City at 10:19 a.m. and measured 6.4 on the
Richter’s scale. Its epicenter was at 23.5° N latitude,
120.4° E longitude. The depth was 12.1 km. This
earthquake caused seven buildings collapsed. This
earthquake was chosen also as the reference
earthquake for the National Chung Hsing University’s
Civil and Environmental Engineering Building.

PGA

αb
αc

614

614

1022

1022

921

921

(B1)

(1F)

(B1)

(1F)

(B1)

(1F)

31.9

31.9

16.0

16.0

267.

272.

0.60

0.50

1.00

0.65

0.80

0.50

0.70

0.60

0.90

0.60

0.85

0.55

0.347 0.451 0.395 0.508 0.350 0.443
ε
Damping
0.050 0.080 0.050 0.070 0.090 0.090
ratio
Period 0.316 0.233 0.274 0.235 0.285 0.232
Note: B1 means the model with basement, 1F means
the model without basement, the unit for PGA is gal,
the unit for Period is second.
2

614 Earthquake: It occurred on June 14, 2001 in
Yilan County at 10:35 a.m. and measured 6.2 on the
Richter’s scale. Its epicenter was at 24.45° N latitude,
121.93° E longitude. The depth was 10.4 km. This
earthquake caused many collapsed old buildings in
Taipei.

Analysis of the Fire Bureau Building in
Taitung County

0401 Earthquake: It occurred on April 1, 2006 in
Taitung County at 6:02 p.m. and measured 6.4 on the
Richter’s scale. Its epicenter was at 22.9° N latitude,
121.1° E longitude. The depth was 10 km. This
earthquake caused the Fire Bureau Building of
Taitung County to be damaged seriously.

As shown in Fig. 4, the structure is a three-story
and one underground level RC building. On the base
floors of the basement and the first story, and ceilings
of second story and third story, there are 22
accelerometers.

Analysis of the Office Building at the
National Center for Research on
Earthquake Engineering (NCREE)
As shown in Fig. 3, the structure is a six-storey
and one underground level reinforced concrete
building. On the base and ceiling of basement, and on
ceilings of third and sixth storey, 30 accelerometers
were placed.

Fig. 4 Front view of the Fire Bureau Building in
Taitung County
Table 2 Results of analysis at the Fire Bureau
Building in Taitung County
Events

921

PGA

21.9

4.9

0401
(after shock)
16.0

1.10

0.95

0.90

1.20

0.95

0.95

αb
αc
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1022

ε2

0.310

0.538

0.743

Damping
ratio

0.030

0.025

0.190

Period

0.275

0.267

0.264

Analysis of the School Building of the Shih
Hsien Elementary School
The school building is a five-storey RC building
with one underground level. On the base floors of the
basement, on the first story, on the third story, and on
the fifth story and in the roof, there are a total of 29
accelerometers. As shown in Table 4, the analyzed
period is about of 0.29 seconds.

This building was damaged in 0401 earthquake.
Some accelerometers maybe fail during the
earthquake. So the least square error for after shock of
0401 earthquake is as large as 0.743. As shown in
Table 2, the best result is the case for the 921
Earthquake. The period in the first mode is 0.275
seconds with damping ratio of 0.03.

Table 4 Results of analysis at the school building of
the Shih Hsien Elementary School
Events
PGA

Analysis at the Civil and Environmental
Engineering Building (CEBB) of the
National Chung Hsing University
As shown in Fig. 5, the structure is a seven-storey
RC building with one underground level. On the base
floor of the basement, on the base floor and ceiling of
the first story, and on the ceilings of forth story and
seventh story, 29 accelerometers were installed.

αb
αc

921
189

1022
252

1.90

1.50

2.00

1.75

ε

0.670

0.628

0.120

0.130

0.285

0.293

2

Damping
ratio
Period

Conclusions
To adjust the stiffnesses of beams and columns
from finding the least square error, the results of
analysis will be more reliable. If the value of square
error is smaller, the result will be closer to the actual
records. For the damaged buildings, huge change in
their structural properties resulted to a much higher
value of the square error. The damping ratio and the
fundament period will also be much larger.

Fig. 5 Front view of the CEEB National Chung
Hsing University
The chosen building was damaged during the
Chi-Chi earthquake. So two reference earthquakes
were selected that occurred before and after the
Chi-Chi earthquake. As shown in Table 3, the analysis
error is the least for the early 43 seconds of the
Chi-Chi earthquake. The least square error is 0.472,
the period is 0.388 seconds, and the damping ratio is
0.035. For the 1022 earthquake, the building was
already damaged, so the analysis error was large and
the period was longer.
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Table 3 Results of analysis at the CEEB National
Chung Hsing University
921

921

(43s)

(55s)

1022

Events

77

PGA

3.52

270

270

18.7

0.95

0.25

0.25

0.20

0.95

0.70

0.50

0.55

0.598

0.472

0.716

0.722

0.030

0.035

0.110

0.060

0.324

0.388

0.446

0.434

αb
αc
ε

2

Damping
ratio
Period
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Seismic Performance Assessment of Low-rise RC Buildings:
Part I
Yuan-Tao Weng 1 and Shyh-Jiann Hwang 2
翁元滔 1、黃世建 2

Abstract
Damage indices aim to provide a means of quantifying numerically the damage in
concrete structures sustained under earthquake loading. The development and application
of damage indices has, until now, concentrated almost exclusively on flexural modes of
failure, thus there is a clear need to investigate the ability of the indices to represent shear
damage. This study, first, has chosen and shifted out a lot of experimental results from five
reinforced concrete columns including numerical data and images. These existing
experimental results constructed by NCREE could be interpreted by specific representative
damage indices, followed by a discussion of the damage measures relating structural
seismic responses. From the comparison between experimental images and damage states
expressed by specific damage indices in all experimental process, qualitative and
quantitative descriptions of seismic performance could be constructed for different seismic
design hazard levels and the corresponding results could be a good reference for next
generation performance-based seismic design provision .
Keywords: captive columns, existing school building, damage indices, seismic demand

columns and quantifying the damage status using
damage indices. In this research, the failure modes of
columns subjected to the horizontal and vertical loads
should be identified.

Introduction
In Taiwan, many typical school buildings suffered
severe damage caused by the 1999 Chi-Chi
earthquake. Most school buildings were constructed
and expanded in a patchy way which caused
insufficient seismic resistance during the event. The
structural systems of school buildings have intrinsic
defects. In order to utilize the natural light and
ventilation, windows and doors fully occupy both
sides of the corridor. The upper portion of the columns
is constrained by the window frame made of
aluminum or wood. The lower portion of the column
is restricted by the windowsill made of brick walls.
Since the windowsill is rigid compared with the
window frame, the effective length of the column is
shortened. The shorter the column, the larger the shear
force. Therefore, the columns tend to fail in the shear
mode rather than in the flexural mode. In preventing a
possible damage in the future, it is urgent to develop
the seismic evaluation and retrofit technology for the
existing schools. Therefore, this study focuses on
understanding the seismic demands of the existing
1
2

In addition, traditional seismic performance
evaluation methods such as capacity spectrum method
proposed by ATC-40 (1996) or FEMA-356 (BSSC,
2000) can only represent maximum deformational
demands and cannot show local damage states, failure
modes and low-cycle structural damage process. This
study also aimed to develop a practical seismic
assessment approach based from the static pushover
analysis considering damage assessment which
provides a measure of the physical response
characteristics of the structure and is better suited for
non-linear structural analysis.

Description of Column Specimens
The experimental program consists of five tests
under cyclic, lateral, and vertical load. Three
parameters of the specimens such as height-to-width
ratio, ductile or non-ductile detailing, and axial load
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concrete compressive strength and Ag= gross
cross-sectional area), and the second group containing
two captive column specimens (denoted as C1W and
C2W) were subjected to low axial load ( 0.1 f c′Ag ).
Figures 1 and 2 show the reinforcement details of the
specimens. First group of specimens is the three
non-ductile normal columns shown in Fig. 1. The
second group is the non-ductile captive columns
shown in Fig. 2. The heights of the columns are 330
cm and 255 cm respectively, and all the columns have
a cross section of 60×60 cm.
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ratio were varied in the design of the five test
specimens. The specimens were divided into two
groups having three and two specimens, respectively.
The first group containing three normal column
specimens(denoted as C1, C2 and C3) were subjected
to low axial load ( 0.1 f c′Ag , where f c′ = designed
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Fig. 3. Loading history
Table 1. Strength parameters of specimens.
Vn=2Mn/H
V(tonf)
Vtest
Mn
(ton-m)
(tonf)
[3]
(tonf)
C1
18.6
11.9
12.8
11.9
C2
14.1
9.12
9.69
8.90
C3
12.7
7.74
7.87
6.80
C1W
18.9
15.2
15.5
16.4
C2W
16.4
12.9
13.0
13.1
Figure 3 shows the loading history, which
consists of the following lateral drift cycles: three
cycles each at 0.25%, 0.5%, 0.75%, 1%, 1.5%, 2%,
3%, 4%, 5%, 6%, 7% and 8%. The control of actuator
loading system was mixed with displacement and
force controls.

Comparison of Experimental and
Analytical Results
The strength of all specimens evaluated from the
analytical and test results are listed in Table 1. Figure
4 shows the analytical model of the normal column
group constructed by PISA3D. Figures 5 to 7 show the
load-displacement hysteretic relationship of the
normal column specimens obtained from the
analytical and test results. Figure 8 shows the
analytical model of the captive column group
constructed by PISA3D. Figures 9 to 10 show the
load-displacement hysteretic relationship of the
captive column specimens obtained from the
analytical and test results. It should be noted that the
maximum strength of the specimens C1W and C2W
did not reach the flexural strength. Therefore, it is
evident that all the tested captive columns were failed
by shear. More details of the test results can be found
in the works of Yang (2006). In addition, the damage
index presented in equation (1) proposed by Park and
Ang (1985) was applied to quantify the damage status
of all column specimens. The crack patterns and the
peak values of the damage index corresponding to the
specimen C1 at each of the following lateral drift
cycles: three cycles each at 2%, 4%, 6% and finale,
are also shown in Figures 11 to 14.

Fig. 1. Normal column’s details (C1、C2、C3)

Fig. 2. Captive column’s details(C1W、C2W)
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DI=0.44
Fig. 11. Failure pattern and damage index value
of the normal column C1 (column drift ratio
reached 8%)

DI=0.10
Fig. 11. Failure pattern and damage index value of
the normal column C1 (column drift ratio reached
2%)

DI=0.19
Fig. 12. Failure pattern and damage index value of
the normal column C1 (column drift ratio reached
4%)

DI=0.29
Fig. 13. Failure pattern and damage index value of
the normal column C1 (column drift ratio reached
6%)
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Conclusions
According to the test results, we observed that
the failure modes of the tested captive columns are of
shear failure. Besides, we have found that the bond
splitting is another failure mechanism involved with
the captive columns. This study also presents the
comparison between the experimental and analytical
results. Results of the tests are reported, analyzed
and interpreted in this study. The damage index
proposed by Park and Ang (1985) was applied to
quantify the damage status of all column specimens.
The crack patterns and the peak values of the damage
index were correlated to estimate the seismic
demands of the existing non-ductile RC columns at
each different lateral drift cycles. Moreover, more
research works are needed for better understanding the
behavior of low-rise reinforced concrete buildings.
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The Influence of Friction/Sliding Behavior of Rubber
Bearing to the Seismic Performance of Highway Bridges
Kuang-Yen Liu 1, Kuo-Chung Chang 2,and Wei-I Chen 3
劉光晏 1、張國鎮 2、陳威逸 3

Abstract
An experimental program for a single-span scaled bridge model equipped with two
types of rubber bearings was performed using shaking table test and pseudo-dynamic test.
Among the four test cases with three peak ground accelerations, major differences for the
case with same input ground acceleration but different test methods aroused from the
coefficient of friction used. The maximum displacement of girder obtained from shaking
table test was observed to be smaller than the one from pseudo dynamic test, as well as the
results in the residual displacement. In addition, whether the friction/sliding of rubber
bearing will occur or not, the measured base shear force of the column satisfied well with
the inertial force of the superstructure being transferred via bearing system, not only from
the test but also in the analytical model. In comparison of results, the analytical results in
the proposed numerical model were found helpful in predicting the maximum displacement
demand on girders and the shear force demand in columns.
Keywords: near-fault ground motions, quasi-dynamic model, variable rupture velocities,
1992 Landers Earthquake,

It was also observed that the number of bridge column
damage was surprisingly small. Chang et al. ( 2004a,b)
developed a bridge model to simulate slide-friction at
rubber bearing, impact effect between shear key and
girder, and hinge on the column, which simulated well
a bridge that was damaged in the Chi-Chi Earthquake.
Since most of the bridges in the damaged area caused
by Chi-Chi earthquake were designed without ductile
detailing, it may be in contrast to the current seismic
design concept emphasizing the design of plastic
hinges. Therefore, this paper presents the experimental
study on seismic performance of bridge with
friction/sliding rubber bearing and PTFE-rubber
bearing. A scaled bridge model was utilized in both
pseudo-dynamic test and shaking table test to
understand the loading path from superstructure to
substructure via a sliding mechanism of bearing
system. Analytical models were also proposed to
predict accurately the shear demand of columns and
the unseating length of the girders.

Introduction
A devastating earthquake with a magnitude of 7.6
struck the central region of Taiwan in the early
morning of September 21, 1999. It was known as the
921 or Chi-chi earthquake (EERI 2001). There are
approximately 1,100 highway bridges spread on the
provincial and county routes in the region. Major
catastrophe occurred especially in Taichung and
Nantou counties. About 90 percent of the bridges
escaped from serious damage. The extents of bridge
damages are relatively minor when compared to those
observed in the 1994 Northridge earthquake and 1995
Kobe earthquake. It was observed that the
friction-sliding mechanism of rubber bearings played
a critical role to limit the seismic load transfer to the
bridges’ columns. Most of the bridge damages
appeared to be caused by the movement of
superstructure and separation of thermal expansion
joints due to sliding or failure of the bearings, with the
exception of seven bridges collapsed due to large fault
displacements which crossed indirectly to the bridges.
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Pseudo-dynamic test

Steel rod

A 1:7.5 scale single-span bridge with length of
4.4m, width of 1.75m and weight of 110kN as shown
in Figure 1 is chosen as the benchmark model. The
superstructure is composed of one RC slab, two beams,
and four diaphragms. The piers are made of two CFT
columns with height, outer diameter, thickness, and
nominal design strengths of concrete as 1.47m, 0.21m,
8mm, 21.06MPa, respectively. For the bearings, the
typical steel-reinforced elastomeric bearing specimen
as well as the PTFE-rubber bearing 150¯150¯28mm
are used.
The whole system was regarded as a single
degree-of- freedom (SDOF) system with mass, {M},
obtained from superstructure weight, restoring force,
{R}, directly measured from one horizontal hydraulic
jacket during the test, and damping force {C} by 5%
inherent damping coefficient. Newmark’s explicit
integration algorithm was adapted to solve the
equation of motion of this SDOF system. The input
acceleration record, EL-Centro, was selected and the
corresponding peak ground acceleration (PGA) was
adjusted into three levels: 0.2g, 0.5g, and 0.7g,
respectively. A total of four cases are detailed in Table
1. To understand the unseating-prevention effect of
the scarification concrete shear key in real structure, in
this test, steel rods were bolted besides the bearings in
one of the cases.

2
3
4

EL200 RB
w/o Bar
EL500 RB
w/o Bar
EL700 PTFE
w/o Bar
EL700 PTFE
w/ Bar

Time step
(sec)

Duration
(sec)

PGA
(gal)

0.005

15

196

0.005

15

509

0.005

15

746

0.005

15

696

Fig. 2 Arrangement of bearings in the
pseudo-dynamic test
Figure 2 shows the results of bearing hysteresis
loop and shear force in Case 2 and Case 3. It was
assumed that the CFT columns remain elastic during
all four tests. Displacement of superstructure and top
of column were measured via LVDT and were used to
obtain the relative displacement of the bearings.
Inertial force was calculated by the determined
acceleration times the input mass. Shear force was
calculated by equation (1), according to the measured
strain (strain gages S2 and S5 in Fig. 1) on the lateral
side surfaces of the column, elastic modulus of
steel Es , transformation factor n , moment of inertia
the

section I t ,

trans-formed

outer

fiber

distance yt from the centriod, and column height h .
Once the relative displacement of bearing and column
and shear force from columns were solved, the
hysteresis loop for bearings in Cases 2 and 3 can be
plotted as shown in Fig. 3a,b and Fig. 4a,b,
respectively, and the elastic stiffness for both columns
and bearings can be found consequently.
It has been observed that the bearing deformed
slightly inelastic under 0.5g excitation in Case 2.
However, in Case 3 with PGA=0.7g, both PTFE
bearing and RB bearing performed obvious sliding
behavior. In comparison of the shear force between
Fig. 4 a, b, the PTFE bearing suffered minor force due
to the low frictional coefficient. In Fig. 5, the column
Fs and bearing Fs represent the shear force determined
by multiplying the regression stiffness obtained from
Fig. 3 and 4, and the measured displacement at the
corresponding location. The shear force resulted from
different methods are similar. The analysis results
demonstrated that the loading path from
super-structure to the column can be established by a
series system.

⎛ 1 E εI
V = ⎜⎜ × s t
yt
⎝n

Fig. 1 Test setup of the pseudo-dynamic test
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Table 1. Experimental cases
Case
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Fig. 3 Hysteresis curve for bearings in Case2

(a) Case1 to Case3
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Fig. 9 Hysteresis curve for bearings in Case3
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Fig. 4 Hysteresis curve for bearings in Case3
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Fig. 10 Shear force in the shaking table test

Fig. 5. Shear force in the pseudo-dynamic test

Shaking table test

Discussions

Figures 6 and 7 show the test setups in the shaking
table. The shaking table test utilized same specimen as
that in the pseudo-dynamic tests except from the input
of dynamic force which was caused by ground
excitation. Figures 8 and 9 represent the test results of
bearings in Cases 2 and 3. The hysteresis loops
demonstrate that the columns also remain elastic and
only obtained slight changes of the lateral stiffness.
Though the shear deformation of rubber bearing has
reached 50% of shear strain, no apparent sliding
deformation can be found in Case 2; however, after
increasing the PGA to 0.7g, the friction behavior on
both rubber and PTFE-rubber bearing were identified.
To have a reference, the inertial force FI was used in
checking the shear force (S15+S7) by equation (1), as
well as the Column Fs by regression stiffness method.
Same trends from pseudo-dynamic test were acquired.

Inertial force induced by the mass of
superstructure should be transferred into substructure
through the bearing system. The force equilibrium
equations for pseudo-dynamic test and shaking table
test were formulated by cutting the half of the system
and considering it as a series system. For the
pseudo-dynamic test, the whole system is assumed to
be in the quasi-static status and that the forces in
bearings and in columns are theoretically identical.
For the shaking table test, the bridge is vibrating in the
dynamic status; therefore, the contribution of inertial
force from both superstructure and substructure should
be considered. From Figs. 5 and 10, it can be
concluded that the loading path from superstructure to
the column was successfully verified not only for the
bearing without sliding in Case 2 but also for the case
with sliding phenomena (Case3).
The friction force is defined as the ratio of the
shear force and the normal force. As shown in Figs. 11
and 12, the friction coefficient is determined by, first
taking the average of the lower and higher bound of
shear force, and then, divide the result by the reaction
force of the bearing. The coefficients for rubber and
PTFE bearing are 0.25 and 0.15, respectively, in the
pseudo-dynamic tests, while the coefficients are 0.45
and 0.25 in the shaking table test. It is due to the high
speed of velocity in shaking table test that the friction
coefficient is increasing.

Fig. 6 Test setup of the shaking table test (Left)
Fig. 7 Rubber bearing pad on the cap-beam (Right)
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Fig. 8 Hysteresis curve for bearings in Case2

35

In this paper, the beam-column element was used
for girder, cap-beam, and column. CFT column was
modeled by the composite section with steel tube and
infilled RC core. As for the deck, it was simulated by
a plate element. A friction-pendulum model of the
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Fig. 11 Time history of shear force in the
pseudo-dynamic test (Case3)
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Fig. 13 Time history of the displacement on the deck
displacement, they are still useful in calculating the
maximum displacement demand and determining the
necessary unseating prevention length.
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Fig. 12 Time history of shear force in the
pseudo-dynamic test (Case3)

Conclusions

rubber bearings was adopted for the supports of
bridges, both in the longitudinal and transverse
directions. The friction coefficient μ was determined
by the following equation (Wen, 1976):

μ = fast − ( fast − slow)e − rv
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The effect of the friction/sliding phenomena in the
seismic performance of bridge structure are studied
via an experimental program of a single-span scaled
bridge model equipped with two types of rubber
bearings performed under shaking table test and
pseudo-dynamic test. It has been proven by the tests
that the force equilibrium exists in a sliding system. In
addition, the analytical model with proposed friction
coefficient can evaluate properly the maximum
displacement and acceleration of the deck, thus,
providing suitable information on the design of
substructure and unseating length of the
superstructure.

(2)

where, fast and slow refer to the maximum and
minimum friction coefficient, respectively, v
represents the resultant velocity of sliding, and r is an
effective inverse velocity. It can be simplified by
setting same value for both fast and slow parameter to
get a constant friction coefficient. Based from the
experimental results of previous tests, in the
pseudo-dynamic test, .the friction coefficient was
assumed 0.2 and 0.15 for rubber and PTFE-rubber
bearing, respectively. In the dynamic test, to reflect
the influence of varying velocity on the friction, the
coefficients used for faster velocity factor are 0.4 and
0.25 corresponding to rubber and PTFE-rubber
bearing, respectively. Meanwhile, the slower velocity
factor was derived as half of the faster velocity factor.
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Figure 13 shows the analytical results of deck
displacements from Cases 1 to 4. Since there was no
sliding and residual displacement on the bearing in
both Cases 1 and 2, the analytical results agreed well
with the experimental results of pseudo-dynamic and
shaking table tests. Major contribution of bearing
displacement comes from the shear deformation. Both
displacement results on magnitude and phase from the
analysis model satisfied with the experimental data.
However, it is found that the simulated displacement
tends to approach that of from shaking table test. In
Cases 3 and 4, considering the variation of the
velocity in the friction model has no significant effect
on the results. Though analytical models give
conservative prediction on the permanent
36

A Study on the Rocking Response of Spread Foundation
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Abstract
Recent studies have shown that the rocking of spread foundation has beneficial effect
on the dynamic performance of columns by decreasing the plastic deformation occurring at
the plastic zone. This implies that the ductility demand of columns can possibly be reduced.
However, generally, rocking is still not an acceptable mode of response in design code. In
order to gain better understanding of the problem and in turn to have more confidence in
taking its benefit into consideration during design and retrofit process, a series of
experiments were performed and an analytical model was established. These experiments
on rocking behavior include two pseudo-dynamic tests followed by a cycling test. From
these tests, the rocking behavior of a column undergoing different levels of earthquake was
obtained. In addition, an analytical model which can consider the nonlinear interaction
between foundation and underlying soil was established also using Sap2000N. This
analytical model was validated through the comparison with the experimental data. Using
this analytical model, a parametric study was performed and the influence of foundation
size and soil spring stiffness on rocking behavior was discussed.
Keywords: spread foundation, rocking foundation, pseudo-dynamic test, cyclic test, seismic
isolation

of a properly designed spread foundation just meets
this requirement. The seismic isolation effect of
rocking mechanism has been identified in many
previous researches, such as the pioneer work
performed by Housner (1963), and more recently, the
shaking table tests of small-scale steel column
performed by Sakellaraki et al. (2005) and a
moderate-scale RC bridge column performed by
Espinoza and Mahin (2006). However, relevant
researches are still few and not comprehensive enough
to allow practical design code be revised with
confidence. In this regards, more experimental data
and modeling approaches are still required. Therefore,
in this study, a large-scale column test and a numerical
analysis was conducted to gain better understanding of
the effect of foundation’s uplift behavior. The results
can serve as good references for future seismic
evaluation and a basis for updating future design code.

Introduction
Recently, due to the vast improvements on
economy and enhancement of design technique, the
objective of bridge design has transformed gradually
from collapse prevention to performance assurance
that hopes bridges can still maintain a certain level of
functionality after a major seismic event.
Conventional design and retrofit concept is more like
a sacrificial design, which makes use of the damage or
plastic deformation occurring at the column base to
dissipate earthquake energy. Therefore, once a bridge
experienced a severe earthquake, its piers would most
likely suffer serious inelastic deformation and need to
be retrofitted or rebuilt. In order to reduce the costs of
seismic retrofit following a major earthquake,
researches that aim to eliminate, or at least
substantially reduce, the damage and residual
displacement of bridges have become relevant topics
that tackle important issues for the next-generation
design and retrofitting code. The rocking mechanism
1
2
3
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To investigate the rocking behavior of a bridge
pier with spread foundation, a circular reinforcement
concrete column with square footing was rested on a
50 mm thick neoprene (Duro-45) pad, simulating a
spread foundation in a stiff soil. Fig. 1 illustrates the
test setup and the details of specimen. As can be seen,
the size of foundation and neoprene pad are 168cm×
168cm and 180cm×180cm, respectively. The footing
was rested on the neoprene pad without uplift restrain.
Other material properties and design details for this
test column are as follows: concrete compressive
strength fc’=278 kg/cm2; longitudinal steel: 26 No.6
reinforcement with fy=3840 kg/cm2; transverse steel
ratio ρs=0.18%. The test column was originally a
column with lap-spliced reinforcement but wrapped
with steel jacketing to shift their ductility capacity to a
level fitting the requirements specified by design code.

represent hysteresis curves of lateral force vs.
displacement at the top of the column, and moment vs.
rotation at the column base, respectively. In which,
Fig.3(b) can also represent the plastic deformation at
plastic hinge zone. As can be observed, for the case of
medium earthquake, both hysteresis curves are almost
linear, which indicates that the rocking behavior was
not obvious and the plastic hinge was not formed
while the column experiences the medium earthquake.
On the other hand, the result for design earthquake
shows an obvious nonlinear behavior on lateral
force-displacement curve. It also demonstrates a
satisfactory behavior that the residual displacement
and the plastic deformation of the column were minor
and the seismic force was limited to 22 tonf because
the rocking can act as a form of seismic isolation.
Another phenomenon which can be observed in Fig. 3
is that the initial stiffness for the response of design
earthquake tends to be lower than that of medium
earthquake. This is because both experiments were
applied on the same test column, after the first
experiment of medium earthquake was conducted, the
stiffness for the column may have changed. Figure 4
shows the results for cyclic loading test. The said
figure demonstrates a clear nonlinear rocking behavior
because the seismic force was limited to an almost
constant value of 22 tonf. However, because a minor
plastic deformation has also formed at the column’s
base, the residual displacement was not as small as
expected. In addition, the initial stiffness for the
column was also lower than the previous case’s due to
same reason mentioned earlier.

An axial load of 120 tonf was applied to the test
column through a tap beam using two vertical
actuators. The vertical loading was kept constant
throughout the test to simulate the dead load of the
deck, which is around 15% Agfc’. One horizontal
actuator was used to apply the lateral force to the
pier’s top to simulate the seismic loading. Beneath the
foundation, a 50mm neoprene pad was used to
idealize the ground. Because the clarification of the
effect of shear deformation was not the purpose of
current study, the lateral deformation of the neoprene
pad was restrained in the experiment.
70x70
40

Acceleration (g)

60

Artificial design earthquake
0.4

340

Artificial medium earthquake

0.2
0

-0.2
-0.4
0

180
合成橡膠墊
Neoprene
pad

60

90

Time (sec)

60
5

Fig. 2 input ground motion for pseudo-dynamic test
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Fig. 1 The test setup and details of specimen.
The column was tested sequentially by two
pseudo-dynamic loadings. The first one was
performed by an artificial medium earthquake and the
second one was by an artificial design earthquake.
These two artificial earthquake accelerations are both
compatible with the design code response spectrum of
Nantou Pouli in Taiwan as shown in Fig. 2. The same
test column after being subjected to pseudo-dynamic
loadings was later subjected to cyclic loading under
displacement control to the drift ratio of 6% (21.6cm).
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Fig. 3 experimental results for pseudo-dynamic tests:
(a) lateral force vs. displacement; (b) moment vs.
rotation

The experimental results for both pseudo-dynamic
tests are shown in Fig. 3, where Figs.3(a) and 3(b)
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obtained. The observed inconsistency of initial
stiffness between analytical results and experimental
results for the last two cases can be explained by the
fact that all these experiments were applied on the
same test column and some inelastic deformation has
formed due to each previous experiment.
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Fig. 4 experimental results for cyclic test: (a) lateral
force vs. displacement; (b) moment vs. rotation
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An analytical model was also established for
these experiments using Sap2000N as shown in Fig. 5.
In which, column at the plastic hinge with a length of
40 cm was idealized by a 3D fiber element, while the
other parts of the column was modeled by elastic
beam elements. As for the deck, it was modeled by a
lumped mass at the top of the column. The foundation
was modeled by rigid bars with lumped mass at the
center of gravity. The nonlinear soil-foundation
interaction was idealized by nonlinear springs which
can take into account the separation of footing from
the underlying soil. Regarding the neoprene (Duro-45)
pad used in the experiments, the spring stiffness
constant adopted was 10170 tonf/cm for compressive
force.
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Fig. 6 Comparison between analytical and
experimental results (medium earthquake): (a) lateral
force vs. displacement; (b) Moment vs. rotation
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Fig. 7 Comparison between analytical and
experimental results (design earthquake): (a) lateral
force vs. displacement; (b) Moment vs. rotation
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Fig. 8 Comparison between analytical and
experimental results (cyclic test): (a) base shear vs.
lateral displacements; (b) Moment vs. rotation

Nonlinear link
Fig. 5 Analytical models using Sap2000N
The results of analysis are compared with
experimental results in Figs. 6 to 9, representing the
results for two pseudo-dynamic tests and a cycling test.
As can be seen, the computed response for the case of
medium earthquake agrees well with experimental
results. As for the case of design earthquake, the
initial stiffness in the computed response is larger than
that of the experiment results. However, envelops for
the hysteresis curve shown in Fig. 7(a) and maximum
moments shown in Fig. 7(b) agree well. For the
simulation of cyclic test, similar observation is
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Parametric Study
To investigate the influence of the foundation’s
size and soil spring stiffness on the isolation effect of
foundation’s rocking behavior, three different square
foundations and three different spring stiffness were
analyzed as listed in Table 1.
The influence of foundation’s size is shown in Figs.
9 and 10, depicting the results for dynamic response
due to design earthquake and static response due to

cyclic displacement loading, respectively. Also, they
were compared to Case 1 with a fixed base. As
evident in the figures, when the footing size decreases,
both the shear demand and residual displacements
decrease, but the maximum lateral displacement
increases. In addition, the plastic deformation of the
column with rocking foundation is much less than that
of Case 1 based from fixed-base assumption. Thus, the
seismic isolation effect produced by the rocking
mechanism to mitigate/lessen the damage of column
at the plastic hinge is verified. Figures 11 and 12 show
the influence of soil spring stiffness on the rocking
behavior. As can be seen, the decrease of soil stiffness
leads to better performance at the column’s base and a
reduction in the seismic forces. However, it also
induces larger lateral displacement at the deck’s level.

-

240

∞

168

120

168

∞

884

884

884

500

Case1

Case2

Case1

Case2

Case3

Case4

Case3

Case4

Moment (tonf-m)

120

0

-20
-40
-15

0

15

6

168

Case1

Case2

Case3

Case4

120
Moment (tonf-m)

15

Shear (tonf)

Displacement (cm)

(a)

30

Case6

0.04 0.08

120

Case1
Case5

Case3
Case6

60
0
-60

-120
-15
0
15
30
Displacement (cm)

(a)

-0.08 -0.04

0

0.04 0.08

Rotation (radians)

(b)

Fig. 12 influence of soil spring stiffness under cyclic
motion: (a) Base shear vs. lateral displacement; (b)
Moment vs. rotation at the column base

Both experimental tests and parametric studies
were performed. Base from the results obtained, the
isolation effect of rocking spread foundation was
identified. It also shows that as the footing size and
the underling soil stiffness decrease, the shear demand
on the column decreases. However, it also results in
an increase of displacement response at the deck’s
level.
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Bridge Zigbee Network Monitoring System Development
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Abstract
Scour failures tend to occur suddenly and without warning. Hydraulic scour is one of
the major factors in bridge failure. Bridges that are subject to periodic flooding should be
monitored during these periods for the safety of the traveling public. The wireless sensor
network has been applied widely and in various fields. In this paper, the
micro-electro-mechanical system (MEMS) pressure sensor is integrated with the wireless
Zigbee network on a sensor board for real-time bridge scour monitoring. A wireless MEMS
scour monitoring system was developed and tested in the laboratory. The proposed wireless
MEMS scour monitoring system can measure the scouring and deposition processes as well
as the variations of the water level at the bridge piers. Experiments were conducted in a
flume to demonstrate the applicability of the system. The results indicate that the proposed
system has the potential to monitor scour evolution in the field.
Keywords: Zigbee, MEMS, wireless sensor network, bridge, scour

the interference of the pier structure with the river
flow. During a flood, scour occurs mostly in the high
water stage and the resulting scour depth can be filled
back in as the peak flood subsides. A great deal of
time, money and work has been spent on the
development and evaluation of scour measurements.
However, it remains a challenge to measure or
monitor the depth variations in the scour/deposition
processes in piers especially during flooding.

Introduction
It is well known that scour is one of the major
causes of bridge failure. When scouring occurs around
the pier’s footing, the bed materials are often eroded,
leaving the infrastructure such as bridge piers and
abutments in an unsafe condition or even in danger of
collapse with the distinct possibility for loss of life.
More than 1000 bridges have collapsed over the past
30 years in the U.S.A. and 60% of these failures are
due to scour. The same problem occurs in many
East-Asian countries such as Taiwan, Japan, Korea,
etc. due to the fact that these areas are subject to
several typhoon and flood events each year during the
wet season of June to October. Numerous studies
concerning scour around river hydraulic structures
have been conducted in the past because the
estimation of the scour depth is of crucial importance
for disaster mitigation. Scour failure tends to occur
suddenly and shows no warning if the structure is in
distress. The nature of the failure is usually defined as
the complete collapse of an entire section of a bridge.
Based from a survey from 1996 to 2001, there were 68
bridge failures due to scour damage in Taiwan. Scour
around bridge piers in a river can be caused by general
scour, contraction scour or local scour depending on
1
2
3

The wireless sensor network has emerged in recent
years as a promising technology in civil engineering
and industrial applications and will greatly influence
the way of monitoring and measuring things. Smart,
wirelessly-networked sensors can process a vast
amount of data by monitoring and measuring
structural damages, air quality, traffic conditions,
weather conditions or tidal flows, and others. In the
present study, the MEMS pressure sensor was
integrated into the wireless Zigbee network on a
sensor board for real-time monitoring of bridge scour.
A wireless MEMS scour monitoring system for fluid
was developed and utilized to obtain real-time
measurements during the scour/deposition processes
at bridge piers. By applying the proposed wireless
MEMS sensors Zigbee network system, the laboratory
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data of the water level, scour depth and deposition
height were collected and are analyzed herein.

purposes. According to a recent price survey, a Zigbee
module costs less than US$3 on average, making
low-cost personal area networks (PAN) possible.

Zigbee Sensor Network
The wireless monitoring system with MEMS
sensors can drastically reduce cost and time for
obtaining real-time information in the field. A wireless
monitoring system can provide relevant data from the
structure being observed without the necessity of an in
situ inspection. An on-site central data collection unit
and subsequent storage in a database to further
analyze the data from the sensor node is required. This
central unit must allow for data calibration as well as
wireless reprogramming of each sensor node to keep
the whole system ready for data communication.

Fig. 1 MEMS sensor and Zigbee network

In case the network goes down due to a power
failure or for any other reason, the application must be
designed to recover back to where it failed and
continue with data transmission without error.
Choosing the right network topology for a specific
application is important. When data reliability is
crucial, mesh architecture provides the best shield
against signal degradation and loss of data.

Experiment and Results

As mentioned earlier, it is important to ensure that
the applications use a robust routing algorithm in
order to obtain the best possible route for the data
transmission from one node to another. Zigbee is a
wireless standard based on 802.15.4 developed by the
Zigbee Alliance. Zigbee networks are self-healing,
they rebuild themselves when nodes drop out of the
network, and repair their routes when the preferred
route for wireless traffic is blocked. It is important to
remember that the routes Zigbee creates by combining
the standard’s physical (PHY) and media access
control (MAC) layers are supplemented by application,
security, and network layers for data transmission.
Security is also enhanced by strict mechanisms for
forming, joining and allowing new nodes into the
network. Constructing sensor networks for utility
controlled systems has become Zigbee's main
application. A Zigbee network may have as many as
65,536 nodes. The name Zigbee comes from the
zigzag dance that bees use to communicate with each
other in order to find the location of a pollen source.
In a Zigbee network, messages find their ways across
nodes to the destination, in the same way data
traverses the internet.

Absolute fluid pressure can be measured directly by
the MEMS pressure sensor. Items observed in these
experiments include total pressure, water level
variation and sediment deposition/scouring processes.
As is well known, the atmospheric pressure will
influence the readings of the absolute pressure sensor,
especially during a typhoon period or a long-term
measurement. Therefore, an additional differential
fluid pressure sensor was used for hydraulic pressure
reference during the test. Seven MEMS pressure
sensors, S1~S7, were installed at 10cm intervals
between each sensor on the pier (see Fig. 1), and
sensor S1 was placed 5 cm away from the bottom in
the recess. Note that sensors S1, S2, and S3 were
located inside the recess and were buried by sand.
Each sensor can measure the total pressure which
consists of the hydrostatic pressure and the
hydrodynamic pressure. A water level sensor, FL, was
protected by a net to eliminate flow turbulence as well
as the impact from any moving sediment, and was
placed near the sidewall, upstream of the pier. Sensor
FL was employed to measure real-time water level
variation so that the hydrostatic pressure changes over
time can be calculated.

Zigbee supports star, mesh and cluster-tree
network topologies, as shown in Fig. 1. These
topologies are designed for industrial automation,
building automation and home control, for which they
require simple control signal commutation that
periodically send small packets to regulate devices.
Adopting the commutation technology of Zigbee has
the advantage of lower power consumption compared
to that of Wi-Fi or Bluetooth. A few AAA batteries
can keep a Zigbee device running for more than a year.
Another real advantage is the low cost for engineering

To ensure that the stainless-foil-package pressure
sensor withstands the flood environment in the field,
the performance of the operation, reliability and
accuracy of the prototype MEMS pressure sensors
integrated into the Zigbee network must be examined
and calibrated thoroughly. All the MEMS pressure
sensors used in the present study under hydrostatic
pressure were calibrated before running the flume
experiments. As the hydrostatic pressure resulting
from the different tranquil water depths was applied,
its corresponding voltage reading can be recorded.

The experiments were conducted in a flume
measuring 36 m in length, 1 m in width, and 1.1 m in
depth. The flume has glass sidewalls, and is located at
the Hydrotech Research Institute of National Taiwan
University, Taipei, Taiwan.
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Based from the data obtained from the sensors,
including S1~S7 and FL, the relation of the voltage
reading and the water depth was calibrated by
regression analysis for each sensor. Essentially, the
calibration presents an almost perfect linear relation.
For sensor FL, the regressed relation as a linear
function is plotted in Fig. 2, which will be used to
obtain water level measurements.
1.2
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depositional depth rose, which may be attributed to
the lateral soil pressure in the depositional processes.
At the end of the sand feeding at T3, accumulated
sand deposits buried sensor S6, and the bed level was
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pier is shown in green (Fig. 3).
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Fig. 2 Calibrated relation of pressure and voltage
readings for sensors S1~S7
Rising flood may not only attack the bridge pier
but may also cause a disaster when it overflows the
river bank during a torrential rainfall. The real-time
monitoring of the changes in water level is an
important factor in flood disaster prevention. Since the
corresponding water level is related to bridge scour
depth, the real-time water level measurements were
recorded by sensor FL. To start the experiment, the
inflow discharge was released upstream of the flume.
When the rushing water starts to submerge the sensors
at 14:45, sensors S1, S2, and S3 almost immediately
respond to the pressure variations, but with a certain
time lag due to the time required to fill the recess (Fig.
3). Obviously, the total pressure readings of sensors
S1, S2, and S3 are different, and correspond to their
location away from the bottom recess.
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Fig. 3 Responses of water level and dynamic
pressure in the scouring/deposition processes
As shown in Fig. 3, between T3 and T4 (16:00), the
steady inflow discharge was observed and the water
level was kept at the same elevation under clear water
scour condition (without sand feeding). The running
flow has continued eroding gradually the previous
deposits. The velocity measured with a current meter
near the surface ranges from 35.8 to 43.3 cm/s.
Although the scouring process is not significant under
this steady state condition, sensors S1~S6 embedded
in the deposits have relatively small pressure readings.
Those fluctuation responses can be attributed to the
effect of lateral soil pressure, while the unburied
sensor S7 does not show any fluctuation responses.

Fig. 3 shows the real-time records of the dynamic
pressure variations for each sensor plotted over the
time period from T1 to the end of the experiment. As
shown in Fig. 3, there is almost negligible dynamic
pressure compared with the hydrostatic pressure in the
period that the water level rises between T1 and T2.
To observe more detailed variations of the dynamic
pressure, both time and pressure axes were enlarged in
Fig. 3. To mimic the depositional processes, sand was
uniformly added at the water surface upstream of the
recess in the flume at time T2. In Fig. 3, the noise-like
signals from readings of dynamic pressure were
induced by sediment particle movement under
turbulence flow condition. During the sand feeding
period from T2 to T3 (15:43), the dynamic pressure
values fluctuated but has maintain their rising trend.
Apparently, the dynamic pressure has increased as the

By adjusting the downstream tailgate in the flume,
the water level was controlled to rise 5 cm after T4.
As shown in Fig. 3, water level variations were
measured by sensor FL. As time passes, sensor S6
emerges right after T4, and later sensor S5 emerges at
T5 under running flow and at clear water scour
conditions. It is evident that sensor S6, which was
embedded shallowly, was scoured and emerged
rapidly, while sensor S5, located 10 cm below S6, was
exposed at T5. After exposure to the water, sensors S6
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and S5 were not affected by the lateral soil pressure so
that the pressure readings should show almost
negligible pressure values. Nevertheless, around the
pier, the running flow carrying the eroded sediment
particles created impact forces on the sensors (S5~S7)
generating fluctuation responses after T4.

recorded. Subtracting the hydrostatic pressure from
the measured total pressure, the resulting dynamic
pressure readings may be attributed to the effects of
the velocity of the flowing water, flow turbulence and
sediment particle impact. Based from the dynamic
pressure readings and the corresponding water level
changes (see Fig. 3), the processes of scouring and
deposition can be interpreted easily. The scour depth
evolution can also be monitored by the proposed scour
monitoring system.

To create a more significant scouring process, at T6
the opening of the downstream tailgate was increased
to generate a larger outlet discharge and the water
level in the flume was lowered. Within the elapsed
time between T6 and T7, sand bed erosion has
continued to experience clear water scour condition.
After T6, the bed was gradually eroded and sensor S4
has emerged until T7 (16:35). At T7, the inlet valve
was closed and the tailgate was fully opened to drain
the water from the flume. Figure 3 shows that at T8
(16:51), there was no water in the flume except for the
30 cm-deep recess which was then still filled with
saturated sand. It also shows that the pressure readings
from sensor S4 is decreasing due to the reduction of
the soil pressure loading as it drops towards zero until
T7 where which sensor S4 emerged. Since sensors
S1~S3 were buried after T3, the pressure readings
recoded from S1~S3 has decreased after T6 due to the
dropping in the water level. After T8, the water has
drained from the flume, and sensors S1~S3
maintained their constant pressure readings due to the
saturated soil pressures in the recess.

According to the result analysis, it is evident that
the system of MEMS pressure sensors integrated into
the wireless Zigbee network is much more convenient
and flexible to apply to a real-time scour monitoring
than the wired systems. Moreover, the proposed scour
monitoring system is not only useful in monitoring the
safety of a bridge, but also allows installing an
accelerometer into a single-sensor board for structural
health diagnosis of a bridge during an earthquake. It is
evident that the wireless sensor network using the
Zigbee topology providing real-time information will
be an asset to both engineers and bridge authorities
during natural disasters.
In conclusion, the experimental results of the
present study have demonstrated that the MEMS scour
monitoring system is capable of monitoring the water
level, scour depth and deposition height. It is evident
that the proposed system has the potential for further
applications in the field.

The above result analyses indicate that the wireless
scour monitoring system with MEMS pressure sensors
is capable of monitoring the real-time variations of
water level, deposition height, and scour depth at a
bridge pier. Through the pressure measurements using
MEMS pressure sensors, the dynamic pressure
attributed to the lateral soil pressure in the deposition
and scouring processes can be measured and the
variations of depositional depth were identified as
well as the scour depth at the pier.
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Abstract
Based from the observations made after several major earthquakes that had occurred in
Taiwan, buildings in elementary and secondary schools have been found to have been most
seriously damaged among other building types. However, school buildings are usually
required to serve as emergency shelters soon after a disastrous event. Therefore, seismic
upgrading of existing buildings in elementary and secondary schools is a significant issue.
A handbook is prepared to demonstrate the relevant technology for detailed evaluation and
retrofit design of school buildings. According to experimental results and reconnaissance
reports, the performance points of school buildings were specified. Four cost-effective
retrofit methods were introduced. Procedures for detailed evaluation and retrofit design
of school buildings are presented in the handbook. It serves as a good reference and
design guide for practicing engineers.
Keywords: school buildings; seismic evaluation; seismic retrofit; handbook

Introduction

buildings becomes a relevant and priority issue.

A large number of buildings in elementary and
secondary schools of Taiwan have suffered damages
of various degrees by earthquakes in the past decade.
Based from the damage statistics, the lack of seismic
resistance appears to be a common problem of
existing school buildings in Taiwan. Some of the
major characteristics of seismic deficiency in school
buildings are: (1) lack of integral planning; (2)
collapse along corridor; (3) effect of short columns; (4)
imbedded pipelines; and (5) lack of transverse
reinforcement. Significant casualties and property
losses could be resulted from the collapse of these
buildings under strong earthquakes. Furthermore,
school buildings might have to be assigned as
emergency shelters immediately after a severe
earthquake. Therefore, seismic upgrading of school

In order to tackle effectively the seismic deficiency
problems in school buildings of Taiwan, a strategy
was proposed. The magnitude of the problem was
reduced through the screening process, namely:
simple survey, preliminary evaluation and detailed
evaluation. The simple survey is tasked for school
administrators while the preliminary and detailed
evaluations are to be conducted by professionals. In
simple survey and preliminary evaluation, a chart has
been developed in collecting school and building data.
Building data include year of design or construction,
dimension of the building, number of stories, and
number and dimension of vertical members in the first
floor.

1
2
3
4
5

Technology handbook on seismic evaluation and
retrofit of school buildings is prepared for practicing
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base shear strength, and (2) the inter-story drift ratio
of any floor should be within 1%.

engineers. In this paper, a brief introduction of the
handbook is presented. From the past research
accomplishments on seismic performance of school
buildings, retrofit target is specified for the general
buildings and the building as emergency shelters right
after a disastrous earthquake. The capacity curve of
the building can be acquired from pushover analysis.
The capacity curve is then transformed into capacity
spectrum. By comparing the seismic capacity of the
school building to its demand, the degree of retrofit
can be estimated. The retrofit design can be refined
by the evaluation of the retrofitted building. Four
retrofit methods, which have been studied analytically
and experimentally, are introduced in the handbook.
Detailed procedures for seismic evaluation and retrofit
design are illustrated in the handbook.

From pushover analysis, the capacity curve, which
refers to the relationship between base shear and roof
displacement, of a school building can be obtained.
The structural model of the school building was then
reduced to a single-degree-of-freedom system. By
using the method stated in ATC-40, the capacity
spectrum, the relationship between spectral
acceleration and spectral displacement, was
constructed.
At any point in the capacity spectrum,
the equivalent period and equivalent damping ratio
can be computed. Because of nonlinearity, the
equivalent damping ratio is usually other than 5% and
the spectral acceleration can be modified by the
factors stated in the seismic design code. With the
equivalent period and damping ratio, the performance
curve, which is the effective peak ground acceleration
and the spectral displacement, can be achieved. If
the effective peak ground acceleration corresponding
to the performance point ( Ap ) is less than the

Design Earthquake and Retrofit Target
Engineering design is a compromise between
safety and economy. The major factors that affect
the safety of a certain structure are strength and loads.
The former is easier to be controlled and estimated
because the variation of strength is lower. However,
the variation of the loads changes with different
sources of loading. For seismic force, the probability
and variation of occurrence can be determined
completely and systematically from the process of
seismic hazard analysis. Under design earthquake,
structural response should be within the limit of the
prescribed performance point. On the other hand, the
target of performance should be assigned for seismic
retrofit.

effective peak ground acceleration of the design
earthquake ( AT ), measures have to be taken to
upgrade the seismic performance of the building.

Structural Data Collection
Before seismic evaluation can be conducted,
information about the structural system of the school
building has to be collected. This information
includes reports and drawings during the stages of
planning, design, construction and maintenance.
Then, it is followed by a site visit to the school to
confirm the written information of the school building.
The dimensions of the building and its structural
members are measured and compared with the
collected information.
Reinforcement details of
structural members are obtained by non destructive
tests or by removing the concrete cover. Samples of
material are taken for tests in order to study better its
material properties.
If sampling is impossible,
material properties from statistical analysis of a
number of existing school buildings provided in this
handbook may be adopted. After the field trip, the
following documents have to be prepared for the
following seismic evaluation: (1) photograph of each
side of the building; (2) elevation and plan of the
structure; (3) dimension (height, width and depth) and
reinforcement of columns, beams and walls; and (4)
strength of materials (concrete, steel and brick).

Based from the results of experiments in the study
of seismic evaluation and retrofit of school buildings
at NCREE, the damage criteria developed by Park and
Ang (1985) were used to analyze the damage index of
low-rise reinforced concrete school buildings. To
determine the performance point is strict enough and
so earthquake with 475-year return period was
adopted as the design earthquake for the retrofit of
school buildings. After comparing with the failure
condition
observed
from
post-earthquake
reconnaissance reports, the performance points
proposed in this handbook was found to be practical
and conservative.
In terms of seismic performance requirement,
school buildings were divided into two categories: (1)
general school buildings, and (2) school buildings
which serve as shelters right after disastrous
earthquakes.
The performance requirements for
general school buildings are: (1) under design
earthquake, the base shear cannot exceed the
maximum base shear strength, and (2) the inter-story
drift ratio of any floor should be within 2%. The
requirements in the seismic performance of school
buildings as shelters right after disastrous earthquake
are even more narrow: (1) under design earthquake,
the base shear cannot exceed 95% of the maximum

Seismic Evaluation
The procedures for detailed evaluation of existing
school buildings are described in the handbook.
Nonlinearity behavior of school buildings is
represented by the plastic hinges assigned in the
structural members. Pushover analysis was executed
in such a way that lateral forces distributed over the
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floors of the school building were gradually increased
in the mode of force control or displacement control
until gravity load-carrying capacity has vanished.
There are two ways to assign hinges to the
structural members: (1) default hinge, and (2)
user-defined hinge. The parameters of default hinge
are based on the suggestions in FEMA-273 and
ATC-40. Note that it may not be appropriate for
local practice. In the handbook, hinge properties of
reinforced concrete columns, reinforced concrete
beams, reinforced concrete walls and brick walls are
provided. For reinforced concrete columns, beams
and walls, the relationships between lateral force and
displacement are developed due to flexure and shear,
respectively. Parameters for moment hinge and
shear hinge in the study were then assigned according
to the corresponding relationship of force and
displacement. Two moment hinges were assigned to
both ends of a structural member and one shear hinge
was assigned at the mid-point of the structural
member. Brick wall was modeled as a brace and
axial hinge was assigned at the mid-point of the brace.

1.

Seismic evaluation of existing school building:
From the capacity curve, the maximum base shear
strength V of the building can be obtained.
From the performance curve, the effective peak
ground acceleration at the prescribed performance
point Ap can be found.

2.

Effective peak ground acceleration of the design
earthquake: From the location of the building
and the soil classification of the site, the effective
peak ground acceleration of the design earthquake
AT can be consulted from the codes. If
Ap < AT , seismic upgrading is necessary.

3.

Number of retrofitted or adding structural
members: If the base shear strength contributed
by each retrofitted or adding structural member is
denoted by v , the number of members N
required is

N=

( AT AP − 1)V
v

(1)

The retrofitted or adding members should be
located as symmetrically as possible to reduce the
torsional effect. Furthermore, the impact to the
original function of the building should be as little
as possible.

In the handbook, programs coded in MATLAB are
provided to compute the parameters for the hinges of
columns, beams and brick wall. In addition, a
program is also provided to transform the capacity
curve to performance curve. The detailed procedures
of the seismic evaluation are given in the handbook.

4.

In situ pushover test of a school building at Rui-Pu
Elementary School in Tao-Yuan County, Taiwan has
been conducted. Structural and material data were
available for pushover analysis. Pushover analysis
result is compared with the experimental result so that
the nonlinearity behavior of existing school buildings
represented by plastic hinges proposed in the
handbook can be verified.
Furthermore, the
performance curve was also computed by the program
proposed in the handbook so that the effective peak
ground acceleration at the prescribed performance
point ( Ap ) can be compared with the effective peak

Seismic evaluation of retrofitted building: After
the preliminary retrofit design, seismic evaluation
must be conducted to check if the target of retrofit
is matched.
If it is over-designed or
under-designed, the number and allocation of
retrofitted or adding members may be adjusted
until the said retrofit design is economical and
effective.

Data Base
In collaboration with the Ministry of Education, a
strategy was proposed to upgrade the seismic
performance of existing school buildings. There are
five stages included in the process: (1) simple survey,
(2) preliminary evaluation, (3) detailed evaluation, (4)
retrofit design, and (5) construction. After a stage is
completed, a summary report is submitted through the
internet to NCREE where a data base is established.
Based from the statistical analysis result of the data
base, decision on seismic upgrading of school
buildings can be made by the executives. Moreover,
it serves as a good reference to the engineering
community. In the handbook, the procedures on how
to summit the concise result after the two stages, the
detailed evaluation and construction, are completed,
are presented.

ground acceleration of the design earthquake ( AT ).

Seismic Retrofit
To tackle the problems of seismic deficiency of
existing school buildings, methods for seismic
upgrading have been studied analytically and
experimentally at NCREE.
Four cost-effective
methods are included in the handbook, namely: (1)
reinforced concrete jacketing of columns; (2) adding
reinforced concrete wing walls; (3) adding reinforced
concrete walls; and (4) adding composite columns
onto the partition brick walls. Parameters of plastic
hinges of the retrofitted and adding structural member
were derived from the corresponding nonlinear
relationship between the lateral force and
displacement of the member. The procedures for the
design of seismic retrofit are enumerated below:

Example
In the handbook, a typical school building is
selected as an example to illustrate the process of
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detailed evaluation and retrofit design. From the
data collection, field trip, detailed evaluation,
preliminary retrofit design, detailed evaluation of
retrofitted building, refinement of retrofit design to
final retrofit design, the procedures are described step
by step. The suggestions are encouraged to be
followed by practicing engineers.
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Seismic Performance Evaluation of Electric Power Systems
and Modeling of their Post-Earthquake Restoration
Gee-Yu Liu 1, Yi-Jen Wang 2 and Chih-Wen Liu 3
劉季宇 1、汪以仁 2、劉志文 3

Abstract
Power disruption caused by devastating earthquakes or other hazards may result to huge
direct and indirect losses in the societies. This raises the urge to develop techniques for the
simulation of an incident associated with power disruption. This series of studies aimed at
the seismic scenario simulation and risk assessment of electric power systems. This year,
the inventory of the Taiwan Power Company’s (Taipower) system has been updated, which
include the data for power flow analysis (with newly-installed or upgraded facilities), the
locations of 345kV transmission towers and the parameters for equipment fragility. The
losses in power supply caused by the damage in 345kV transmission lines due to various
fault ruptures have been estimated. Finally, an approach to simulate the restoration of
power systems by using the Monte Carlo method has been proposed to investigate the
serviceability of Taipower’s system in post-earthquake conditions.
Keywords: electric power systems, transformers, transmission lines, restoration, scenario simulation,
Monte Carlo method

the studies on the seismic performance of the electric
power system in Taiwan operated by Taipower. In the
earlier studies, the effect of seismic damage to power
systems has been classified by the authors into two
phases, i.e. the ‘instant impact’ and the ‘aftermath
influence’ referring to the immediate power disruption
and the outage during restoration, respectively. The
procedures for estimating the seismic performance in
the two phases have also been proposed (Liu et al.,
2007). This year, the following items have been
completed: (1) renewal of power system data to cover
the installation of new and upgrade of existing
facilities in the system during the past few years, (2)
estimation of the consequence of damage of 345kV
transmission lines in the system due the rupturing of
active faults, and (3) preliminary modeling of power
restoration after an earthquake event.

Introduction
Electric power systems are one of the most critical
infrastructures. When an earthquake occurs, the
induced power disruption may result to severe
consequence in terms of direct and indirect losses, and
cause great impacts to emergency management and
social recovery. The 1994 Northridge, California
earthquake caused the first ever blackout event in the
greater Los Angeles area as a result of severe damages
in its substations and receiving yards. The 1999
Chi-Chi, Taiwan earthquake severely damaged the
island’s power transmission system including the
Chung-liao switch yard and also hundreds of 345kV
transmission towers. The middle and north of Taiwan
was in blackout for the first few days, and was limited
to full power supply for three whole weeks (Taipower,
2000). This experience indicates that the damage in
345kV transmission towers is also an important failure
mode to a power system, and should be considered
seriously in hazard mitigation plans.

Update of Power System Data
Due to the rapid growth in the demand of
electricity as well as the awareness of poor system

The objective of this research work is to continue
1
2
3
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crossing or in the vicinity of the 345kV transmission
lines. The likely damage in these facilities associated
with the rupturing of these faults can be identified and
grouped into 14 scenarios. The detailed description of
each scenario and the corresponding simulated
performances of the power system can be found in the
recent report by the authors (Liu et al., 2008). Figures
3 and 4 depict the results from two scenarios. The
serviceability index in these figures is defined as the
ratio between the power supply capacity of the
damaged system and that of the intact system. In
either case, a blackout event occurs immediately when
the associated lines are damaged.

redundancy, Taipower has kept working on the
installation of new and the upgrade of existing
facilities to enhance its power system in recent years.
Table 1 summarizes the differences between two sets
of statistics of Taipower’s power flow analysis data.
One was obtained from the year 2002 data, which
were used by the authors in an earlier study (Liu et al.,
2007). The other is reckoned from the year 2006 data
which were obtained and processed in this study. The
later configuration of the system has twice as many
nodes and links than the former.

Hsin-chen fault

Shih-tan fault and
Shen-cho-shan fault

Power generating plants
E/S (345kV substations)
P/S and D/S (161kV substations)
Other substations below 161kV
345kV transmission lines
Lines below 345kV

Fig. 1 The electric power system in Taiwan

Fig. 2 The 345kV transmission lines (blue) and
major active faults (red) in Taiwan

Table 1 Taipower’s power flow analysis data (2002
vs. 2006 data)

Nodes
Generators
Loads
Middle Nodes
Links
Transmission Lines
Transformers

2002 Data

2006 Data

621
99
232
290
970
483
487

1164
176
356
634
1888
836
1052

Consequence Estimation of Power System
due to Damage in Transmission Lines

Fig.3 The simulated power system performance in
the scenario of the rupturing of Hsin-chen fault
which causes damages to all the three nearby 345kV
transmission lines (left: instant impact; right:
aftermath influence)

Figure 2 depicts the 345kV transmission lines in
the system as well as major active faults in Taiwan.
There are eight active faults in total found to be either
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Fragilities for TPC Transformers
1
0.9
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345kV Transformers
161kV Transformers
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0

0.2

0.4
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1
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Peak Horizontal Acceleration (g)

1.6
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2

Fig. 5 The proposed fragility curves for the 345kV
and 161kV transformers

Fig.4 The simulated power system performance in
the scenario of the rupturing of either Shih-tan fault
or Shen-cho-shan fault which causes damages to the
two closest 345kV transmission lines (left: instant
impact; right: aftermath influence)

Damaged 161kV Transformers
Probability of Being Repaired

1

Modeling of Post-Earthquake Restoration

0.667

0.333

0

A preliminary simulation on the restoration of
power system in post-earthquake situation has been
carried out. Following the approach proposed by
Shinozuka et al. (2007), the percentage of damaged
equipment in the power system being repaired were
chosen as the random variable, which itself is a
function of time. Two classes of high-voltage
transformers (345 and 161kV) in the substations of the
power system were considered vulnerable. Figure 5
illustrates the proposed fragility curves of these
transformers. In the beginning, some assumptions
have been made to differentiate the characteristics of
various transformers during the restoration. For
example, the 161kV transformers were supposed to be
capable of being repaired rapidly when damaged. On
the other hand, the 345kV transformer sets (each
consisting of three single-phase transformers) are
heavy-duty type and were supposed to experience a
slower repair. In fact, due to the limited resources
available in emergency situations, it is not likely to
have a uniform repair progress for the 345kV
transformer sets. Therefore, in the simulation, the
transformer sets were arbitrarily divided into two
groups. Group 1 consists of three sets and has a higher
repair rate, while Group 2 consists of the rest sets and
has a lower repair rate. The proposed repair curves for
the considered transformers are shown in Figure 6.
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Damaged 345kV Transformer Sets (Group 1)
Probability of Being Repaired
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0.333

0

0

12

24

36

48
Hours

60

Damaged 345kV Transformer Sets (Group 2)
Probability of Being Repaired
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0.667
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0
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36
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Fig. 6 The proposed repair curves for the 345 and
161kV transformers (the 345kV transformer sets
were divided into two groups with either a faster or a
slower repair rate)

Conclusions
The consequence of active fault rupture-induced
damage of the 345kV transmission lines has been
studied. In some scenarios, an initial island-wide
power outage was found to happen due to the damage
in the lines alone. The modeling of post-earthquake
power restoration has been investigated. The
differentiation in the characteristics of various kinds
of components in the power systems during the
restoration were considered.

Accordingly, Figure 7 depicts the simulated power
restoration for an M7 earthquake scenario in the
Chia-Yi area. It includes the distributions of power
serviceability index at various times (0, 12, 24, 48
hours) as well as the power restoration curves for
various areas (the southern Taiwan, Yun-lin, Chia-yi
and Tai-nan). Due to the enhancement in the system
redundancy, the performance of the present power
system would not be severely affected in this scenario.
This result differs a lot from the result obtained in the
previous study (Liu et al., 2007).
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Seismic Retrofit on Full-Scale RC Columns
Keh-Chyuan Tsai1 Ming-Lang Lin2 and Pei-Ching Chen3
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Abstract
With well-designed test frame, specimens of RC columns were subjected to high axial
force and reverse-curvature moment during the cyclic loading tests. A total of four
full-scale specimens were constructed and tested, one as-built benchmark specimen, and
the other three specimens were retrofitted with different kinds of methods. This paper
focuses on the retrofit techniques for rectangular reinforced concrete (RC) columns using
various kinds of retrofit schemes. The objectives of this study include: (1) to validate
existing retrofit schemes (steel jacketing and carbon fiber reinforcement plastics (CFRP)
wrapping), and (2) to seek other retrofit schemes (CFRP wrapping + CFRP anchors) for
rectangular RC columns. Test results demonstrated that the seismic performance of the
rectangular RC columns can be enhanced significantly by the properly-constructed
octagonal steel jacket and by CFRP wrapping with CFRP anchors.
Keywords: seismic retrofit, octagonal steel jacket, CFRP wrapping, CFRP anchors

Introduction

Design Concept of Retrofit on Columns

Numerous reinforced-concrete (RC) buildings
were damaged severely after the 1999 Taiwan’s
Chi-chi earthquake due to shear failure on columns.
The building codes have been modified to increase the
demand of the design base shear. However there are
still lots of existing old buildings without sufficient
column shear strength. Retrofit has become an
important research issue to strengthen various existing
building elements. Several tests of different retrofit
methods have been carried out in recent years to
realize the performance and behavior of the building
elements after its application. Some of the retrofit
methods have been used already in the construction
field such as those with carbon fiber, enlarged
columns, and octagonal steel jacket. In this paper, the
retrofitting schemes and the performances of test
specimens are introduced and the comparison of
experimental results of different retrofitting schemes
is discussed. Furthermore, the conclusions of the
research project are stated.

Following the seismic code of RC buildings in
Taiwan, the equivalent transverse pressure can be
written as the following equations:
Ash f yh
shc

Ash f yh
shc

2
3

(1)

≥ 0.09 f c'

(2)

where Ash is the total area of transverse reinforcements,
fyh is the yield stress of stirrups, s is the spacing of
stirrups, hc is the center-to-center distance of the
transverse reinforcements, Ag is the gross area of the
column , Ach is the area surrounded by the transverse
reinforcements, and f c' is the compression strength
of concrete.
Considering the confinement provided by the
retrofit material, Eq.(1) and Eq.(2) can be written as
the follows:
t rf =

1

⎞
⎛ Ag
≥ 0.3 f c' ⎜⎜
− 1⎟⎟
⎠
⎝ Ach

B'
2 f rf

⎧⎪⎧
⎫
Ag
Ash f yh ⎫⎪
⎞
'⎛
− 1⎟⎟ , 0.09 f c' ⎬ −
⎨⎨0.3 f c ⎜⎜
⎬
shc ⎪⎭
⎪⎩⎩
⎝ Ach
⎠
⎭ max
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(3)

where trf is the demand thickness of the retrofit
material, B ' is the width of the gross column, frf is the
strength of the retrofit material. All the retrofit
schemes followed Eq.(3) to design
the test
specimens.

Table 2. Compression test results of cylinders
Nominal
Strength
（kg/cm2）
210
210
210

Events
Foundation
Cross Head
Column

Compression
Strength
（kg/cm2）
183.0
244.7
239.3

Table 3. Specimens’ labels

Specimen Design and Test Setup

Specimen
R06-BM
R06-RF1
R06-RF2

Considering the insufficient cross ties and stirrups
in RC columns of existing old residential buildings, it
is known that the corresponding design of these
specimens would not be able to satisfy the current
building codes. A total of four specimens were
designed in this research following the old building
codes in Taiwan. The diameter of the main
reinforcements and the number of reinforcements
varied from 25mm to 29mm and twelve to twenty
respectively. The column height is 1.8m and the
section is 60cm x 60cm. The design details of the
specimens are shown in Fig.1. The material tests
results of reinforcements are shown in Table 1. All of
the four specimens were constructed in two steps: (1)
The foundations were first poured then the columns;
and (2) the cross heads were poured after the strength
of the foundation had reached up to 70% of the design
nominal strength. The compression test results of
cylinders are shown in Table 2. After the construction
was completed, different types of retrofit methods
were applied to the specimens. Each specimen was
named as described in Table 3. Octagonal steel jacket
retrofit scheme was first tested in 2002 in Taiwan
where test results showed that the behavior of the
column was enhanced significantly after the octagonal
steel jackets were applied. CFRP wrapping is also a
common and practical retrofit method. The difference
of behavior among those with CFRP anchors was
another research issue in this study. The retrofit
schemes in the research are shown in Fig.2.
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Fig.2 Retrofit schemes on specimens (a) R06-OS1
(b) R06-RF1 (c) R06-RF2

Table 1. Tensile test results of reinforcements
Nominal
Strength
（N/mm2）
280
420
420
420

Hoop:D10@25cm (#3)
90 degree

A

Section A-A

It is relevant to have the test specimens be
subjected to high axial force and reverse-curvature
moment to reflect the real boundary conditions of RC
columns. An L-shaped test frame was designed
carefully to satisfy the boundary conditions of the
columns. Test setup is shown in Fig.3. Two horizontal
hydraulic actuators provided lateral force and the
other two vertical hydraulic actuators provided axial
load. The latter actuators were kept in position during
the test to make the L-shaped frame move back and
forth horizontally without unexpected rigid body
rotation. The displacement time history process is
shown in Fig.4. The test ended once the strength of the
specimen become lower than 80% of its ultimate
strength.

Events

60

C.C. = 4.0cm

6-D25(#8)

95
60

Rebar:12-D25 (#8)

Ultimate
Stress
（N/mm2）
550
654
673
672

Fig.3 Test setup
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steel jacket of R06-OS1 at 20cm height from the top
of the foundation. There were other strain gauges on
different levels as well. From the readings of the strain
gauges, it was identified that the steel jacket was still
in elastic during the cyclic loading test. Figure 8
shows the comparison of the two specimens with
CFRP wrapping. The stress was more uniform on the
specimen R06-RF2 from the readings of the strain
gauges glued on the faces of CFRP. It was noticed that
the strain gradient was smoother in R06-RF2 when the
drift ratio was larger. The use of CFRP anchors spread
the stress concentrated on the corners of the column of
R06-RF1 and delayed the fracture time of CFRP.
Further studies on the use of CFRP anchors are
proposed herein to evaluate its efficiency and
applicability in the field.

Drift Angle(%)

4
3
2
1.5
1
0.75
0.5
0.25

No. of Cycles

2 cycles at each drift angle
4.5

Peak
(mm)

9.0

13.5

18

27

54

36

72

90

108

Fig. 4 Displacement-controlled loading protocol.

Results of Experiments
The benchmark specimen (R06-BM) was designed
to have shear failure mode. When the drift ratio
reached 1.0% radian, shear cracks occurred diagonally
and the strength of the column decreased rapidly. The
specimen retrofitted with the octagonal steel jacket,
R06-OS1 had the reinforcements fractured due to low
cycle fatigue when the drift ratio reached 7.0% radian.
The strength and the ductility of the specimen were
enhanced significantly with adequate confinement
supplied by the steel jacket. The failure mode changed
from shear type to flexure type. Specimens R06-RF1
and R06-RF2 were both wrapped with CFRP. In
addition, forty CFRP anchors were applied on the four
faces of the column of specimen R06-RF2. CFRP
fracture occurred in the two specimens, but it was
observed that the CFRP anchors delayed the fracture
time of the CFRP wrapping and improved the ductility
of the column (from drift ratio of 4.0% radian to 6.0%
radian). The hysteresis loops of the four specimens
were shown in Fig.5. Moreover, specimen R06-OS1
showed the best performance among all the three
retrofitted specimens.
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Comparing all the retrofit schemes, the response
envelopes of all the tested specimens are shown in
Fig.6. It has been found that the behavior of each
retrofitted specimen was improved compared with the
benchmark specimen. Figure 7 shows the readings of
the strain gauges placed on the face of the octagonal
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Fig.6 Response envelope of the specimens
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Fig.8 The comparison of strain gauge readings
on the faces of CFRP
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6

scheme can
effectively.

Numerical Simulation
PISA3D, developed at NCREE, is a powerful
structural analysis software. It is very convenient to
build nonlinear numerical models for 3D structures
using the material and element libraries provided in
the program. In this paper, beam-column elements
with three parameters degrading rule was used to
simulate the cyclic behavior of the specimens. The
said three parameters in PISA3D include the stiffness
degradation, strength deterioration, and the pinching
effects. The simulation results of the retrofitted
specimens are shown in Fig.9.
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1. Miyagi, T., Yamakawa, T., Li,W., and Rahman,
Md.N.,”A Study on Emergency Retrofit Using
Prestressing Bars and Steel Plates for Damaged
Columns,” 13th WCEE, paper No.1169 (2004).
2. Yamakawa, J., ”A Seismic Retrofit Technique for
Existing Low-Rise or Medium Height RC
Buildings by Utilizing Pre-tensioned High
Strength Steel Bars and Other Steel Products,” the
21st Century Center of Excellence Program
Architecture of Habitat System for Sustainable
Development, Kyushu University (2004).
3. Tsai, K. C., and Lin, M.L., “Steel Jacket
Retrofitting of Rectangular RC Bridge Columns
to Prevent Lap Splice and Shear Failures,”
National Center for Research on Earthquake
Engineering, Report No. NCREE-02-015 (2002).
4. Tsai, K. C., and Lin, M.L., “Seismic Jacketing of
RC Columns for Enhanced Axial Load Carrying
Performances,” National Center for Research on
Earthquake
Engineering,
Report
No.
NCREE-02-016 (2002).
5. Tsai, K. C. and Lin, B. Z., “Development of an
Object-Oriented Nonlinear Static and Dynamic
3D Structural Analysis Program,” Center for
Earthquake Engineering Research, National
Taiwan University, Report No. CEER/R92-04
(2003)

R06-RF1

EXP.
PISA3D

-1000
-1500

0

-500

EXP.
PISA3D

-1000
-1500

-2000
-8

-6

-4

-2

0

2

4

Drift Ratio(% radian)

6

-6

8

-4

-2

0

2

4

Drift Ratio(% radian)

(a)

6

(b)

1500

Lateral Force
(kN)

1000

R06-RF2

500
0

-500

EXP.
PISA3D

-1000
-1500
-8 -6 -4 -2 0

2

4

6

Drift Ratio(% radian)

confinement

References

500

500

lateral

4. Further retrofit schemes using CFRP anchors are
considered based from the experimental results of
the tests.
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Fig.9 PISA3D simulation results

Conclusions
Different retrofitting schemes have been studied
and tested in this research project. The results are
relevant in determining the application of different
retrofit methods in the field. On the other hand, further
research must be focused on the retrofit method using
carbon fiber wrapping with CFRP anchorage bolts.
Also, the development of a new emergency retrofit
method is necessary and an important issue. The brief
conclusions of this paper are as follows:
1. The breaks of the CFRP caused the failure of the
specimens R06-RF1 and R06-RF2. However, the
performance of R06-RF2 (drift ratio 6.0%) is better
than R06-RF1 (drift ratio 4.0%) due to the CFRP
anchors.
2. The CFRP anchors enabled the concentrated stress
at the corners of column spread evenly.
3. The octagonal steel jacketing specimen R06-OS1
performed better than all other specimens not only
in strength but also in ductility. Although only
6mm thin steel plate was used, the steel jacket still
remained elastic during large deformations of the
column. It is evident that octagonal steel jacketing
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Seismic Design of Steel Plate Shear Walls
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Abstract
This study has proposed a simple and convenient seismic design method of steel plate
shear wall (SPSW), including the capacity design of the boundary elements, which are the
beams and columns adjacent to the steel plates. Cyclic loading tests of four two-story
slender SPSW have been conducted at the National Center for Research on Earthquake
Engineering (NCREE). The main objectives of the tests include the verification of the
seismic design method proposed in this research and the investigation on the seismic
behavior of the SPSW systems constructed with restraining members (R-SPSW). The
preliminary test results are introduced in this report.
Keywords: steel plate shear wall (SPSW), restrained steel plate shear wall (R-SPSW),
seismic design, capacity design

accompanying the buckling of the steel plates are
typical phenomenon which could be the main
drawbacks of the SPSWs. In order to improve this, the
idea of restrained SPSW (R-SPSW) bolting the
structural members onto the two sides of the steel
panels has been proposed by Lin and Tsai (2004). In
particular, pairs of horizontal steel restrainers can be
connected conveniently to the two columns and
sandwich over the infill plates using bolts. In this
study, the effectiveness of the horizontal restrainers in
reducing the force demands imposed on the boundary
elements has been studied extensively using analytical
method.

Introduction
Steel plate shear walls (SPSW) are seen to have
increased their usage in North America and Asia in
the recent years. An SPSW is composed of a frame
and the infill steel plates. Thin steel plates are
connected to the adjacent beams and columns. This
type of shear wall can resist effectively the horizontal
earthquake forces by allowing the development of
diagonal tension field action after the infill plates
buckle due to shear, and then dissipate energy through
the cyclic yielding of the infill plate in tension. The
concept of using the post-buckling strength of the steel
plate was first proposed by Thorburn and Kulak in
1983. However, the capacity design method of the
boundary elements suggested in the 2005 AISC
Seismic Provision (AISC, 2005) is somewhat
complicated. It requires the analyses using strip
models (Thorburn et al., 1983), which need at least ten
inclined truss elements to illustrate the tension field
action of a single infill plate. Therefore, the main
purpose of this research is to develop a seismic design
method without establishing complicated strip model.

In addition, researches conducted on the narrow
SPSW (large height-to-width ratio) are rather limited,
even though narrow SPSW is more desirable to meet
architectural demand. Thus, four two-story full-scale
slender steel plate shear wall were fabricated and
tested at NCREE in 2007. The seismic behavior of the
narrow SPSW was investigated. The experimental
results have verified the effectiveness of the proposed
seismic design method and the restrainers. Also, the
principal are stated in this report.

When an SPSW develops the tension field action,
large out-of-plane deformation and annoying sounds
1
2
3
4
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within the beam span or within the column height.
This undesirable plastic mechanism could induce
significant inelastic deformations to the boundary
elements and result to a reduction of the SPSW
strength because it would fail to make the corner
region of the panels be stretched and then yield.

Seismic Design Principle
Based from past researches and experiments,
Fig.1 shows a pushover response of an SPSW frame
incorporating proper seismic design. The responses
can be described by five stages. As the lateral load
applied on the SPSW frames is lower than the
seismic design load, the whole structure must remain
elastic. This refers to the first stage: the elastic level.
In the second stage, the lateral load is slightly lager
than the seismic design load. The middle regions of
the plates are expected to yield and the boundary
elements must remain elastic in this stage. The story
drift is about 0.003~0.005 radians. As the story drift
reaches about 0.0075 radians, the significant yield of
the whole structure is observed to be in the third
stage. Except in the corner regions, most parts of
each panel yield in this stage. In addition, some
plastic hinges formed at the ends of the beams. The
fourth stage is reached when the story drift becomes
0.01 radians, the entire panel will yield, and plastic
hinges form at the all beam ends and the columns’
bottom ends. Uniform yielding mechanism (Berman
and Bruneau, 2003) is fully-developed in this stage.
From all the SPSW tests, it is confirmed that the
deformation capacity of a properly designed SPSW
is greater than 0.03 radians. The peak design story
drift limit of a SPSW frame can be reasonably set at
0.025 radians when it is subjected to a collapse
prevention level earthquake. Thus, the last stage of
the pushover is defined at 0.025 radians story drift.
In addition to the plastic hinges formed at the fourth
stage, the remaining part of the boundary elements
must be elastic, even if the steel panel and the plastic
hinges have strain-hardened. This requirement is
needed to prevent the formation of soft-story
mechanism to form.

Restrained Steel Plate Shear Wall
R-SPSWs are constructed with horizontal
restrainers made from a pair of steel tube member
sandwich over the steel panel from the two sides
using through bolts and pin-connected to the column
flanges. Past research results (Lin and Tsai, 2004)
indicated that restrainers can successfully reduce
successfully the large out-of-plane displacement and
the buckling sounds of the steel pate.
In this research, the effects of restrainers in
improving the seismic performance of SPSWs are
investigated. When an SPSW is subjected to lateral
deformations, the boundary elements can be pulled
inward under the tension field action forces from the
plates. In a slender SPSW, the inward bending of
columns can be quite significant such that the
deformation of the frame is like an hourglass (Fig. 3).
This type of frame deformation can affect adversely
the development of tension field action. The trend of
the column’s inward bending can be substantially
reduced in R-SPSW frames. Pin-connections
between the restrainers and the columns can prevent
the columns from being pulled inward. The lateral
deformation of an R-SPSW will be more like shear
deformation (Fig. 3) such that the plates can be
uniformly stretched.

SPSW
R-SPSW
Fig. 3 Frame deformations of SPSW and R-SPSW
Extensive analytical studies demonstrate that
the restrainers are able to reduce the flexural and
shear demands of the columns and the axial forces of
the beams. It implies that the size of boundary
elements can be smaller in a restrained SPSW frame
than the one without restrainers. Nevertheless, the
capacity design of the boundary elements in a
restrained SPSW frame must satisfy the concept
mentioned above.

Fig. 1 Pushover response of a steel plate shear wall
considering proper seismic design

Experimental Program and Results

Fig. 2 Undesirable plastic mechanism resulted from
improper plastic design

Four two-story 2.14-meter wide by 6.5-meter
tall narrow SPSW specimens were constructed and
tested cyclically to a roof drift of 0.05 radians in
NCREE. The low yield strength steel plates of
2.6mm thick were adopted all of the four specimens.
Two out of four specimens were constructed with

In this research, a capacity design method is
proposed based from the plastic hinge formation
sequence mentioned above. As shown in Fig. 2, the
lack of proper capacity design on the boundary
elements may lead to the forming of plastic hinges
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horizontal restrainers. The key parameter of this
series of tests is the size of the boundary elements of
the specimens. All the boundary elements are
A572GR50. Lateral support system was constructed
in order to prevent the out-of -plane instability of the
SPSW specimens. Special lateral supports were
provided at the beam-to-column joints of the middle
beams and the top beams such that the unbraced
length of the columns is equal to the typical height of
one story. The setup of the SPSW test system is
shown in Fig. 4.

Fig. 6 shows the photos of the four specimens
after the tests. The actual locations of the plastic
hinges match quite well the predicted plastic hinges.
Fig. 7 shows the yield zones of the first floor (1F)
columns. In these photos, the dark areas indicate the
yielding of the steel. The actual locations of the
plastic hinges agree quite well with the predicted
plastic hinges.

Specimen N

Specimen RS

Specimen S

Specimen CY

Fig. 4 Test Setup
The boundary elements in specimen N were
designed considering capacity design of the given
frame dimension and the plate strength. Specimen
RS is an R-SPSW designed considering also the
capacity design approach. Due to the effectiveness of
the restrainers, the size of boundary elements in
specimen RS is smaller than that of specimen N.
Specimen S is unrestrained. The member sizes of the
boundary elements in specimen S is the same as that
in specimen RS. Specimen S did not satisfy the
capacity design requirements. Specimen CY is an
R-SPSW and satisfies the capacity design
requirements.
In specimen CY, reduced beam
section (RBS) details were used at the top of 2F
columns and the flexible strength of the beam was
made larger than that of the columns. The plastic
hinges which will form at the top of the column and
at the top beam should remain elastic as the frame
develops the plastic mechanism.

Fig. 6 Specimens after tests

Fig. 5 shows the plastic hinge locations of the
four specimens predicted using the proposed capacity
design method. In Specimens N, RS and CY, plastic
hinges all form at the ends of the boundary elements.
In Specimen S, the plastic hinge of the compressed
column was expected to form in the mid-high close
to the bottom of the column.

Specimen N

Specimen RS

Specimen S

Specimen CY

Fig. 7 Yield zone of 1F columns

Fig. 5 Predicated plastic hinge diagrams
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in Specimen S than in Specimen RS as the
undesirable plastic hinges have formed within the 1F
column height and resulted in the reduction of the
steel panel strength. Comparing the hysteretic loops
of specimens S and RS, it appears that the restrainers
can increase the ability of the SPSW to dissipate
more seismic energy. The peak out-of-plane buckling
deformation of the plates in the retrained SPSW
frames is about 80mm, much less than that observed
in the unrestrained ones (about 150mm).
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The force versus deformation relationships of
all the specimens are shown in Fig. 8. Specimen N,
RS and S behaved quite well in the cyclic loading
tests. Comparing the 1F and 2F hysteretic loops of
Specimen S, it can be observed that the frame
deformation of the specimen S is unsymmetrical as
the story drift exceed 0.02 radians. The 2F story drift
was larger than 1F as the actuators were pushing the
specimen. Likewise, the 1F story drift was larger
than 2F as the actuators were pulling the specimen.
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Fig. 9 Unsymmetrical deformation of specimen S

Conclusions
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Tests results confirm that the proposed
capacity design method is effective in
predicting the location and sequence of the
development of plastic hinges.
Both specimen N and RS satisfy the capacity
design requirements. The cost of Specimen RS
is less than Specimen N. It appears that the
restrained SPSW frames may be more
economical than unrestrained ones.
Test results show that the R-SPSW have better
seismic performance and serviceability than the
typical SPSWs (without restrainers).
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Fig. 8 Story shear versus story drift of all
specimens
In specimen S, with a relatively weak middle
beam, the web of the RBS section of the middle
beam buckled at a story drift of about 0.02 radians.
The other three specimens did not develop this kind
of local buckling at the 0.02 radians story drift. Fig.
9 schematically shows that the significant shortening
of the middle beam and the plastic hinge which
formed apart from the bottom end of compressed 1F
column have resulted to the unsymmetrical
deformation observed in the test of specimen S.
Weak middle beam and weak columns have led to
this unsymmetrical deformation. Other three
specimens did not develop this kind of deformations.
In specimen N, the strengths of middle beam and
columns are sufficient. Specimen RS and CY have
the same middle beam and column as specimen S,
but the axial forces in the middle beam and the
flexural demand imposed on the columns have been
reduced by restrainers. The peak strength is smaller
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Displacement-based Design Method of Supplemental Energy
Dissipation Devices for Hi-Tec Factory Buildings
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Abstract
The performance demand of the technology factory buildings (fabs) is higher than the
general buildings. One of the design objectives is to restrict the structural displacement
under the design earthquake; meanwhile, the story acceleration under the moderate
earthquake would also be controlled to conform to the performance objective. The use of
passive energy dissipation devices can reduce the response of structures. These devices
absorb input energy during an earthquake. The seismic design with energy dissipation
devices can be used to the new structural design or to the retrofit design of existing
buildings. Several types of energy dissipation devices such as viscoelastic damper, viscous
dampers, and yielding type dampers can be used. Various references about the design and
application of these dampers reiterate the efficiency of these devices in reducing effectively
the seismic effects. Besides, the tuned mass dampers used for tall buildings are necessary
to reduce the vibration induced by wind force, and its efficiency to reduce seismic response
is also studied in many references. Moreover, this study provides the design procedure to
satisfy the performance objectives of using appropriate energy dissipation devices for fabs.
The performance objectives in this study are to restrict the structural displacement under
the design earthquake to control the story acceleration under a moderate earthquake in
satisfying the performance level.
Keywords: Displacement-based design, passive control, retrofit design of technology factory
buildings.

structural configuration, so it is an important topic for
engineers to know how to improve their seismic
capacity.

Introduction
This research is in cooperation with the National
Science Council’s project entitled ‘’Seismic design of
the technology factory buildings (III)’’ to study the
seismic retrofit design of the double fabs and
TFT-LCD fabs. The purpose of this study is to
establish the performance-based design for seismic
retrofit of existing double fab or multiple fab buildings
with passive energy dissipation devices. The main
objectives are to restrict the structural displacement
under the design earthquake and to ensure that the
story’s acceleration under a moderate earthquake
would also satisfy the targeted performance level.
Because of the characteristics of the soft or weak
stories for the existing fabs, they often undergo an
inverted pendulum shape deformation, and at this
point, it is unfavorable for the existing fab structures
to be subjected to ground motion. There are many
factors for the fabs that should be maintained in their
1
2

In this study, the parametric studies of the existing
double fab structures have been carried out first, and
followed by the performance-based design for seismic
retrofit of existing double fab or multiple fab buildings
using the passive energy dissipation devices. The
design methodology is primarily aimed at controlling
the maximum nonlinear displacement and restricting
the storey’s acceleration under a moderate earthquake.
The chosen method has replaced nonlinear time
history analysis by nonlinear pushover analysis. Also,
it predicted the maximum response of the nonlinear
structure and the story’s acceleration under a moderate
earthquake using separate equivalent linear systems.
Further, this study calculates the equivalent linear
system for the nonlinear structures by using the
average energy method. In addition, the equivalent
linear system method considers the effect of multiple
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at the cleanroom may be produced. And if the
standard fabs are piled on top of each other, it can
produce a multiple soft story or a multiple weak story
which is disadvantageous for the structures to when
subjected to earthquake.

modes. The design results were compared with those
calculated from nonlinear time history analysis and
then summarized.
In this study, a shaking table test was used to
verify the accuracy of the proposed method. A threestorey steel structure was used to simulate the existing
double fab structure in Taiwan. However, the vertical
irregularity of the test structure is larger than that of
the existing double fab structure. According to the
proposed method, the energy dissipation devices can
be designed and fabricated. The said experiment will
be performed on June, 2008, and nonlinear viscous
dampers will be used in the said test. In the test
procedure, earthquake records will be used, and then,
the test results will be evaluated and compared with
the predicted results.

Factory buildings models
The configuration of the standard fab structures in
Taiwan is consisted of a shell structure and an interior
structure. The former is basically a single degree-offreedom (SDOF) model. The latter contains two-to-3
storey reinforced concrete (RC) moment-resisting
frame. The roof slab of the interior structure may be a
woffle slab type with 1.2m thickness or a flat slab
with 60cm thickness. The thicker slab is used to
increase its vertical stiffness and to reduce vertical
vibration, thus the dead load of cleanroom is greater
than that of the lower part of the structure. If the
equipment’s gravity load is taken into account, the
seismic reactive mass of the cleanroom must be much
larger than that of the substructure. Therefore, the
mode shape of the interior structure may take the
shape of an inverted pendulum yet this characteristic
is a drawback to the structure when subjected to
ground motion. According to the inverted pendulum
mode shape, the displacement, velocity and
acceleration of upper structure would be much larger
than the lower structure, and thus the damage potential
of the equipment located at the cleanroom would be
greater.

Fig. 1. Structural model of double fabs
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Fig. 2 Fundamental mode shape of interior structure

Parametric study of the simplified model
Based from the characteristics of the double fab in
Taiwan, a three degree-of-freedom system can be
adopted to represent a simplified model of the
technology factory buildings. As shown in the Fig. 3,
the middle storey represents a soft type portion. The
motion equation of the multi-degree-of-freedom
structure under a ground motion and its equivalent
single-degree-of-freedom (SDOF)
system are
described by Eqn. (1).

Another type of fabs in Taiwan is the double fab or
multiple fabs. The cross-sectional view and the
fundamental mode of the interior structure are shown
in Figures 1 and 2, respectively. The double fab
structure is composed of an upper fab and a lower fab.
Because of the space requirement for the cleanroom,
most columns in the lower fab are located outside of it.
In order to reduce the vertical vibration of the
cleanroom, the subfab must have many columns. In [ M ][Y&&] + [C ][Y& ] + [ K ][Y ] = −[ M ][ L]u
&&g
order to place the vertical forces in between the sub
fab of the upper fab and the cleanroom of the lower m &y& + c y& + k y = − m Γ u
&&g
eq N
eq N
eq N
eq
fab, mega truss is usually used for the design. The
vertical stiffness of the selected megatruss must be
large enough to reduce the vertical vibration from
the upper fab. In addition to an increase vertical
stiffness, the lateral stiffness is also need to be
increased. Therefore, a soft story or even a weak story
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Difference of analytical results for the two models
0.003
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Fig. 3 Simply model of the double fab
There illustrates an example about the
approximation of structural response determined from
the simplified model and its equivalent SDOF system.
According to an existing double fab structure model
selected
from
the
Taiwan
Semiconductor
Manufacturing Company in Taiwan, the following can
be determined using the simplified model:
k3=457485KN/m; k2=315010KN/m; k1=606096KN/m;
m3=400ton; m2=m1=500ton.
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Fig.4 Difference of the displacement response history
Difference of the analytical results for the two models
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4
Difference of the Roof Absolute Acceleration(m/s2)

The structural damping ratio is 2%. According to
orthogonal characteristic, the modal equation
corresponding to the first mode can be determined.
The ground motion used is classified as Type Ⅱ
artificial earthquake which history was chosen from
Taiwan’s seismic design provision. Comparing the
responses determined form motion equation of the
simplified model and from the modal equation of its
first mode, the interpretations are discussed on the
succeeding paragraphs.

3
2
1
0
0

5

10

15

20

25

30

35

-1
-2
-3
-4
-5
Time(sec)

Fig.5 Difference of the acceleration response history

Figure 4 shows the difference of the displacement
response history between the simplified model and the
equivalent SDOF model. It can be observed that the
maximum difference between the two displacement
response histories is only 2-3 mm, so that the
displacement response determined from the modal
equation of the first mode can be used to evaluate the
displacement response of the simplified technology
factory buildings. Figure 5 shows the difference of the
acceleration response history between the simplified
model and the equivalent SDOF model. It can be
noticed that the maximum difference between the two
acceleration histories is 4-5m/s2. The difference is so
large that the acceleration response determined from
the modal equation of the first mode can not be used
to evaluate the acceleration response of the simplified
fabs.

Assuming the damping coefficients c1, c2, and c3,
the reduction of the response and the improvement of
the mode shape corresponding to difference
distribution of value c1, c2, c3 can be determined. The
fixed damping ratio contributed from the viscous
dampers was set to 20%. According to the period of
the existing double fab, m=1ton, k=1212KN/m, and
the period is 0.48sec. The inherence damping ratio is
2%. By using the dynamic time history analyses, the
reduction of the response and the improvement of the
mode shape corresponding to different distributions of
values of c1, c2, c3 can be made. TypeⅡartificial
earthquake history from Taiwan’s seismic design
provision was selected to be the ground motion. Table
1-3 shows the reduction of the response and the
improvement of the mode shape corresponding to the
different distribution of values c1, c2, c3. Several
distributions were included in the study, which include
(a) ci is constant, (b) ci is directly proportional to ki, (c)
ci is directly proportional to 1/ki, (d) ci is directly
proportional to the relative mode shape of story i, (e)
ci is directly proportional to the ith story shear, (f) ci is
directly proportional to the ith story strain energy, and
(g) ci is directly proportional to the square of the
relative mode shape of story i.

As show in the Fig. 3, it can go step further to
assume that m1=m2=m3=m, k3=3/4k, k2=1/2k, k1=k. If
the three DOF system is subjected to the ground
&&g , then the motion equation is as show in
motion u
equation (2).
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acceleration were conducted by different equivalent
linear systems. The calculation of the equivalent linear
system takes into account the effects of the nonlinear
hysteresis behavior, multiple modes, and damper’s
contribution.

Table 1 Results of seismic retrofit corresponding to
various distributions of the damping coefficients
(damping ratio=20%)
Max. displacement (m)
Max. Acc. (m/s2)
Mode
3rd story
Shape
2nd story
1st story
coefficient c1 (KN-s/m)

base frame
0.2977
51.10
1
0.811
0.299

(a)
0.0777
14.69
1
0.807
0.318
23.635

(b)
0.0761
14.14
1
0.815
0.306
37.017

The detailed design method, equations, and some
illustrative examples will be written in the next
research report. Besides executing analyses, a shaking
table test will be conducted to verify the accuracy of
the design procedure. In the said test, a three-storey
steel frame which represents the double fab structure
will be selected to be the reference frame, and the
nonlinear viscous dampers will be used for the seismic
retrofit design based on the design procedure proposed
in this study.

Table 2 Results of seismic retrofit corresponding to
various distributions of the damping coefficients
(continuance) (damping ratio=20%)
Max. displacement (m)
Max. Acc. (m/s2)
Mode
3rd story
Shape
2nd story
1st story
Coefficient c1 (KN-s/m)

(c)
0.0806
15.69
1
0.797
0.320
13.840

(d)
0.0809
15.87
1
0.793
0.321
16.448

(e)
0.0780
14.90
1
0.798
0.314
27.625

Performance object
Assume the mechanics of dampers
Execute the nonlinear static analysis of structure with dampers

Table 3 Results of seismic retrofit corresponding to
various distributions of the damping coefficients
(continuance) (damping ratio=20%)
Max. displacement (m)
Max. Acc. (m/s2)
Mode
3rd story
Shape
2nd story
1st story
Coefficient c1 (KN-s/m)

(f)
0.0806
15.83
1
0.795
0.322
18.857

Determine the equivalent linear system
Determine the spectral displacement

(g)
0.08365
16.9
1
0.779
0.353
10.499

Check the roof dis. under design earthquake = objective dis.

No

Yes
Determine the story acceleration under the moderate earthquake and
check the service

No

Yes
Detail design on dampers

Fig. 6 seismic retrofit design procedure
Because of the high viscous damping ratio (20%),
it can be expected that the response would be reduced
obviously. As show in Table 1, no matter how the
distribution of viscous dampers is, it is not effective to
improve the mode shape by using the viscous
damper’s forces. However, the reduction of the
response and the improvement of the mode shape can
be conducted simultaneously by combining with
different types of passive energy dissipation devices.
For example, combining the viscous dampers and
viscoelastic dampers can easily be used to reduce the
response and improve the mode shape of a structure.

Conclusions
This study proposed a displacement-based design
procedure for the seismic retrofit of technology
factory buildings equipped with passive energy
dissipation devices. The performance objectives in the
study are to restrict the structural displacement under
the design earthquake and at the same time, to meet
the required performance level of the storey’s
acceleration
under
a
moderate
earthquake.
Furthermore, a shaking table test will be conducted to
verify the accuracy of the design procedure. The
experiment will be conducted on June, 2008, and the
nonlinear viscous dampers will be used in the test. All
of the test results, as well as research reports, will be
published after the said experiment.

Displacement-based Design Method
The performance demand of the technology
factory buildings would be higher than the general
buildings. One of the design objectives is to restrict
the structural displacement under the design
earthquake; and at the same time, the storey’s
acceleration under the moderate earthquake must also
be controlled to conform to the performance
objectives. This study proposed the design procedure
for the technology factory buildings that satisfies the
performance objective by using combination of
various types of passive energy dissipation devices.
The design procedure is depicted in Fig. 6. In the
design procedure, the evaluation of displacement and
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Abstract
A full-scale two-storey braced frame was constructed at the National Center for
Research on Earthquake Engineering (NCREE), Taiwan. This research belongs to a
cooperative research program between Taiwan and the US on concentrically braced frame
system. This test is the first of a series of large scale frame tests which will be conducted in
NCREE. The test specimen is a single bay two-storey concentrically braced frame, where
the braces were arranged in a multi-storey cross-brace configuration. A500 steel tubes were
used for these braces. The frame is 6.7meters wide and 6.66 meters high. After the first
stage of test, the specimen does not have any significant fracture except those at the four
braces. Thus, four new H-shape braces were installed in the specimen to replace the
damaged tube braces, and re-test was done subsequently. Large out-of-plane displacement
and local buckling of braces were observed in both phase of the test. But still, there were
no any severe facture found on beams and columns of specimen. This paper contains the
introduction of specimen, instrumentation plan, and preliminary test results.
Keywords: Concentrically braced frame, full-scale test

Four steel braces were installed on the specimen,
arranged in a multi-storey cross-brace configuration.
A500 steel tubes (HSS125x125x9) were used as
braces in the Phase I test, and A36 H-shape beams
(H175x175x7.5x11) were used in the Phase II test. All
beams and columns material is made of A572 GR50
steel. The test specimen has concrete slab in each floor.
The width of concrete slab is 2.26 meters, and the
thickness of slab is 150mm for the first floor and
200mm for the second floor. The compressive strength
of concrete slab is 3000psi and 5000psi for the first
and second floor (include steel fiber), respectively.
The thickness of all gusset plates is 10mm, and the
material is also made of A572 GR50 steel. The
dimension detail of specimen is shown in Figure 1.

Introduction
“Tomorrow’s Concentrically Braced Frame Test”
is an international collaborative research between
NCREE and University of Washington (UW). The
specimen design and finite element analysis were
done by researchers at UW under NSF Grant CMS
0619161,
"NEESR-SG
International
Hybrid
Simulation of Tomorrow's Braced Frames". The test
frame in this research was fabricated, instrumented
and tested in NCREE. There are two phase tests in this
project. In the Phase I test, A500 steel tubes were
installed as braces in the two-storey frame. If damage
of specimen was observed after the first phase, new
A36 H-shape braces replaced the old ones and
re-tested. Detailed experimental plan and preliminary
results are discussed in this paper.

In addition, the test specimen was anchored to
the strong floor in the laboratory by eight 64mm
diameter tension rods. Four MTS Actuators (100 tons
capacity) were attached to the reaction wall, and
responsible for the applied cyclic load to the specimen.
In this test, the lateral load only applies to the second
floor (200mm slab). Actuators were connected to the

Experimental Setup
The test specimen is a single bay, two-storey
concentrically braced frame. The width and height of
specimen are 6.7 meters and 6.67 meters, respectively.
1
2
3
4
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specimen through an H-shape transfer beam. Another
blue frame was built around the specimen. This blue
frame provided out-of-plane support for the test
specimen. It was established to avoid out-of-plane
displacement of the two-storey specimen. Only the
in-plane movement of specimen is allowed in the test.
The experimental setup (including specimen and
lateral support) is in Figs. 2 and 3.

strain gauges’ arrangement is detailed in Fig. 4.
2) Displacement transducer (LVDTs, dial gauges,
string pots and Temposonics): There were about
90 displacement measuring devices used in the
test. The braces were expected to have large
out-of-plane displacement, thus, a great number
of string pots were adopted in this test to measure
the out-of-plane displacement of braces. Four
temposonics were installed to measure the
storey’s displacement (two in each floor). The
displacement value measured by temposonics in
the top floor served as a basis in controlling the
actuators. For monitoring the responses of
specimen and boundary elements, dial gauges and
LVDTs were placed around the two-storey
concentrically braced frame. The sketch of all
displacement transducers is shown in Fig. 5.
Some photos of the instrumentation are in Figs. 6
to 8.

Fig. 1 Drawing of two-story CBF frame

Fig. 2 Specimen built up

Fig. 4 Sketch of strain gauges

Fig. 3 Lateral support built up

Instrumentation Plan
In order to observe and record the responses of the
test specimen during the cyclic loading tests, three
kinds of instrumentations were implemented as
follows:
1) Strain gauges: The strain gauges were setup on
beams, columns and braces, and some strain
gauges were also located inside the concrete slabs.
These concrete strain gauges should be installed
before the concrete slabs were completed. The
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Fig. 5 The sketch of displacement transducers

gusset plate became much severe. On the way to the
peak displacement of 180mm, the first floor’s eastern
side brace was fractured. Also, bolts at the ends of the
middle beam were damaged. The Phase I test was
stopped at this time. Figures 10 and 11 depict the said
fractures of brace and bolts at the ends of the middle
beam. But no any significant yielding and fracture
were found in beams and columns after the Phase I of
the test.
Due to that the damage situation of moment
frames was permitted to be re-used, four new H-shape
braces were installed in the test frame to replace the
damaged ones. Then, the second phase of the test
started under the same loading protocol and
instrumentation setup. In Phase II test, slight yielding
was observed in the first floor’s lower gussets and
middle gusset at the displacement stage of 20mm. At
30mm, the lateral force had significant degradation
and braces in the first floor had significant
out-of –plane buckling. At 60mm, braces of second
floor also had significant buckling. At this time, storey
drift ratio of two stories was almost reached. At
120mm, the eastern side of the first floor’s lower
gusset plate was torn along its welding edge. At
150mm, another gusset plate in the first floor has
cracked. On the way to the peak displacement of
240mm, the eastern side brace of the first floor was
fractured entirely. Subsequently, the bolts of the
middle beam’s eastern side were fractured together
with the second floor’s eastern side brace. Test
stopped at this time of bolts fractured. After the
second phase of test, there was no any severe damage
found in the test specimen except those braces and
bolts that had been fractured. Figures 12 and 13 show
the damage conditions occurred during the test.

Fig. 6 Middle gusset instrumentation (string pots)

Fig. 7 Measuring out-of-plane displacement in middle
span of brace (string pot)

Fig. 8 Measuring out-of-plane displacement in lower
gusset (LVDT)

Top Displacement (mm)

300

Test Process
In this test, displacement control method was
adopted. The loading protocol used in both phases of
tests was based on ATC-24 and SAC
recommendations as shown in Fig. 9. It shows the
peak displacement value of each cycle and the
displacement of expected brace yielding.
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Fig. 9 Test loading protocol

In the Phase I test, slight yield was found in the
lower gusset plate of first floor during the 20mm stage
of top floor’s displacement. The braces in the first
floor had small out-of-plane displacement. At 30mm,
unexpected fractures were found in the connection
bolt of lateral support. The test was stopped and the
lateral support system was retrofitted. Afterwards, the
test commenced after retrofitting. However,
unexpected failure occurs again. The connection bolts
between specimen and transfer beam fracture. The test
stopped again and damaged bolts were replaced by
new ones. As the displacement on the top floor has
increased, the out-of-plane buckling of braces and

Fig. 10 First floor brace fractured (phase I test)
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Fig. 11 Middle beam bolts fractured (phase I test)
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Fig. 14 Story shear verse story drift ratio (Phase I test)
Fig. 12 First floor brace fractured (phase II test)
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Fig. 13 2F-upper gusset tore (phase II test)

Preliminary Test Results
Figures 14 and 15 describe the story drift ratio
versus story shear relationships in the two phases of
test performed. It confirms positively the
energy-dissipation ability of the concentrically braced
frame system. No significant strength and stiffness
degradation were found during the test until some
fractures occurred in braces (about 2% story drift
ratio). With large out-of –plane displacement of braces
and gussets, the tested system still provided sufficient
lateral force resistance and stable energy-dissipation
mechanism. It has been observed that the inter-story
drift ratio of the first floor is larger than the second
floor drift ratio in the beginning of test. As test
procedures were followed, the difference between the
two stories drift ratios was decreased. This
phenomenon verified that the cross-brace arrangement
used did not induce the development of a “soft-story”
mechanism.
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Fig.15 Story shear verse story drift ratio (Phase II test)

Conclusions
Test results reveal that this concentrically braced
frame system has good performance in lateral force
resistance and in energy-dissipation under the given
input loads. Severe damages were found in braces and
gusset plates, and two elements all have large
out-of-plane displacement at the peak displacement
value. After the two-phase test, there were no any
significant fractures and yielding found in the test
frame (beams and columns) except to the fracture of
some connection bolts.
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Abstract
Learning from the satisfactory performance of structures with isolation systems during
several earthquakes, the applications of seismic isolation systems have become much more
extensive worldwide in the last decade. In Taiwan, it is particularly worthy of noting that
more and more cases of the so-called “mid-story isolation” can be observed due to the
considerations of cost effectiveness, construction quality or other constrains such as high
population and construction space limitation. However, at present there are very few
studies regarding the mid-story isolated structure. Therefore, this research aims at
estimating the seismic response of mid-story isolated structures and addressing the
corresponding special issues and recommendations. Both the response spectrum and
response history analyses were performed to discuss not only the effect of the
abovementioned parameters but also the remarkable participation of the higher modes. The
analytical study of the new Civil Engineering Research Building of National Taiwan
University (NTU) is provided to study the feasibility of mid-story isolated structures.
Keywords: mid-story isolation, seismic performance, higher mode, modal coupling

Gongguan station and some residential buildings (Fig.
1). For a mid-story isolated structure, the isolated floor
is located above the ground level for the
considerations of cost effectiveness, construction
quality or other constrains such as high population and
scarce land. However, there are very few researches
on mid-story seismic isolation of buildings. Since
2000, Tadaki Koh and Masahito Kobayashi [3, 4]
studied the vibration characteristics and earthquake
responses of mid-story isolated buildings, and
indicated that the “modal coupling effect” should be
noticed. In 2004, Chen [5] investigated the static and
dynamic analyses for buildings with both the
mid-story isolation system and velocity-dependent
dampers. Tsai [6] first conducted a shaking table test
to discuss the seismic performance of scaled models
with the mid-story seismic isolation in 2007.

Introduction
In view of the satisfactory performance during
earthquakes such as 1994 Northridge earthquake and
1995 Kobe earthquake, the applications of seismic
isolation systems to enhance the earthquake-resistant
capability of structures have become much more
extensive worldwide in the last decade. It was not
until after the 1999 Taiwan’s Chi-Chi earthquake that
the practical applications of passive control
technologies in Taiwan have become extensive. The
first official Seismic Isolation Design Code for
buildings was published by the Ministry of Interior in
April 2002 [1]. In 2005, the newly published Seismic
Design Code for buildings has been expanded from
the previous version to include the structures with
isolation systems together with passive energy
dissipation devices [2].

Although the said researches are valuable, it is still
insufficient for engineers to design the practically
mid-story isolated buildings in accordance with the
current Seismic Design Code. Therefore, the study of
mid-story isolated structures should be given

Recently, more and more cases of “mid-story
isolation”, in which the elevation of isolation system
is different from the conventional base isolation, can
be observed in Taiwan, such as the MRT building at
1
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favorable attention since there may exist different
design issues.

this study in order to include all possible applications.
The desired isolated period is designed as 3 seconds.
The inherent damping ratios of 5% were assigned for
the substructure and superstructure, while the desired
damping ratio of 20% was assigned for the mid-story
isolation system. The spectral response coefficients
SDS = 0.7 and SD1 = 0.4 are used for the response

In this study, the concept of a simplified
two-lumped-mass
structural
model
for
the
base-isolated building proposed by Kelly [7] was
extended to a simplified three-lumped-mass structural
model for the mid-story isolated building in
elucidating the effects of varying parameters on the
earthquake-induced dynamic responses. In addition,
the remarkable participation of the higher modes was
further studied, and the special recommendations for
the practical engineering applications were addressed.
Finally, the analysis of the new Civil Engineering
Department Building of National Taiwan University
(NTU) with mid-story isolation is provided, and a
scaled model will be designed to perform the shaking
table test.

spectrum analysis. Some remarkable results are
summarized as follows:
1. As ω1* / ω2* increases, the first modal participation
mass ratio decreases, as illustrated in Fig. 3. It is
worthy of noting that when m1 / m2 increases, the
higher mode plays a more important role on the
maximum dynamic response, which can be
observed from the noticeable second and third
modal participation mass ratios as shown in Fig. 4
and Fig 5, respectively.
2. For the substructure, the maximum drift response
is limited with the augment of ω1* / ω2* , while the
maximum story shear and acceleration responses
increase, as illustrated in Fig. 6 and Fig. 7.
Moreover, for the superstructure, the augment of
ω3* / ω2* results in a reduced maximum drift

Fig. 1 Applications of mid-story isolation

response.
3. Even though ω1* / ω2* and ω3* / ω2* are sufficiently
large, the undesired seismic responses attributed to
the “modal coupling effect” of the higher modes
were observed within a certain nominal angular
frequency ratio bandwidth. The certain bandwidth
can be identified from the nearly identical
frequencies of the higher modes, i.e. the second
and third modes, as shown in Fig 8. Fig. 9 indicates
that the acceleration response for the floor above
the isolation system is amplified dramatically
within the certain bandwidth, in particular when
m1 / m2 increases. It is therefore valuable to

Theoretical Derivation and Parametric Study
For the equivalent linear analysis, the mid-story
isolated structure can be assumed reasonably as a
simplified three-lumped-mass structural model
( i = 1, 2, 3 represents substructure, floor above the
isolation system and superstructure, respectively) in
the direction of consideration, as shown in Fig. 2.
Therefore, the motion equation of the simplified
model is written as
⎧m1&&
x1 + c1x&1 - c2 (x&2 − x&1) + k1x1 - k2 ( x2 − x1 ) = -m1&&
xg
(1)
⎪
x2 + c2 ( x&2 − x&1) - c3 (x&3 − x&2 ) + k2 ( x2 − x1 ) - k3 ( x3 − x2 ) = -m2 &&
xg
⎨m2 &&
⎪ &&
xg
⎩m3 x3 + c3 ( x&3 − x&2 ) + k3 ( x3 − x2 ) = -m3&&

identify the bandwidth of this undesirable nominal
angular frequency ratio region such that the
unreliable mid-story isolation design can be
avoided.

The nominal frequency ratios are defined as

ω1* =

k3
k1
k2
, ω2* =
, ω3* =
m1
m2 + m3
m3

(3)

x3+xg
m3,c3,k3
x2+xg

m2,c2,k2

x1+xg
m1,c1,k1
xg

Fig. 2 Simplified three-lumped-mass structural model

(a) m1 / m2 = 1
(b) m1 / m2 = 5
Fig. 3 The first modal participation mass ratios

The papameters ω1* / ω2* = 1 ~ 30 , ω3* / ω2* = 1~ 30 ,
m1 / m2 = 1, 5 and m3 / m2 = 10 were considered in
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(a) m1 / m2 = 1
(b) m1 / m2 = 5
Fig. 4 The second modal participation mass ratios

(a) m1 / m2 = 1
(b) m1 / m2 = 5
Fig. 9 Ratios of maximum acceleration for floor above
the isolation system to PGA (EPA)

Shear/m2g

Shear/m2g

(a) m1 / m2 = 1
(b) m1 / m2 = 5
Fig. 5 The third modal participation mass ratios

Numerical Validation
The new Civil Engineering Research Building of
NTU, which has 9 stories above the ground and 1
story in the basement, was designed using the
mid-story isolation system composed of 19
lead-rubber bearings. Fig. 10 shows the ETABS
numerical structural model and the hysteretic loops of
the prototype test of lead-rubber bearings subjected to
25%, 50%, 75%, 100% and 125% of design
displacement. The seismic reactive masses of the
superstructure and substructure are 8755 kN −sec2/ m
and 2758 kN −sec2/ m, respectively.
Lateral Force (kN)

Acc./EPA

(a) m1 / m2 = 1
(b) m1 / m2 = 5
Fig. 6 Maximum story shears for the substructure

Acc./EPA

Acc./EPA

Acc./EPA

(a) m1 / m2 = 1
(b) m1 / m2 = 5
Fig. 8 Differences of the higher modal frequencies
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Fig. 10 The numerical structural model and hysteretic
loops of the prototype test of lead-rubber bearings
(a) m1 / m2 = 1
(b) m1 / m2 = 5
Fig. 7 Ratios of maximum acceleration for the
substructure to PGA (EPA)

The acceleration histories of the 921 earthquake
and the 331earthquake recorded at site TAP022,
TAP089, TAP097 and at the National Center for
Research on Earthquake Engineering (NCREE) were
used to be compatible with the specific maximum
considered response spectrum to perform the
nonlinear step-by- step integration analysis. The
efficiency of the mid-story isolation can be observed
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easily in the displacement response history and
acceleration response history, as shown in Fig. 11 and
Fig. 12, respectively. It can be observed that the
higher frequency responses are contained in the
acceleration response history. In addition, the
elevation distributions of the story shear responses at
different instants are illustrated in Fig. 14 from which
it can be found that there may exist a phase lag
between the substructure and superstructure due to the
contribution of the higher modes.

isolated structures.
2. The design objective is that, the acceleration
response of the structure above the isolation system
should not be enlarged significantly, meanwhile,
the structure below the isolation system should be
protected from being damaged due to the excessive
shear force and additional overturning moment.
3. The undesired “modal coupling effect”, which may
significantly reduce the effectiveness of the
seismic isolation, should be prevented as a design
strategy. Furthermore, the dynamic responses of
the higher modes are necessary to be considered
for the design of mid-story isolated structures,
which contradicts the conventional design for base
isolated structures.
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4. An experimental scheme has been planned already
and will be conducted in 2008. Accordingly, the
convenient design guideline in accordance with the
current Seismic Design Code for the mid-story
isolated structure can be addressed in the
succeeding experiments.

Fig. 11 Acceleration response histories (TAP097, 921)
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Fig. 12 Displacement response histories (TAP097, 921)
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Fig. 13 Elevation distribution of story shear responses

Conclusion
1. Unlike the base isolated structure, not only the
design of the structure above the isolation system
but also the design of the structure below the
isolation system may influence the desired
efficiency of the isolation system for mid-story
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Structural Health Monitoring of Reinforced Concrete
Structures Using Smart Aggregates
Yi-Lung Mo1, Gang-Bing Song1, Wen-I Liao 2, Hai-Chang Gu3, Claudio Olmi3,
Chin-Hsiung Loh4
莫詒隆 1、宋鋼兵 1、廖文義 2、顧海昌 3、克勞帝歐米 3、羅俊雄 4

Abstract
Structural health monitoring of concrete structures under seismic loads always attracted
much attention in the earthquake engineering community. In this paper, a
piezoceramic-based device, called “smart aggregate”, is proposed for the structural health
monitoring of concrete structures under earthquake loading. A concrete column
instrumented with smart aggregates was used as a testing object. A shake table was utilized
to simulate the earthquake ground motion for the testing object. During the shake table
tests, the distributed piezoceramic-based smart aggregates embedded in the concrete
column were used to perform the structural health monitoring. For the health monitoring
purpose, one smart aggregate was used as an actuator to generate propagating waves, and
the other smart aggregates are used as sensors to detect the waves. By analyzing the wave
response, the existence of crack can be detected and the severity can be estimated. A
damage index matrix was developed to evaluate the damage status of the structure. The
experimental results demonstrate the sensitivity and the effectiveness of the proposed
piezoceramic-based approach in the structural health monitoring of the concrete structure
under earthquake loading. The relative paper of this research was awarded as the best paper
prize in the 2008 ASCE Earth and Space Conference.
Keywords: piezoceramic, smart aggregate, health monitoring

to their advantages of active sensing, low cost, quick
response, availability in different shapes, and
simplicity for implementation. There are two major
categories of piezoelectric-based health monitoring,
namely: 1) Impedance-based approach, in which the
impedance of piezoelectric transducers can be applied
to the health monitoring of concrete structures (Sun et
al. 1995, Ayres et al. 1998, and Tseng and Wang
2004), and 2) Vibration-based health monitoring
approach, in which the wave-propagation properties
are studied to detect and evaluate the cracks and
damages inside the concrete structures (Okafor et al.
1996, Saafi and Sayyah 2001, and Song et al., 2007).
Earthquake can cause catastrophic consequences for
concrete structures thus, it is very important to

Introduction
Concrete structures are the most popular civil
structures. Concrete infrastructures, such as bridges,
play an important role not only in a nation’s
transportation system but also in a nation’s economy.
Throughout the life cycle of a concrete structure,
many importantly issues need to be addressed
properly to ensure the safe operation of these
structures. During its service, it is important to
perform structural health monitoring to detect the
damage status and the structure health status after an
earthquake or impact. In recent years, piezoelectric
materials have been successfully applied to the
structural health monitoring of concrete structures due
1
2

3
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perform the structural health monitoring research to
evaluate the damage status of concrete structures after
an earthquake excitation.

input ground acceleration history for all tests is the
E-W component of the TCU078 station of the 1999
Taiwan Chi-Chi earthquake (denoted as TCU078EW).
Corresponding to the input ground motion, the test
protocol is sequentially the PGA of 200gal, 400gal
and with an increment of approximately 100gal for
succeeding test run until the failure of the specimen
occurs.

In this paper, piezoelectric based-smart aggregates
are developed to form a distributed intelligent sensor
network in performing structural health monitoring for
concrete structures after an earthquake excitation. A
reinforced concrete column structure with embedded
smart aggregates is used as the testing object. A shake
table is used to simulate the earthquake ground motion
for the testing object. The ground motion record
TCU078 from 1999 Taiwan earthquake was used as
the excitation source for the shake table under
different acceleration levels. The acceleration level
was increased incrementally until the failure of the
concrete column. During the shake table tests, the
distributed piezoceramic-based smart aggregates
embedded in the concrete column are used to perform
the structural health monitoring. For the purpose of
health monitoring, one smart aggregate is used as an
actuator to generate propagating waves, and the other
smart aggregates are used as sensors to detect the
waves. The propagation energy of the waves will be
attenuated if cracks exist. The decreased value of the
transmission energy is correlated with the severity of
damages. By analyzing the wave response, the
existence of crack can be detected and the severity can
be estimated. The experimental results demonstrate
the sensitivity and the effectiveness of the proposed
piezoceramic-based approach for structural health
monitoring of the concrete structure under earthquake
loading. The proposed approach has the potential
application in structural health monitoring of
large-scale reinforced concrete structures under
seismic excitations.

The concept of embedding sensors in a concrete
structure is not new, however, in the literature, most of
the embedded sensors are related to corrosion
detection. Watters et al. (2003) developed a wireless
sensor called smart pebble to indicate chloride
concentration levels. Carkhuff and Cain (2003)
designed corrosion sensors called smart aggregates to
be buried into the concrete to monitor subsurface
highway conditions in determining corrosion actions.
Song et al. (2007) and Gu et al. (2006) designed a
piezoceramic-based smart aggregate to be buried into
the concrete for multifunction applications, such as
early-age strength monitoring, impact detection and
structural health monitoring.
The adopted smart aggregate is fabricated by
embedding a water-proof coated piezoceramic patch
into a small concrete block as shown in Figure 2. This
configuration offers a protection to the fragile
piezoceramic patches. The smart aggregates are
embedded at the predetermined distributed locations
before casting. Figure 3 shows the embedded locations
of smart aggregates in the tested column. The adopted
smart aggregates sensing unit has the advantages of
low cost and active sensing. Active sensing means one
smart aggregate is actively excited to generate the
desired wave form to propagate so that other
distributed smart aggregates can detect the responses.
By analyzing the sensor signals, many important
properties of the structures can be monitored and
evaluated.

Experimental setup
A flexural governed reinforced concrete column
was tested on a shake table. The height and cross
section of the column were 80 cm and 20x20 cm,
respectively. The rebar arrangement of the test
columns was 4-#3 longitudinal steel rebars with
#3@10cm stirrup. The horizontal displacements and
response acceleration of the walls were measured by
LVDTs and accelerometers, respectively. Figure 1
shows the experimental setup of the shake table tests.
A total mass of 1000 kg was put on the top plate for
increasing the inertia force. To prevent the abrupt
falling of concrete plate and additional lead blocks due
to the failure of the reinforced concrete column, four
steel columns are equipped in the four corners of
concrete mass block for supporting. The steel roller is
designed to locate between the concrete plate and the
top plate of steel column to not only reduce the
friction but also resist the overturning moment
induced by the plate and additional mass block. In
addition, the reinforced concrete column then behaved
as a nearly perfect reverse curvature model such that
the following analysis became relatively simple. The

Proposed health monitoring approach
In this paper, wavelet packet analysis is used as
the signal-processing tool to analyze the sensor
signals detected by the smart aggregates. The sensor
signal S is decomposed by an n-level wavelet packet
decomposition into a 2n signal sets { X 1 , X 2 ,L, X n } .
2

Ei , j is the energy of the decomposed signal, where i
is the time index and j is the frequency band
(j=1…2n). Xj can be expressed as

X j = [ x j ,1 , x j ,2 ,L, x j ,m ]
where m is
Additionally,

the

Ei , j = X j

amount
2
2

(1)
of

sampling

data.

= x 2j ,1 + L + x 2j ,m

The energy vector at time index i can be given as
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(2)

Ei = [ Ei ,1 , Ei ,2 ,L, Ei ,2n ]

index matrix of sensors is shown in Figure 6. The
sensors PZT-3, -33, -N4, -N8 are numbered from 1 to
4 in this figure. From the damage index matrix shown
in Figure 6, the damage index values of each PZT
sensor have monotonically increased after each test
runs with different PGA levels, and the damage index
values of PZT-N4 and PZT-N8 are found larger than
values of PZT-3 and PZT-33. This shows the
effectiveness of the proposed damage index matrix in
evaluating the severity of the damage at different
locations.

(3)

Root-mean-square deviation (RMSD) is a commonly
used damage index to compare the difference
between the signatures of healthy state and damage
state (Soh et al. (2000), Tseng and Naidu (2002)). In
the proposed approach, the damage index is formed
by calculating the RMSD between the energy vectors
of the healthy state and the damaged state. The
energy
vector
for
healthy
data
is
.
The
energy
vector
for
Ei
E h = [ E h ,1 , E h , 2 , L , E h , 2 n ]
damage state at time index i is defined as
E i = [ E i ,1 , E i , 2 , L , E i , 2 n ] . The damage index at time i

Conclusions
In this paper, a smart aggregate-based sensor
network has been developed for the structural health
monitoring of a concrete column under earthquake
excitation. From the experimental results, the
proposed smart aggregate-structural health monitoring
approach can monitor and predict the health status of
the tested concrete column through the proposed
damage index matrix. Also, the proposed smart
aggregate based health monitoring approach is more
sensitive than the traditional health monitoring
approaches, thus, the proposed smart aggregate-based
approach has the potential to be applied to real
concrete civil structures to enhance safety.

is defined as
2n

I=

∑

( E i , j − E h, j ) 2

j =1

2n

∑E

2
h, j

(4)

j =1

The proposed damage index represents the
transmission energy loss portion caused by damage.
When the damage index is close to 0, it means that
the concrete structure is in a healthy state. The
greater the damage index, the more serious the
damage is. A Sensor - History Damage Index Matrix
(SHDIM) M m×n is defined as

[ ]

M m× n = I i , j

m× n

( i = 1, L m and j = 1,L n )

(5)
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aggregate at the time of the j test (i.e. i is the
sensor index, j is the time index); m is the total
number of smart aggregates and n is the total number
of tests. The damage status at different locations at
different test time of the concrete specimen can be
revealed by a three-dimensional damage index
matrix plot.

Experimental results
Figure 4 shows the cracking pattern and failure
mode of column specimen at test runs of PGA=600
gals and 900 gals. The cracking of the concrete was
drawn on the white painted faces of the specimen
during the tests. The severity of the damage at
column top is more than the damage at column’s
bottom. During the shake table tests, the smart
aggregates are utilized for the real-time structural
health monitoring of the concrete column. The
PZT-N2 shown in Figure 3 is behaved as an actuator,
PZT-3, -33, -N4, -N8 located in the column’s top and
bottom are behaved as sensors. The received sensor
voltage of PZT3 is depicted in Figure 5. From this
figure, the peak to peak sensor voltage is decreases
as the PGA of input ground motion increases. This
means that propagation energy of the waves have
attenuated by the presence of cracks.
The damage index matrix proposed in previous
section is utilized in the structural health monitoring
of tested concrete column. The plot of the damage
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Fig. 4 Damage status after (a) 600 gal and (b) 900
gal earthquake excitation
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A Study on Effectiveness of Viscous Dampers
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Abstract
It is still a challenge to design a seismically isolated structure located at a site with soft
soil and/or near a fault. The concern arises from the development of large displacement in
the isolation bearings due to a long period and/or pulse-like seismic waves. However, to
use very large isolation bearings with much larger characteristic strengths may result into
an unsatisfied seismic performance of the isolated structure during small to moderate
earthquakes. The current practice to solve this problem is to incorporate viscous dampers
into the isolation system. As a consequence, the displacement response of the isolation
system may be controlled within an acceptable range and the maximum force transmitted to
the superstructure may not be increased significantly compared with the use of isolation
bearings with a large characteristic strength. In this study, the formula for determining the
maximum force transmitted by the isolation system composed of lead-rubber bearings and
viscous dampers was derived and validated. An experimental study was conducted using a
shaking table for a rigid mass sitting on the isolation systems composed of a combination
of lead-rubber bearings, natural rubber bearings and nonlinear viscous dampers with
damping exponents smaller and larger than 1.0. The reason for adopting viscous dampers
with the damping exponent larger than 1.0 is that viscous dampers may contribute less
damping force resistance while the structure is subjected to small and moderate
earthquakes such that the transmission of ground acceleration may be limited. In addition,
during a major event, viscous dampers with the damping exponent larger than 1.0 may
contribute large damping force such that the maximum displacement of the isolation
system may be controllable and the seismic force transmitted to the superstructure may not
be significantly enlarged.
Keywords: isolation system, viscous damper, lead-rubber bearing, near-fault, seismic
performance

provided by AASHTO [5] in the U.S. In Taiwan, the
effort on developing seismic design codes for
seismically isolated bridges and buildings was
launched in 1997. The first official seismic isolation
design code for buildings has been published by the
government in April 2002, which encourages and
facilitates the adoption of seismic isolation design for
buildings. In 2005, the newly published Taiwan
Seismic Design Code for Buildings [6] has been
expanded from the previous version to include
structures with seismic isolation systems and energy
dissipation systems.

Introduction
Seismic isolation design has been adopted
worldwide in high seismicity areas since it was proven
to be effective in reducing the seismic hazard during
the 1994 Northridge earthquake and 1995 Kobe
earthquake. Correspondingly, the associated design
codes and regulations have been developed also such
as Manual for Menshin Design of Highway Bridge
provided by Public Work Research Institute in Japan
[1], UBC 1997 [2], IBC 2006 [3], NEHRP 2003 [4],
and Guide Specifications for Seismic Isolation Design
1
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Based on the assumption, the transmitted force
corresponding to the maximum acceleration can be
expressed as [7]

To date, it is still a challenge to design a
seismically isolated structure located at a soft soil site
and/or near-fault area. The concern arises from the
generation of large displacement in the isolation
bearings due to a long period and/or pulse-like seismic
waves during an earthquake. However, to use very
large isolation bearings with much larger
characteristic strength values may result into an
unsatisfied seismic performance of the isolated
structure during small to moderate earthquakes. The
current practice to solve this problem is to incorporate
viscous dampers into the isolation system. For
example in the U.S., 182 viscous dampers have been
implemented in the isolation system at the San
Bernardino County Medical Center, which is very
close to the San Jacinto fault and San Andreas fault.
The analysis result indicates that with the
implementation of viscous damper the design
displacement of the isolation system has been
controlled to be within 55cm, and the design
acceleration of the super-structure was limited to 0.3g
under the maximum considered earthquake (MCE).

α
Fmax = ( mω 2 u 0 ) cos δ + (C ω α u 0 ) sin α δ ….(1)

2παξ d
sin 2 −α δ
…………………………….(2)
=
λ
cos δ
where cos δ and sin α δ are the load combination
factor CF1 corresponding to maximum displacement
and CF2 corresponding to maximum velocity,
respectively; δ is the phase angle between
displacement and force. The bilinear properties of
lead-rubber bearings, such as characteristic strength
Qd , post-yielding stiffness K d and effective
stiffness K eff , were taken into account to obtain the
maximum force resistance contributed jointly by the
lead-rubber bearing and viscous damper, as illustrated
in Fig. 2. Therefore, the pseudo-static design formula
for the isolation system composed of lead-rubber
bearings and viscous dampers was derived as

In Taiwan, 48 viscous dampers have been
incorporated also into the lead-rubber bearing (LRB)
system for the Tzu-Chi Medical Center in Taipei since
the undesired large displacement of the isolation
system may be induced by the long period earthquake
in the area. Meanwhile, 70 coil dampers were used to
raise the hysteretic damping ratio. In addition, viscous
dampers were also designed to be implemented in the
Tzu-Chi Medical Center in Taichung due to the fact
that the site is located beside the Chelungpu fault.

⎡⎛ πξ ⎞ ⎛ 2 − πξb ⎞
⎛ 2πξd ⎞ α ⎤
VD = ⎢⎜ b ⎟ + ⎜
⎟ cosδ + ⎜
⎟ sin δ ⎥SaW ...(3)
2
2
⎠
⎝ λ ⎠
⎠ ⎝
⎣⎝
⎦
2παξ d K eff
sin 2 −α δ
……..………………….…(4)
=
cos δ
Kdλ
Force

Force

+

In this study, the formula in determining the
maximum force transmitted by the isolation system
composed of lead-rubber bearings and viscous
dampers was derived and validated. An experimental
study was conducted using a shaking table for a rigid
mass sitting on the isolation systems composed of a
combination of lead-rubber bearings, natural rubber
bearings and nonlinear viscous dampers with damping
exponents smaller and larger than 1.0. The reason for
adopting viscous dampers with damping exponent
larger than 1.0 is that viscous dampers may contribute
less damping force resistance while the structure is
subjected to small and moderate earthquakes such that
the transmission of ground acceleration may be
limited. Besides, during a major event, viscous dampers
may contribute large damping force so that the
maximum displacement of the isolation system may
be controllable and the seismic force transmitted to the
superstructure may not be significantly enlarged.

Displacement

F
K

c

b

a

-u o

Displacement

u ocosٛ

K

uo

u

Viscous Behavior

Fig. 1 The hysteretic loop composed of a linear
viscous damper and an equivalent linear element
Force

Force

+
Displacement

Kd

Fy
Qd

Keff

Ku

Displacement
Dy

D

Viscous Behavior

Fig. 2 The hysteretic loop composed of a linear
viscous damper and a lead-rubber bearing
Numerical analyses were performed using a rigid
mass of W in weight as the superstructure sitting on
different isolation systems listed in Table 1. The
equivalent damping ratio of 25% was designed to be
completely contributed by lead-rubber bearings in
Case 1. In addition, the isolation system composed of
a combination of lead-rubber bearings with the design
damping ratio of 11.3% and nonlinear viscous
dampers with 13.7% were implemented in both Case 2
and Case 3. In which, the major difference is that the
damping exponent values in Case 2 and Case 3 were
0.4 and 1.5, respectively. It is believed that the smaller
characteristic strength values in Case 2 and Case 3

Incorporation of Viscous Dampers into
Isolation Systems
Fig. 1 shows the reasonable assumption of forcedisplacement behavior composed of a linear viscous
damper and an equivalent linear element representing
a seismic isolator with the effective stiffness K eff .
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ensure the more efficient engagement of seismic
isolators during small to moderate earthquakes.
Table 1 Design parameters of isolation systems
Design Parameters
Design Displacement D (cm)
Design Isolated Period Te (sec)
Design Spectral Acceleration
SaD (g)
Equivalent Damping Ratio ξe
Damping Ratio by Seismic
Isolators ξb (%)
Characteristic Strength Qd (W)
Yielding Strength Fy (W)
Yielding Displacement Dy (cm)
Damping Ratio by Viscous
Dampers ξd (%)
Damping Exponent α
Damping Constant
C (W×secα/cmα)

Case1
24.66
2.987

Case 2
24.66
2.987

Case 3
24.66
2.987

0.1741

0.1741

0.1741

0.25

0.25

0.25

0.25

0.113

0.113

0.045
0.048
0.89

0.02
0.021
0.28

0.02
0.021
0.28

-

0.137

0.137

-

0.4

1.5

-

0.0055

0.00009

Fig. 3 Experimental setup
The maximum absolute acceleration responses in
the superstructure and maximum relative displacement
responses in the isolation system during all test
sequences are listed in Table 3. In Test 1, during the
scaled series of the El Centro earthquake, the
acceleration reduction is about 80%. It is clear that the
application of lead-rubber bearings provids a better
seismic performance compared with the traditional
structures. However, under the near-fault earthquake
CHY101, the seismic performance is not as excellent
as that under the El Centro earthquake. Moreover, the
test results indicate that the acceleration reduction is
much better than 80% and the displacement response
can be controlled well due to the contribution of
nonlinear viscous dampers.

The nonlinear dynamic analysis results performed
by SAP2000 are listed in Table 2. The acceleration
reduction performance exceeds 75% in Case 3 during
30% of the El Centro earthquake. It is worthy of
noting that during the near-fault earthquake histories
recorded at CHY101 and TCU068, Case 3 also
exhibits much better seismic performance.
Table 2 Nonlinear dynamic analysis results of
different isolation systems
EQ
30% El Centro
(Small EQ)
60% El Centro
(Moderate EQ)
El Centro
(Major EQ)
150% El Centro
(Major EQ)
CHY101ns
(Near-Fault)
TCU068ew
(Near-Fault)

Case
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

D (cm)
2.34
1.53
1.75
4.58
3.53
4.39
8.21
7.14
7.78
13.83
12.20
12.49
96.46
62.58
48.30
136.30
103.70
74.020

Table 3 Experiment results of absolute acceleration
and relative displacement responses

A (cm/s2)
49.78
34.51
26.02
56.48
43.71
36.27
65.99
58.54
51.02
80.74
79.43
71.77
297.40
260.50
201.90
401.8
413.00
308.50

EQ

Scale
200%
PGA=
696gal

El Centro

100%
PGA=
348gal

50%
PGA=
174gal

50%
PGA=
199gal

Shake Table Tests
Experiments were conducted using a shaking table
for a rigid mass supported by different isolation
systems, as shown in Fig. 3. In Test 1, only four
lead-rubber bearings were used as a benchmark model.
In Test 2 and Test 3, the isolation system was
composed of two lead-rubber bearings and two natural
bearings together with two nonlinear viscous dampers
of different damping exponents smaller than 1.0 and
larger than 1.0, respectively. Moreover, in Test 4 and
Test 5, the isolation system was composed of four
natural bearings and two nonlinear viscous dampers
with the damping exponents respectively smaller than
1.0 and larger than 1.0.
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CHY101

30%
PGA=
119gal

10%
PGA=
40gal

Test
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

D (mm)
65
58
47
62
52
32
25
26
30
27
16
13
13
13
13
55
54
52
60
58
34
30
30
34
34
10
9
9
11
11

A (gal)
134
105
99
96
85
73
55
60
50
46
39
33
33
24
24
119
102
104
95
93
76
61
64
57
57
26
23
21
20
21

As the intensity of earthquake excitation increases,
the response difference between the isolation systems

with viscous dampers possessing the damping
exponent larger than 1.0 and smaller than 1.0 becomes
significant, as illustrated in the comparison of Test 2
and Test 3 in Fig. 4 and Fig. 5. The reason is that
during a major event (i.e. 200% of El Centro
earthquake), viscous dampers with damping exponent
larger than 1.0 may contribute larger damping force
such that the relative displacement of the isolation
system may be controlled much better and the
transmission of ground acceleration to the
superstructure may be reduced more efficiently.
Similar test results are observed in the comparison of
Test 4 and Test 5. However, since the intensity of the
near-fault earthquake input is not large enough in the
test program (i.e. 10%, 30% and 50% of earthquake
history recorded at CHY101), the significant response
difference attributed to viscous dampers with damping
exponent larger than 1.0 and smaller than 1.0
subjected to pulse-like seismic waves is not obvious.
This is due to the fact that the relative velocity in the
isolation system is not large enough to characterize the
performance difference in the nonlinear dampers with
damping exponent larger than 1.0 and smaller than 1.0

damping exponents larger than 1.0 into the
isolation system benefits the limited transmission
of ground acceleration during small to moderate
earthquakes. Furthermore, the maximum relative
displacement of the isolation system may be
controlled within an acceptable range and the
seismic force transmitted to the superstructure may
not be significantly enlarged while the structure is
subjected to a major or near-fault earthquake.
2. The effectiveness of all test isolation systems were
validated in this study. In particular for the isolation
system composed of a combination of seismic
isolators and viscous dampers, it exhibited the better
performance on the maximum and history responses
during the entire earthquake history.
3. While the intensity of the excitation increases, the
isolation system composed of a combination of
seismic isolators and viscous dampers with
damping exponent larger than 1.0 revealed better
seismic performance compared with the use of
dampers with damping exponent less than 1.0.
4. The intensity of the near-fault earthquake input
was not large sufficiently in the test program such
that the response difference between the use of
viscous dampers with damping exponent values
larger than 1.0 and smaller than 1.0 was not
observed clearly.
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Fig. 4 Comparison of absolute acceleration responses
of the super-structure in Test 2 and Test 3 subjected to
El Centro earthquake
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Fig. 5 Comparison of relative displacement responses
of the isolation system in Test 2 and Test 3 subjected
to El Centro earthquake

Conclusions
1. The incorporation of viscous dampers with
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Abstract
The optimal design theory for the linear tuned mass damper (TMD) is well developed,
but that for the nonlinear TMD is still developing. In this paper, optimization procedures in
time domain are proposed for the design of the TMD with nonlinear viscous damping. The
dynamic analysis of a structure implemented with a nonlinear TMD was conducted first.
Optimum design parameters for the nonlinear TMD were searched by optimization method
such that the performance index is minimized. The feasibility of the proposed optimization
method is illustrated numerically by Taipei 101 being implemented with TMD.
Keywords: optimal, design theory, tuned mass damper (TMD), nonlinear

and necessary conditions for the optimal design
parameters of the nonlinear TMD were derived such
that a certain performance index in the form of the
sum of square of structural responses has been
minimized. Since the sufficient and necessary
conditions are nonlinear, method of steepest gradient
was adopted. The design parameters were updated
with the optimal step obtained from golden section
search. The design parameters keep updating until the
difference between the performance indices of two
consecutive iterations is small enough. The feasibility
of the proposed optimization method is illustrated
numerically by using Taipei 101 structure as having
been implemented with TMD.

Introduction
Frahm proposed the TMD system in 1909 for
reducing the mechanical vibration induced by
monotonic harmonic forces. It has been found that if a
secondary system composed of a mass, a damping
device, and a spring is implemented on a primary
structure and its natural frequency is tuned to be very
close to the dominant mode of the primary structure, a
large reduction in the dynamic responses of the
primary structure can be achieved. From the field
vibration measurements, it has been proved that a
TMD is an effective and feasible system to be used in
structural vibration control against high wind loads.
Although the basic design concept of the TMD is
quite simple, the parameters (mass, damping, and
stiffness) of the TMD system must be obtained
through optimal design procedures to attain a better
control performance. Therefore, the determination of
optimal design parameters of the TMD to enhance its
control effectiveness has become very crucial.

Equation Motion
After a nonlinear TMD was attached to the SDOF
structure, as shown in Fig. 1, it becomes a 2DOF
system. The equation of motion of the nonlinear
system can be expressed as
&&(t ) + Cx& (t ) + Kx(t ) = bf d (t ) + bf r (t ) + ew ( t )
Mx

In this study, an optimal design of a TMD with
nonlinear viscous dampers implemented on a
single-degree-of freedom (SDOF) structure was
investigated. The dynamic equation of the system was
expressed in discrete-time state space. The sufficient
1
2
3

where M =

⎡m
⎢0
⎣

d

⎤ is the mass matrix of the system;
m ⎥⎦
0

s
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(1)

The optimal design parameters for nonlinear TMD
can be obtained such that a certain performance
index is minimized. The most appropriate
performance index is the sum of square of an
interested structural response,

⎡0 0 ⎤
⎢ 0 k ⎥ is the stiffness matrix of the system;
⎣
s⎦
⎡0 0 ⎤
C=⎢
⎥ is the damping matrix of the system;
⎣0 c ⎦
⎡ x d (t ) ⎤
x (t ) = ⎢
⎥ is the displacement vector of the
⎣ x s (t ) ⎦
⎡ −1⎤
system; b = ⎢ ⎥ is the TMD internal loading
⎣1⎦
⎡0 ⎤
vector; e = ⎢ ⎥ is primary structural external
⎣1 ⎦
f (t )
and
f (t )
are,
loading vector;
K=

k1

J = ∑ y 2 [k ]

s

d

k1

= ∑{z T [k ]D T Dz[k ] + 2z T [k ]D T Ew[k ] + E 2 w 2 [k ]}
k =0

Since the state vector in the above equation should
satisfy the state equation (Eq. (2)), that refers to the
equality constraint to the performance index. After
incorporation of the equality constraint, the
performance index becomes

r

J′ =

respectively, the nonlinear damping and restoring
force provided by the TMD; and w(t ) is the
external disturbances.

k1

∑ z [k]D Dz[k] + 2z [k]D Ew[k] + E w [k]
T

T

fd

ν

md

(6)

step i = 0
(0)
d

Initial guess c

z[ k + 1] = A d z[ k ] + b d f d [ k ] + b d f r [ k ] + e d w[ k ]

Calculate state vector z[ k ]

Calculate co-state vector λ[k ]

(2)

I ⎤
⎡ 0
⎥ ,
⎣ −M K −M C ⎦

A=⎢

−1

= 0 , kd(0) = md (2π fs ) 2

Calculate J (i )

Calculate gradients of damping coefficient

⎡ x[ k ]⎤
−1
AΔt
where z[ k ] = ⎢
⎥ , A d = e , b d = A ( A d − I )B ,
⎣ x& [ k ]⎦

and gradients of stiffness

∂J (i )
∂c d

∂J (i )
∂k d

Calculate optimal incremental step s

−1

i = i +1

⎡ 0 ⎤
⎡ 0 ⎤
,
=
E
⎥
⎢M e ⎥ .
⎣
⎦
⎣M b ⎦

Calculate c d(i +1) and k d(i +1)

−1

Calculate J (i +1)

The damping force and the restoring force are,
respectively, given by
No

ν

f d [ k ] = c d D 2 z[ k ] sgn( D 2 z[ k ])

(3)

f r [ k ] = k d D 1 z[ k ]

(4)

where D 1 = [1

2

xd

The solution of motion equation can be expressed
in a discrete-time fashion as a first-order difference
equation,

−1

{

2

+λ [k] Ad z[k] + cdbd D2z[k] sgn(D2z[k])

Fig. 1 System model of nonlinear TMD attached to
SDOF structure.

B=⎢

T

where λ[ k ] is the Lagrange multiplier vector.

fr

ms

e d = A −1 ( A d − I ) E ,

T

+kdbd D1z[k] + ed w[k] − z[k +1]}

xs

cs

T

k =0

w(t )

ks

(5)

k =0

−1

0

0] , D 2 = [0

0

1

−1] ;

J (i ) − J (i +1)
≤ε
J (i)

Yes
STOP

Fig. 2 Flow-chart of iteration procedures.
The sufficient and necessary conditions for the
minimization of the performance index are

c d is the damping coefficient of the TMD; ν is the

damping power law exponent of TMD; and k d is the

∂J ′

stiffness of TMD.

∂λ[ k ]

ν

= A d z[ k ] + c d b d D 2 z[ k ] sgn( D 2 z[ k ])
+ k d b d D 1 z[ k ] + e d w[ k ] − z[ k + 1] = 0
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(7)

∂J ′

= 2D Dz[k ] + 2D Ew[k ] + Ad λ[k ]
T

∂z[k ]

T

+ cdν D2 z[k ]

∂J ′
∂c d

∂J ′
∂k d

ν −1

T

The external wind force, w(t ) , is assumed to be
white noise as shown in Fig. 3.

(8)

b d λ[k ] + kd D1 b d λ[k ] − λ[k − 1] = 0
T

T

k1

T

= ∑ λ T [ k ]b d D 2 z[ k ] sgn( D 2 z[ k ]) = 0
ν

(9)

k =0

=

k1

∑λ

T

(10)

[ k ]b d D 1 z[ k ] = 0

k =0

where z[0] = z 0 is the initial condition for Eq. (7)
and λ[ k 1 ] = 0 is the terminal condition for Eq. (8).

Fig. 3 External white-noise wind force

The procedures for solving the optimal parameters
numerically are shown in Fig. 2.

With mass ratio Rm at 1.25%, optimal design
parameters c dopt and R opt
were computed by the
f
proposed optimization procedures for damping
exponent, ν =0.5, 1.0, 2.0, such that the
performance indices, R d , R v and R a were
minimized (Table 2 to 4). Furthermore, the 3-D
variation of the performance indices, R d , R v and
R a , against the TMD design parameters, c d and
R f , are plotted as shown in Fig. 4 to 6.

Numerical Verification
The mass and the stiffness of TMD were
normalized to be dimensionless as
(11)
(12)

( x [ k ])

2

s

k =0

k1

R v = ∑ ( x& s [ k ]) control
2

2
not control

( x& [ k ])

not control

( &&x [ k ])

not control

s

k =0
k1

R a = ∑ ( &&
x s [ k ]) control
2

k =0

s

2

2

(13)
(14)
(15)

Table 1 Parameters of Taipei 101 modeled
0.14251Hz
f

cs

192.3955ton-sec/m

ks

4036.8 ton/m

0.75
0.70
0.65
0.60
0.55
0.50
1.06
1.02

30
20 25
15
10
cd kN*(sec/m)ν

2

120
80 100
0.98
60
40
Rf 0.94 20
cd kN*(sec/m)ν

(b) ν = 1.0

0.75
0.70
0.65
0.60
0.55
0.50
1.06
1.02

S

5371.7ton-sec /m

0.98
Rf 0.94 5

(a) ν = 0.5

The Taipei 101 holds the title of world's tallest
building (for now) soaring at 508 m. Because the
TMD was hung in its 92nd floors, in order to turn the
structure into an SDOF structure, the first mode
shape was normalized such that the component at the
said floor was equal to unity. After model reduction,
the first modal mass ms is 52696.5 ton, the first
modal frequency f s is 0.14251 Hz, and the first
2
modal stiffness ks = ms (2π f s ) is 42250.0 kN/m. It
was assumed that the first modal damping ratio ξ s
is 2% so that the first modal damping coefficient can
be obtained as cs = 2ms (2π f s )ξ s = 1513.2 kN-sec/m .
The system parameters of the SDOF structure are
summarized in Table 1.

ms

0.75
0.70
0.65
0.60
0.55
0.50
1.06
1.02

Rd

k1

Rd = ∑ ( x s [ k ]) control

Rd

where Rm and R f are mass ratio and frequency
ratio, respectively. In order to evaluate the
effectiveness of TMD, the performance indices were,
normalized as displacement ratio R d , velocity ratio
R v , and acceleration ratio R a ,

Rd

Rm = M D M S
Rf = f d f s

2000
1600
1200
0.98
800
Rf 0.94 400
cd kN*(sec/m)ν

(c) ν = 2.0
Fig. 4 3-D variation of displacement ratio ( R d )
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Numerical
procedures
were
proposed
to
systematically and efficiently determine the optimal
design parameters for nonlinear TMD such that a
certain performance index was minimized. The
feasibility of the proposed optimization method is
illustrated numerically by using Taipei 101 structure
being equipped with TMD.

Table 2 Optimal parameters ( R d )

ν

Rf

cd

Rd

0.5
1.0
2.0

0.9961
0.9916
0.9873

13.62
59.34
988.96

0.5915
0.5721
0.5600

0.90

0.65

0.55
1.06

Ra

Rv

0.75

1.02

0.98
Rf 0.94 5

10

15

20

0.82
1.06

30

25

0.86

1.02

cd kN*(sec/m)ν

0.75

0.90

0.65

0.86

1.06

1.02

80

100

0.82
1.06

120

0.98
60
40
Rf 0.94 20
cd kN*(sec/m)ν

1.02

(b) ν = 1.0

25

30

cd kN*(sec/m)ν

120
100
80
0.98
60
40
Rf 0.94 20
cd kN*(sec/m)ν

0.90

0.65

Ra

Rv

20

(b) ν = 1.0

0.75

0.55
1.06

10

15

(a) ν = 0.5

Ra

Rv

(a) ν = 0.5

0.98
Rf 0.94 5

1.02

1600

0.86

0.82
1.06

2000

1200
0.98
800
Rf 0.94 400
cd kN*(sec/m)ν

1.02

(c) ν = 2.0

2000
1600
1200
0.98
800
Rf 0.94 400
cd kN*(sec/m)ν

(c) ν = 2.0

Fig. 5 3-D variation of velocity ratio ( R v )

Fig. 6 3-D variation of acceleration ratio ( R a )

Table 3 Optimal parameters ( R v )

Table 4 Optimal parameters ( R a )

ν

Rf

cd

Rv

ν

Rf

cd

Ra

0.5
1.0
2.0

0.9983
0.9942
0.9893

13.70
59.74
999.70

0.5857
0.5671
0.5561

0.5
1.0
2.0

0.9936
0.9886
0.9842

13.60
59.09
980.43

0.8271
0.82059
0.8164

As listed in Table 2 to 4, the TMD design
parameters with the lowest performance indices from
the 3-D plot are close to the optimal design
parameters from the optimization procedure.
Therefore, the proposed method for the optimal
design parameters of TMD is feasible.
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Conclusions
In this study, an optimal design theory for a TMD
with nonlinear viscous damping is developed.
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Application of Support Vector Machine in
System Identification
Lap-Loi Chung1, Hung-Ming Chen2 and Cho-Yen Yang3

鍾立來 1、陳鴻銘 2、楊卓諺

3

Abstract
The applications of strong motion measurement in buildings are popular recently as the
strong motion measurement data are getting more abundant. There are many researches
about structural identification using these measurement data. The conventional ways in
system identification such as AR, ARX and ARMAX are familiar. These methods have
good estimation performance in linear type of problems. The artificial intelligent algorithm
may be a good alternative for the nonlinear case. In this study, a new artificial intelligent
called support vector machine (SVM) was adopted for structural system identification. This
algorithm can be used for the classification, regression and clustering problems.
Keywords: system identification, artificial intelligent, support vector machine, SVM

Introduction

Consider a set of training data

{( xi , yi )}i =1:N . If

a linear function fitting these data points is found as
shown in the equation below:

Artificial neural network (ANN) and Fuzzy logic
are quite familiar artificial intelligent methods in the
academy. Those methods are applied to studies in
structural control and system identification. In
computer science and information engineering, there
is an algorithm called support vector machine (SVM)
in machine learning. It is used in face or voice
recognition problems. Thus, this algorithm has a good
performance in classification purposes. Moreover, this
method is extended in regression and clustering
problems. The difference between SVM and ANN is
that the former method has been established based on
the structural risk minimization rather than the
empirical risk minimization. Also, SVM has no
danger of getting stuck into the local minima. In this
study, SVM in regression of linear problem was used
at first and then applied to structural health monitoring
and identification problems.

f ( x) = w, x + b

(1)

To estimate the parameters of w and b , SVR
optimization problem is formulated as

min

(

N
1 2
*
w + C∑ ξi + ξi
2
i =1

)

⎧ y i − w, xi − b ≤ ε + ξ i
⎪⎪
*
constraint: ⎨ w, xi + b − y i ≤ ε + ξ i
⎪
*
⎪⎩ξ i , ξ i ≥ 0

where constant ε is a precision parameter (Fig. 1).
The constant C > 0 is a trade-off parameter. The
are slack variable which are used
variables of ξ
for tolerance of error.
To solve the optimization problem in equation (2),
( ∗)

Support Vector Machine (regression)
1
2
3

(2)
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the optimization is transformed in Lagrange function
as follows:
N
N
1
2
*
* *
L := w + C ∑ ξ i + ξ i − ∑ η i ξ i + η i ξ i
2
i =1
i =1
N
(3)
− ∑ α i (ε + ξ i − y i + w, xi + b )

(

)

(

Assume that a linear function is expressed as
follows:

)

y[k + 1] = a1 y[k ] + a 2 y[k − 1] + b1u[k ] + b2 u[k − 1]
(8)

i =1
N

(

− ∑ α i ε + ξ i + y i − w, x i − b
*

i =1

α

where

(*)
i

*

and

η

The initial conditions are set as:

)

[a1 , a 2 , b1 , b2 ] = [1.5, − 0.9, 0.3, 0.2]
y[1] = 20, y[2] = 15 (initial condition)

(*)
i

are Lagrange multipliers.

u[k ] refers to 200 points of random numbers (Fig. 2).
And, the two parameters of SVR are set as

Then, take its partial derivatives:

∂L N *
= ∑ αi − αi = 0
∂b i =1

(4)

N
∂L
= w − ∑ α i − α i* xi = 0
∂w
i =1

(5)

∂L
= C − α i(*) − η i(*) = 0
(*)
∂ξ i

(6)

(

)

(

ε = 0.005
C =1

)

The training data of y[k ] and
in the following format:

{xi , y i } = {[ y[k ], y[k − 1], u[k ], u[k − 1]], [ y[k + 1]]}
(9)

After substitute equations (4), (5) and (6) into (3), then
the dual problem is given as follows:
maximize:
−

(

)(

)

(

)

(

N
N
1 N
α i − α i* α j − α *j xi , x j − ε ∑ α i + α i* + ∑ yi α i − α i*
∑
2 i , j =1
i =1
i =1

xi of training data is
4 × 1 vector, and output term y i is 1× 1 scalar.

In equation (10), the input term

)

3
2

(7)

∑ (α
i =1

i

u[k] amplitude

And, subject to:
N

− α i* ) = 0 and α i , α i* ∈ [0, C ]

Finally, this dual problem can be solved by quadratic
programming to get solution of

α i(*) ,

u[k ] are expressed

then w is

1
0
-1
-2

computed by equation (5). It is assumed that there is
no offset in training data, so the parameter b can be
neglected.

-3
0

50

100
k

150

Fig. 2 Random disturbance

200

u[k ]

After SVM in regression, the estimated parameters
are:

[aˆ1 , aˆ 2 , bˆ1 , bˆ2 ] = [1.4995, − 0.8996, 0.2989, 0.1994]
In Fig. 3, it is clear that the simulation response
y[k ]sim is very close to original response y[k ] .
Fig. 1

ε -insensitive loss function

Numerical study

Linear Function Approximation
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the damping ratio of the SDOF system. The results are
as follows:

0

f 0 = 3.0007Hz

y[k] vs. y[k]

sim

y[k]

sim

-20
0
20

50

100

150

ξ = 0.0508

200

It is clear that the results of natural frequency and
damping ratio are very close to the assumptions as
depicted by the numerical example.

0
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200

0.3

0
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0.2

200

0.1
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y[k]
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Fig. 3 Linear function approximation

SDOF system identification

0
-0.1
-0.2

In this section, a single degree of freedom system
(SDOF) with natural frequency of 3 (Hz) and damping
ratio of 0.05 was considered. The mass of this SDOF
system is 1880 (kg). Then, the stiffness and damping
are as follows:

-0.3
-0.4
0

20
30
Time (sec)

40

50

Fig. 4 Time history of El Centro earthquake

k = 667974.825 9 (kg/m)
c = 3543.7165 (kg/(m/sec))

8
Abs. acceleration (m/sec2)

The SDOF system is excited by the data from El
Centro earthquake (Fig. 4). The absolute acceleration
response of the SDOF system can be generated by
using numerical integration (refer to Fig. 5).
The same way from the numerical example in the
last section was followed. y[k ] is the absolute
acceleration response of the SDOF system, and u[k ]
is the El Centro earthquake. The parameters of the
SVR were set as:

6
4
2
0
-2
-4
-6
0

ε = 0.001
C =1

10

20
30
Time (sec)

40

50

Fig. 5 Absolute acceleration time history

After the approximation of the function, the
parameters of the linear function obtained were

[aˆ1 , aˆ 2 , bˆ1 , bˆ2 ] = [1.8246, − 0.9624, 0.1054, 0.0325]
From the result, the system matrix
degree of system is:

⎡0
A=⎢
⎣a 2

10

A of the single

1⎤ ⎡
0
0 ⎤
=⎢
⎥
a1 ⎦ ⎣− 0.9624 1.8246⎥⎦

From this system matrix A , characteristic analysis
was conducted to calculate the natural frequency and
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Conclusions
The numerical study shows that SVM can be
applied in regression problem and also system
identification. However, only the linear problem has
been considered so far. Further study is needed for the
nonlinear problem, the noise effect and also the
sensitivity of the SVR parameters ( ε , C ). For the
nonlinear problem, there is an idea called nonlinear
kernel function. After the problems mentioned were
investigated thoroughly, this method can be readily
applied in system identification by using the
measurement data.
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Dynamic Behavior of
Nonlinear Rolling Isolation System
Lap-Loi Chung1 Cho-Yen Yang2 Hung-Ming Chen3 Lyan-Ywan Lu4
鍾立來 1、楊卓諺 2、陳鴻銘 3、盧煉元 4

Abstract
Most of the isolation systems are in linear system wherein the isolator has fixed
vibration period. When structures with these linear isolators are located near a certain
fault, it may cause resonance and large displacement response. For such, nonlinear
isolation system can avoid the situation. In this study, an eccentric rolling isolator is used,
and a parameter alpha ( α ), which is the eccentricity of the mass block to the radius of the
rolling device, was investigated. If the parameter alpha is not equal to zero, the dynamic
response is said to be in nonlinear rolling behavior. The equation of motion of the
isolation system was derived. The frequency of the isolator increases with the parameter
alpha under the same initial displacement. The influence of the said parameter to the
effect of isolation was scrutinized. Finally, the feasibility of the proposed isolation device
has been verified numerically. From the obtained numerical results, the frequency of the
nonlinear rolling system varies with the amplitude of vibration. Therefore, these isolation
systems cannot only avoid resonance but also decrease well the response of structure.
Keywords: isolation, nonlinear, eccentricity, rolling, seismic

elliptical rolling behavior is nonlinear. In numerical
study, elliptical rolling system could decrease the
absolute acceleration of the top floor in five-story
shear building from 13.26m/sec2 to 2.54m/sec2.

Introduction
Since civil engineering structures have to face
random environmental excitation, the resonance of a
linear system is a great problem if the isolator has
linear restoring force where the frequency of the
isolator is fixed. The resonance will make the
isolating effect lower and will possibly bring further
damage. Some researches show that the vibration
period of many conventional isolation systems are
about 2 to 3 seconds, which is close to the
predominant period of near-fault earthquake, and that
the resonance may occur. For this reason, nonlinear
isolation systems are developed to limit or even avoid
resonance. The frequency of nonlinear isolation
system is not fixed, so it can keep the structure away
from resonance. Jangid and Londhe (1998) have
proposed the elliptical rolling isolation system. The
1
2

3

4

In this study, an eccentric rolling system is
proposed. First, the equation of motion of the system
was derived by using Lagrange’s equation. Then, the
numerical study on free vibration and forced vibration
of the system was conducted. Finally, the dynamic
behavior of this nonlinear rolling system is realized.

Equation of motion
A block of mass m is pin connected to a disk
and the pin has a certain eccentricity from the center
of the disk (Fig. 1). By using Lagrange’s equation,
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can be computed. The variation of fundamental
frequency with eccentricity and initial angle is shown
in Fig. 3. With the same initial angle, the frequency of
isolator decreases with eccentricity. When the
eccentricity is greater than zero and smaller than one,
the mass block oscillates with initial angle.

the nonlinear behavior of the isolator (Fig. 2) can be
expressed as
R(1 + α 2 − 2α cosθ )θ&& + αR sinθ ⋅ θ&2 + αg sinθ + (1 − α cosθ ) X&&g = 0

(1)
where R is the radius of the disk, θ is the rolling
angle, α is the eccentricity of the pin to the radius
of the disk, g is the gravitational acceleration; and

When eccentricity is 0.5, the frequency of isolator
varies from 0.345Hz to 0.702Hz with the initial angle.
It is clear that the frequency of isolator decreases as
the initial angle increases. The nonlinear behavior is
evident from the time history of rolling velocity and
acceleration when the initial angle is 45º . When the
initial angle increases to 90º, the time histories of
responses are shown in Figs. 4 to 7. In Fig. 5, the
nonlinear behavior is obvious from the time history of
angular acceleration. The phase diagram of rolling
velocity versus displacement looks like a diamond. It
is different from the linear system where the phase
diagram looks like a circle or ellipse. In Fig. 7, the
relationship between base shear and horizontal
displacement is shown. It is observed that the
tangential stiffness may be negative, but the secant
stiffness is always positive. So, the system is stable.

X&& g is the ground acceleration.
If the rolling angle is small enough, sin θ ≅ θ
and cos θ ≅ 1 , the linearization frequency of the
nonlinear rolling system is given by
f0 =

αg
1
mgαR
1
=
2
2 2
2
2π mR + mα R − 2mαR
2π (1 − α ) R
(2)

Mass

5

α=0.9
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1

Fig. 1. Nonlinear isolation system
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Free vibration
In case of free vibration, the ground acceleration

X&& g is equal to zero and the equation of motion (Eq.
(1)) is solved with different initial angle and different
eccentricity through numerical integration. From
Equation (2), the linear frequency ( f 0 ) of the system
90
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= 90 o )

frequency

2

angular acceleration (degree/sec )

1500

500
0
-500

the time history responses are shown in Figs. 8 to 12.
The maximum acceleration of the mass block is about
6m/sec2 and the acceleration ratio is 1.93. The
acceleration response oscillates stably in certain range
(see Fig. 10). Even though the acceleration of the
block is large than that of input excitation, the system
is a stable system and no resonance occurs. From Fig.
11, the nonlinear behavior of the isolator is clearly
observed in the phase diagram. Figure 12 shows the
relationship between base shear and horizontal
displacement. It may mislead that energy is dissipated.
In fact, the area under the loading path is the same
with the area under unloading path. The energy
restored during loading equals to that released during
unloading. No energy is dissipated because friction
has not been considered. Since the path of loading and
unloading may be different from cycle to cycle due to
nonlinearity, it seems that area is enclosed by the
curves. Finally, if the frequency of excitation doubles
the linear frequency ( f = 2 f 0 = 1.3993( Hz) ), all
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Fig. 5. Rolling acceleration
( α = 0.5 , θ 0 = 90 )
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f = 0.5 f 0 = 0.3498(Hz) ). The

absolute acceleration of the mass block is 5m/sec2 and
the acceleration ratio is 1.64. The acceleration of the
mass block is larger than that of input excitation
(3m/sec2). If the frequency of excitation equals to
linearization frequency ( f = f 0 = 0.6997( Hz) ),
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Fig. 6. Phase diagram ( α = 0.5 , θ 0 = 90 )
o

responses of the mass block in displacement, velocity
and acceleration are smaller than two cases before.
The maximum acceleration of the block is about
2m/sec2, and the acceleration ratio is 0.78. It is found
that, this isolation system can lower the
high-frequency input to low-frequency response if
excitation frequency is higher than the linearization
frequency of isolator.
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Fig. 7. Base shear and displacement
( α = 0.5 , θ 0 = 90 )
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Forced vibration (ground acceleration):
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In isolation, the idea is to decrease the response of
superstructure. The mass block represents the super
structure in this study. Thus, the response of mass
block in displacement, velocity and absolute
acceleration were discussed and only the horizontal
responses were considered. The effect of isolation was
quantified in terms of acceleration ratio which is the
ratio of the maximum absolute acceleration of mass
block to that of ground acceleration. The ground
acceleration is the form of sine wave which frequency
is at 0.5, 1.0 or 2.0 times of the linearization frequency
(Eq. (2)) of the isolator.
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When the eccentricity is 0.5, the linearization
frequency is 0.6997Hz. If the amplitude is 3m/sec2
and the frequency is 0.5 times of linearization
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Fig. 9. Relative displacement ( α = 0.5 , f = f 0 )
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responses lower. The choice of eccentricity affects the
responses of displacement, velocity and acceleration.
When the eccentricity is large, the frequency of
isolator is high. Small amplitude in displacement
response but large amplitude in acceleration response
may be obtained.
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Conclusion
Through theoretical derivation and numerical
simulation, the dynamic behavior of nonlinear rolling
isolation system was investigated. In free vibration, it
shows the variation of frequency of isolator. The
frequency of isolator changes with different
eccentricity ratio and initial rotation angle. If the
initial rotation is large, the frequency of isolator is
lower. On the other hand, the frequency of isolator is
higher if the initial rotation angle is small. The free
vibration is periodic but the frequency is not fixed. In
each period, the frequency of isolator is changing with
time. Under sine wave excitation, it shows that the
system will not resonate even though the frequency of
excitation is the same as that of the linear frequency of
the isolator because of nonlinearity. If the frequency
of the input excitation is higher than the linear
frequency, the isolator will make the frequency of the
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Image-based Measurement on Guan-Miao Elementary
School In-situ School Building Pushover Tests
Yuan-Sen Yang1, Ming-Hsiang Shih2, Shih-Heng Tung3
楊元森 1、施明祥 2、童士恒 3

Abstract
This paper presents the image-based measurement technology employed for in-situ
schoolhouse pushover tests at Guan-Miao Elementary School in Tainan, Taiwan.
Image-based measurement adopted in the tests includes collapse paths, column
deformations, and foundation deformations. It is suitable for collapse tests due to its
multi-axial large deformation, which is difficult to measure by conventional contact
measuring devices. The said measurement is a collaboration work among the National
Kaohsiung First University of Science and Technology (NFKUST), the National University
of Kaohsiung (NUK) and this center.
Image analysis technology has been widely applied for image-based measurement at
various industrial, medical, and high-technological disciplines. As the improvement of
digital camera technology continues, image-based measurement is no longer a high cost
and luxury measurement, but an affordable and satisfying solution for practical
applications. At high risk regions, image-based measurement is a safe alternative as well
compared to direct visual observation. Potential applications on health monitoring and risk
region observation may be explored and promoted.
Keywords: Multi-axial displacements, image-based measurement, digital image analysis

dynamic particle motions in a fluid experiment.
Similar researches and applications are too numerous
to enumerate in this short report, which show the
demanding requirements on applications and further
researches of image-based measurement technology
for engineering applications.

Introduction
Image-based measurement technology has been
adopted by this center as a simple 2D image analysis
toolkit called ImPro (Yang et al., 2007). In addition to
collaboration with the European Laboratory for
Structural Assessment (ELSA), this center has
cooperated with NFKUST and NUK in 2007 to work
as one in the image-based measurement project of
Guan-Miao Elementary Schoolhouse’s in-situ
pushover tests (Hsiao et al., 2008).

Image-based Measurement at Guan-Miao
Elementary School’s Pushover Tests
The Guan-Miao Elementary School’s in-situ
pushover tests consist of four kind of tests: Test 1:
steel-plate reinforcement; Test 2: column-section
expansion; and Test 3: pre-stressed tendon
reinforcement, and Test 4: original structure test. In
this measurement work, collapse path and column
deformation measurement were carried out in Test 1,
column deformation measurement were carried out in
Test 2, and foundation deformation were carried out in
Tests 3 and 4.

Image-based measurement technology has been
applied to a variety of science and industrial
applications. Shih et al. (2006) adopted digital image
measurement technology on cracks generation of a
brick wall subjected to vertical loads. ELSA employed
this technology for ceiling strain field measurement of
a reinforced concrete structure in a pseudo-dynamic
test (Caperan, 2007). Capart et al. (2002) used a
Particle Image Velocimetry (PIV) method to trace
1
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3
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The collapse path measurement in Test 1 analyzed
a series of images extracted from videos taken by
high-resolution video cameras. Displacement path was
obtained by 2D image analysis using ImPro, assuming
the path was on a 2D plane. The velocities and
accelerations were obtained from the displacement
path using finite difference method. The video
cameras used in the measurement are SONY HDV
SR-1, taking interlaced videos with resolution of 1920
by 1080 in a rate of 30 frames per second. Bouquet’s
toolbox (Bouquet, 2007) was employed for camera
calibration and geometric transformation using the
checkerboard pasted on the schoolhouse specimen to
obtain the camera’s intrinsic and extrinsic parameters.
Figure 1 presents the usage of ImPro in this
measurement. Figure 2 plots the displacements and
accelerations of the collapse path obtained in the
measurement work.

measurements. The curvature values were then
obtained by finite difference method. Figure 3 shows
the marks of column A4 in Test 1. Figures 4 and 5 are
the measured rotations and curvatures of column A4
in Test 1, respectively. In Fig. 5, it can be seen that
there exist some noises in the curvature measurement.
Neglecting these noises, the curvatures between
heights of 500mm to 2000mm are roughly being
linearly distributed, but vary violently around the
heights of 300mm and 2500mm. According to the
measured curvatures, it can be shown that the plastic
hinges happened at the heights where column
curvatures vary dramatically.

(b)

(c)

(a)

Fig. 1

Fig. 3 (a) Column A4 of Test 1, (b) a regular mark,
(c) an irregular mark

Collapse path measurement using ImPro
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Fig. 4 Rotations of Column A4 in Test 1
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The deformation of column A4 (see Hsiao et al.
2007 for more details) in Test 1 was measured using
image-based measurement technology. The horizontal
displacements, rotational angles and curvatures along
the column were measured. This measurement
analyzed a series of images with resolution of 3072 by
2048 taken by Canon EOS 300D camera with a
SIGMA 18-200mm F3.5-6.3 DC lens. Due to a very
limited number of marks on the measured column, the
digital image correlation method can only be applied
to a few marked points for displacement and rotation
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Fig. 5 Curvatures of Column A4 in Test 1
The images used for 2D deformation measurement
of columns in Test 2 were taken by digital cameras
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and video cameras switched to digital camera mode.
ImPro was employed for the 2D image analysis. A
column named A4 (see Hsiao et al., 2007 for more
details) is presented here for brevity. The image
distortion effects caused by camera’s intrinsic
parameters were ignored in this measurement because
the cameras were placed at a far distance thus
inducing small distortion effects. The first author
estimated that the error would be less than 3% if the
intrinsic parameters are not considered. It should be
noted that the intrinsic parameters should be
considered if the accuracy of the deformation is
critically important. Fig. 6 presents the horizontal
displacements of the A4 column in Test 2.
Fig. 8 Diagram of the configuration for image-based
measurement

Test 1 column 3 deformation (along column central line)

D is p la c e m e n t U x (m m )
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DR=5%
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In the foundation deformation measurements of
Tests 3 and 4, the displacements of UL, LL and R
marks were measured. The relative displacements of
UL and LL with respect to R were then obtained.
Even though R was supposed to be totally fixed as a
stationary point, it actually moved in the test because
the ground supporting R frame was deformed,
inducing obvious movement of the R mark. Figs. 9
and 10 show the relative horizontal displacements of
columns named #3 in Tests 3 and 4, respectively. In
these figures, the equivalent sizes of an image pixel
are plotted above and below the measured values as
references of measurement accuracy.
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Fig. 6 A4 column horizontal displacements in Test 2
The foundation deformation measurements were
conducted in Tests 3 and 4. The images used in these
measurements were taken by digital cameras and
video cameras switched to digital camera mode.
ImPro was adopted in the image analysis work. The
image distortion effects caused by camera intrinsic
parameters were ignored due to minute distortion
effects. The rotation angles at the red cross in Fig. 7
are of interests. Fig. 8 diagrams the configuration and
the marks in the measurements. The relative
displacements of UL and LL to R marks were
measured in the measurements.
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Fig. 10 Relative horizontal displacement of UL mark
in Test 4
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cameras. Image-based measurement is a safe
alternative way for crack observations, especially
considering the potential danger induced by local
or global failure of damage structures. Concrete
debris may fall down and damage precious lives of
researchers and/or their students due to unpredicted
local failure during experiments. Unpredicted
global failure, even though it is not highly possible,
should be considered seriously due to the
possibility of misuse of actuators control,
controllers’ failure, or controlling software bugs.
Image-based measurement is a compromise
solution between research purposes and life safety.

Summary
The image-based measurement work at
Guan-Miao Elementary School’s in situ experiment
was conducted collaboratively by the National
Kaohsiung First University of Science and
Technology (NKFUST), the National University of
Kaohsiung (NUK) and this center. By adopting image
analysis techniques, the collapse path, column
deformation and foundation deformation, which are
difficult to measure using conventional measuring
devices, were estimated by analyzing the images or
videos taken in the course of experiment. This study
aimed to explore the state-of-the-art image analysis
technology developed by computer science
community for practical engineering applications, as
well as to try to integrate the research efforts and
applications in earthquake engineering discipline.

9. As the improvement of digital camera resolution
and quality on the consumer market goes further, it
is getting more feasible and affordable to adopt the
image-based
measurement
for
practical
applications. In addition to measurement for
earthquake engineering experiments, it has
considerable potential for structural monitoring,
measurement
during
construction,
and
measurement at dangerous regions with high
quality and reliability if more state-of-the-art
image analysis technology can be employed and
further researches can be carried out and applied.

Based from the experiences learned in the
measurement works in this experiment and several
previous experiments, some fundamental guidelines
developed are as follow:
1. Image-based measurement is a safe and
non-contact measurement approach, and is suitable
for large-scale collapse tests.
2. It can measure absolute displacements due to the
remote installation of cameras. Conventional
contact devices normally have to be installed close
to the specimen, which may slightly and
improperly move during experiments.
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3. With well controlled environments, image-based
measurement can achieve displacement accuracy
up to 0.16mm. In addition, the measurement range
may vary from local views to global views
depending on users’ requirements.
4. While the cameras used in this work are capable
for measurement with reasonable accuracy, the
accuracy and reliability of the measurement may
be even improved if the industrial classes of
cameras are adopted.
5. The image-based measured displacements match
the values measured by contact devices during
pushover stages before the collapse.
6. Image-based measurement can measure curvatures,
which can further be used for the estimation of
plastic hinge or plastic zone locations.
7. Due to the very limited number of marks on the
specimens, image measurement’s capability and
accuracy were restricted. The authors believe that
the accuracy would be better if there will be more
flexibility on paintings as marks for image
measurement on the specimens.
8. The authors believe that the digital cameras
available nowadays provide sufficient quality and
resolution to partially replace manual depiction on
cracks of RC as long as the surfaces are visible to
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Abstract
This paper briefly introduces a general approach for bridging networked earthquake
engineering hybrid simulation environments and gives a demonstration of its
implementation. This approach allows two different networked hybrid simulation
environments to conduct a collaborative hybrid simulation test by translating
communication messages between their software modules. The requirements analysis and
the software design for realizing the bridging approach are proposed. An implementation
was also realized for bridging the two networked hybrid simulation environments, the ISEE
developed by National Center for Research on Earthquake Engineering (NCREE) and the
UI-SimCor developed by the Mid-America Earthquake (MAE) Center at University of
Illinois at Urbana-Champaign (UIUC). In addition, simulation examples are provided to
validate and demonstrate the proposed bridging approach.
Keywords: Networked Hybrid Simulation, Bridging Approach, ISEE, NEES UI-SimCor

use different
methods.

Introduction
As the scale and complexity of modern
experiments increase, existing laboratories inevitably
face difficulties accommodating such experiments. To
address this issue, Hybrid Simulation (HS) has been
proposed. An HS divides a test structure into physical
parts and numerical parts. Only physical parts need to
be tested in laboratories while numerical parts are
analyzed in computers. The HS has recently been
extended further to the use of network, which
connects specimens located at geographically
distributed sites. Sharing and integration of resources
among laboratories has further increased the capability
of an HS to tackle large-scale and complex earthquake
engineering experiments. Several Networked-HS
Environments (N-HSEs) such as NCREE-ISEEdb
(Yang et al., 2007), NCREE-ISEEap (Wang et al.,
2007), UI-SimCor (Kwon et al., 2005), OpenFresco
(Takahashi et al., 2006) have been developed.
However, it is not easy for laboratories using different
N-HSEs to cooperate to conduct a collaborative
networked HS. It is mainly because different N-HSEs
1
2
3
4
5

and

incompatible

communication

When collaborative hybrid simulations among
laboratories using different N-HSEs are desired, two
solutions may be considered. The first one is to come
to an agreement among all the collaborating
laboratories to adopt the same N-HSE, which may
seem to be a straightforward solution. However, it
may not be an easy task to come to such an agreement
and for a laboratory to adopt a new N-HSE
considering the tedious technical effort required to
achieve compatibility among experimental hardware
and software. The second solution is to enable
communication and collaboration between different
N-HSEs. This may seem to be a difficult task because
different N-HSEs cannot by default collaborate or
share their resources with each other even though they
employ similar software frameworks and simulation
procedures. However, this solution is worth
investigating because it allows each laboratory to use
its own N-HSE that has been dedicatedly tuned or
optimized for reliability, robustness, and efficiency
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with their facilities.

the requests, the Remote Sub-Structure sends the
outcome of Executor back to the Commander.

This research proposed a general approach to
enable communication and collaboration between two
different N-HSEs. An implementation of the bridging
approach between NCREE-ISEEdb and the
UI-SimCor is presented. Finally, two software
simulations of HS tests were conducted to
demonstrate and validate the implementation.

Communication indicates what messages should be
transferred and describes how to transfer the messages
between Remote Sub-Structure and Executor.
Although the communication methods of N-HSEs are
different, the essential messages between Remote
Sub-Structure and Executor are almost the same. The
essential messages in HSEs are mainly displacements
(sometimes velocity and accelerations) and reacting
forces of all Executors at specific degrees of freedom.

An Abstract Framework of N-HSE
The general bridging approach proposed in this
research is based on an abstract framework of N-HSE.
The abstract framework is a generalization model of
two approaches of ISEE, UI-SimCor and OpenFresco.
Conceptually, the general bridging approach can be
applied to any two of the above N-HSEs.

Commander generates commands that indicate
how to deform or drive sub-structures at remote
laboratories. The Commander commonly depends on
a structural dynamic analysis program, so that it is
capable to carry out the structural analysis for the
numerical part of the test structure, as well as the time
integration of the entire test structure. It is also
responsible for coordinating the actions of the
Executors through the Remote Sub-Structures so that
the testing procedure can be carried out more
smoothly. The coordination mainly consists of
negotiation and exception handling. The negotiation is
to verify that all Executors are willing to attempt the
commands. The purpose of the exception handling is
to handle the situation if any Executor rejects the
command or does not respond, due to, for example,
network disconnection.

An N-HSE commonly includes four essential
modules: Commander, Remote Sub-structure,
Communication, and Executor (Fig. 1). Table 1 lists
names of the essential modules in the four N-HSEs.
This paper briefly introduces these modules. For more
details, see Yang et al. (2008).

Furthermore, there are still some auxiliary modules
in hybrid simulations, such as data acquisition,
real-time online video and camera modules. These
auxiliary modules could be driven by N-HSE or
controlled by the other independent control systems or
only with a few simple connections. Since it is not
necessary for the auxiliary modules to join the
collaboration among the four essential modules, they
can be ignored when considering the bridge between
two different N-HSEs.

Fig. 1 Proposed abstract framework of N-HSE
Table 1 Names of the essential modules in N-HSEs
Remote
sub-structure

N-HSE

Commander

ISEEdb

Analysis
Engine

pseoduGen

ISEEap

CGM

(unclear)

UI-SImCor

Main
Routine

MDL_RF

FE software

Experimental
Element

OpenFresco

Communication

Executor

SQL (Data
Center)
NSEP (Central
Server)
LabVIEW2 /
NTCP

Facility
Controller

TCPIP / NTCP

A General Bridging Approach between
Two N-HSEs

FCM
Component

The bridging approach between N-HSEs was
based on the abstract framework aforementioned. A
new module called Translator was created in the
bridging approach to allow laboratory sites using
different N-HSEs to run a collaborative networked
hybrid simulation. The main function of a Translator
is to translate and pass messages between different
Communication modules of participating N-HSEs.
There are two main advantages in using the Translator
to bridge N-HSEs: (1) It does not need to modify the
original software modules of any N-HSEs or alter the
hardware environment of any sites, and (2) A
Translator takes a very small amount of computer
time to finish its operation at each simulation step.
Normally it takes less than 0.01 seconds per step for
all the simulations presented in this work using a CPU
of Intel P4 3.0GHz.

ExpSite or
ExpControl

Executor is responsible for executing all
operations sent from its corresponding Remote
Sub-Structures and then replying with the outcome.
For a Remote Sub-Structure representing a physical
specimen in the laboratory, an Executor of the
specimen is responsible for controlling the equipment
(e.g. hydraulic actuators). An Executor may be
simulated internally by a numerical simulation
program for special purposes.
Remote Sub-Structure represents a sub-structure
settled on a remote site. Each Remote Sub-Structure
holds a single corresponding Executor. In each
simulation step, a Remote Sub-Structure receives the
requests from Commander and then forwards it to its
corresponding Executor. After the Executor completes
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A competent Translator needs to include the
following functionalities so that a networked hybrid
simulation test collaboratively can run correctly by a
master N-HSE (which runs Commander) and a slave
N-HSE (which does not run Commander):

portability of the ISEE Database Approach was
improved. The enhanced environment is named
ISEEdb version 2.0.
In ISEEdb 2.0, the Open DataBase Connectivity
(ODBC) technology was used to abstract the database
operations in NCREE-ISEEdb so that Microsoft SQL
Server is no longer the only database it can use. Since
the popularity of ODBC, the Data Center of the
ISEEdb can be installed easily on any server or
personal computer in the laboratory.

(1) A Translator has to provide composite
communication interfaces of master N-HSE’s
Executor and slave N-HSE’s Remote Sub-Structure.
As shown in Fig. 2, for example, consider the
Translator between ISEEdb and UI-SimCor (see Fig.
2). When ISEEdb works as a master N-HSE, the
ISEEdb’s Remote Sub-structure (pseudoGen) sends
messages to ISEEdb’s Communication module (Data
Center), and the Data Center passes messages to
Translator through an interface of ISEEdb’s Executor.
The Translator passes messages to UI-SimCor’s
Executor (i.e. Component) through an interface of
UI-SimCor’s Remote Sub-structure (i.e. MDL_RF).
Fig. 3 shows the interfaces of the Translator between
ISEEdb and UI-SimCor.

Demonstration: Reproduction of the
Taiwan-Canada Hybrid Simulation
This report presents a demonstrative software
simulation of a reproduction of the Taiwan-Canada
collaborative experiment simulating a double-skinned
concrete- filled tubular (DSCFT) bridge structure (see
Fig. 4) subjected to a series of bi-lateral earthquakes.
More details of the experiment can be found at Yang
et al. (2006).

(2) A Translator needs to translate messages without
loss of critical information between master N-HSE’s
Remote Sub-Structure and slave N-HSE’s Executor.

The simulation was configured as shown in Fig. 5.
ISEEdb’s Analysis Engine has driven the numerical
simulation of the bridge deck, P4 pier, and time
integration of dynamic analysis, while P1, P2 and P3
piers were executed through the UI-SimCor
Components interface. Three Translator objects were
employed to deal with the message translations
between three corresponding pairs of PseudoGen and
Component. Since the test is a software simulation
and there is no real specimen, each Component object
was actually simulated by a numerical simulation
using OpenSees fiber model. This test generates
identical results to the original one (Yang et al. 2006),
and demonstrates the feasibility of using the bridging
approach and the ISEEdb/UI-SimCor Translator
implementation.

(3) A Translator needs to handle necessary
functionalities that exist in master N-HSE’s Executor
but not in slave N-HSE’s Executor, such as exception
handling or degree-of-freedom transformation.
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Fig. 2 Bridging two N-HSEs using Translators
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Fig. 4 DSCFT Bridge in the Demonstration
In the demonstrative software simulation, time
integration of dynamic analysis was driven by the
Analysis Engine of ISEE. Fig. 6 shows that the other
way to run an NCREE-ISEE/UI-SimCor collaboration
is through the time integration of dynamic analysis
performed by UI-SimCor’s Main Routine. In this
hypothetic case, the Translator operates in an opposite
way of the aforementioned demonstration. Each
MDL_RF
of
UI-SimCor
passes
messages
(displacements) to its corresponding Executor, which
may either be a Compoenet of UI-SimCor, or a
Facility Controllerof ISEEdb through a Translator.
Each Translator in this case acts as a Facility Control.

Translator

Translator

10.5 m

13.5 m

P1

Exception
Handling

N-HSE A’s
Executor

interface

1.25 m

inheritance

Fig. 3 Translator framework

Enhancement of ISEEdb Approach
ISEE Database Approach was employed and
enhanced for the ISEE/UI-SimCor tests. The
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The Translator passes displacement messages from
MDL_RF to the Data Center in ISEE so that the
Facility Controllers in ISEE operates correctly. The
Translator then passes reacting forces back to
MDL_RF. This work preliminarily tested this test
using a simple hybrid simulation, which Main Routine
drives the time integration and sends out the
displacement commands. The result is not shown in
this paper due to limited pages.
Analysis Engine

OpenSees

not practical to modify them substantially.
In addition, the requirement analysis and the
object-oriented design of the bridging approach have
been presented and discussed. The software
simulations also validated and demonstrated the
feasibility, flexibility, reliability, and portability of the
bridging approach. With this approach, less
programming effort is needed in conducting a
collaborative HS among laboratories that adopt
different N-HSEs.
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Summary
A general bridging approach for N-HSEs of
earthquake engineering has been proposed. The
approach was constructed based on the common
framework of the recent N-HSEs. Therefore, it is
believed that the approach can be applied to all
existing N-HSEs known by the authors.
The bridging approach brings a minimal impact to
laboratories when it is compared to enforcing a certain
N-HSE to all participating laboratories. Since the
approach simply translates communication messages
between the software modules among different
N-HSEs, all existing laboratory software modules can
remain intact. On the other hand, other approaches
need to alter laboratory software modules. Consider
that the existing laboratory software modules may
have been developed for a long time, it is not easy and
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Numerical Simulation of the Structure Collapse for Vector
Form Intrinsic Finite Element Analysis
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Abstract
The objective of this study is to analyze the collapse of a reinforced concrete (RC)
frame under seismic excitation using the vector form intrinsic finite element (VFIFE, V-5)
analysis. In view of the preceding parallel researches, four major sets of queries to be
addressed in this study are as follows: (1) the structural system model for mass points of
the VFIFE method, (2) possibility that the motion behavior of space structure with large
deformation and rotation from continuous states to discontinuous states can be analyzed by
the VFIFE method, (3) the progressive failure of the structure components was investigated
in detail by considering failure criteria of the modified Park & Ang’s damage index to
model the element nodes of the cracking behavior, and (4) the material nonlinearity of
elements adopted in the three-parameter model. Moreover, the comparison of the shake
table experiments and the numerical simulation of V-5 method demonstrate the accuracy of
this method.
Keywords: Vector form intrinsic finite element (VFIFE, V-5) method, collapse of a reinforced
concrete (RC) frame, damage index , three parameter model

Introduction
To prevent the immeasurable losses of human
lives and social properties due to earthquakes and
terrorist attacks, resistance evaluation and retrofitting
of civil infrastructures have become an important
issue of many countries in the world. Great attention
has been focused on a type of failure known as
“progressive collapse” since the Ronan Point
apartment collapse in London in 1986 (Griffiths et
al., 1986). In recent years, however, terrorist attacks
have also become evident as seen in the Alfred P.
Murrah Building in Oklahoma City in 1995 and the
World Trade Center in New York, 2001 which did
not withstand the fires from terrorist attacks that
have eventually induced progressive collapse of the
building. The 27 May 2006 earthquake has hit the
provinces of Yogyakarta and Central Java in
Indonesia which lead to RC and brick building’s
collapse.
Besides experimental and theoretical studies,
numerical simulation is another way to assist
engineers to understand the nonlinear dynamic
1
2

failure behavior of structure under an earthquake
excitation.
Recently, the V-5 method has been proposed.
The V-5 method has been applied successfully to the
nonlinear motion analysis of 2D frame and the
dynamic stability analysis of space truss structure
(Wang, 2005). Due to the characters of the V-5
method, it can be applied easily to study the highly
nonlinear dynamic behavior of a structure system
from continuous to discontinuous state. In this study,
the theory of frame element in V-5 is briefly
presented, and an RC frame in V-5 Method is
discussed also. Besides, analysis of collapse
structures included multiple frame elements motion
for large deformation and rotation from continuous
states to discontinuous state. The comparison
between numerical simulation of V-5 method and
shake table experiments demonstrate the accuracy
and efficiency of this method.

Fundamentals of the V-5 method
The computation procedure and some concepts of
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this V-5 method are similar to the FEM’s. The only
difference perhaps is that VFIFE maintains the
intrinsic nature of the finite element method, and
makes strong form of equilibrium at nodes and the
connections of members. In other words, the
continuous bodies are represented by a set of mass
points through lumped mass technique as show in
Fig. 1. Each mass point satisfies the law of
mechanics, i.e. the conservation of linear and angular
momentums. Since there are large translations and
rotations in the motion of collapsing structure, the
outstanding characters of the V-5 method allow it to
be selected in conducting nonlinear, dynamic and
discontinuous deformation analysis. The description
of kinematics of discrete rigid body and deformation
displacements, and a set of deformation coordinate
for each time increment to describe deformation and
internal nodal forces can be found in the works of
Wang (2005).

reinforced concrete frame under cyclic excitation, a
three-parameter material model characterized by the
stiffness degrading
factor ( S1 ), the strength
deterioration factor ( S2 ), and pinching factor ( S3 ) for
the moment-curvature relation as shown in Fig. 2 was
adopted in the V-5 method. A famous and widely used
damage index proposed by Park and Ang (1985) has
been applied to evaluate the damage state of the frame
in the failure analysis. This damage index was
implemented in the original release of IDARC
(Kunnath et al., 1992). The moment and curvature
data of the frame were used to determine its damage
index using Eq. (2).
M

M yt

Z

K
d( t )
te

A

B
M new = − M yt × S1

td

X
tc

(a) Stiffness degrading factor S1

P

M
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Y

M max × S2
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Fig. 1 Motion trajectory of a particle B of frame
structure with 6 degree-of-freedom in space.
The local deformation coordinates of each frame
int
element have to be transformed to f in the global
coordinate system. After calculating all the internal
forces of elements’ nodes, one can sum the overall
− Fβint
and external forces
internal forces
ext
Fβ applied to a rigid body particle β , and hence,
obtain the following equation of motion without
damping effect:
M β &d& β = Fβext − Fβint

M new = M max × S2

K

(b) Strength deterioration factor S2
M
M max

(1)

&& is the
where M β is the general mass matrix and d
β
general displacement vector of the particle β . In the
present analysis, the explicit time integration
technique was used to solve Eq. (1). In the seismic
analysis, variations of the displacements and
rotations of the nodes connected to ground can be
assigned according to the history of ground motion.

Modeling of Reinforced Concrete and
Damage Index

M new

K
U max
U max × S3

(c) Pinching factor S3

To model the global nonlinear behavior of a
102

Fig. 2 A three-parameter moment-curvature model
for frame under cyclic excitation.

D=

∫

dE
Km − K
+ βe
Ku − K
M y Ku

(2)

Where
K m = maximum curvature attained during load
history
K u = ultimate curvature capacity of section

acceleration was timed at 58 seconds to 83.5 seconds
(collapsed, Test 2) and is shown in Fig. 4. In this study,
owing from material parameters of Test 1 (no
collapse), Test 2 (collapsed) behavior can be
simulated. The correlation of the shake table
experiment and the analysis of V-5 is plotted in Figs.
5 and 6 (no collapse) and Figs. 7 and 8 (collapsed).
The damage index of Eq. (2) is shown in Fig. 9. This
example demonstrates the use of V-5 method in
simulating the progressive collapse of a structure.

K = recoverable curvature at unloading

β e = strength degrading parameter
M y = yield moment of section

∫ dE = dissipated hysteretic energy

This example is from shaking table tests at
National Center for Research on Earthquake
Engineering (NCREE) in Taiwan. In this study, the
V-5 method was compared with the experiment results
of the shaking table tests. The examples presented
here demonstrate the applicability of the proposed
method in carrying out the V-5 method to analyze the
collapse experiment of an RC structure under seismic
excitations. In addition, an RC member was used for
the section model of the moment-curvature. The
adopted hysteretic model for the section model was
named Polygonal Hysteretic Model (PHM), a
three-parameter model. It can simulate hysteretic
behavior with the stiffness degradation( S1 ), the
strength deterioration( S2 ), and the pinching ( S3 ).
Figure 3 shows the specimen frame on the shaking
table. It is a single-story and four-column planar frame
specimen.
The
rectangular
column
section
is 150mm × 150mm . The reinforcement details of
specimen frame, non-ductile columns (C1, C2) and
ductile columns (C3, C4), are in reference to Wu [].
The weights of column, beam and footings were 56
kN, 2.16 kN, and 10.98 kN, respectively. To add to
the total 166.6kN of lead ballast on the beam, the
planar frame specimen was subjected to two
sequential earthquake accelerations during the shake
table tests. The first duration of earthquake
acceleration was timed at 0 second to 58 seconds (no
collapse, Test 1). The second duration of earthquake
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2

Acceleration (g)

Comparison of shake table experiment
and V-5 numerical simulation

Fig. 3 The specimen frame on the shaking table.
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Fig. 4 Earthquake acceleration on the shake table
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In the presented analysis, if the damage index of
reinforced concrete frame arrive at D=0.77, the RC
frame element is said to be fractured. Thus, new node
will be added to the fracture interface to release the
connectivity. The mass distribution, internal forces,
external forces, nodal displacements and boundary
conditions were updated for the fractured element in
the presented mode.
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Fig. 5 Displacement and time (no collapse)
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Conclusions
A novel numerical method called “Vector Form
Intrinsic Finite Element” (VFIFE) method for the
motion analysis of space frame structure is presented.
Due to some special features of VFIFE, it can conduct
simulations of the progressive failure and collapse of
structures relatively easy compared with conventional
matrix type structural analysis methods. It is believed
that further developments of VFIFE method on the
nonlinear analysis of reinforced concrete structures
can provide engineers an effective and friendly tool to
analyze very complicated engineering problems.
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Fig. 9 Time and damage index of RC column.
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Probability-based Seismic Deformational Demand
Assessment and Estimation of Structural Capacity Curve
Considering Dynamic Behavior: Part I
Yuan-Tao Weng 1 and Tsung-Jen Teng 2
翁元滔 1、鄧崇任 2

Abstract
The 1999 Chi-Chi earthquake has revealed the poor performance of the reinforced
concrete (RC) school buildings in Taiwan. It has also indicated an urgent need of seismic
evaluation and retrofit for the existing schools. In order to understand the behavior of a
typical school building subjected to lateral loads, a series of in-situ test for two existing
two-storey RC school buildings were carried out. Three types of lateral loading patterns
were applied to these two frame specimens: monotonic static pushover, cyclic static
pushover, and earthquake time history input. This paper presents the experimental program,
test results and analytical assessment in the tests. The responses of free vibration, forced
vibration and micro-tremor measurement were also recorded in order to identify the
dynamic behavior of frame specimens. The experiments provide reliable and efficient
observation of actual building behavior, especially the effects of the seismic performance
of a school building subjected to cyclic lateral loading combined with pseudo dynamic test
(PsD). Results of these tests are reported, analyzed and interpreted in this paper. Test
results related to the effect of the decay of structural strength and stiffness induced by
cyclic loading should be implemented in seismic evaluation procedure. This study also
proposed an effective transformation relationship between capacity curves obtained from
monotonic pushover tests and dynamic tests.
Keywords: Cyclic pushover test, existing school building, pseudo-dynamic test, in situ test.

Introduction
In Taiwan, many typical school buildings suffered
severe damages caused by the 1999 Chi-Chi
earthquake. Most school buildings were constructed
and expanded in a patchy way, which caused
insufficient seismic resistance. The structural systems
of school buildings have intrinsic defects. The
classrooms are generally located side by side in a row.
The plan of each classroom is about 10 m in width
along the corridor and 8 m in depth perpendicular to
the corridor. The corridor may or may not be
cantilevered. The stiffness in direction perpendicular
to the corridor is much higher than that along the
corridor, and there is a strong tendency for damage to
occur in this type of situation. In order to utilize the
natural light and ventilation, windows and doors fully
1
2

occupy both sides of the corridor. At the upper portion
of the columns, they are constrained by the window
frame made of aluminum or wood. At the lower
portion of the columns, they are constrained by the
windowsill made of brick walls. Since the windowsill
is rigid compared with the window frame, the
effective length of the column is shortened. The
shorter the column, the larger the shear force.
Therefore, the columns tend to fail in the shear mode
rather than in the flexural mode. For preventing
possible damage in the future, it is urgent to develop
the seismic evaluation and retrofit technology for the
existing schools. Although there are already some
assessment methods developed by foreign researchers,
usually they are verified by small-scale or partial
structural assemblages subjected to monotonic lateral
loading pattern and not by a full-scale structure
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subjected to cyclic loading pattern. It is still an issue if
test results in the laboratory can actually represent the
true behavior of real existing buildings. Therefore, a
series of in situ structural test of an existing RC school
building were carried out for realizing the real
structural behavior of existing RC school buildings in
Taiwan. For example, a series of in-situ monotonic
static pushover tests of the existing RC buildings were
conducted in two schools in 2005. The specimens
include a two-floor building with three classrooms
located at Hsin-Cheng Junior High School, Hualien,
and a two-floor school building at Kouhu Elementary
School, Yulin. The latter was consisted of eight
classrooms and was divided into three specimens,
where each has two classrooms while the remaining
two classrooms were reinforced by steel bracing to act
as reacting supports. Specimen in Hualien was a
typical school building with no walls in the
longitudinal direction, while specimens in Yulin has
original brick wing walls, and one with new RC wing
walls as retrofit in the longitudinal direction (Tu and
Hwang, 2006). Because the monotonic loading pattern
could not represent the actual cyclic behavior induced
by an earthquake, some practicing engineers and
professionals question about the feasibility of this
loading pattern. Therefore, in order to solve this
drawback through in situ experiments, an
eight-classroom building constructed in 1979 was
divided in the staircase where one part of this building
was set for monotonic loading test and the other part
was set for cyclic loading or earthquake loading along
its longer axis. These two pure frame specimens were
arranged to be co-responsive with each other.
In this section, a series of in situ experimental
programs before and during demolition of the existing
RC buildings of Reuipu Elementary School has been
finished recently. The aims of the in situ experiments
are as follows:
1. To identify the dynamic behavior of typical RC
school buildings constructed without any
consideration of seismic risk and seismic detail;
2. To take advantage of the progressive demolition in
obtaining some qualitative data and, if possible,
quantitative answers of the actual influence on the
dynamic characteristics including the ductility and
the degradation of structural lateral strength and
stiffness induced by seismic cyclic loading;
3. To propose some methods to modify the capacity
curves obtained from in-situ monotonic pushover
testing of existing school buildings according to
the results of cyclic pushover testing; and
4. To identify and quantify the damage status of
non-engineering existing low-rise building
structure and RC column members.
This study aimed at constructing the transformable
relationship between the capacity curves obtained
from monotonic and cyclic pushover tests which is
developed according to these field test results.
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Description of Test Structures
Figure 1 shows the site plan of the frame specimens.
There were two primary frame specimens as described
below:
Specimen I: Pseudo dynamic test and the static cyclic
pushover test of frame specimen, also designated as
“Dynamic Specimen”.
Specimen II: Monotonic static pushover test of frame
specimen also designated as “Static Specimen”.
These two frame specimens were made of reinforced
concrete, but the partition walls and windowsills were
made of 1B-thickness (24 cm) brick walls and
1.5B-thickness (36 cm) brick walls, respectively. In
other words, the type of structural system is RC
frames with confined brick walls, non-seismically
detailed buildings.
Figure 2 shows the structural plan of the specimen.
Each 10 m wide classroom is consist of 3 spans, lies
along the longitudinal direction. Over half of the
columns in Frame A and all the columns in Frame C
have 800 mm high windowsills that usually cause the
short-column effect besides them.
In the field tests, the RC columns of the frame
specimens were classified following the types below:
1. Normal column: the columns are not constrained
by windowsill made of brick walls along the
corridor, or beside a brick partition wall in depth
perpendicular to the corridor only. The normal
columns tend to fail by flexure or flexure-shear
failure modes, and
2. Captive column: the columns constrained by
windowsill made of brick walls along the corridor.
Short-column effect happens because the column
constrained by windowsills that were not
considered in design, effective height of the
column is then shortened and cause larger shear
stress or even shear failure.

Fig. 1 Site plan of Reuipu Elementary School,
Taoyuan, Taiwan.

CHY041EW record is also shown in Figure 7a. To
scale the earthquake intensity by the Sa(T1) method
mentioned above, the corresponding PGA value for
the 10% / 50yr seismic hazard levels is set as 0.24g. It
was used to design the earthquake intensity using
the PDT No.3 and was decided to measure the seismic
response of the Dynamic Specimen in the seismic
hazard level.

Fig. 2 Structural plan of Specimen I and Specimen II
(in centimeters).

Figure 4 shows the loading history of the cyclic
pushover test, which consists of the following lateral
roof drift cycles: three cycles each at 0.25%, 0.5%,
0.75%, 1%, 1.5%, 2%, 3%, 4%, 5%, and 6%. The
control of actuator loading system was mixed with
displacement and force controls.

Results and Discussions

5

Test schedule
Initially, three types of vibration testing mentioned
were performed per frame specimen to measure the
fundamental period and damping ratio before
conducting PsD seismic test or pushover tests.
Afterwards, static and dynamic tests described were
performed. The school building is located in a low
seismic zone. To reveal the site effect and to prevent
failure were considered as important criteria in
selecting record to obtain more controllable results
and a stream of good response data in the tests.
Ground motion data recorded in 2000/6/10 at Taoyuan
TCU006 station was selected because no pronounced
peak was observed. But the earthquake energy of the
TCU006 station ground motion was very low, so the
Chiayi CHY041 station ground motion data recorded
in 1999/9/21 (Chi-Chi EQ) was also selected. The
PDT No. 3 utilized the records of Chiayi CHY041
station, same as PDT No. 2. However, the earthquake
intensity was doubled to 240 gal to push the Dynamic
Specimen in achieving its lateral load strength.

The corresponding spectral curve representing the
10% probability of exceedance in 50 years (10% /
50yr) seismic level from Taiwan’s 2005 Building
Seismic Provision is also shown in Figure 7.
Experimental results show that the fundamental period
and damping ratios of the Dynamic Specimen are
about 0.36 second (2.88 Hz) and 3.0 %, respectively.
According to the Sa(T1) method proposed by Shome et
al. (1998), the ground motions shall be scaled such
that the spectral acceleration of the spectra is equal to
the 5% damped smoothed design spectra at the
fundamental period of the prototype building in the
considered direction. The 5% damped Sa values for

Sa (g)

4
3
2
1

Acceleration(gal)

0

Acceleration (gal)

Figure 3 shows earthquake ground accelerations
and their corresponding normalized acceleration
spectra. All acceleration time histories were applied to
the Dynamic Specimen along the longitudinal
direction. In the PsD tests, all floor slabs were
constrained to prevent torsional response. The average
value of displacements of two hydraulic actuators
installed in every floor was used to be the floor lateral
displacement.
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In-situ PDT
TCU006EW
TCU006NS
CHY041EW
T1=0.36 sec
Code 2005

0

0.4

0.8

1.2

1.6

Period (sec)

20

2

(a)

2000/6/10
TCU006NS
PGA=17 gal

10
0
-10
-20

0

5

10

15

20

Time (sec)

300

(b)

1999 Chi-Chi Earthquake
CHY041EW
PGA=297 gal

200
100
0
-100
-200
-300

0

10

Time (sec)

(c)

20

Fig. 3 Response spectra of the ground accelerograms
and original acceleration time history.
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Fig. 4 Cyclic loading pattern used for Dynamic
Specimen.
Interpretation of Results
From results, Table 1 shows that the structural
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Table 1. Comparison of stiffness, ultimate base shear,
and peak roof displacement.
Frame
Ultimate
Peak roof
Stiffness
Specimen
base shear displacement
(kN/mm)
(mm / % rad.)
No.
(kN)
28.2 / 0.4%
Dynamic
52.3
1177
rad.
55.1 / 0.77%
Static
52.9
1190
rad.
To envelop the force-deformation response in the
first cycles up to the displacement amplitudes
exceeding previous cycles obtained from the
experimental results of the PsD seismic tests and
cyclic pushover test of Dynamic Specimen (in positive
and negative loading directions) and then linked up
the post-part of the capacity curve obtained from the
monotonic pushover collapse test, the entire capacity
curves of Dynamic Specimen were presented as the
Specimen I(+) and the Specimen I(-) curves shown in
Figure 5. Here the Specimen I(+) curve was used to be
the representative capacity curve of Dynamic
Specimen. Figure 5 shows the capacity curves of
Static and Dynamic Specimens. Comparing the
capacity curves of Static and Dynamic Specimens, the
effects of the seismic performance of a school
building subjected to cyclic lateral loading collocating
with the PsD seismic tests can be deduced.
2000

Base Shear (kN)

1500
1000

Monotonic Static Pushover Test (Specimen II)
Capacity Curve of Dynamic Specimen (+)
Capacity Curve of Dynamic Specimen (-)
1
PDT No.3
KN,Mono
Cyclic Pushover Test

0
KN,Mono=-125.8 kN/rad
KN,Cyc=-267.5 kN/rad

-1500
-2000
-3

-2

-1

0

1

2

Roof Drift θR (%, radian)

Figure 6 shows the capacity curve of the
monotonic static pushover test modified using the
procedure described above. Using this procedure, the
capacity curves obtained from several past in situ
monotonic static pushover tests (Tu and Hwang, 2006),
can also be modified considering the cyclic effect
induced by an earthquake.
2000
Monotonic Static Pushover Test
Capacity Curve of Dynamic Specimen (+)
Modified Capacity Curve of Static Specimen

1500

1000

500

0

0

1

Roof Drift θR (%, radian)

2

Fig. 6 Comparison of the experimental capacity curves
and the modified capacity curve of the Static
Specimen.

An effective transformation relationship between
capacity curves obtained from monotonic pushover
tests and dynamic tests was developed in this study.
The established relationship can be applied to
modify the experimental capacity curve obtained from
several past in situ monotonic static pushover tests of
RC school buildings in Taiwan.

500

-1000

≅ θ P + (θ M − θ P ) / 2.0

Conclusions

KN,Cyc

-500

when the cyclic pushover test finished, so θR,T
will be recommended as 2.0%.
2. Idealize the pushover curve obtained from in situ
monotonic static pushover test (Fig. 17) using
energy-equaled principle. Find the roof drift ratio
corresponding to the idealized peak base shear as
the drift ratio θR,P.
3. Considering the capacity curves obtained from the
static pushover test and dynamic tests
respectively, the KN,Cyc/KN,Mono is about 2.0. So
when the drift ratio θM is larger than θR,P, the roof
drift ratio of the monotonic static pushover test
should be modified using the equation (2) below:
when θ M > θ p , θ ′ = θ P + (θ M − θ P ) / (K N , Cyc / K N , Mono ) (2)

Base Shear (kN)

lateral strength, elastic stiffness and peak roof
displacement of both Static and Dynamic Specimens
are almost the same. After the ultimate base shear has
been reached, the maximum difference of the shear
strength was about 33% between the Dynamic
Specimen and Static Specimen. In other words, the
monotonic
pushover
procedure
obviously
overestimated the shear strength and stiffness after the
structural strength started to decay.

3

References

Fig. 5 Capacity curves and negative stiffnesses of the
Static and Dynamic Specimens.

Transformation between Capacity Curves
A detailed step-by-step implementation of the
transformation between the capacity curves obtained
from the Static and Dynamic Specimens is presented
in this section.
1. Assume the target roof drift ratio as θR,T. Because
the maximum roof drift ratio reached 2% radian
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Abstract
The achievements of this project include: (1) Adopting object-oriented techniques to
introduce the material library of OpenSees into PISA3D in expanding the material library
of PISA3D; (2) Developing GISA3D-IDEERS based on GISA3D and PISA3D, for the
preliminary design and analysis tool of 2007 IDEERS; and (3) Keeping the expansion of
the PISA3D libraries. Moreover, the new Fiber BeamColumn element was applied to
analyze the collapse behavior of a full scale 4-story steel building.
Keywords: PISA3D, GISA3D, GISA3D-IDEERS, Fiber BeamColumn, Object-oriented

Introduction
Taiwan is located in the Pacific’s earthquake
region and the importance of numerical simulation
and analytical methods on earthquake engineering
increases constantly. The PISA3D/GISA3D, which is
developed by NCREE, have already been applied
widely by researchers and engineers. It is therefore
necessary to further develop, expand, and apply their
frameworks and libraries to satisfy the requirements
on engineering practices, academic researches, and
education on earthquake engineering.

Introducing
PISA3D

OpenSees

material

into

To develop a software framework using
object-oriented techniques means to achieve the
maintainability, extensibility, and reusability of the
well-designed framework. Compare with the
traditional structured programming, object-oriented
technique eases the reuse, modification, extension and
maintenance of software modules. Nowadays, many
software and libraries are partially made up from other
developed and tested software components. The
programmers could just select appropriate components

and implement few codes to assemble these
components, and the software can be accomplished by
the re-usage. For modern finite element analysis tools
and their libraries, PISA3D and OpenSees are both
developed by object-oriented techniques and their
frameworks are well known by NCREE researchers.
This research integrated the material library of
OpenSees with that of PISA3D to increase the
expansion of PISA3D materials. Although the
material nonlinear algorithms of different software are
very similar, the interface and operation methods of
PISA3D and OpenSees are not really identical. To
resolve this conflict, a transformation interface can be
defined to transfer necessary methods and attributes.
This solution is named Adapter pattern (Gamma et al.,
1995). The Adapter pattern aimed to: Transfer a class
interface to another expected one, and let classes
with different interface can work jointly. The
advantage of this design is that no modification on
either class should be made, including the interface
and source codes. Even if the source codes cannot be
retrieved, the integration can still be carried out.
An adapter, OpenSeesMaterialAdapter (Fig. 1),
was designed according to the aforementioned
conception, since PISA3D and OpenSees have their
own
interface
of
material.
This
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OpenSeesMaterialAdapter inherits the material
interface of PISA3D. It is used to invoke proper
methods of OpenSees material, and it makes some
necessary operation on OpenSees material.
PISA3D Material

be used in PISA3D. In the future, new OpenSees
materials then can be introduced easily to PISA3D.
On this concept, the implementation for the reuse of
software components highly increases the efficiency
of software development.

Adapter Pattern

OpenSees Material

-OpenSeesMaterial*

0.4

Stress

Stress

OpenSeesMaterialAdapter

0.4

0.0

-0.4
-0.004

Steel01

Concrete01

0.000
Strain

0.0

-0.4
-0.004

0.004

Fig. 3 Bond_SP01

An abstract interface of
OpenSees Material

BoucWen

0.000
Strain

0.004

Fig. 4 BoucWen

......

0.4

Stress

Additionally, unlike the traditional Adapter
pattern, the OpenSeesMaterialAdapter will not
directly call the OpenSees material (e.g., Steel01,
BoucWen, etc.) If the traditional Adapter was applied,
the OpenSeesMaterialAdapter must judge the type of
OpenSees material while calling their methods each
time. From the design in Fig. 1, this class holds a
pointer (OpenSeesMaterial*) to OpenSees material to
represent
these
objects.
While
the
OpenSeesMaterialAdapter is constructed, it is
responsible for constructing the OpenSeesMaterial*
according to user’s option. This initiating process is
shown in Fig. 2. The OpenSeesMaterial* will
dynamically bind to correct material via
object-oriented
mechanism.
While
the
OpenSeesMaterialAdapter is invoked, this adapter
would request the OpenSeesMaterial* to invoke and
transfer correct methods for PISA3D.
:ModelBuilder
Model:=constructModel( )

-0.03
-0.01

0.00

0.0

-0.4
-0.004

Strain

Fig. 5 Concrete04

0.000
Strain

0.004

Fig. 6 Hysteretic

PISA3D Material
Elastic
Bilinear
Bilinear02
BilinearElastic
Concrete
Degrading
Fracture
Hardening
TensionOnlyBilinear
OpenSees Material
Bond_SP01
BoucWenMaterial
Concrete01
Concrete04
HystereticMaterial
Steel01

PISA3D Element
BeamColumn
Damper
FiberBeamColumn
Gap
Joint
Panel
SixDJoint
ThreeDRotationalJoint
Truss

Fig. 8 PISA3D elements

Fig. 7 Available materials in PISA3D

Component:=addModelComponent(CommandString[ ])
:OpenSeesMaterialAdapter
create( )

Stress

0.00

Fig. 1 Framework of Introducing OpenSees materials
into PISA3D

:OpenSeesMaterial

GISA interface for IDEERS 2007 Senior
High School Competition

Fig. 2 Sequence diagram of creating OpenSees
material in PISA3D
Currently, six types of OpenSees materials have
been introduced into PISA3D, including Bond_SP01,
BoucWen, Concrete01, Concrete04, Hysteretic, and
Steel01. Some results are shown in Fig. 3 to Fig. 6.
From Fig. 7, there were nine materials in PISA3D
originally, and six OpenSees materials were added.
These materials can be adopted by the nine nonlinear
elements of PISA3D (Fig. 8). By this Adapter
framework, the OpenSees materials can conveniently
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NCREE has been hosting IDEERS, an annual
educational activity, since 2001. IDEERS helps high
school, undergraduate and graduate students to learn
more about the most updated knowledge on
earthquake engineering and innovative technology
for seismic hazard mitigation. Considering that
senior high school participants are not well-trained
with earthquake engineering and structural
mechanics in designing their models, in this research,
an educational program named “GISA3D-IDEERS”
has been developed to help the young participants
analyze and design their competition models. As Fig.
9 shows, GISA3D-IDEERS’s user interface and
operation concept are similar to GISA3D, and its
development is based on GISA3D and PISA3D.

Fig. 9 GISA3S-IDEERS User Interface

Fig. 11 Failure criteria

In order to make this educational program easy to
use, there are pre-set materials, members’ sizes and
basic models. Based from the basic model provided
for quick initialization, users can adjust member’s
properties including size and local axis, and tune the
total number of steel blocks in each floor, and further,
users can also add new elements to strengthen its
structural system. “Elastic” and “Tension-Only”
materials of PISA3D have been adopted to simulate
correspondingly wood and string members.
Additionally, the member sizes are optional, and users
can choose these types of combination depicted on Fig.
10 that GISA3D-IDEERS provided.

The analyzed deformation is amplified in
visualization and the DCR (Demand/Capacity Ratio)
is shown in a color map, so that students can easily
understand the analyzed results. The friendly
visualization helps students to test and estimate
model’s performance and compare with other models.
Further, GISA3D-IDEERS is a good and friendly tool
for high school students to test their designs before
such competition.

Expansion and application of PISA3D
libraries
A material model which describes the concrete’s
stress-strain relationship was added into PISA3D (in
Fig. 12). The compressive response envelop was
defined using the model proposed by Popovics (1973),
and if the initial stiffness Ec defined by the user is
equal to 57000 fC (in unit of psi), then the envelop
curve is identical to the Mander’s model (Mander et
al., 1988). The degraded linear unloading/reloading
stiffness rule is based from the work proposed by
Krsan and Jirsa (Karsan et al., 1969). This material
can only take compressive stress and the stress is
always equals to zero in tension.

Fig. 10 Options of member size
While the construction of the model is being done,
GISA3D-IDEERS can provide a 10-second
bi-directional earthquake for testing. Users can adjust
the intensity of the earthquake, and Fig. 11 shows the
criteria of GISA3D-IDEERS adopted to estimate the
model’s performance. The first criterion is “The Limit
of Roof Translational Displacement.” If the analysis
result shows the value of the said criterion is larger
than 8 cm, the model will be judged to have failed.
The second criterion is “The Limit of Column’s DCR
(Demand/Capacity Ratio).” If the analysis result
shows the DCR of any column is larger than 1.0, the
model will be also judged to have failed.

Fig. 12 Concrete material
Also, a flexibility-based Fiber BeamColumn
element has been developed in PISA3D. The Fiber,
Fiber Section and Fiber BeamColumn element were
developed. The element formulation relies on force
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interpolation functions that strictly satisfy the
equilibrium of bending moments and axial forces
along the element. The force interpolation function
does not involve a discretizational error so that less
discretization and consequently less computational
effort are required to achieve comparable accuracy.
The element can incorporate readily distributed
element loads by the addition of exact internal force
distribution function.
In September 2007, a competition on predicting
the collapse response of a full scale four-storey steel
building was organized by the E-Defense shaking
table facility in Japan. NCREE participated in this
contest and investigated the important issues such as
possible scenario of collapse, nonlinear behaviors of
the structure, and so on. Fig. 13 shows the test
building. Fig. 14 shows the analytical model built
using PISA3D.

test. The hysteresis loop is asymmetric due to the
concrete slab of the composite beam, and the fiber
beam-column element could simulate the response
well.

Fig. 16 Testing and Modeling Results

Conclusions

Fig. 13 Test specimen

Fig. 14 PISA3D model

The finite elements for the beams of the building
were modeled using the fiber beam-column elements.
A fiber beam-column element was subdivided into
several sections (Integration Points), and each section
consists of several fibers of individual nonlinear
material. In order to consider the effect of composite
beams, the floor slabs were composed of fibers with
concrete material and combined with bilinear steel
material fiber beam sections, as shown in Fig. 15.

Fig. 15 Composite Beam Fiber Model
Fig. 16 shows the comparison between the
PISA3D model and the experimental beam component
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The development of a general purpose nonlinear
structural analysis platform is an important topic in
NCREE. The existing OpenSees library has been
integrated into PISA3D. This research also extended
the GISA3D to be a software tool in the IDEERS 2007
activity. In the future, this research will further
improve the frameworks of the software and expand
their nonlinear libraries and user interfaces for more
advances on earthquake engineering nonlinear
structural analyses.
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Abstract
The National Center for Research on Earthquake Engineering (NCREE) has accumulated a
range of valuable knowledge and achievements as a result of its research activities. This work
developed several tools to manage the knowledge and those achievements. These tools are the
NCREE Data Center that manages data gathered from NCREE’s experiments, and a
cross-language information retrieval tool that would make the NCREE’s research achievements
globally accessible. Besides, several information service systems were developed and the
functions of some existing services were extended in order to enhance the efficiency of
NCREE’s services.
Keywords: experimental data management, conference website management, experiment
online application, cross-language information retrieval, reference collection,
IDEERS

Introduction
The National Center for Research on Earthquake
Engineering (NCREE) has delivered valuable research
and accumulated extensive knowledge in areas such as
large-scale experiments; innovative experimental
technologies; seismic design, evaluation, and retrofit
of structures; and seismic hazard simulation. If the
knowledge gets managed, disseminated, and
demonstrated effectively, it may form the basis of
further research and be used to solve more problems
in the field of earthquake engineering. Therefore, one
focus of this work is on managing the NCREE
knowledge base and extending its applications.
The NCREE Data Center was developed to
manage the data generated by or used in NCREE
experiments, and to maximize the potential reuse and
application of the data. In addition, development of a
cross-language information retrieval tool was carried
out to support effective knowledge management. This
tool may help worldwide users retrieve knowledge of

earthquake engineering from the NCREE knowledge
base, and thus may help NCREE’s knowledge
dissemination.
Another focus of this work is on developing the
NCREE information services and on raising the
quality of the existing services provided for users
either inside or outside NCREE. Raising quality of
NCREE’s inside services aims at helping the NCREE
staff work more efficiently so that the total quality of
the services NCREE provides could be brought up.
The Internet and Web technologies were exploited
in implementing the NCREE Data Center and the
NCREE information services. Internet enables
information to be transmitted quickly and without
regard for distance barriers. Applications implemented
through the Web technology can be used almost
identically across various platforms; thus users can
access data of NCREE experiments from the NCREE
Data Center and obtain needed mission-related
information from the NCREE information services, at
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anytime from anywhere in the world.

NCREE Experiment Online-Application System

NCREE Experimental Data Management
Taking advantage of previous works in
experimental data modeling at NCREE, this work
refined and extended the preliminary data model that
defines the scope of the NCREE experimental data
(Hsieh et al., 2005). While an initial model is unlikely
to be ideally suited, a refined NCREE Data Model
(see Fig. 1) was proposed using an iterative approach
in which the refinement was done in increments.
Based on the NCREE Data Model, a web-based
management system known as the NCREE Data
Center was also developed (see Fig. 2). Its function is
to store, manage, and help users share large amounts
of experimental data, as well as data descriptions
(metadata). The NCREE Data Center began
functioning in February 2007 and 22 sets of
experimental data have been uploaded to the system.
The three-tier architecture (Wikipedia, 2007) was
employed in development of the NCREE Data Center.
A benefit of using this architecture is that the NCREE
Data Center can be easily extended and managed,
since the modules of the user interface, business logic,
data storage and data access may be independently
maintained (see Fig. 3).
A so-called Storage Area Network (SAN) that
implements Redundant Array of Inexpensive Disks 5
(RAID 5) was employed for the storage of NCREE’s
experimental data. SAN is a network architecture
dedicated to the management of storage blocks. It can
allocate storage blocks without having to know what
physical storage device is actually used. With the high
fault tolerance and data transmission reliability, it
reduces the risk of data loss and enhances the ability
to restore data and manage digital data archives. In
particular, a logical or physical error of a hard disk
device in the storage environment would not lead to
any data loss.

The objectives of the NCREE Experiment
Online-Application System (see Fig. 5) are to
simplify the application process of carrying out an
experiment at NCREE and to reduce the paper work
required for experiment application. With the help of
this system, management of application information
for NCREE experiments is expected to become more
efficient and effective. To support NCREE
experiment services, this system offers web-based
application interfaces for reservation of the following
experimental equipments: tri-axial seismic shaking
table, seismic isolation and energy dissipation
component testing system, material testing system,
forced vibration testing system and ambient vibration
measurement system. This online-application system
also collects past digitalized experiment applications
originally written on paper. This allows new and past
application information to be accessed and used at
any time. So far, this system has collected 200
experiment applications.

Fig. 1. NCREE Data Model

NCREE Web Information Services
The objective of NCREE Web Information
Services is to offer the best services to users by taking
advantage of advanced information technologies. A
summary of the relevant work achieved during the
year 2007 follows.

Fig. 2. NCREE Data Center’s web interface

Membership for Web Information Services
From the NCREE web portal, users can register as
NCREE web members that may use several NCREE
information services on Internet (see Fig. 4). At the
time of writing this report there are already 394
registered users. Once obtaining membership, a user
can download full-text documents published by
NCREE and subscribe to both Chinese and English
issues of NCREE newsletters.
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Fig. 3. Three-tier architecture
Conference Website Management System
The Conference Website Management System
(CWMS) provides a solution for constructing
NCREE conference websites (see Fig. 6). This
system has been tested and updated regularly

according to user feedbacks since 2006. In 2007, one
function was added to CWMS for managing
authorization of users, and three new templates of
registration form were added for any conference’s
webmaster to use. By integrating with NCREE’s
network infrastructure, CWMS exploits Windows
Integrated Authentication to setup independent user
authorization for each website project. This means
that each conference project manager can
independently maintain his or her conference website,
without having to worry about unexpected
modifications by others.

AJAX technology enables those views to be
switched and refreshed in an efficient and smooth
fashion.

Fig. 5. NCREE experiment online-application
system

Fig. 4. NCREE member login page
Meeting Room Reservation System’s Add-in:
Today’s Meeting

Fig. 6. Conference Website Management System

The Meeting Room Reservation System (Chou et
al., 2006) has been working well since 2006. In
response to user feedbacks, this work added to the
system a function called “Today’s Meeting”, which
allows the NCREE staff to see which NCREE
meeting rooms are reserved or available for use (see
Fig. 7).
IDEERS System
IDEERS
(Introducing
and
Demonstrating
Earthquake Engineering Research in Schools) is an
important activity in NCREE. To develop the
IDEERS System as shown in Fig. 8 (i.e. a set of
programs for supporting IDEERS competition
activities), this work uses the Asynchronous
JavaScript and XML (AJAX) technology. The
IDEERS System includes programs for calculating
and showing scores, and an overall control program
that coordinates all programs in the system. The
score-calculating program, following the IDEERS
game rules and procedures, is able to calculate team
scores during the game play. The score-showing
program shows the team scores in a user-friendly
manner. The development of this program has taken
into consideration various design elements such as
web pages’ layout and color schemes, the switching
and refreshing of web pages, and the clear display of
accurate score information to IDEERS participants.
The control program is able to manage several active
programs displaying different views of competition
information simultaneously; each program can show
a view that is different from the others. This allows a
user to freely control the views for information
presentation, by using just one control program. The

Fig. 7. Web interface of “Today’s Meeting”

Fig. 8. IDEERS System

Development of
Retrieval Tool

NCREE

Information

In co-operation with National Taiwan University
(NTU), this work has focused on developing a
cross-language information retrieval (CLIR) tool. The
CLIR tool is not as generalized as search engines like
Google and Yahoo. It is intended to help user retrieve
knowledge specific to the earthquake engineering
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domain. The search results that the CLIR tool can
deliver are expected to be more specific and
exhaustive than what most general Internet search
engines can provide. By focusing on helping users to
search NCREE reports, this tool would make it
possible to better disseminate earthquake engineering
knowledge from NCREE. One of the most important
features of the CLIR tool is that it will enable
worldwide users to search Chinese NCREE reports
using English queries. This dramatically extends the
global reach of research conducted by the NCREE.
The fact that NCREE’s Annual Reports are
published in both Chinese and English appears
beneficial for the CLIR tool development. During the
tool development, several experiments were carried
out that made use of these reports. These experiments
were aimed at validating this work’s strategies for the
CLIR tool development. The CLIR tool makes use of
Academia Sinica’s Chinese word segmentation system
and machine translation to translate reports written in
Chinese into English word sets. To gain an
understanding of the effectiveness of machine
translation for the purpose of CLIR, the outcome of
the experiments processing the machine-translated
English word sets were compared to the outcome of
the experiments processing the Chinese reports’
English counterparts that were treated as the results of
human translation. Here the goal was to compare
machine translation with human translation, and to see
if machine translation can replace human translation
without the loss of important information. As was
expected, machine translation provided an acceptable
level of accuracy and was therefore proven to be
applicable for CLIR implementation (see Lin et al.,
2007 and Lin et al., 2008).
The NCREE reference collections were also
developed to evaluate the precision and the recall that
a document search was able to achieve during the
above experiments. The NCREE reference collection
currently consists of 111 paper abstracts with
metadata in both English and Chinese, 7 information
requests, and the relevance assessments made by core
NCREE researchers. Each information request
describes a concept of earthquake engineering (e.g.
seismic design) and this description is used to generate
search queries that are pertinent to this concept. A
relevance assessment indicates whether or not a
particular paper is relevant to any of the information
requests. To assist other groups that also need to
develop and test their own CLIR applications in
earthquake engineering, the NCREE reference
collection is available through the website
http://ir4aec.caece.net. Work has also been done on
developing a translation tool that supports the
machine-translation strategy. This tool is meant to be
used to translate domain-specific Chinese terms,
whose Chinese-to-English translations cannot be
found in general Chinese-English dictionaries. This
translation tool is available to interested groups as an
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earthquake engineering translation resource to be used
in the development of CLIR applications.

Conclusions
The work conducted has made progress in NCREE
information services and information management. By
using the NCREE information services, users can
obtain information they need and easily utilize some
NCREE services. The internal NCREE information
services are indeed helpful to the NCREE people in
carrying out their routine work. Also, the NCREE
Data Center has facilitated management of large
amount of valuable NCREE experimental data.
Improvements will continue to be made to the service
tools outlined in this paper, in accordance with user
feedbacks. Besides, further research will focus on the
development of the NCREE information retrieval
application system to help the dissemination of
NCREE’s knowledge and research achievements in
earthquake engineering.
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Basic Earthquake Engineering Education Material in
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Taiwan
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Abstract
Taiwan is located at the seismic zone surrounding the Pacific Ocean, thus, the occurrence of
earthquakes is inevitable. To enhance the knowledge on seismic resistance and disaster
prevention of the public, the National Center for Research on Earthquake Engineering (NCREE)
has agreed to promote seismic engineering education as one of their five development goals. In
the past two years of its construction, NCREE has been assisting Taiwan Earthquake Museum
Park in planning of the content of “Earthquake Engineering Education Building.” The following
sections introduce the development content in the museum by NCREE.
Keywords: basic earthquake engineering teaching material, Taiwan Earthquake Museum
Park

Introduction
Taiwan is located at the seismic zone surrounding
the Pacific Ocean, thus, the occurrence of earthquakes
is inevitable. To enhance the knowledge on seismic
resistance and disaster prevention of the public, the
National Center for Research on Earthquake
Engineering (NCREE) has agreed to promote seismic
engineering education as one of their five
development goals. In addition to holding
APEC-IDEERS (Introducing and Demonstrating
Earthquake Engineering Research in Schools)
annually, NCREE also receives visitors from various
schools and agencies from time to time. To share basic
earthquake engineering principles to visitors, NCREE
prepares a series of teaching materials including
models, posters, and films, to aid in facilitating the
visitors about seismic disasters and preventive
measures. Besides, following the 1999 Chi-Chi
Earthquake, the government established the “921
Earthquake Museum of Taiwan” at the old site of
Kuangfu Junior High School, Wufeng Town,
Taichung County. The museum planned to preserve
earthquake relics to remind people on how to prevent
such crisis. In the past two years of its construction,
NCREE has been assisting in planning of the content
1
2

of its so-called, “Earthquake Engineering Education
Building”. The following sections briefly introduce
the developments supported by NCREE regarding the
museum.

Basic Earthquake Engineer Education
Basic Earthquake Engineering Education refers to
interpreting principles of earthquake engineering in
the simplest way possible for the benefit of the general
public. Once understand the basic concept, people
may know how to prepare themselves before such
devastating event. Therefore, the materials developed
by NCREE focus on “safety buildings” and
“self-protection at home.”
(I) Geological Disasters on Slopelands
The geological disasters on slopelands include
seismic land slides, debris flow, and side slope
damage, etc. In normal condition, the slope can have
its stable state. However, as earthquake occurs, the
dividing force of the slide is larger than the friction at
the joint’s surface to hold the soil mass, so the slope
collapses (Fig. 1 to the left). The photograph in Fig. 1
shows that the residents in more than ten households
were buried alive due to the collapse of mountains in
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Chiufen, Kuohsing Town, Nantou County during the
historical Chi-Chi Earthquake.

Fig. 3. Slanted residences at Wufeng (left) and
sinking Taichung Dock due to soil
liquefaction (right) by Chi-Chi Earthquake.
Fig. 1. Landslide caused by earthquake
(II) Soil Liquefaction
In places where the groundwater level is high and
soil consists of loose, fine or powdery sand, there is a
high risk of soil liquefaction in high intensity
earthquakes that last for a long time. When
liquefaction occurs, sand and water vibrate and mix to
form a muddy liquid. Water pressure increases so that
the sand particles move more readily. The particles
then shift into a tighter, more orderly arrangement,
slipping past each other and expelling water to
essentially become a suspension. Within seconds, the
soil becomes unstable and liquefied (Fig. 2).

Fig. 2. Soil liquefaction process
When soil liquefaction occurs, the ground may
rupture, spurt sand, and subside, causing structures to
sink or shift. Soil liquefaction often occurs in alluvial
plains and near rivers, old riverbeds, reclaimed areas
filled with dredged soil, reclaimed areas behind harbor
piers, and areas near drainage ditches, ponds, and
lakes. Fig. 3 shows the slanted private residences at
Wufeng and the sinking Taichung Dock due to soil
liquefaction caused by Chi-Chi Earthquake.
To prevent building damage by soil liquefaction,
pile foundation can be applied into the non-liquefied
layer or solid rock crust (Fig. 4), to increase the
bearing force of the foundation.

Fig. 4. Pile foundation to prevent soil liquefaction
(III) Hazardous Building －Elevation of Base
Floor, Removal of Partition Wall, Additional
Structure on Roof Floor
To make a building more attractive or functional,
architects or building owners sometimes design the
first floor with a raised ceiling or remove the wall
separating two units. Sometimes, penthouses are
illegally built, adding extra weight on the top. These
added story with insufficient support are known
as ”weak story”, which are more likely to collapse
during an earthquake (Fig.5).
Though brick walls separating units on the first
floor are not an essential part of the main building
structure, they can serve as a second line of defense
when an earthquake strikes. They may compensate for
insufficient strength, provide quake-resistance to the
main structure, and prevent the first story from being
weak.

Fig. 5. Elevation of base floor, removal of partition
wall, illegal penthouses on roof
(IX) Advanced Earthquake Engineering
Technology
In recent two decades, base isolation technology is
applied to important buildings such as hospitals. The
isolators are installed above the foundation to isolate
the ground shaking from the building, as shown in Fig.
6. In fact, not only the building vibration can be
reduced, but also the damage to the equipments is
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minimized. After an earthquake, the
functions can still be normally operated.

building

Fig. 8. Chelungpu Fault Preservation Building
Fig. 6. Schematic diagram of a building with
vibration isolation

921 Earthquake Museum of Taiwan
(I) Introduction of the 921Earthquake Museum of
Taiwan
At 1:47am of September 21, 1999, Chi-Chi
Earthquake with Richter’s magnitude scale of 7.3
occurred in central Taiwan, causing the death of 2,321
people and injured more than 8,000 people.
After the earthquake, geologists investigated the
seismic zone and suggested to preserve the relic at
Kuangfu Junior High School, Wufeng Town,
Taichung County (Fig. 7). Therefore, Kuangfu Junior
High School was planned and reconstructed as the
“921 Earthquake Museum of Taiwan”, to preserve the
fault rupture, to record the historical facts of the
earthquake, and to provide the public with on-hand
earthquake education.

Fig. 9. Preservation of the destroyed school
buildings

Fig. 10. Demonstration Building of Earthquake
Engineering

Fig. 7. Chelungpu Fault passing through the
playground of Kuangfu Junior High School
The museum includes the Fault Preservation
Building (Fig. 8), the preserved collapsed school
buildings (Fig. 9), and the Demonstration Building of
Earthquake Engineering (Fig. 10), etc. Through the
natural science, disaster prevention, and education
activities, the museum assists the audience to learn
earthquake knowledge, including basic earthquake
engineering.

(II) Demonstration Building of Earthquake
Engineering
The damaged buildings serve as a full-scale
diorama teaching material on Earthquake Engineering
(Fig. 11, Fig. 12). Furthermore, inside the structure,
the so-called “Demonstration Building of Earthquake
Engineering”, some experimental models simplify and
explain the idea of Earthquake Engineering, such as
soil liquefaction (Fig. 13), influence of wall removal
and illegal penthouses on the roof floor (Fig. 14),
structure vibration model (Fig. 15), etc.
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Fig. 11. Damaged columns of the destroyed school
building (transparent acrylic reinforcement
support)

Fig. 15. Models to demonstrate structure vibration
characteristics
The inauguration of 921 Earthquake Museum of
Taiwan is scheduled on September 21, 2007. The
museum is very appropriate to be visited by parents
and children, or teachers and students. Regarding the
operation of the museum, besides the full-time guides,
there are volunteers to accommodate interpretation of
the museum features. The museum address: No. 46,
Chungcheng Road, Kengko Village, Wufeng Town,
Taichung County (exit from Wufeng Town
Interchange of the 2nd Freeway). Museum website:
http://www.921emt.edu.tw/.
To prepare for the inauguration of the museum,
NCREE hold a training program for volunteers (Fig.
16) to discuss and share earthquake engineering
experience with them. And, it is hoped that earthquake
engineering knowledge is conveyed through more
enthusiastic volunteers.

Fig. 12. Retrofit using wing wall structure

Fig. 13. Manual operation model of soil
liquefaction

Fig. 16. Volunteers’ training by NCREE

Conclusions
To sum up, over the range of one hundred years,
one disastrous earthquake occurs in Taiwan every ten
years. It is crucially important then to introduce
people all or maybe some basic and practical
earthquake engineering knowledge. NCREE hopes
that earthquake engineering education shall be
promoted more positively to help all citizens possess a
better sense of seismic resistance and disaster
prevention.

Fig. 14. Manual operation models of wall removal
and top-floor added structure
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The Engineering Geological Database for Strong Motion
Stations in Taiwan
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Abstract
More than 680 seismic stations all over Taiwan were established by the Central Weather
Bureau (CWB) to record ground motion data. In order to obtain the geological conditions
and soil profiles of these strong motion stations, a site investigation project was developed
by the National Center for Research on Earthquake Engineering (NCREE) and CWB in
2000. The site investigation mainly consists of three parts: the basic description of a site,
the on-site boring, and the Suspension P-S Logger technique which is used to determine the
P and S wave velocities of the stratum at various depths. The Suspension P-S Logger
technique, using a single down-hole probe with one source and two receivers, allows
continuous measurements of wave velocities with high resolution. There are 49 seismic
stations which had been investigated in 2007. With reference to Kyoshin Net in Japan
and ROSRINE in USA, a preliminary engineering geological database for 333 seismic
stations investigated during 2000 to 2006 has been constructed on NCREE’s website for
researchers’ convenient access to their needed data.
Keywords: Geological Database, Wave Velocity, Seismic Station, P-S Logger, Suspension
P-S Velocity Logging System

Introduction
Taiwan is located on the Circum-Pacific seismic
belt --- the most active seismic region in the world.
Preventing severe losses of lives and properties caused
by large earthquake is a major concern for the people
in this region. In this, the Taiwan Strong Motion
Instrumentation Program (TSMIP) was initiated by
CWB in 1991 to monitor ground motions at over 680
free-field stations around Taiwan. Once a major
earthquake happens, all the records of ground motions
from TSMIP provide useful information for the
operation of hazard mitigation.
The ground
responses monitored by seismographs reveal the
characteristics of ground motions in different
geological conditions, and these can be used to
improve the design spectrum and the current building
codes in the region.
More than 1,000 seismic stations have been
installed in Japan to monitor ground responses during
1
2
3

an earthquake. Researchers can download the data
on ground responses via a web site called “Kyoshin
Net”. The basic information of a station site,
physical properties of soils, and wave velocity of the
stratum measured by the down-hole velocity logging
technique are also available on the site. After 1994
Northridge earthquake, a project called “Resolution
of Site Response Issues from the Northridge
Earthquake (ROSRINE) ＂, has been conducted to
study the site responses in the USA. Related
information can be accessed in the said web site to
download the geological information and the wave
velocity profile of a specified station.
The distribution of seismic stations in Taiwan is
the densest in the world, although the amount of
seismic stations installed by CWB is less than that in
Japan and USA.
However, the application of
earthquake data is being restricted by having an
incomplete geological database. Therefore, in 2000,
NCREE and CWB collaborated to perform the site
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investigation to obtain basic soil properties and wave
velocity of the stratum. There are 49 seismic stations
which were investigated in 2007 and are shown in
Figure 1. The names of the stations are listed in
Table 1. All of the stations drilled 30~40meters
except KAU040, KAU047 and TAP028. The drill
depth of KAU040 is 14.3 meters. Both KAU047 and
TAP028 only had surface investigation. There were
377 seismic stations investigated from 2000 to 2007
and are shown in Figure 2. With reference to
Kyoshin Net in Japan and to ROSRINE in USA, a
preliminary engineering geological database for the
333 seismic stations investigated during the year 2000
to 2006 has been constructed on NCREE’s website for
convenient information access.
This is named,
“Geological Surveyed Database of CWB Strong
Motion Station” and its website address is at
http://geo.ncree.org.tw (as shown in Figure 3).

Earthquake Hazards Reduction Program (NEHRP)
provisions in the USA, and the revised
Earthquake-resistant Code in Taiwan, the ground
motion at free field is evaluated by the response at bed
rock times the coefficient of site effect.
The
coefficient of site effect is related to the magnitude of
earthquake and the local site conditions. Thus, a
complete geological database is essential to the
evaluation of site effect for earthquake engineering.

Figure 2. The 377 seismic stations investigated during
2000~2007.

Figure 1. The 49 seismic stations investigated in 2007.
Table 1. The seismic stations investigated in 2007.
Sta.Name
CHY014
CHY045
CHY065
CHY069
CHY071
CHY114
ILA008
ILA050
ILA066
KAU004
KAU005
KAU015
KAU026

Sta.Name
KAU032
KAU033
KAU038
KAU040
KAU041
KAU042
KAU047
KAU051
KAU054
KAU061
KAU064
KAU069
KAU070

Sta.Name
KAU071
KAU074
KAU075
KAU076
KAU088
KAU090
TAP004
TAP016
TAP017
TAP020
TAP028
TAP031
TAP033

Sta.Name
TAP041
TAP044
TAP046
TAP075
TAP094
TCU014
TCU029
TCU036
TCU064
TCU129

http://geo.ncree.org.tw

Figure 3. “Geological Surveyed Database of CWB
Strong Motion Station” Website

Suspension P-S Logging Technique
The Suspension P-S Logging Technique developed
by the OYO Corporation in Japan is used in this
project to measure the primary wave velocity (Vp) and
the shear wave velocity (Vs) of the stratum. The
source and the receiver of this measuring system were
integrated into a single probe within a short distance.
Therefore, the wave velocities of the stratum can be
measured continuously and precisely.

The local site conditions play an important role in
determining ground responses during an earthquake.
Different site conditions could induce amplification or
de-amplification at different period ranges in the
response spectra, which is called “site effect”.
Besides, in a seismic hazard analysis, the motion at a
site’s bed rock is predicted by the attenuation law
from the earthquake source. According to the 2000
Uniform Building Code (UBC), the 1997 National
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A borehole was first drilled at the chosen site and
then filled with water. If the surrounding soil on a
borehole is not stable and is easily eroded, the
borehole may be lined with a plastic tube. The probe
was then put inside the borehole at a specified depth.
A primary wave or a shear wave may be generated by
the source in the probe. The primary wave was
propagated through the surrounding soil in the
direction perpendicular to the borehole axis

(horizontal direction). Also, the shear wave was
propagated through the soil along the vertical
direction. Each receiver consists of a hydrophone
and a geophone for receiving the primary wave and
the shear wave, respectively. A normal pulse and a
reverse pulse were triggered by the source in order to
check the received signals. The time histories of
those received signals should then be in the same
shape but with 180 degrees of the phase difference,
since the two shear waves were propagated through
the same soil media.
Typical measured signals of the primary waves
and the shear waves from the logging computer are
shown in Figure 4, where H1 and /H1 represent the
signals received by the upper receiver in normal and
reverse directions, H2 and /H2 represent the signals
received by the lower receiver in normal and reverse
directions, V1 and /V2 represent the signals received
by the upper and lower receivers, respectively. From
the time histories of H1 and H2, the first arrival time
for the upper receiver and the lower receiver was
picked as ts1 and ts2. Since the distance between the
two receivers is 1 m, the shear wave velocity can be
determined as:

depth of every 0.5 m. The wave velocity of the
stratum is an important index for site classification, so
it is selected as the third item in the database. If the
geological condition of the station site is classified as
a rock outcrop, only the general environmental
investigation was performed to collect the basic
information of the station.
This project has been conducted for eight years.
At present, site investigations at 377 station sites were
completed and the distributions are as follow: 44
stations in 2000, 65 stations in 2001, 49 stations in
2002, 54 stations in 2003, 40 stations in 2004, 26
stations in 2005, 50 stations in 2006 and 49 stations in
2007. These stations are located on the alluvial
deposit, gravel, or even rock sites. The results are
summarized at NCREE’s website. For example, as
shown in Figure 4, the general information for station
TTN023 (the photo of the seismograph, the plan
section and the cross section of the surrounding
environment), the soil profile, the SPT-N value, the
shear wave velocity, and the primary wave velocity of
the stratum are all available in the website.
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Figure 4. Typical measurements from the Suspension
P-S Logging System.

(c)

Engineering Geological Database
There are three major items in the Engineering
Geological Database in Taiwan. The first item is the
general information of the station site that includes
latitude and longitude of the station, ground water
level, geographical/topographical conditions, and
surrounding structures. The second item refers to the
physical properties of soils. The SPT-N value, water
content, unit weight, soil classification, and grain size
distribution are obtained by on-site boring, sampling,
and laboratory testing. After the borehole was
drilled, the Suspension P-S Logging Technique was
utilized to measure the wave velocity of the stratum at

Figure 4. The information for station TTN023 in the
database shown on NCREE’s website.
(a) The soil profile, SPT-N value, and wave
velocity profile.
(b) The photo of the seismic station in the
field.
(c) The description of the plan section and
the cross section in the field.
Most studies on site effect for earthquake ground
motion are based from soil properties of the upper
30-m layer. In the 1997 UBC and 1997 NEHRP
provisions in the USA, the average of the shear wave
velocity for the top 30-m layer of soils is used as an

123

index for the site classification.
In the site
classification of Taiwan free-field strong-motion
stations, the site conditions are classified as class B
(rock), class C (soft rock or very dense soil), class D
(stiff soil), and class E (soft soil) according to the
geological age, rock type, and the average SPT-N
values for the upper 30-m layer of the stratum. With
detailed subsurface soil profile and quantitative soil
properties (SPT-N values and wave velocities) on a
station, the site effect of ground motions can be
analyzed easily for a certain class of site conditions.
Engineers may evaluate appropriate peak ground
acceleration for the earthquake-resistant design of
structures. According to the Classified Code of
average shear wave velocity on the top 30-m soil layer
(Table 2), the 46 seismic stations, which were
investigated in 2007 except KAU040, KAU047 and
TAP028, can then be classified. The classification is
shown in Table 3.
Table 2. The shear wave velocity for the top 30m
classified code (1997 UBC and NEHRP
provision).
Classification
A
B
C
D
E

The average of the shear wave
velocity for the top 30m (V30)
V30 ≥ 1500m/sec
760m/sec ≤ V30 < 1500 m/sec
360m/sec ≤ V30 < 760m/sec
180m/sec ≤ V30 < 360m/sec
V30 < 180m/sec

KAU051
KAU054
KAU061
KAU064
KAU069

B
C
D
D
C

TCU014
TCU029
TCU036
TCU064
TCU129

C
C
C
C
C

Conclusions
The site investigation at 377 TSMIP stations was
completed by NCREE in cooperation with Taiwan’s
CWB. Through sampling of soils in the borehole
and using the Suspension P-S Logger Technique,
specific geological and geotechnical data were
obtained including soil profile, physical properties of
soils, and wave velocities of the stratum. All the
results of investigation were organized systematically
in the database and were made available in a
preliminary web site. This project will be performed
continuously in the following years. Combining with
the GIS technique, the engineering geological
database for strong motion stations in Taiwan will be
more convenient for web usage. If an engineering
project site is close to the strong-motion station,
engineers may retrieve the geological and
geotechnical properties of soils from the database to
evaluate the site’s ground response. Thus, this
database is helpful for site effect analyses and
earthquake-resistant design calculations.
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Abstract
This research project is a part of a series of studies that are being guided by the
National Center for Research on Earthquake Engineering (NCREE) regarding the highly
technological science parks of Taiwan. The research’s objective is to obtain the vibration
characteristic of the selected site, to understand the activities of surrounding faults, and to
provide input parameters for the earthquake hazard mitigation programs. Also, the results
can be integrated with other projects to form a comprehensive research report for the
government’s decision making. Three major methods were used. First of all, a very dense
microtremor survey with 152 measurements has been performed for obtaining the dominant
resonance frequencies throughout Taichung and Huwei Science Parks. Second, the seismic
activities around the Central Taiwan Science Park were monitored by setting up a
broadband seismic network which consists of eight broadband seismometers to gather
enough data in succeeding years and to understand the current status of the nearby
Chelunpu and Chuko faults. Then, a statistical method was used to produce a Shake map
for the Taichung Science Park covering a certain time frame. All of the results are hoped to
be utilized to analyze and improve the methodology of earthquake hazard mitigation
program. Furthermore, nine TSMIP (Taiwan Strong Motion Instrumentation Program)
stations have been choosen to investigate the shear velocity structures of deep soil layers
using micro-tremor array methods. The frequency-wave number analysis was used to
identify the dispersion curve of soil layers, and the genetic algorithm search method was
applied to obtain velocity structures of deep layers by an inversion process. The results
from the field tests were found reasonably well.
Keywords: Central Taiwan Science Park, site effect, earthquake monitoring, micro-tremor
array

Introduction
The science parks of Taiwan have become the
centers for catering many different types of industries.
For a foreseeable future, Taiwanese corporations will
probably choose their bases around these parks, make
their own global strategies, and perform global
businesses energetically. But for these locations,
earthquakes caused by active faults will be a potential
threat due to Taiwan’s tectonic activities. To possibly
reduce possibly the losses during the shaking of strong
earthquakes, it is therefore necessary to a have a sound
and reliable hazard mitigation plan. So far, such a plan
is not completely conceived because of lack in some
1

critical and relevant factors. In this project, two factors
are aimed to be produced for that purpose. First, is to
estimate the status of active faults near these Science
parks. Second, is to measure the site effect on these
Science parks.
In 2007, the main study area was chosen to be the
Central Taiwan Science Park. Using dense
microtremor measurements, the sediment’s thickness
and site’s dominant resonance frequencies were
estimated. In the future, these results will be
incorporated with the results of strong motion seismic
station drilling tests in a site-characteristic database
and will be contributed in constructing large-scale
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micro-zonation maps. On the other hand, to monitor
the activities of the Chelunpu and Chuko faults, a
seismic network consisting of eight broadband
seismometers was set up in the study area. The
seismic monitoring activity will keep on going for at
least three years and the collected data will be used to
analyze the movement capabilities of the active faults
and related source parameters. These source
parameters and the status of faults are the most critical
input factor for the earthquake hazard estimation
programs (TELES) which is a major project by
NCREE.
In Taiwan, the Central Weather Bureau (CWB)
has installed numerous seismic stations, and in order
to improve the usefulness of seismic data, the Bureau
has commissioned the National Center for Research
on Earthquake Engineering (NCREE) to build a
geological database for all of the seismic stations.
Accompanied with borehole works, the suspension
P-S logging method was used to investigate the
velocity structures of soil layers beneath various
seismic stations. Due to the limitations of the
suspension P-S logger, the velocity structure of soil
layers within 5-m depth was not measured correctly,
the same with the properties below borehole’s depth.
In order to obtain a better velocity structure of
deep soil layers, the micro-tremor array method was
applied to improve the results of the suspension P-S
logger. For depth greater than 10 to 20 m, the
micro-tremor method was adapted. By recording the
natural ground vibration via 10 recorders arranged in
an array with three concentric circles for a longer time
(greater than an hour), a dispersion curve of soil layers
was obtained following the frequency-wave number
analytical method. Also, the S-wave velocity structure
of soil layers was determined using a genetic
algorithm search method.

microtremor data has been processed using the
spectrum H/V ratio method (Nakamura, 1989). The
dominant frequency maps of the Taichung and
Huwei Science Parks are shown in Figures 1 and 2.
The solid line in Fig. 1 is the boundary of Taichung
City and Taichung County. The Taichung Science
Park is located at the east flank of Dadu mountain.
Therefore, from Fig. 1, it is concluded that the
thickness of top loose sediment layer is thickening
along the west to east direction. This phenomenon is
consistent with the nearby topography. Huwei
Science Park is located at the northwestern side of
Huwei town. The New Huwei river is laid on the
north of Huwei Science Park. From Fig. 2, the thick
sediments in the north and west parts of Huwei
Science Park implies the flooding influence of New
Huwei river.

Fig. 1 Prodominate frequency map of Taichung
Science Park

The velocity structure of soil layers on nine
seismic stations situated has been obtained.

Dense Microtremor Measurements at the
Taichung Science Park
The Central Taiwan Science Park’s facility set
ups are mainly composed of semiconductor plants,
LCD panel production, and bio- technology factories
which are very sensitive to ground vibrations.
Therefore, the ambient background noise in the site,
i.e. microtremor, were specially planned to be
performed throughout the Taichung and Huwei
Science Parks to understand the sites’ resonance
frequencies. In 2007, a total of 103 microtremor
measurements were collected in Taichung Science
Park and 49 in Huwei Science Park. The
measurement is very dense spatially wherein the
average distance between every two measurements is
about 150~200 meters inside the science parks, and
about 300~400 meters in the surrounding area. The
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Fig. 2 Prodominate frequency map of Hu-Wei
Science Park

Micro Earthquake Monitoring Networks
In 2005, a micro-earthquake monitoring
network was setup in Hsinchu-Miaoli area, and in
2006, another network was setup in Tainan-Chiayi
area. These two networks continue their operations
during 2007. Many micro-earthquakes were observed.
For the northern network, most of them are in the

Sanyi-Puli seismic zone, the Shih-Tan fault, and in
the foothill regions (Fig. 3). For the southern
network, the earthquakes are strongly related to the
Chuko fault.

background “tidal waves” and subtracting them from
the original signals. The residual micro earthquake
data is then ready and suitable for further researches.

Velocity Profile Measurement using
Micro- Tremor Array Method
The field setup of the micro-tremor array method
utilizes ten seismometers which were arranged in an
array with three concentric circles of maximum radius
of 32 or 64 m. In each circle, three recorders were
arranged in an angle of 120 degree. Each concentric
circle has a radius in an order of 2. The total time for
measurement at one station must be at least one hour.
After the frequency-wave number analysis of data, a
dispersion curve for the site will be obtained. By using
an inversion process of the genetic algorithm search
method, the velocity structure can be obtained as
depicted in Fig. 4. The result of CHY015 shows small
difference between different methods. The nine
stations are CHY015, CHY095, CHY104, HWA015,
ILA004, TAP007, TCU065, TCU072 and TCU138.
CHY015
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Fig. 3 The map of NCREE broadband seismometer
stations and observed earthquakes
Around Taichung Science Park, although the
CWB has installed more than 30 strong motion
stations, there are only six velocity-type
seismometers. This is not enough to capture small
micro- earthquakes. In the study area, the Chelunpu
and Chuko faults are very active. It is believed that if
these micro-earthquakes have been studied carefully,
some important insight about the seismic zone can be
obtained. Thus, eight high-resolution broadband
seismometers (Guralp 6TD) were set up in the north
portion of Chuko fault to monitor earthquake
activities and to understand their rupture mechanism.
Next year, another twelve seismometers will be
installed to monitor the Chelunpu fault.
Because the broadband seismometer is very
sensitive, it can record high quality seismic data. One
difficulty in processing broadband seismic data is
that sometimes the micro-earthquake amplitudes are
smaller than the background “tidal wave”, which is
mostly at 2~6 second frequency band and is
considered to be related to the ocean waves and
strong winds. To extract the micro-earthquake
seismic signal from the background tidal waves, the
Empirical Mode Decomposition technique (Huang,
1998) was used. This method allows extracting the
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Fig. 4 The shear velocity profiles comparison of
suspension P-S logger (green) vs.
Micro-Tremor array method (red). The
measured dispersion curve of CHY015
using Micro-Tremor array method.

Conclusions
From microtremor measurements, the site
resonance frequencies which are very relevant for the
seismic-resistant design and hazard mitigation
preparations of highly technological factories were
obtained for the Taichung Science Park.
Micro-earthquake monitoring network can be used
to determine the important source parameters and can
even play an important role in earthquake warning
system.
From the statistical study, the shake maps for the
Central Taiwan Science Park were obtained. This map
serves as a good and reliable reference for emergency
earthquake hazard mitigation. The computed results
will be modified when more precise information of
active fault status is available.
The result from the micro-tremor array method is
very close to the result of P-S logger at depth greater
than 10 to 20 m. If the area of testing sites is quite big,
the micro-tremor array method can even be used for
depths even larger than 200 to 300 m. This provide a
good way to quantified the site effect in the future.
Futher, the research results from site effects,
micro-earthquake activities, and statistical studies will
be integrated for further 3-D numerical simulations.
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Abstract
Measurement of soil-gas emissions along active zones is demonstrated as geochemical tool
to identify and monitor tectonic activity in the region. The present study is proposed to
investigate geochemical variations of soil-gas composition in the vicinity of geologic fault
zones of Hsincheng fault and the Hsinhua fault within the Hsinchu and Tainan areas,
respectively, and to determine the influence of such formations on enhanced concentrations
of different gases in soil to monitor the tectonic activity in the region. To carry out the
present investigation variations in temporal soil-gases compositions was measured at
continuous earthquake monitoring station established along Hsincheng and Hsinhua faults in
Hsinchu and Tainan areas, respectively. Observations have shown potential precursory
signals for some major earthquakes in the region. Results have shown that Hsinhua and
Hsincheng faults have different tectonic settings. Hsinhua soil-gas variations show precursory
signals for earthquakes occurring in south or south eastern part of Taiwan , whereas, for
Hsincheng fault most of soil-gas variation precursory signals were recorded for the
earthquakes that occurred along Okinawa Trough and Ryukyu Trough.
Keywords: Soil-gas, Fault, Earthquake, Helium, Radon, CO2.

Introduction
Identifying an active fault is one of the most
important aspects of tectonics as seismic hazards are
commonly associated with them although the term
“active faults” has no acceptable universal definition.
Recent advances in gas geochemistry (i.e soil-gas
surveys) have shown the potential for studying both
fault activity and seismic hazards. Studies on diffuse
degassing from sub-surface carried out have clearly
shown that gases can escape towards the surface by
diffusion and by advection and dispersion as they are
transported by rising hot fluids and migrate along
preferential pathways such as fractures and faults
(King, 1993; Baubron et al., 2001; Yang et al., 2003).
To explain radon migration over large distances,
several models have been elaborated and it has been
established that radon is transported by underground

water or carrier gases, such as CO2, CH4, He or N2
(Kristianson and Malmqvist, 1982; Etiope and
Martinelli, 2002). Its rate of migration and its soil gas
concentration are controlled by a large number of
factors such as the distribution of uranium in the soil
and bed rock, soil porosity and humidity, microcracks,
granulation, surface wind, and so on. These geo-gas
discharges are strongly prompted in hydrothermal
systems and seismically active zones. The distribution
of soil gas has therefore been employed as the
precursor for earthquakes (Walia et al., 2005b; Walia
et al., 2006; Yang et al., 2005; Yang et al., 2006) and
mapping of fault zones (Walia et al., 2005a; Fu et al.,
2005; Al-Tamini and Abumurad, 2001; Guera and
Lombardi, 2001). Faults can be described as
weakened zones composed of highly fractured
materials, gouge and fluids. Active faults favor gas
leaks because they usually increase the permeability
of soils. Gas anomalies at active faults can be either
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‘direct leak anomalies’ where the gas measured
corresponds to the deep gas phase or ‘secondary
anomalies’ linked to the different mineralogical and
the hydrological behavior of the fault, with all
intermediate terms. The spatial patterns of soil gases
in faulted areas appear to be suitable tool for
identifying active tectonic structures.
The soil-gas method has been tested for the present
work along the Hsincheng fault in Hsinchu area and
the Hsinhua fault in Tainan area followed by
establishment of geochemical observatory on the said
faults for earthquake monitoring in different phases.
Fig.1 Sketch scheme for continuous earthquake
monitoring station.

Methodology
To carry out the present investigation temporal
soil-gases compositions variation were measured
regularly at continuous earthquake monitoring
stations established along Hsincheng and Hsinhua
faults in Hsinchu and Tainan areas, respectively.
After passing through the water trap and gas cooler,
the soil gas was transferred into an alpha spectroscopy
(SARAD_ RTM2100) via an internal pump for radon
and thoron measurement (Fig. 1).
The ionization chamber of the radon detector was
shielded with a filter to prevent progeny of radon
gases inlet from ambient air. Radon and thoron
particles generate positive charged 218Po and 216Po
ions after entering the chamber and they were
collected on the detector by electrical field forces.
Alpha particles emitted by the decay of 218Po and
216
Po and their daughters were detected with high
probability. Progeny activity on the detector surface is
proportional to the radon and thoron concentration.
Simultaneous measurement of humidity and
mathematical correction of the ion attachment in the
chamber were automatically calculated to obtain
corrected radon and thoron concentrations in every 30
min integrated time. Meanwhile, tailing of the
interested ion was a known percentage of the
interfering peak and was then subtracted from the
affected peak area. Radon calculation was based from
the sum of 218Po and 214Po peaks, and thoron
calculation was based from 216Po only because of the
slow response of 212Bi/212Po. In general, the sensitivity
is about 7.8 and 3.2 cpm/kBq/m3 for radon and thoron,
respectively. RTM 2100 was also attached with a
carbon-dioxide detector. The monitoring stations
were equipped with Strong Motion seismographs. All
the data could be transferred to the Taipei office via
the Internet for further analysis. At automated
monitoring stations soil-gas probes were connected
to radon detector RTM 2100 along with carbon
dioxide detector through condensing water traps (i.e.
drying pump/slica gel) and modem was connected to
computer for downloading or handling the
instrument time-to-time from the base station in
Taipei.
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Results and Discussion
During the 1st and 2nd phases of the work, focus
was made on concentrated our work on the
Hsincheng and Hsinhua faults with special emphasis
on finding the fault location and later establishing
continuous earthquake monitoring stations to observe
the geochemical variation due to stress changes and
tectonic activities in the region. Initial observations
have shown potential precursory signals for some
major earthquakes in the region.

Hsincheng Fault
Long term geochemical monitoring for the
earthquake studies at the established earthquake
monitoring station along Hsincheng fault inside the
Hsinchu National Science Industrial Park (HNISP)
(Fig. 2) has been done continuously. During the
period of observation (Nov. 2005 until Sept. 2007),
more than 25 seismic events were recorded and from
which, whereas 20 anomalies were observed. From
these 20 anomalies 12 anomalies can be correlated
with the 12 seismic events (Fig. 3). Most of noncorrelated events are either having no soil-gas data
(due to instrumentation problems or for the events
occurred during heavy seasons) or deep focused
events. During heavy rains water percolated down
and effected the gas emanation thus prevented gas to
migrate towards the surface. For the above
mentioned period of observation about 60% of
anomalies can be correlated with seismic events in
the region (Table1), and the rest of anomalies may
have occurred due to on going crustal deformation in
the region which is not mature enough to produce an
earthquake.

Hsinhua Fault
Geochemical monitoring for the earthquake
studies at the established earthquake monitoring
station along Hsinhua fault in Tainan area has also
been done progressively during the observation
period (i.e. Nov. 2006 to Sept. 2007). In this period,
potential precursory signals were recorded for some

earthquakes that occurred in the region (Fig. 4).
About 11 seismic events were recorded and same
numbers of anomalies were also recorded at the
monitoring station. From this 8 anomalies can be
correlated with the same number of seismic events
(Table 1). All of non-correlated events occurred
during heavy rainy season and thus no anomalies can
be detected for these events. Soil-gas variations at
monitoring station have shown good correlation with
impending earthquakes of 26th December, 2006
having a local intensity of 4, considered as the
biggest earthquake in the region in last two years.
This monitoring station has shown better confidence
level than monitoring station along the Hsincheng
fault, hence seems to be a better station.

Fig.3. Distribution of events recorded at monitoring
station along Hsincheng fault in Hsinchu area.

Fig.2. Variations of radon, thoron, carbon-di-oxide
and rainfall at Hsinchu monitoring station and
its correlation with earthquakes.

Fig.4. Variations of radon, thoron, carbon-di-oxide
and rainfall at Hsinhua monitoring station
and its correlation with earthquakes.
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Fig.5. Distribution of events recorded at monitoring
station along Hsinchua fault in Tainan area.

Conclusions
From the above results and discussion it can be
concluded that both Hsinhua and Hsincheng faults
have different tectonics setting. Hence it can be said
that soil-gas variations at Hsincheng fault were
disturbed by the stress variation due to tectonic
activities along Okinawa Trough and Rkukyu Trough
which are located in north and central eastern part of
Taiwan, respectively. Whereas in the case of
Hsinhua fault, soil-gas variations were observed to
be due to tectonic activities along the Luzon Arc and
other tectonic activities in southern part of Taiwan.
So, soil-gas variations at Hsinhua monitoring station
show precursory signals for earthquakes occurring
south or south eastern part of Taiwan (Fig. 5 ),
whereas, for Hsincheng faults most of soil-gas
variation precursory signals were recorded for the
earthquakes that occurred along Okinawa Trough
and Rkukyu Trough (Fig. 3).
Table.1. Statistical analysis of recorded data at both
the monitoring stations.
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A Study of Soil-Structure Interaction using In-situ Tests of
School Buildings
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Abstract
In conventional structural analysis, rigid base model is usually adopted without
considering the flexibility of the ground, which leads to inaccurate estimation of vibration
characteristics and seismic response of structure. In 2007, several in-situ tests were
conducted on school buildings at Guan-Miao Elementary School in Tainan. For the study
of soil-structure interaction (SSI) effect of school buildings, deformation of the foundation
system was measured during the pushover test, measurement of ambient vibrations of
structure was made, and the forced vibration test was performed. Besides, a finite element
model of school building was generated in this study for the simulation of forced vibration
test and for the investigation of the difference between rigid base and flexible base models.
Keywords: school building, soil-structure interaction, pushover test, ambient vibration
measurement, forced vibration test

Introduction
The 1999 Chi-Chi earthquake severely damaged
school buildings, which revealed the poor
performance of reinforced concrete (RC) school
buildings in Taiwan and indicated an urgent need for
seismic evaluation and retrofit of the remains.
In the evaluation of seismic performance of RC
buildings, the capacity spectrum method proposed by
ATC-40 is often used. First, the nonlinear pushover
analysis is performed to deduce the capacity curve,
which gives roof displacement versus base shear. The
inelastic design spectrum is then introduced as seismic
demand and the performance point which stands for
the response of structure under design earthquake
level is obtained. However, conventionally the rigid
base model is usually adopted for the deduction of the
capacity curve without considering the interaction
between structure and supporting soils, which might
influence the accuracy of seismic evaluation.
A series of in-situ pushover tests on existing
school buildings were conducted by NCREE for the
real assessment of their seismic capacity and structural
behavior. For the verification of the benefit of retrofit
measures, in 2007, field tests on school buildings were
1
2

executed again at Guan-Miao Elementary School in
Tainan. The deformation of the foundation system was
measured during the pushover test, measurement of
ambient vibrations of structure was made, and the
forced vibration test was conducted on the school
building as well. Configurations and results of these
tests are presented, and the soil-structure interaction
(SSI) effects revealed are discussed as follows.

Fig. 1 Post-tensioned specimen (on C-frame side).

Test Configurations
Measurement of Foundation Deformation
The measurement was made on the post-tensioned
specimen (as shown in Fig. 1) and on the benchmark
non-retrofitted specimen. The foundation system

Associate Research Fellow, National Center for Research on Earthquake Engineering, yyko@ncree.org.tw
Associate Research Fellow, National Center for Research on Earthquake Engineering, syhsu@ncree.org.tw

133

consisted of footings connected by beams, as shown in
Fig. 2. The target of measurement is the intersection
of the column and the foundation beam at column C1,
C3, and C5 (referred to Fig. 2). Small-ranged
excavation up to the level of the bottom of foundation
beam was made at each column pedestal to be
measured, as shown in Fig. 3, and at each excavation a
carrier was fixed on the intersection of the column and
the foundation beam. A tiltmeter was installed on the
carrier to measure the rotation angle of foundation; a
bar fastened on the carrier was extended above the
ground level for the measurement of foundation
displacement by using LVDT.
A1

A2

A3

A4

A5

Test Results
Measurement of Foundation Deformation
From the viewpoint in Fig. 1 the lateral load for
pushover is applied from left to right. Thus, the
clockwise rotation, rightward horizontal displacement,
and upward vertical displacement were taken as
positive. When the maximum capacity of the
specimen was reached during the pushover process, its
strength decreased gradually, and damage occurred
with crushed bricks and concrete chunks falling down.
The debris hit the carriers and frames for the
installation of instruments and thus caused great errors.
Consequently, only the foundation deformation which
was measured before the maximum capacity had been
reached is valid, as shown below:
1. Post-tensioned specimen

C1

C2

C3

C4

Fig. 5 shows the foundation rotation angle at
columns C1, C3, and C5 versus base shear. The
difference between those at column C1 and C5 is
limited, while that at column C3 is apparently larger,
yet the value is only about 0.1° when the base shear
equals 2985kN. In addition, nonlinearity can be
observed from the unloading and reloading curve.

C5

Fig. 2 Layout of foundation system.
LVDT
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Fig. 3 Configuration of foundation deformation
measurement.
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Fig. 5 Foundation rotation angle of post-tensioned
specimen.
As for the horizontal displacement of foundation
versus base shear, unreasonable negative (leftward)
displacement was measured at some of the measuring
targets. The reason is assumed to be that the reference
frame for the installation of the LVDT was fixed on
the concrete flooring outside the building at C-frame
side, and it might move along with the 1st floor slab
during the pushover process with a possibly larger
displacement than the foundation.
3500
3000

Base Shear (kN)

Ambient Vibration Measurement and Forced
Vibration Test
Dynamic tests were conducted on the benchmark
specimen. Based on the assumption that the ambient
vibration source is a white noise random process,
ambient vibration measurement helps to identify the
dynamic properties of a structure. As for the forced
vibration test, the eccentric mass vibrator system (so
called shaker) that generates harmonic force, MK4600
of ANCO Engineers Inc., was mounted on the roof.
Forces of magnitudes from 1.67 to 26.8 kN at
frequencies from 2 to 8 Hz were applied along the
long and short directions of the structure respectively.
The vibration velocity at representative locations of
the structure was recorded in both tests.
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Fig. 6. Vertical foundation displacement of posttensioned specimen.

Fig. 4 Layout of sensors in dynamic tests.
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Fig. 8 Transfer function of ambient vibration response
along the long direction of structure.
2. Dynamic response function
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Fig. 7 Foundation rotation angle of benchmark
specimen.
As for the displacement of foundation, the trend is
analogous to that in the post-tensioned specimen’s
case. Negative horizontal displacement was measured,
and the vertical displacement observed implied the
tipping tendency of the structure.
Ambient Vibration Measurement
The time histories of ambient vibration recorded at
1st floor and at roof were transformed into frequency
domain respectively. Then the transfer function of
ambient vibration response, namely, the ratio of the
Fourier spectrum of the vibration at roof to that at 1st
floor, was deduced. The location of the peak of the
transfer function represents the predominant
frequency of the structure above the 1st floor.
Fig. 8 depicts the transfer function of ambient
vibration response along the long direction of the
structure. The peak is located at 4.55 Hz. As for the
short direction, that is 9.70 Hz. The issue that the
stiffness of school building is larger in the short
direction than in the long direction is verified.
Forced Vibration Test
1. Data processing
(a) Since harmonic forces were applied in this test,
harmonic responses of the structure were recorded
theoretically. For a specific test frequency fi with
period Ti, the Fourier coefficient of the measured
velocity time history v(t) with length NTi can be
regarded as the vibration amplitude:

Since the forces generated by the shaker in the test
are frequency dependent, the normalized response
function is further calculated by dividing the response
at each frequency with respect to the force applied at
the roof in order to clearly characterize the vibration
of the structure tested, including the identification of
predominant frequency and the estimation of damping
ratio by using half-power bandwidth method. Fig. 9
shows the response function at roof center in the test
in which force was applied along the long direction.
The predominant frequency is 3.8 Hz and the damping
ratio is 1.87% in the long direction.
Dynamic Response (mm/kN)

Base Shear (kN)

1600

NT

∫0

v (t ) = A( f k )e 2πif k t

2. Benchmark specimen
The foundation rotation angle at columns C1, C3,
and C5 versus base shear is shown in Fig. 7. Similar to
the post-tensioned specimen case, foundation rotation
angles at column C1 and C5 are close in value, while
that at column C3 is apparently larger, probably due to
the larger moment it took. However, the value is only
about 0.05° when the base shear equals 1444kN.

1
NT

(b) The steady state velocity time history is obtained:

Transfer Function

The vertical displacement of foundation versus
base shear at columns C1, C3, and C5 is given in Fig.
6. The footing of column C1 moved upward about 2
mm; the footing of column C5 moved downward
about 1.2 mm; the vertical displacement at column C3
is between those at column C1 and C5. The structure
subjected to lateral load tended to tip globally.
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Fig. 9 Roof response function in long direction test.
As for the test in which force was applied along
the short direction, the vibration characteristics are
slightly different between A1-C1 side and A5-C5
side. The predominant frequency in the short
direction of the former is 7.0 Hz, and that of the
latter is 7.5 Hz, both larger than in the long direction.
The damping ratio is also larger because of the wider
bandwidth of response function.
In general, the predominant frequency of the
structure obtained from the forced vibration is lower
than from the ambient vibration measurement. The
predominant frequency was identified from the
transfer function between the roof and the 1st floor
responses in the ambient vibration measurement,
characterizing locally the vibration of the structure
above the 1st floor. While in the forced vibration test
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Numerical Simulation
The ABAQUS code was adopted to establish the
finite element (FE) model of benchmark specimen for
the simulation of forced vibration test. The rigid base
and the flexible base models were generated, and the
analysis results were compared with that of field test.
Since the forced vibration test is a small-strain test,
the nonlinearity of the structure and the soil is not
considered. And because of the harmonic responses of
the structure in this test, a linearly elastic frequency
domain analysis was performed, which is much more
efficient than time domain analysis in this case.
Fig. 10 shows the FE mesh. The beam-column
frame was composed of the 3-D 2-node EulerBernoulli beam element, B33. Since the beam-column
joint is usually more rigid, its stiffness was raised
substantially in order that its deformation is taken by
the end of beam and column in the condition that the
shear deformation was neglected for simplified
modeling (Yeh, 2005). The slab was generated by the
4-node shell element, S4R. According to the
suggestions proposed by Tsai et al. (2000), who
integrated a series of studies of Prof. Maw-Shyong
Sheu on the mechanical properties of brick wall
(Hwang, 1995; Lin, 1995), the brick wall was
modeled as an equivalent compression-only truss,
which is hinge-connected to the frame at its end and
has the same stiffness as the brick wall.

frequency was observed in response function from the
rigid base model. Then it can be concluded that
whether the SSI effect is taken into account in
structural dynamic analysis brings considerable
influence on the analysis results, as what have been
observed in this case.
Dynamic Response (mm/kN)

it was identified directly from the roof response
function, globally characterizing the vibration of the
soil-structure system. Thus, it can be concluded that
the SSI effect decreases the stiffness of the system.
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Fig. 11 Response functions from field test and from
FE analysis.

Conclusions
1. During pushover test, displacement and rotation
angle of the foundation were measured. Although
the values were small, the nonlinearity is observed
2. From the difference between the predominant
frequencies deduced from ambient vibration
measurement and from forced vibration test, the
SSI effect is revealed.
3. In the FE analysis for forced vibration test, results
from flexible base model and from field test are
close, while the rigid base model gives smaller
peak response and higher predominant frequency.
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Fig. 10 FE mesh of benchmark specimen.
Regarding the simulation of damping, Rayleigh
damping model was used for the structure and the
dashpot element was used for the foundation. The
parameters required were specified on the basis of the
damping ratio derived in field test.
From the frequency domain analysis, vibration
amplitude and the phase angle of each node was
obtained. After being normalized with respect to the
applied force, the dynamic response function was thus
deduced. Fig. 11 shows the response functions at roof
center along the long direction from field test, flexible
base model, and rigid base model. According to the
comparison, it is known that the response function
from flexible base model is close to that from field test,
while smaller peak response and higher predominant
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Abstract
For the study of the soil-pile interaction in a liquefiable soil under earthquake shakings,
lateral loading tests and shaking table tests on a model pile in the large biaxial laminar
shear box filled with saturated sand were conducted at the National Center for Research on
Earthquake Engineering (NCREE), Taiwan. The model pile, 1.50 m in length, was made of
stainless steel with an outer diameter of 101.6 mm and a thickness of 3 mm. The pile tip
was fixed at the bottom of the laminar shear box to simulate the condition of a pile
foundation embedded in the rock. Strain gauges and accelerometers were placed on the pile
surface to obtain the pile behaviors during shaking. The near- and far-field soil responses,
including pore pressure changes, accelerations, and settlements were also measured using
mini piezometers, accelerometers and displacement sensors. Lateral loading tests from the
reaction wall were performed before the shaking table tests. The lateral loads were applied
at the pile head, monotonically and cyclically, with and without soil inside the shear box.
One- and multi-directional shaking table tests were then performed on the model pile in the
shear box with and without soil. The shakings included sinusoidal and recorded earthquake
accelerations. The test results from the lateral loading and shaking table tests will be
analyzed and compared. The results of this study can be used for design of pile foundations
under seismic loadings.
Keywords: pile, lateral load test, shaking table test, liquefaction, earthquakes, soil-pile
interaction

Introduction
In the previous large earthquakes, such as 1964
Japan Niigata Earthquake, 1989 US Loma Prieta
Earthquake, 1995 Japan Kobe Earthquake and 1999
Taiwan Chi-Chi Earthquake, there are many cases of
pile foundation failures due to soil liquefaction, which
caused loss of soil supports for the piles or induced
lateral spreading. Therefore, many studies on soil-pile
interactions for pile foundations in a liquefiable
stratum were conducted recently in order to
understand the mechanism of the dynamic loading on
the piles (soil-pile interaction) and their responses
under earthquake loading. The results of these studies
provide the bases for aseismic design criteria for
structures with pile foundations.

1
2
3

Lateral loading tests in the field or in the
laboratory and shaking table tests on model piles
within soil specimens, under either 1 g or centrifugal
conditions, have been used to investigate the pile
behaviors and soil-pile interaction in liquefiable soils
(e.g., Ashford et al., 2006; Dobry and Abdoun, 2001;
Tokimatsu et al., 2005). These tests are mostly under
one-dimensional shaking and cannot consider the
effect of multidirectional shaking on the pile
foundations. Besides, the inertial effect by the super
structure and the kinematic loading by the surrounding
ground cannot be separately identified and understood.
This research used the large biaxial laminar shear box
developed at NCREE as the soil container and the
instrumented model pile was installed inside the shear
box filled with saturated sand. Static and cyclic lateral
loading tests on the model pile were conducted

Professor, Department of Civil Engineering, National Taiwan University, ueng@ntu.edu.tw.
Assistant Research Fellow, National Center for Research on Earthquake Engineering, chiaham@ncree.org.tw.
Graduate Students, Department of Civil Engineering, National Taiwan University.

137

utilizing the reaction wall at NCREE to acquire the
basic pile properties and soil-pile interaction under
simple conditions. The biaxial shear box with the
model pile in a saturated sand specimen was then
placed on the shaking table at NCREE; one- and
multi-directional sinusoidal and recorded earthquake
accelerations were applied from the shaking table. The
soil and pile responses and their interaction under
these types of shakings were studied including the
inertial and kinematic actions on the model pile.

loading conditions, lateral loading tests on the model
pile with and without saturated sand specimen inside
the shear box were conducted prior to the shaking
table tests. As shown in Fig. 3, the tests were
performed using a hydraulic jack affixed on the
reaction wall to apply the displacement-controlled
loading at the top of the model pile. The displacement
of the pile top was limited to less than 5 mm to keep
the pile deformation within the elastic range.

Model Pile and Sand Specimen
The model pile was made of a stainless steel pipe
with an outer diameter of 101.6 mm, 3.0 mm in wall
thickness and 1.50 m in length. The Young’s modulus,
Ep = 2.04×106 kg/cm2 and the moment of inertia of the
pipe cross section, Ip = 113.04 cm4. Strain gages and
accelerometers were placed at different depths. The
pile tip was fixed at the bottom of the shear box to
simulate the condition of the pile foundation
embedded in the rock. Figure 1 shows the model pile
with instrumentation inside the shear box before
preparation of the sand specimen.
Fig. 2 Lateral loading test on the model pile in a
saturated sand specimen
The static loading series were performed by stages
of incremental displacements. Loading and unloading
cycles were applied to evaluate the elastic and
hysteretic behavior of the model at place with and
without the surrounding soil. In the cyclic loading
tests, sinusoidal displacement-controlled loadings
were applied with amplitude ranging from 1 to 5 mm
at frequencies varying from 0.5 to 2 Hz. Ten cycles of
loading were applied in each test.
During the loading tests, the displacements at the
top and different depths (for tests without sand) of the
pile were measured. Strains (on four sides of the pile)
and accelerations at different depths on the pile and
pore water pressure changes and accelerations at
various locations in soil specimen were measured. The
heights of sand surface especially near the pile were
also measured after each test.

Fig. 1 Model pile with instrumentation
We used a clean fine silica sand from Vietnam
for the sand specimen inside the laminar shear box.
This sand has been used in the shaking table tests for
liquefaction studies at NCREE. The sand specimen
was prepared using the wet sedimentation method
after the placement of the model pile and instruments
in the shear box. Details of the sand specimen
preparation and instrumentation on the biaxial laminar
shear box are described in Ueng et al. (2006)

Lateral Loading Tests
In order to evaluate the basic properties of the
model pile and the soil-pile interaction under simple
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Shaking Table Tests
Shaking table tests were first conducted on the
model pile without sand specimen to evaluate the
dynamic behavior of pile itself. Sinusoidal and
white-noise accelerations with amplitudes from 0.03
to 0.075 g were applied in X- and Y-directions. The
model pile with saturated sand specimen was then
tested under one- and multi-directional sinusoidal and
recorded earthquake accelerations with amplitudes
ranging from 0.03 to 0.25 g and frequencies from 1 to
16 Hz. White noise accelerations were also applied in
both X- and Y-directions to evaluate the behaviors of

the model pile and sand specimen under various
conditions. Figure 3 shows a shaking table test of the
model pile with sand specimen.

continuously until sometime after the shaking to
understand the dissipation of the water pressures. The
height of the sand surface after each test was obtained
for the settlement and density of the sand specimen.

Preliminary Results
The test results in the lateral loading tests shown in
Fig. 5 indicated that the model pile exhibit linear
elastic behavior without sand specimen. The
curvatures of the pile were obtained from the
measured strains on the pile at different depths. The
relation of deformation versus force in Fig. 6
confirmed the calculations according to the elastic
beam theory using the properties of the model pile.
Moment-Curvature ( PS1_1)

Depth 11cm

Fig. 3 Shaking table test on the model pile in a
saturated sand specimen
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Fig. 5 Relations of applied moment versus
measured curvature at different depth of pile

Figure 4 is the layout of instrumentation on the
model pile and in the sand specimen. During every
test, pile top displacements, strains and accelerations
at different depths on the pile, and pore water
pressures and accelerations in the sand specimen (near
field and far field) were measured. Besides, the frame
movements at different depths of the laminar shear
box were also recorded to evaluate the responses and
liquefaction of the sand specimen. Pore water
pressures inside the sand specimen were measured
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Fig. 4 Layout of instruments in shaking table test
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Fig. 6 Deflection profiles of the model pile in sand
specimen under static lateral loading

Amplification ratio

According to the pile responses under the white
noise accelerations and sinusoidal vibrations of
various frequencies (Fig. 7), it was found that the
resonant frequencies are about 10 Hz and 11.8 Hz for
the far field soil and combined pile-soil system,
respectively. Further detailed analyses are under way
to include the effects of compaction and liquefaction
of the surrounding soil on the behavior of the model
pile. Some of the test data have also been used in other
collaborated projects and showed promising results,
e.g., Loh et al., 2008.
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Fig. 7 Amplification versus frequency for far-field
soil and model pile

Conclusions
Lateral loading and shaking table tests were
conducted on a model pile in the biaxial laminar shear
box with and without saturated sand specimen. The
displacements, strains and accelerations at different
depths of the model pile were measured. The dynamic
behaviors of the model pile and the pile-soil system
were evaluated based on the test results. Further tests
and analyses of the test data will be performed to
understand the soil-pile interaction, such as the
relationship of ground reaction on the pile, and pore
water pressure generation versus pile displacements
(p-y curve) and their coupling. Based on these results,
aseismic design criteria for pile foundations in
liquefiable soils can be established for engineering
practices.
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Plastic Hinge Model for Nonlinear Pushover Analysis of
Pile Foundations
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Abstract
For a pile-soil system, the use of the concentrated plastic hinge method in simulating
the inelastic flexural behavior of piles usually gives unsatisfactory results because the
location of maximum moment in piles may vary due to the effects of soil-structure
interaction. To solve this problem, this study suggests adopting a distributed plastic hinge
model to trace the propagation of yielding in a pile interacted with nonlinear soils. To
construct the rotational property of a plastic hinge, this paper modifies the definition of
plastic curvature suggested in ATC-40. This modification is crucial for plastic hinges in
simulating correctly the nonlinear deformation of a beam. Besides, to arrange distributed
hinges properly, this paper proposes simple formulae to estimate the least range of plastic
zone for a pile-soil system, so that the proper intervals of plastic hinges can be determined.
To demonstrate the method of modeling proposed, numerical examples of a pile-soil
system were analyzed using the computer program SAP2000 with distributed plastic hinge
modeling. Results are in good agreement with those from ABAQUS analyses by using
nonlinear elements for pile modeling.
Keywords: pile foundations, pushover analysis, material nonlinearity, plastic hinges

Introduction
When the plastic hinge method was applied to a
pile-soil system, the results obtained were not
satisfactory. The main difficulties arise from:
(1) The moment vs. plastic-rotation relationship of a
pile is difficult to be obtained directly. Lots of
experimental data of beam or column load tests can be
used to deduce reasonable and proper M-θp
relationships for frame components, such as suggested
in ATC-40 (1996), FEMA 273 (1997). These
suggested relationships have been coded into some
commercial software, such as SAP2000 and ETABS.
However, due to lack of sufficient experimental data,
the M-θp relation of a pile is usually evaluated from
theoretical analysis.
(2) The location of plastic zone for a pile-soil system
is not easy to be determined. For a frame system, the
locations of plastic hinges can be determined in
advance since the maximum moment usually occurs
1
2
3

near the joints of a frame structure. However, for a
pile-soil system, the location of maximum moment
may vary with the development of soil plasticity
around the depth of a pile.
Therefore, the purpose of this study is to propose a
proper plastic hinge method for the nonlinear
pushover analysis of a pile-soil system, including the
determination of the rotational property of plastic
hinges and the arrangement of plastic hinges in a pile.

Plastic Hinge Method
In structural analysis, the inelastic flexure of a
beam or column may be modeled using the
concentrated or distributed hinge model. The
concentrated hinge model is applied for cases where
the yielding will most probably occur at the member
ends, unlikely along a member. The distributed hinge
model is applied for cases where the yielding may
occur along a member. In the former model, all plastic
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flexural deformations within a plastic zone are
represented by a zero-length point hinge. Therefore,
the dimension of plastic zone for a plastic hinge (i.e.,
plastic hinge length) should be given in advance to
calculate the plastic rotation. However, instead of
using a single hinge for a defined plastic zone, the
distributed plastic hinge model inserts many plastic
hinges along the expected plastic zone of a member.
When the moment at the location of a plastic hinge
exceeds its yield moment (implying the whole
subsection has yielded), the plastic hinge yields and
produces a plastic rotation. The range of yielding
plastic hinges defines the actual plastic zone. This
model thus saves the trouble to define the precise
location of the plastic zone.
For a pile-soil system, the concentrated hinge
model cannot be applied when the location of
maximum moment in a pile will vary as the
development of soil plasticity around the pile. Instead,
the distributed hinge model will be more appropriate
by setting plastic hinges over the possible range of
plasticity in a pile to trace the development of plastic
zone. Accordingly, as the load increases, the plasticity
may spread, rather than being concentrated at a single
point. Thus, this paper recommends adopting the
distributed plastic hinge method for a complete
nonlinear pushover analysis of pile foundations.

To utilize the plastic hinge method in modeling the
nonlinear flexure of a beam, the relationship of
moment vs. plastic-rotation of each plastic hinge
adopted has to be defined in advance. Since every
plastic hinge is used to reflect the post-yielding
rotation of its tributary length, the term “plastic hinge
length” is introduced. For distributed plastic hinge
method, the plastic hinge length will be decided on the
spacing of plastic hinges introduced. Once the plastic
hinge length was chosen by users, the moment vs.
plastic-rotation (M-θp) curve can be calculated based
on the procedure suggested in ATC-40 (1996). First,
the moment-curvature relation of the beam section is
calculated using realistic estimates of material
stress-strain relations to deduce the yield and ultimate
curvatures, φy and φu, respectively. From this relation,
when the curvature (induced by M) is larger than
My, the plastic curvature defined by ATC-40 as shown
in Fig. 1 can be calculated as
(1)

Next, according to the plastic hinge length lp set,
the M-θp relation can be computed by

θ p = φp ⋅lp

The above mentioned ATC method has been used
widely in practice, and is the principle used in the
computer code SAP2000. However, applying this
method may yield errors in estimating the rotation and
deformation of a member as compared to a real
nonlinear member.

Fig. 1 Plastic curvature defined in ATC-40 (1996)
To give correct computations of nonlinear
deformations, the plastic curvature has to be modified
as follows:

φ pm = φ −

Rotational Property of a Plastic Hinge

φp = φ − φy

curvature, and lp is the plastic hinge length.

where θp is the plastic rotation; φp is the plastic
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(3)

where EIe is the elastic flexural rigidity.

Fig. 2 Modification for definition of plastic curvature
Eq. (3) shows that the plastic curvature should be
obtained by subtracting the curvature of elastic
rebound from the curvature at the post-yield state as
shown in Fig. 2. According to the modified plastic
curvature, the plastic rotation should be calculated by

θ p = (φ −

(2)

M
EI e

M
) ⋅lp
EI e

(4)

Plastic Hinge Arrangement for a Pile-Soil
System

Lp >

A proper arrangement of distributed plastic hinges
for a pile is important to identify the location of the
plastic zone developed in the pile. Although the
density of distributed hinges should be as dense as
possible, a reasonable interval is necessary for the
sake of computational cost. Generally, a convergence
test can be conducted to decide an appropriate
arrangement by varying the density of plastic hinges.
It is still time consuming. Therefore, having a criterion
about plastic hinge arrangement for piles is useful for
reference. A basic requirement for a proper
arrangement of plastic hinges is that the plastic hinge
length of each hinge should be chosen much less than
the actual range of the plastic zone that can be
developed. Therefore, if the possible range of plastic
zone Lp can be estimated in advance, the plastic hinge
length of distributed hinges lp can be chosen to be a
fraction of this range, for example, lp may be set as
Lp/10 to grasp the gradual spreading of the plastic
zone. This way can eliminate the need to perform the
convergence check. To this end, this section attempts
to propose a method for estimating the possible range
of plastic zone for a pile-soil system.
Assume that a pile has a nonlinear
moment-curvature relation defined by the yield
moment My and the ultimate moment Mu. When the
moment of pile section exceeds the yield moment My,
the pile starts to yield. As the load gradually increases,
the plastic zone expands over an appreciable length of
the pile until the moment of a pile section reaches to
its ultimate moment Mu. The distance between the
locations where My and Mu occur is the range of
plastic zone.
To determine the range of plastic zone for a
pile-soil system, two possible locations that a plastic
zone may develop should be taken into account: (1)
the plastic zone of a pile occurs at a certain depth
below the ground surface and (2) the plastic zone of a
pile occurs at the pile head under a restrained-head
condition (fixed-head condition).

where β

Mu − M y

(6)

2β ⋅ M u

is the characteristic coefficient of a linear

pile-soil system (= 4

Es
, Es is the subgrade reaction
4EI

modulus, EI is the flexural rigidity of pile).

Fig. 3 Free-body diagrams of plastic zones
Once the range of Lp is estimated, the plastic hinge
length lp can then be set to be a fraction of Lp for
distributed plastic hinges. A conservative (smaller)
plastic hinge length lp can be determined based on the
least range of Lp.

Nonlinear Analysis for a Pile-Soil System
This section employs a numerical model of a
pile-soil system to investigate the effectiveness of the
proposed modified plastic curvature and arrangement
of distributed hinges for the pushover analysis of a
pile-soil system. A pile of length 30 m, fully
embedded in the ground was selected as shown in Fig.
4.
Load H
Silt

The equilibriums of free-body diagrams of plastic
zones for the above two cases, as shown in Fig. 3, give
the least range of plastic zone:

Sand

5m

Pile

25 m

(1) the plastic zone of a pile occurs at a certain depth
below the ground surface

Lp ≥

2( M u − M y )
pult

(5)

Fig. 4 Example problem of a laterally-loaded pile

where pult is the ultimate soil reaction.
(2) the plastic zone of a pile occurs at the pile head
under a restrained-head condition

The moment-curvature relation of the pile section
was assumed to be bilinear (Fig. 5) and the ground
was considered to have two uniform layers, in which a
5 m-thick silt layer is underlain by a sand layer. The
p-y curves of these two soil layers were elastic
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perfectly-plastic, as shown in Fig. 6.
Two programs, ABAQUS (1995) and SAP2000
(2002) were used to analyze the problem. The
ABAQUS analysis used the nonlinear beam elements
to model the nonlinear flexure of the pile, while the
SAP analysis adopted the plastic hinge model.

plastic curvature and the arrangement of distributed
plastic hinges in modeling a pile-soil system.
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Conclusions
When using the concept of plastic hinge to model
the nonlinear flexural deformation of a pile, the model
of distributed plastic hinges must be used to trace the
development of plastic zone in the pile. The
illustrative examples presented herein demonstrate
clearly the effectiveness of the proposed modified
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Semi-Active Control of Floor Isolation System
Using MR-Damper
Pei-Yang Lin1
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Abstract
This paper presents the performance evaluation of a semi-active controlled floor
isolation system for earthquake effect reduction. The floor isolation system consists of a
rolling pendulum system and a semi-active controlled magnetorheological (MR) damper.
The modified Bouc-Wen model was used to represent the behavior of the MR damper. A
series of performance tests of the MR damper was made and has been used for system
identification. Two contrasting control methods including LQR with continuous-optimal
control and Fuzzy Logic control were investigated experimentally as potential algorithms,
and comparisons were made from the results. Unlike the clipped-optimal control, LQR with
continuous-optimal control can output the continuous command voltage to control the MR
damper, and obtain smoother control effect. A three-story steel structure with floor
isolation system on its second floor was tested on the shake table. Scaled historical near
and far-field seismic records were employed to examine the controller’s performance with
respect to frequency content and peak ground acceleration (PGA) level. Experimental
results show that both control algorithms can suppress the acceleration of the isolated floor
during small and large PGA levels and alleviate both displacement and acceleration
simultaneously in larger, near-field events. Both control algorithms were found adaptive
and robust to various intensity of excitation. This investigation demonstrates the feasibility
and capabilities of a smart semi-active controlled floor-isolation system.
Keywords: Semi-active control, MR damper, Isolation system, Shake table test

Introduction
Low power consumption, high reliability and
fail-safe operation make the semi-active control
technique one of the more promising approaches for
mitigation of seismic responses in civil engineering
structures. Currently, magnetorheological (MR)
dampers are being widely studied for their potential
use as semi-active control devices (Lin, 2006). An MR
damper resembles an ordinary linear viscous damper
but the cylinder of the damper is filled with special
fluid that contains tiny polarizable particles. The fluid
state can be changed drastically from liquid to solid
and vise versa by adjusting the magnitude of an
applied magnetic field produced by a coil that is
wrapped around the piston head of the damper. When
no current is supplied to the coil, the damper behaves
as an ordinary viscous damper. On the other hand,
when current is sent through the coil, the fluid inside
1

an MR damper becomes a semi-solid, the yield
strength of which depends on the level of current
applied. Since control commands simply adjust the
parameters of a MR damper that is placed in a real
structure, control instability never occurs and only a
small amount of energy is required. Therefore, MR
dampers are reliable and fail-safe.
There are various kinds of isolation system and
most of them compose of isolator and some
energy-dissipation devices. The isolator, such as
LRB, RB and FPS (Friction Pendulum System)
provides vertical support with suitable lateral stiffness
and hysteresis. To enhance the control effect or to
reduce the stroke of the isolation system, the
energy-dissipation devices (such as hydraulic dampers)
are added. For the same reason, the semi-active
controlled MR damper is good to be used in the hybrid
controlled base-isolation system. In the semi-active
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control system, the more adjustable range present, the
more control efficiency will be achieved, yet only the
MR damper is adjustable. To maximize the
controllable range, the unchangeable hysteresis in the
isolator should be as lower as possible. As a result, the
rolling pendulum system which can provide the
suitable restoring force and vertical support with
almost frictionless (rolling friction is about 1/1000 of
slide friction) was used in this study.
This study presents a floor-isolation system which
consists of a rolling pendulum system and a
semi-active controlled MR damper. Figure 1 shows
the 3D diaphragm, photo of the MR damper and one
of the rolling pendulum sets. A series of performance
tests of the MR damper was made and has been used
for system identification. Two contrasting control
methods including LQR with continuous-optimal
control and Fuzzy Logic control were investigated
experimentally as potential algorithms, and
comparisons were made from the results.
Unlike the clipped-optimal control, LQR with
continuous-optimal control can output the continuous
command voltage to MR damper to generate the
optimal control force, and get a smoother control
effect. A three-story steel structure with an isolation
system on its second floor was tested on the shake
table in NCREE. Four historic earthquake records
with several PGA levels were used to validate the
stability, efficiency, and adaptively of this semi-active
controlled floor-isolation system. All the test results
show that the floor-isolation system is stable, reliable,
fail-safe and effective. And significantly, it is adaptive
to different intensity of excitation compared to the
traditional passive base-isolation system. Moreover,
the structural response with floor isolation system in
the second floor is slightly better than the traditional
fixed floor system as observed.

(a) Three-dimension diaphragm of the floor isolation
system with MR damper and RPS.

(b) Photo of the MR damper (7kN/300mm)

(c) Photo of the RPS

Fig. 1. (a) Three-dimensional diagram of the floor
isolation system with MR damper and
RPS; (b) Photo of MR damper; (c) Photo
of RPS (Rolling Pendulum System)
proposed, such as LQR, predict control, modal control,
sliding mode control and H-infinity control, etc.
(Yang, 1994). Each control algorithm has its own
feature and a direct measurement feedback control can
be used along with most of them. As the setting of the
performance index in LQR control is simple and clear,
the LQR control was employed to calculate the
desired control force in this study. After the desire
control force was calculated, the continuous-optimal
control (COC) translates continuously the desired
control force to command the voltage through the
forward model of the MR damper. The whole control
system is illustrated in the succeeding paragraphs.
For a structure, the equation of motion in
state-space form can be written as:

LQR with Continuous-optimal control
The semi-active MR damper was utilized in this
study. Since the MR damper is a nonlinear device, the
forward model (Input: response and command voltage
/ Output: damper force) is quite complicated (as
shown in Eq. 1). The calculation of inverse model
(Input: response and damper force / Output: command
voltage) is a big challenge. To make the semi-active
control system more simple and reliable, the LQR
with continuous–optimal control was adopted. The
LQR with continuous–optimal control provides an
easy and stable way to calculate the suitable command
voltage in each time step. The continuously-optimal
control calculates the desired control force from the
active control algorithm, and then continuously
translates the damper force to command voltage
through the forward model of the MR damper.
Active control is being used to oppose earthquake
excitations in numerical and experimental studies
involving various control algorithms have been
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X& (t ) = A X (t ) + B U (t )

(1)

X(t) represents the state-space response (relative
displacement and velocity).
Since the state vector contain only the
displacement and velocity responses, if someone need
to consider the other response (i.e. acceleration) as
weighting in the performance index, the following
output state can be used:
Y (t ) = CX (t ) + DU (t )

(2)

C, D is called output matrix, which indicates the
relationship of the output state. Now, the performance
index which considers the output state is defined as:
∞

J=

∫ {Y

t =0

T

}

(t ) Q Y (t ) + U T (t ) R U (t ) dt

(3)

Q is the state weight matrix, R is the control cost
matrix. By solving the Ricatti equation below:
C T QC + A T P + P A
− ( P B + C T QD) ( D T QD + R ) −1 ( B T P + D T QC ) = 0

(4)

the control gain can be found through the following
equation:
G = − ( D T QD + R ) −1 ( B T P + D T QC )

(5)

In a base-isolation system, the stroke and the
isolated acceleration are mostly considered. As results,
the output state and weighting matrix are assumed as
follows:
Y = [ x, x& , &x&]T
⎡10QD
0
0 ⎤
⎢
⎥
Q=⎢ 0
10QV
0 ⎥
⎢ 0
0
10QA ⎥⎦
⎣
R = 10RR

(6)

Fig. 2. Flow chart of the semi-active control strategy
(continuous-optimal control).
In this study, two set of weighting matrixes were
used :
‘LQR1’: [QD QV QA RR] = [5, 3, 5, -9]
‘LQR2’: [QD QV QA RR] = [6.2, 3, 5, -9]
‘LQR1’ was designed to reduce more acceleration
responses, while ‘LQR2’ acted to mitigate more
strokes.
The control procedure (see Fig. 2) is illustrated as
follows:
The identified Bouc-Wen model (shown in the
front section) with seven voltage levels were used to
estimate the MR damper forces according to the
system response (velocity of the MR damper --differential from stroke)
The desire control force, calculated from the LQR
control algorithm, was used to compare the estimated
MR damper forces.
The best two voltage levels were used to
interpolate the command voltage according to the
desired control force as shown in Eq. 7. As a result,
the continuous command voltage can be calculated
and obtain a better and smoother control effect.
V = Vj *

Fdesired − FMR _ Vi
FMR _ V j − FMR _ Vi

+ Vi *

FMR _ Vi − Fdesired
FMR _ V j − FMR _ Vi

(7)

Shake Table Test
In this study, the three-storey benchmark structure
equipped with a floor isolation system in the second
floor was placed and tested on the shake table. The
floor plane of the benchmark structure is 2m x 3m and
its floor height is 3m. All the structure members were
made of steel. The section sizes of the columns, beams
and girders were all “H150x150x7x10”. The beams
and girders were rigidly connected to a 25mm-thick
steel plate (floor plate). Thus, the floor can be seen as
a rigid floor. The mass of each floor level is 6 tons
(including the structural weight and the mass blocks).
The first natural frequency is at 1.08Hz. The floor
isolation system was composed of four rolling
pendulums in four corners and one semi-active
controlled MR damper in the middle. The natural
period of the rolling pendulum system is 2.77 seconds.
The rolling pendulum system provides only the
restoring force while the semi-active controlled MR
damper provides the optimal damping forces.
Figure 3 shows the control flow-charts of the
floor-isolation system with RPS and semi-active
controlled MR damper. The shake table controlled by
the MTS system delivers the desired earthquake
excitation. Responses of the system were measured by
numerous accelerometers, load cells, velocity meters
and LVDTs, and were sent to the data acquisition
system. Only the stroke of the floor isolation system
was relayed to the semi-active control system
(dSPACE). Through the Continuous -Optimal Control
(pre-loaded in dSPACE), the command voltages can
be
calculated
online
and
be
fed
to
voltage-controlled-current system (VCCS). The
VCCS converts the command voltage to the command
current and sent it to the MR damper. The power
supply provides 24 voltage of power to the VCCS.
The MR damper produces the optimal resistance to
control the floor isolation system. All the
displacement, velocity, acceleration, command
voltage, and damper force were measured and
recorded by “Pacific” data acquisition system in
NCREE. Figure 4 shows the global photo of the test
structure (left) and photo of the floor isolation system
in the shake table test (NCREE, 2007). The weight of
each floor is 6 tons (structural weight 2.5tons / weight
blocks 3.5tons). The floor isolation system was placed
in the second floor and all the 3.5-ton nonstructural
weights were placed in the upper structural part of the
floor isolation system. The fixed floor system, four
passive control systems with different command
voltages to the MR damper, and two semi-active
control systems were tested and compared on the
shake table test. Four excitation cases, including El
Centro FF (1940), Kobe, two 1999 Chi-Chi
earthquake records from stations TCU068 and
TCU129 were applied in the shake table test. Each
excitation was tested with different PGA levels
(8) Figure 5 shows the comparison of maximum
stroke and isolated acceleration responses among
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Fig. 3. Control flow-charts of the floor-isolation
system with RPS and semi-active controlled
MR damper
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fixed, two passive control cases (‘P-max’ and ‘P-off’)
and three semi-active control cases (‘LQR1’, ‘LQR2’
and ‘Fuzzy1’) with different PGA levels (El Centro
NS, 1940). From the said figure, the two passive
control cases just show the two ends of the control
effect. ‘P-max’, which means the maximum resistance
of MR damper, has the smallest stroke, but poor
acceleration reduction. ‘P-off’, which means the
‘power-off’ case, has the great acceleration reduction,
but the stroke is big.
The three semi-active
controlled floor isolation systems are all adaptive to
various intensities (PGA levels) of excitations. Under
small or large intensity of excitations, the semi-active
control system can get the great acceleration reduction
with the consideration of stroke limits
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Fig. 5. Comparison of maximum stroke and isolated
acceleration responses with different PGA
levels (El Centro NS, 1940)
compared using shake table test. Based from the test
results, the semi-active controlled floor-isolation
systems are adaptable to various kinds and intensity of
excitations, while the passive case can only focus on
some specified excitation (design earthquake). The
LQR with continuous-optimal control provides a
simple and reliable way to calculate the command
voltage to the MR damper. Unlike the clipped-optimal
control, LQR with continuous-optimal control can
output the continuous command voltage to control the
MR damper and obtain a smoother and better control
effect. Moreover, the global structural response with
the floor isolation system is better than the fixed floor
system. This validates the adoption of the semi-active
controlled floor isolation system which, not only can
reduce dramatically the floor acceleration responses
under various kind and intensity of excitations, but
also mitigate the global structural responses
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