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Abstract
In addition to the performance objectives, preliminary design procedure, analysis
procedures, and acceptance criteria that recommended in the research projects of 2004 and
2005, in this study. We expand the original guideline (draft) with the supplement of the
mathematical modeling and the acceptance criteria for the seismic isolation and energy
dissipation systems (chapter 7) as well as the architectural, mechanical, and electrical
components (chapter 8) to complete the first version of performance-based design guideline
(draft) for the first stage. In order to develop the next stage version, we propose a new
design framework to take into account the reliability in both the direct displacement-based
design as well as the acceptance criteria. Instead of the acceptance criteria for the local
member check, the concept of performance check for global structural system is adopted,
and the Demand Capacity Factor Method (DCFM) that is recommended in FEMA 350 is
employed as the revised acceptance criteria in the next stage version. We also address and
discuss the key issues in the new proposed design framework.
Keywords: performance objectives, preliminary design, analysis procedure, acceptance
criteria, design framework

inconsistence in such kind of combination. (i) We did
not consider the reliability yet in the original
preliminary design phase, even if the seismic
performance of a structural system in ESDOF format
indeed exhibits a property of diverse distribution for a
series of dynamic analysis. (ii) The acceptance criteria
adopted in FEMA 356 is merely in a sense of local
member check, therefore, only the median values are
needed in this approach. Since that local member
failure does not necessary imply global failure of the
whole structure, the use of median value for local
member check is justified.

Introduction
In the first stage (2004-2006) of the research to
develop the performance-based design guideline, the
direct displacement-based design that is recommended
in Appendix I (Part B) of SEAOC 1999 Blue Book
was adopted as the preliminary design methodology.
After combining with the performance objectives,
analysis procedures, and the acceptance criteria that is
recommended by FEMA 356, we have completed the
first version of performance-based design guideline
for new buildings (draft). However, there exists some
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In order to remedy the aforementioned defects, a
new design framework to develop performance-based
design guideline is proposed for the next stage version,
and Figure 1 illustrates the outlines. In the following,
we briefly address and discuss the key issues in the
new proposed design framework.

the NDP, we have to convert the results of pushover
analysis though the steps as described in Figs 2(d)-2(f)
-2(e) and finally to the final desired form as shown in
Fig. 2(c). It should be noted that, in the conversion,
the formula proposed by FEMA 440 with degradation
is tacitly considered as the best approximation of 84%
percentile estimation to account for the uncertainty.

Issues on Performance Objectives and
Preliminary Design

After that, the seismic performance of a designed
building is acceptable or not should be determined by
making the predicted maximum story drift ratios at the
specified hazard levels against their limit values, as
illustrated by comparing the predicted results in Fig.
2(c) with their limits specified in Figs. 2(a) and 2(b).
Since that the performance objectives are established
in the sense of global structural system, and hence, the
acceptance of the performance has to be verified in the
same sense. Then, instead of the acceptance criteria
for the performances of local members, the concept of
performance check for the global structural system is
adopted, and further, the Demand Capacity Factor
Method (DCFM) that is recommended in FEMA 350
is employed as the revised acceptance criteria in our
next stage version. The formulas associated with the
DCFM are illustrated in Fig. 1.

The most important issue in the development of
performance-based design guideline is how to define
the performance objectives. The seismic performance
of a building could be based on a continuum of a
performance measure versus a continuous hazard level,
and the former can be defined by the Engineering
Demand Parameters (EDPs) which are the product of
response prediction including story drifts, inelastic
deformations of component, floor accelerations and
velocities, or cumulative damage terms. The typical
EDP hazard curves for the maximum story drift ratio
predicted by two different analysis procedures, the
nonlinear dynamic analysis and the nonlinear static
analysis (i.e. pushover analysis), are illustrated in Fig.
2(c). On the other hand, in order to develop a design
framework that yields structures of predictable seismic
performance, it requires discrete performance criteria
for discrete performance levels under discrete seismic
hazard levels. Typical performance objectives in terms
of discrete performance and hazard levels for specific
structural system in different conditions are shown in
Fig. 2(a) and (b), they are recommended in FEMA
356 but with certain modifications and the values are
only the median values.

Conclusions
The merits of the new proposed design framework
are that once we have established the hazard curve of
a certain EDP, we can establish a fragility function of
the Damage Measure (DM) to describe the damage
and the consequences of damage to a structure or to a
component of the structural, nonstructural or content
system. Subsequently, an interested Decision Variable
(DV) can be determined, and can be used to evaluate
either directly or by means of cost function to proceed
a rigorous assessment of the performance. This is the
so-called Performance-Based Earthquake Engineering
(PBEE) as advocated by PEER center.

After selecting the performance objectives, the
structural system can be designed in the preliminary
design stage by the direct displacement-based design
methodology that is recommended in Appendix I (Part
B) of SEAOC 1999 Blue Book but with slightly
modification to consider the uncertainties in both the
estimated demand as well as the target displacement
capacity. The associated formula is shown in Fig. 1.
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Fig. 1 Proposed design framework to develop the performance-based seismic design guideline
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In Situ Tests of Buildings in Rei-Pu Elementary School
Tsung-Chih Chiou1 Yu-Wen Chang1 Lap-Loi Chung2 Yeong-Kae Yeh2 Yuan-Tao Weng3
Fu-Pei Hsiao3 Shyh-Jiann Hwang4
Abstract
The objectives of this test are to discuss what the structure seismic behaviors are under
different lateral loading methods and to verify the school buildings retrofit methods. Four
specimens were prepared to do following seismic tests: 1.Static Pushover Test, 2.Pseudo
Dynamic Test, 3.Cyclic Loading Test, 4.Partition Walls Retrofitted by Composite Column
Test, 5.Vertical Loading Redistribution Test, 6.Free Vibration, Force Vibration and
Microtremor Measurement.
The test results indicated that the ductility of school building under pseudo dynamic and
cyclic lateral loading test was less than 50% of that under lateral pushover test and also the
effect of partition walls retrofitted by composite column was verified. Besides, the dynamic
amplifying coefficient of vertical loading redistribution was 2.69 when one column of
structure was broken suddenly. Finally, we could obtain the natural frequencies of the
buildings by these vibration tests. The measurement results indicated that the natural
frequencies of the original structure was 2.71Hz and the retrofitted structure by composite
column was 3.7Hz. All of the test results could be used to calibrate the seismic evaluation
model.
Keywords: school buildings; in situ test; seismic evaluation; seismic retrofit

the benchmark test to study the difference in the
structure seismic behaviors between cyclic and
pushover tests. Besides, it was the fist time in the
world to do the pseudo dynamic and static cyclic
tests in field.

Introduction
The purposes of the in situ school buildings tests
are to calibrate the seismic evaluation model and to
verify the retrofitted method. In order to discuss the
difference of the structure seismic behaviors between
cyclic and pushover tests, there are two specimens
for static pushover test, pseudo dynamic test and static
cyclic loading test. Besides, one specimen is tested for
verifying the retrofitted method. Finally, one specimen
is for the vertical loading redistribution test. Therefore,
seven tests were carried out in July and August, 2006:
1.

Static Pushover Test: This was a benchmark test.

2.

Pseudo Dynamic Test: This test was compared
with the benchmark test to study the difference in
the structure seismic behaviors between pseudo
dynamic and pushover tests.

3.

Static Cyclic Test: This test was compared with

1

4.

Static Pushover Test of Partition Walls
Retrofitted by Composite Columns: This test was
compared with the benchmark test to verify the
retrofit method.

5.

Vertical Loading Redistribution Test: The
purpose of this test was to study the dynamic
amplifying coefficient of the vertical loading
redistribution and the mechanism of structure
collapse.

6.

Free Vibration, Force Vibration and Microtremor
Measurement: These measurement results could
obtain the natural frequencies and the damping
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ratios of buildings.
7.

Material Property: Construction material,
concrete steel and brick, were sampled and
tested .

The test specimens were two of the buildings in
Rei-Pu elementary school. As shown in Fig.1, the
classrooms No.3&4, named specimen I, were for
pseudo dynamic and cyclic loading tests; the
classrooms No.5&6, named specimen II, were the
benchmark specimen of pushover test; the classrooms
No.11&12, named specimen III, were the specimen of
partition walls retrofitted by composite columns; and
the classrooms No.7&8, named specimen IV, were for
vertical loading redistribution test. The other
classrooms were reinforced by steel bracings or RC
shear walls to serve as the reaction supports.

Fig.2 Pseudo Dynamic Test Setup

A. The failure situation of A5
Col. in PDTNo5（PGA240）

Fig.1 The test plan of specimens

B. The failure situation of A6
Col. in PDTNo5（PGA240）

Fig.3 The failure situation in Pseudo Dynamic Test

Pseudo Dynamic and Static Cyclic Tests
As shown in Fig.2, the classrooms NO.1&2 were
supplemented with RC shear walls, providing the
two-way reaction force, to serve as the reaction
supports. The four actuators which were installed on
the shear walls pushed or pulled the specimen by
pre-tension tendons.
The specimen I was tested by three test processes,
pseudo dynamic test, cyclic loading test, and static
pushover test. The pseudo dynamic test result
indicated that the maximum lateral strength was
1109kN at the peak of ground acceleration
(PGA=240gel) that was time history records of the
CHY041 station in the E-W direction in 921 Chi-Chi
earthquake. As shown in Fig.3, the failure mode of the
columns with windowsills on both sides in the pseudo
dynamic test NO.5 (PGA240) was shear failure.
Moreover, when the drift ratio of roof was 2.0% in
cyclic loading test, the columns with windowsills on
both sides were totally shear failure (Fig.4). Finally,
the specimen was pushed and collapsed. Fig.5 shows
the base shear force and roof drift ratio relation curves
in these series of tests. As shown in Fig.5, the
maximum lateral force was 1190kN in different test
methods but the ductility of roof displacement in
pushover test was twice the one in pseudo dynamic
and cyclic loading tests. This result shows that the
ductility of the structure was over-estimated in the
static pushover test.

A. The failure situation of A5
Col. in cyclic test（2.0%）

B. The failure situation of A6
Col. in cyclic test（2.0%）

Fig.4 Pictures of the columns failed by shear
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Fig.5 The base shear and roof drift ratio curves
of specimen I&II.
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Static Pushover Test of Partition Walls
Retrofitted by Composite Columns
The purpose of this test was to verify the
composite column retrofitting method in partition
walls. The retrofitting method by adding columns in
both sides of the partition walls could increase not
only the seismic capacity but also the out-of-plane
strength. This retrofitting method didn’t need to
remove the doors and windows, so it was an
environmental and economic retrofitting method.

A. Before test

Vertical Loading Redistribution Test

There were 6 composite columns, which the
section was 40cm×65cm, made of reinforced concrete.
Moreover, the longitudinal reinforcement was 8-D19
and the transverse reinforcement was D10@15cm as
shown in Fig.6. Every composite column was fixed in
the single foundation with dimension 100cm×100cm×
75cm and passed through the floor slab. Double U tie
reinforcement was used to confine the composite
column well.

The collapse mechanism of buildings is such that
the main members, columns RC-walls and brick-walls,
lose vertical supporting capacity. If one column cracks
in earthquake, the vertical loading will be redistributed
to the other columns of building. Furthermore, it will
induce the dynamic amplifying coefficient of the
vertical loading redistribution when one column
breaks suddenly. Because of the dynamic amplifying
coefficient, the other columns will take more
additional loading and perhaps collapse if they are
over loaded. For this reason, studying in seismic
capacity and collapse behavior of buildings is very
important to research the mechanism and the
amplifying
coefficient
of
vertical
loading
redistribution.

The test result indicated the maximum lateral
strength was 1966kN when the roof displacement was
87mm and the second floor displacement was 42 mm.
The retrofitted specimen was not only failed in the
first floor but also in the second floor because the
strength and stiffness of the first and second floors
were similar and soft story was excluded.

The specimen IV of this test was classrooms
No.7&8, as shown in Fig.9. C2 column were exploded
in 1.5m heigh from bottom. Several dial gauges and
dynamic displacement transducers were installed on
the other columns and measured the variation of
displacement in the moment of exploding.

Fig.7 is the base shear and roof displacement
curve of the retrofitted specimen III comparing with
the benchmark specimen I. The strength of the
retrofitted specimen was increased by 775kN and the
average of one composite column was 129.2kN. The
conditions of the specimen III before and after test are
shown in Fig.8.

Fig.10 shows that the pictures of C2 before and
after exploding. The measured results of D2 column
indicated that the dynamic amplifying coefficient was
2.69, not 2 as known commonly.
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B. After test

Fig.8 The pictures of the specimen III before
and after test
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Fig.6 The composite columns retrofit scheme
and detailing
2000

RFL Displacement - Base Shear
Without Retrofit
With Retrofit

Base Shear (kN)

1600

1200

800

Fig.9 Structure diagram of classrooms No.7&8

400

0
0

100

200

300

RFL Displacement (mm)

400

500

Fig.7 The base shear and roof drift ratio curves
of specimen III&II.
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These analytical results were beneficial not only for
the estimation of seismic capability but also for the
correction of numerical models.

A. Before exploding

The identification results of the specimens with
and without retrofit are shown in Figure 11. The
dominant natural frequency of the longitudinal
direction of the specimen without retrofit estimated by
the free vibration test was 2.71 Hz, while that by the
ambient vibration test was 3.3~3.5Hz approximately.
Moreover, for the specimen with retrofit, the dominant
natural frequency was 3.7Hz, which was about 1.37
times compared with the analytical result of the
specimen without retrofit. Therefore, it can be
concluded that the proposed retrofitted method can
improve the seismic capability of the existing school
buildings.

B. after exploding

Fig.10 The pictures of C2 column before and
after exploding.

Dynamic Characteristics
and Analysis

Measurement

In order to determine the dynamic characteristics
of a full-scale two-story building, a series of vibration
tests with a wide range of amplitudes, including free,
forced and ambient vibration techniques were
performed. According to the observation records, the
dynamic characteristics such as natural frequencies
and damping ratios could be evaluated using the
well-known identification methods.

f = 2.71Hz

f = 3.7 Hz

ζ = 0.0248

ζ = 0.0231

Un-reinforcement
specimen

1. Free vibration test: In this study, the free vibration
test was performed using the steel rod connected by
the roof stories of two adjacent buildings. Once the
steel rod was cut off immediately due to the
increased axial tension force, the desired free
vibration response of the test structure could be
observed from which the natural frequencies and
damping ratios could be estimated by the rational
identification methods.

Composite column
reinforcement specimen

Figure 11 Comparison of the dynamic characteristics
of the un-reinforcement specimen and the
composite column reinforcement
specimen in the free vibration experiment.

2. Forced vibration test: The test structure is
harmonically excited by an electromagnetic exciter
(or shaker) installed on the roof floor. There by, a
steady-state vibration excited by a shaker with a
sine sweep (e.g., 0.1~10Hz with the increment of
0.1Hz) can be observed and measured during the
test, and then the frequency response function of the
test structure could be obtained to determine the
corresponding dynamic characteristics.
3. Ambient vibration test: The dynamic characteristics
of the test structure could also be determined by the
adequate analysis of the wind- and microtremorinduced vibration records.
More than 5 minutes of the time history record
with sampling rate of 200Hz was used for each test.
Besides, the base line correlation (2.0~20Hz) and the
window length (4096 points) for the frequency
spectrum analysis were also taken into account to
obtain the more rational analytical results. In this
study, the half-power method, resonant amplification
method, and spectrum curve fitting method were used
to estimate the natural frequencies and damping ratios.
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Pushover Experiment on Retrofit of School Buildings by
Adding Composite Columns to Partition Brick Walls
Lap-Loi Chung1, Lai-Yun Wu2, Kuan-Hua Lien3, Chien-Chung Tseng4 and Yu-Che Huang3
鍾立來1、吳賴雲2、連冠華3、曾建創4、黃裕哲3

Abstract
Thousands of buildings were damaged by the devastated 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. In addition to cost effectiveness, the
impact of retrofit methods on the functions of the school buildings has to be considered.
Therefore, retrofit of school buildings by adding composite columns onto the partition brick
walls is proposed in this research. Composite column is divided into two parts and added to
the two sides of the partition brick wall with stirrups. The composite column itself will
contribute to the seismic capacity of the school building. Moreover, the effective width of
the partition brick wall is decreased. Thus, both the out-of-plane strength and the bearing
capacity of the partition brick wall are enhanced. 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.
Based on the frame with partition brick wall of a school building, two full-scale
single-story specimens with slabs were designed and fabricated. They were frame with
pre-layered brick wall (B1-2); frame with pre-layered brick wall retrofitted by adding
composite column (B1-2-C). Reinforced concrete blocks were mounted on the slabs of the
specimens to simulate the gravity loading of two stories. In addition, through the L-shaped
testing frame, reinforced concrete columns were deformed with double curvatures during
cyclic loading tests in order to study the seismic behavior of the school buildings.
According to the experimental results, the feasibility of the proposed retrofit method was
successfully verified. The strength after retrofit was doubled. When the drift ratio was
15%, the residual strength after retrofit was as high as the maximum strength before retrofit.
Nonlinear pushover analysis was also conducted. Good agreement between experimental
and analytical results were achieved.
Keywords: school buildings; seismic retrofit; composite columns; nonlinear pushover
analysis; seismic evaluation; partition brick walls

in the disaster area will have no place for sheltering.
Therefore, retrofit of existing school buildings
becomes a stringent issue. According to the damage
condition of school buildings, the seismic capacity of
the direction perpendicular to the corridor is stronger
because of partition brick wall. However, along the
corridor, the seismic capacity is weaker because of the

Introduction
School buildings are usually used as shelter just
after disastrous earthquake by the government because
these are public buildings, large in number, distributed
according to the population and spacious. If school
buildings are damaged by severe earthquakes, people
1
2
3

4
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Composite column was added to the two sides of
the partition brick wall. At one side to the partition
wall, the composite column is 0.2m in depth and
0.4m in width.
The composite column was
extended through 0.4m above the slab and 0.2m
below the ground beam. Details of the test frame
members are shown in Fig. 2.
The design
compressive strength of concrete for the composite
column was 280kgf/cm2, and the design tensile
strengths of the rebars and stirrups used in the
composite
column
were
4200kgf/cm2 and
2
2800kgf/cm , respectively. Standard cross-section
of the composite column was 0.4 m in width and
0.65m in depth. Only the number of composite
columns was adjusted to meet the required seismic
performance. The traditional detail for the stirrups
could not be used in the composite column because
of the presence of brick walls. Therefore, two
U-shaped transverse reinforcements were applied to
the two sides of the partition brick wall. The two
U-shaped reinforcements were connected by 3/8-inch
U-shaped cable clip.

presence of windows, doors and short columns. If
the seismic capacity of school buildings is upgraded
by traditional methods such as RC jacketing, steel
jacketing and wing wall along the corridor, the
existing windows and doors must be dismantled so
that the function of the building may be impacted. In
this paper, retrofit of school buildings by adding
composite columns onto partition brick walls is
proposed. Composite column is divided into two
parts and added to the two sides of partition brick wall
with stirrups. The composite column itself will
contribute to the seismic capacity of the school
building. Moreover, the effective width of the
partition brick wall is decreased. Thus, both the
out-of-plane strength and the bearing capacity of the
partition brick wall are enhanced.

Experimental Plan

40
478
360
78

20
40
360

478

78
20

100
140

60
300

20

24
60

60
300

40

140
120
30

40

Φ10cm

100

Based on the frame with partition brick wall of a
school building, full-scale single-story specimens
with slabs were designed and fabricated. The
school building was a 3-story RC building
constructed in 1968. It was 53.5m along the
corridor, 10.2m perpendicular to the corridor and
10.8m high.
The test frames were 4.5m
perpendicular to the corridor; 1.2m along the
corridor and 3.6m high. Details of the test frame
members are shown in Fig. 1. To simulate the
condition of the school building, the design
compressive strength of concrete was 180kgf/cm2,
and the design tensile strength of the rebars and
stirrups were 2800kgf/cm2. The brick walls of test
frames were pre-layered with thickness of 0.2m.

Φ10cm

80

80

80

Φ10cm

Fig. 2 Design of frame with pre-layered brick wall
retrofitted by adding composite column
Reinforced concrete blocks were mounted on the
slab of the specimens to simulate the gravity loading
of two stories. In addition, through the L-shaped
testing frame, reinforced concrete columns were
deformed with double curvatures during cyclic
loading tests in order to study the seismic behavior
of the school buildings as shown in Fig. 3.

Fig. 1 Design of frame with pre-layered brick wall
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Experimental Results

(b) Frames with pre-layered brick wall retrofitted by
adding composite column (B1-2-C)

(a) Frames with pre-layered brick wall (B1-2)

When the drift ratio was 0.25%, cracks occurred
at the beam above the partition wall due to twisting.
When the drift ratio was 2%, at the top and bottom of
the partition wall, diagonal cracks and horizontal
cracks continued to develop. When the drift ratio
was 6%, cracks happened on the slab due to twisting
and rebars at the bottom of the composite column
buckled. When the drift ratio was 7%, two rebars at
the bottom of the composite column were fractured
as shown in Fig. 6.

When the drift ratio was 0.25%, at the top and
bottom of the partition brick wall, there were cracks
of 0.25mm in width. When the drift ratio was 1%,
vertical cracks happened at the upper part of the
interfaces between the partition wall and columns.
When the drift ratio was 6%, horizontal cracks of 12
mm in width developed at the top and bottom of the
partition wall. When the drift ratio was 15%,
concrete spalled at the bottom of the columns and the
rebars were buckled as shown in Fig. 4.

Fig. 6 Final condition of test frame B1-2-C
The initial stiffness of the specimen was
16.8kN/mm. When the drift ratio was 6%, the
strength reached the ultimate of 370.8kN. When
the drift ratio was -4%, the strength reached the
ultimate of -343.1kN. When the drift ratios were
15% and -10 %, the residual strengths were 192.9kN
and -206.5kN, respectively, as shown in Fig. 5.

Fig. 4 Final condition of test frame B1-2
The initial stiffness of the specimen was
13.5kN/mm. When the drift ratio was 2%, the
strength reached the ultimate of 171.93kN. When
the drift ratio was -3%, the strength reached the
ultimate value of -161.2kN. When the drift ratios
were 15% and -8 %, the residual strengths were
92kN and -115kN, respectively, as shown in Fig. 5.

According to the Fig. 7, the feasibility of the
proposed retrofit method was successfully verified.
The strength after retrofit was doubled. When the
drift ratio was 15%, the residual strength after
retrofit was as high as the maximum strength before
retrofit. According to the experimental results,
composite columns were not deformed with double
curvatures where the point of inflection was 0.76 the
height of the composite column from the bottom
11
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with deficiency in seismic performance, the loss due
to earthquake disaster may be reduced. According to
the proposed retrofit method, no windows or doors
have to be removed and the function of natural
lighting and ventilation remains.

because there was no constraint by beam
perpendicular to the partition wall. Composite
column could develop its strength based on twisting
strength of beam above the partition wall.
According to the experimental results, no damage at
the top of the composite column but diagonal cracks
occurred at the beam and slab above the partition
wall since they were not stiff enough to prevent from
twisting. Because the stiffness of the composite
column was higher than that of the columns, relative
displacement between them occurred and diagonal
cracks were formed on the partition wall during
loading.
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Fig. 7 Force-displacement relations of test frames
Nonlinear pushover analysis was also conducted
by using ETABS.
Good agreement between
experimental and analytical results were achieved as
shown in Fig. 8.
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Fig. 8 Experimental and analytical results for B1-2-C

Conclusions
Retrofit of school buildings by adding composite
columns to partition brick walls was successfully
verified experimentally through out-of-plane cyclic
loading tests of full-scale single-story specimens.
The proposed method is cost effective to upgrade the
seismic performance of school buildings. Once
retrofit measures are taken for all school buildings
12
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Abstract
Several significantly strong earthquakes occurring over the years incurred tremendous
disasters to the buildings of primary schools and middle schools. The 921 Taiwan Chi-chi
earthquake was of particular devastating one. According to the statistics, 786 schools (1958
classrooms) were damaged on September 21, 1999. It shows that the lack of seismic
performance is a common problem for the existing school buildings in Taiwan. According
to the survey data, there exists many common problems in the traditional school buildings,
such as a school building being built in different times, wide spacing of lateral
reinforcement in the columns, short-column effect due to constraint by windowsills and so
on. In addition, most old school buildings focused on getting natural light and ventilation,
but overlooked the seismic performance design and lacked quality construction. Therefore,
the retrofit of existing school buildings becomes a stringent issue for preventing possible
damage in the future.
The retrofit technologies used in school buildings include retrofitted with steel jacketing,
adding wing wall, adding shear wall, enlarging columns and so on [1-4]. In order to realize
the real behavior of a typical school building subjected to lateral load and the benefit of the
retrofitted technology, an in situ test for the existing 2-story RC school building was
executed in last summer. The retrofit technology by adding composite columns onto the
partition brick walls is proposed in this paper, and the composite column itself contributes
to the seismic capacity of the school building very well.
Keywords: Chi-chi earthquake; traditional school buildings; retrofit; in situ test; composite
columns

capacity of the school building. Moreover, the
effective width of the partition brick wall is decreased.
Thus, both the out-of-plane strength and the bearing
capacity of the partition brick wall are enhanced. 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 bring down
the impact on the function of original school buildings
to the minimum degree.

Introduction
During the summer of 2006, National Center for
Research on Earthquake Engineering (NCREE)
conducted an in situ experiment on the existing
building that was to be demolished and reconstructed
at Reui-Pu Elementary School for its seismic
performance.
The retrofit scheme by adding composite columns
onto the partition brick walls was used in this
experiment and the feasibility of this technology was
investigated [5]. The composite column is divided into
two parts and added to the two sides of the partition
brick wall with transverse reinforcement. The
composite column itself will contribute to the seismic

Experimental Scheme
Located in Yang-Mei, Taoyuan, Reui-Pu
Elementary School was established in the era of
Japanese occupation. The original school building

1
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Professor, National Taiwan University, Department of Civil Engineering
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was single-floor and made of brick. In 1979, the
school was rebuilt to 2-story buildings made of
reinforced concrete. On each floor, there were four
classrooms and unilateral hallway without columns at
the exterior side. The time when the specimen
without retrofit was built was close to that of retrofit
specimen. These two specimens were designed
according to the standard blueprint, which was helpful
for comparison.

Experimental Results
The failure modes of the specimen without retrofit
are shown in Figs. 8 and 9. The experimental results
of the specimen without retrofit demonstrated that the
major damage was located on the first floor (Fig. 10),
and the maximum strength Vmax was 1194 kN as the
roof displacement reached 55 mm (the roof drift ratio
was about 0.77%). When the base shear was dropped
to 0.8 times of the maximum strength Vmax, the roof
displacement reached 162 mm (the roof drift ratio was
about 2.25%).

After sorting out the specimen, there were two
classrooms on a single floor, including three partition
brick walls of thickness 25cm. Each classroom
consisted of 3 spans, lying along the longitudinal
direction. It was 3.6 meters high on each single floor;
the total length along the corridor was 18.8 meters,
and the depth in transverse direction was about 8
meters. Structural elevation and plan are shown in
Figs. 1 and 2, and the photo of the specimen without
retrofit is shown in Fig. 4.

The failure modes of the specimen without retrofit
are shown in Fig. 11 and 12. The maximum strength
of the specimen with retrofit was 1965.52 kN as the
roof displacement reached 87 mm. When the base
shear was dropped to 0.8 times of the maximum
strength Vmax, the roof displacement reached 146 mm.
Based on the observation of the experiment, the
specimen with retrofit was damaged on both the first
floor and second floor (Fig. 13). The comparison of
the relationship of base shear and roof floor between
the specimens with and without retrofit is shown in
Fig. 14.

For each specimen, there were 17 columns on a
single floor, including two types of sectional details.
Among them, 14 C1-columns were 35cm×40cm with
8-D19 rebars and D10@25 stirrups; 3 C2-columns
located in the 3 brick walls were 24cm×40cm with
6-D19 rebars and D10@25 stirrups. Details of the
members are shown in Fig. 3.

Conclusions

For the retrofitted specimen, the composite column
was added to the two sides of each partition brick wall.
At one side of the partition wall, the composite
column was 0.2m in depth and 0.4m in width. The
cross-sectional dimensions of each composite column
were 40cm×65cm and the rebar was 8-D19. The
detail for the stirrups was D10@15cm but D10@10cm
in 65cm above the ground slab. Details of the
members are shown in Fig. 5. The composite column
extended upward through the slab, and downward
with foundation 100cm×100cm×75cm in dimension.
In addition, the traditional detail for the stirrups could
not be used in the composite column because of the
presence of brick walls. Therefore, two U-shaped
transverse reinforcements were applied to the two
sides of the partition brick wall. The two U-shaped
reinforcements were connected by 3/8-inch U-shaped
cable clip. The procedures of the construction are
shown in Fig. 6, and the photo of the specimen with
retrofit is shown in Fig. 7.
Two 150-ton and two 300-ton oil jacks were
mounted at the second and roof floors, respectively.
They were designed to push the specimen along the
corridor direction. Behind the oil jacks, 6 steel
bracings were added to provide reacting support.
During the test, the oil jacks were controlled through
their cylinder areas to keep the loading on the second
and roof floor in the ratio 1:2, which is the proportion
of lateral load distributed by the fundamental mode.

14

The experience of an in situ experiment of an
existing school building is presented in this paper. The
conclusions are summarized as follows:
(a) The specimen with retrofit was damaged on the
first floor, and so was the roof floor. The reason was
that the strength and stiffness of the two floors were
similar, and the soft floor was eliminated.
(b) After the comparison of the specimens with
and without retrofit, the strength was enhanced by 775
kN (65%). On average, each column could support the
strength about 129 kN.
(c) The experimental results demonstrate that the
retrofit by adding composite column to partition brick
walls has superior seismic resistance in stiffness and
strength.
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Fig. 5 Design scheme of adding composite column to
partition brick walls

Fig. 1 Structural elevation of the specimen

Fig. 2 Structural plan of the specimen

Fig. 6 Construction procedures of the specimen with
retrofit

Fig. 3 Cross-sectional dimensions of columns

Fig. 7 Photo of the specimen with retrofit

Fig. 4 Photo of the specimen without retrofit

Fig. 8 Failure modes of columns on the first floor of
the specimen without retrofit

15

2006 NCREE Research Programs
and Accomplishments

Fig. 9 Failure modes of one partition wall on the first
floor of the specimen without retrofit

Fig. 12 Failure modes of columns on the roof floor of the
specimen with retrofit

Fig. 10 Photo of the specimen without retrofit after test
Fig. 13 Photo of the specimen with retrofit after test
2000

RFL Displacement - Base Shear
Without Retrofit
With Retrofit

Base Shear (kN)

1600

1200

800

400

0
0

100

200

300

RFL Displacement (mm)

400

500

Fig. 14 Comparison of force-displacement relationship
between the specimens with and without retrofit
Fig. 11 Failure modes of columns and one partition wall
on the first floor of the specimen with retrofit
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Abstract
After the Chi-Chi earthquake, many school buildings were damaged and even collapsed.
In this, the safety of school buildings needs to be concerned about. The purpose of this
study is to investigate the out-of plane seismic behavior of the partition walls of school
buildings. We also used carbon fiber reinforcement polymer to retrofit the partition walls
and hope it can improve the seismic capacity of school buildings. In this study we had
seven specimens including one pure frame, two frames with 12 cm thickness infilled brick
walls (pre-laid and post-laid), two frames with 24 cm thickness infilled brick walls
(pre-laid and post-laid) and two frames with CFRP retrofitted 24 cm thickness infilled
brick walls (pre-laid and post-laid). In laboratory the out-of-plane double-curvature cyclic
tests were carried out to simulate the full-scale school partition wall frames in the
earthquake. In the test the out-of-plane strength provided by brick walls was not significant
but vertical load support provided by brick walls was important to provide residual strength
for the frames. About the retrofitted specimens, the better strength was as prediction. The
maximum strength and residual strength of the retrofitted specimens were better than the
un-retrofitted ones.
Keywords: school buildings, seismic capacity, brick walls, carbon fiber reinforcement
polymer (CFRP)

columns often suffered from the shear failure and lose
their vertical load carrying capacity to collapse.

Introduction
In August, 21, 1999, Chi-Chi earthquake with
magnitude 7.3 struck Taiwan. Many school buildings
were damaged and even collapsed during this
earthquake. Parts of primary and secondary school
buildings need to be the emergency refuges after
earthquakes so their seismic capacity needs to be
concerned. For the ambient lighting and ventilation
requirements of classrooms, the primary and
secondary school buildings in Taiwan often have large
openings along the corridors. So the seismic weakness
exists in the direction of corridors for the school
buildings. Especially the restraint from the
windowsills to captive columns causes the
short-column effect. During the earthquake the captive
1
2

3

In January and July, 2005, a research team of
National Center for Research on Earthquake
Engineering did in-situ seismic tests for school
buildings in Sinchen junior high school and Kouhu
elementary school to understand the true seismic
behavior of real school buildings. In the in-situ tests
we observed the brick walls played an import support
mechanism after the failure of the columns. The axial
loading from the weight of the building was
transferred to the partition walls from the columns so
the collapsing of the building was delayed. The
amounts of the school buildings of our country are
very large so the retrofit methods must be economical
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and not interfere with the normal uses of classrooms.
So it seems a proper way to use the retrofits of the
partition walls to improve the seismic capacity of all
the school buildings.

concrete blocks, beams, slabs, two L shape steel
loading frames with balance lead blocks and the H
shape steel beam for the safety catching device. The
pseudo-static cyclic lateral load was applied by four
oil-hydraulic actuators and controlled under a
specified displacement series. The double curvature
deformation of columns was achieved through the
equal displacement control of these four actuators.
The specified displacement series was a triangular
wave form. The maximum drift ratio at each state was
0.25%, 0.5%, 0.75%, 1%, 2%, 3%, 4%, 6% and 8%
sequentially. There were two cycles at each drift ratio.
One additional drift ratio 10% only did one cycle. If
the specimen still had strength, it would be pushed to
drift ratio 15% and released.

Set-up and Carrying-out of the Tests
We planed total seven specimens in the tests. The
specimens were frames with partition walls of
different kinds with or without retrofitting. The
concrete blocks putting on the frames were used to
simulate the weight of two floors. T shape of the beam
in the direction of the partition wall was used to
consider the combination of the beam and floor slab.
The loading frame putting on the beam was in the
direction of the corridor and could constrain the
columns to deform in double curvature mode. The
double curvature deformation of columns was needed
to simulate the first floor behavior of school buildings.
To identify all specimens the name rules are stated
as the follows. The pure frame was named as PF. The
name of frames with pre-laid wall included the letter
B and the letter A was for the post-laid wall specimens.
The frames with pre-laid 12 cm thickness walls were
named as BH. The frames with post-laid 24 cm
thickness walls were named as A1. The weight from
number of simulating stories used numbers to present.
Two stories weight specimens had -2 in their names.
The retrofitted specimens used –F to present. The
letter F meant CFRP (Carbon Fiber Reinforcement
Polymer).
The specimens can be divided into four groups.
The first group included one pure frame specimen
PF-2. The pure frame specimen was used as a
reference specimen. The second group included two
frames with 12 cm thickness walls, one specimen
BH-2 with a pre-laid wall, and another specimen
AH-2 with a post-laid wall. The third group included
two frames with 24 cm thickness walls, one specimen
B1-2 with a pre-laid wall, and another specimen A1-2
with a post-laid wall. The fourth group included two
frames with CFRP retrofitted 24 cm thickness walls,
one specimen B1-2-F with a pre-laid wall, and another
specimen A1-2-F with a post-laid wall. All the
specimens were single span and single story frames.
Along the direction of partition wall the distance
between column centers was 4 m. The clear length of
all columns was 3 m. The total height of the
specimens was 4.4 m. The width of slabs in the
direction of corridor was 1.2 m. The thickness of slabs
was 15 cm. The dimensions of columns are 50 cm
along the direction of partition wall and 30 cm in the
direction of corridor. The direction of applying force
was the weak direction of the column. The
reinforcement of columns used 12 − # 6 rebars and
stirrup used #3@ 25 cm .

strength was 3.92 tonf . At this stage, the specimen
still had a little vertical load capacity and kept its
residual strength.

The set-up of the tests is shown in Fig.1. The
applied axial loading 26.1 tonf came from three

The load-displacement hysteretic loop of specimen
AH-2 is shown in Fig.2. The maximum lateral loading

Fig. 1 Test set-up

Test Results
As shown in Fig. 2, the load-displacement
hysteretic loop of specimen PF-2 is quit satiation. The
initial elastic stiffness was about 0.49 tonf / mm . The
maximum lateral loading was 16.63 tonf and
occurred at drift ratio 3%. It’s corresponding ductility
factor was 3.5. This test was ended because the
loading frame had touched the safety catching device
at displacement 270 mm and the residual strength was
4.32 tonf . At this stage, the specimen was close to
totally losing its vertical load capacity and lateral load
capacity. By examining the failed specimen the failure
mode was flexural-shear.

The load-displacement hysteretic loop of specimen
BH-2 is shown in Fig.2. The maximum lateral loading
was 17.61 tonf . This test was ended at drift ratio
15% which is displacement 450 mm and the residual
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The load-displacement hysteretic loop of specimen
B1-2-F is shown in Fig.2. The maximum lateral
loading was 31.60 tonf . This test was ended at
displacement 450 mm and the residual strength was
17.86 tonf . At this stage, the specimen still had a
little vertical load capacity and kept its residual
strength.

was 18.23 tonf . While the testing was proceeding to
the target of drift ratio 15%, parts of the brick wall
collapsed and lateral strength dropped rapidly. At the
stage of displacement 329.6 mm , the residual lateral
strength only had 0.72 tonf left. At this stage, the
specimen was close to totally losing its vertical load
capacity and lateral load capacity.

The load-displacement hysteretic loop of specimen
A1-2-F is shown in Fig.2. The maximum lateral
loading was 33.24 tonf . This test was ended at
displacement 450 mm and the residual strength was
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In the analysis the brick walls were assumed to
move with the boundary columns. The brick wall and
two boundary columns formed a composite column
member. For the calculated material properties, the
material of brick walls were treated as low strength
concrete which was controlled by the junction mortar,
and the material of columns kept its original properties.
The brick walls were used to take compression and
balance with the reinforcement of the columns. The
failure mechanism of columns was controlled by the
minimum value of four kinds of strength. These kinds
of strength included flexure strength Vmn ,
compression strut strength VDC of D region,
compression strut strength VBC of B region and
tension tie strength VBT of B region. Because the
flexure strength was the smallest one, the failure
mechanism of the columns was controlled by flexure.
The both ends of two columns formed plastic hinges
and the reinforcement yielded. The shear strength of
columns reduced as the lateral displacement grew.
Due to the insufficient lateral reinforcement, the
columns advanced to flexural-shear failure. As the
lateral displacement continuously grew, the lateral
strength would reduce and the columns would lose
their axial load capacity and collapse.
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Fig. 2 Load-displacement hysteretic loops

For the analysis of CFRP retrofitted specimens, we
assumed the retrofitted brick walls were independent
with the columns. The specimen was composed of two
columns and the retrofitted brick wall. The strength of
the specimen was the sums of these three elements.
The retrofitted brick wall was simulated as a column
and the CFRP was treated as the reinforcement. The
nominal flexure strengths and the corresponding
lateral strengths of two columns and the retrofitted
brick wall can be calculated separately. The lateral
strengths of specimens A1-2-F and B1-2-F could be
gotten from the summation of their columns and
retrofitted walls. In the experiment the anchors of
CFRP failed and CFRP separated from the face of the

The load-displacement hysteretic loop of specimen
B1-2 is shown in Fig.2. The maximum lateral loading
was 17.53 tonf . This test was ended at displacement
450 mm and the residual strength was 9.38 tonf . At
this stage, the specimen still had a little vertical load
capacity and kept its residual strength.
The load-displacement hysteretic loop of specimen
A1-2 is shown in Fig.2. The maximum lateral loading
was 17.83 tonf . This test was ended at displacement
450 mm and the residual strength was 9.35 tonf . At
this stage, the specimen still had a little vertical load
capacity and kept its residual strength.
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did not improve the strength of the frames. The
difference between the strengths of PF-2, AH-2, BH-2,
A1-2 and B1-2 was very small. The retrofitting with
CFRP was very effective. The maximum strengths and
residual strengths of A1-2-F and B1-2-F were
improved significantly.

brick wall and its maximum tension strain was
estimated as 0.002. The tension modulus of CFRP was
2.35 × 106 kgf / cm 2 and its tension strength was
estimated as 4700 kgf / cm2 . The analysis result was
shown in Fig.3. The estimated strength was very close
to the test value and their difference was under 10%.
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In this test the partition brick walls did not have
effect on the out-of-plane strengths of the frames. The
failure of the frames was controlled by the columns.
As the columns reached their ultimate strength in the
tests, the plastic hinges had formed, the outer concrete
had spalled and the core concrete had crushed. At that
time the columns lost part of their vertical load
capacities, and the brick walls took over the vertical
load. This mechanism kept the school buildings not to
collapse immediately after the failure of the columns.
The improvement in the strength of the retrofitted
specimens was as the predictions. The maximum and
residual strengths of the retrofitted specimens were
better than the un-retrofitted ones.

500

Fig. 3 The comparison between analysis and test
of two retrofitted specimens

As earthquakes striking to delay the collapsing of
buildings is equal to improve the survival chance. We
do not need no damage buildings in a huge earthquake
but we need our life safety. To retrofit the partition
walls can give the buildings a stable vertical load
carrying mechanism to delay the collapsing and to
protect the human life.
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Fig. 4. The comparison of load-displacement
relations of all specimens
The comparison of envelop curves of pushing side
hysteretic loops of all specimens is shown in Fig.4.
The brick wall could take over the vertical loading
after the flexural-shear failure of columns so it
delayed the collapse of the frames. All specimens
except PF-2 and AH-2 had a little residual strength
and still deformed to drift ratio 15% with residual
strength. PF-2 did not have the help of brick wall and
the 12 cm thickness post-laid brick wall of AH-2 was
not stable. Their frames very quickly collapsed after
the flexural-shear failure of columns had occurred.
The brick walls only provided a few compression
areas in the out-of-plane behavior of the frames and
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Experimental Study on Dynamic Collapse of Short RC
Columns under Near-fault Ground Motions
Chiun-lin Wu 1, Shyh-Jiann Hwang 2, Yuan-Sen Yang 1 and Ruei-Shiang Su 3
吳俊霖 1、黃世建 2、楊元森 1、蘇瑞翔 3

Abstract

This project serves as the 3rd set of tests in the NCREE series of RC column collapse
studies and will be able to complete the technical loop at NCREE in investigating different
failure modes of RC columns. These data sets constitute an outstanding platform for
developing innovative numerical simulation methodology, in either simplified or
comprehensive manner, to account for post-peak structural behavior into next generation
seismic design criteria. These tests, tentatively scheduled in late February and March of
2007, will focus on studying pure shear failure of short columns. Specimen configurations
include local and global collapse as well. This project also comes with companion
full-scale cyclic tests on single double-curvature columns having the same design details.
Hysteretic characteristics collected from cyclic tests can be used later for nonlinear
dynamic simulation of shake test results.
Keywords: Shake table, dynamic collapse, RC short column, shear failure, near-fault ground
motion.

Introduction
During the past two decades, several severe
earthquake caused tremendous damage to populated
urban cities, such as the 1985 Mexico, the 1989 Loma
Prieta (USA), the 1994 Northridge (USA), the 1995
Kobe (Japan), and the 1999 Chi-Chi (Taiwan)
earthquakes. Since then, the importance of a thorough
understanding of structural collapse was well
perceived in industry and academia worldwide.
Although the inclusion of collapse analysis into
seismic design procedures will bring unprecedented
technical challenge to researchers and engineers on
many crucial issues and may also result in an increase
in construction cost, further advancement of the
existing design technology will substantially benefit
communities of earthquake-prone countries with no
doubt in the following aspects:

z

Seismic Mitigation
z

Retrofit of older essential facilities such as

1

schools, fire and police stations, etc.: During the
September 21 (local time) 1999 Chi-Chi Taiwan
earthquake, a large number of older buildings
built before 1982 sustained severe damage and
many others suffered from complete failure. Older
structures are prone to shear type of failure in a
low ductility manner. A large portion of the
elementary and high school buildings falls into
this category. The Chi-Chi earthquake hit the
central part of Taiwan at 1:47am, so these
collapsed school buildings did not cause
tremendous tragedy of students’ death. However,
it becomes main concerns of Taiwan’s
government how to retrofit old school buildings
that are identified as high risk of structural
collapse in future earthquakes.
Damage statistics from past earthquakes as shown
in Fig. 1 (Ghannoum et al. 2006, Otani 1999)
indicate that even in areas of highest damage in
famous earthquakes, the collapse rates of lightly
detailed RC buildings are relatively low. Provided
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this fact, it can be reasonably concluded that the
goal of seismic mitigation can be achieved with
affordable expenses if further refined seismic
evaluation tools are able to successfully identify
buildings that are most prone to structural collapse
in probable future earthquakes such that limited
governmental resources can be focused on retrofit
of those buildings.

In current engineering practice, the seismic
performance of a building is evaluated through its
strength capacity and maximum interstory drift
under design earthquakes. In these years,
innovative structural systems adopt smart material
and advanced design concept to be equipped with
cutting edge self-centering devices to reach the
goal of seismic isolation and/or energy dissipation
to minimize residual deformation. These
structural systems may have comparable
maximum drift as traditional buildings, but
permanent deformation is significantly reduced.
To classify substantial difference from
conventional structural systems in seismic
performance, a combined consideration of
permanent deformation together with maximum
drift may be preferential in the future evaluation
framework. In this regard, consideration of
collapse or post-peak behavior will help us
advance accurate prediction of these indices.
Strictly speaking, the idea of collapse tests is not new
as it has been widely adopted in many industrial
products, especially in car industry. A new car model
always goes through various types of collision tests
before mass production for market sale to ensure life
safety of its driver and passengers. On the other hand,
buildings are usually custom-designed and built such
that individual collapse tests are infeasible. The major
technical difficulties in building design would be to
incorporate the same concept into code documents
through a uniform and simplified standard procedure.
z

Promotion of performance-based design
Past experience showed that older buildings did
not demonstrate satisfactory seismic performance
as needed. In response to the observed
shortcomings, improved detailing schemes were
introduced for new buildings and retrofitting
schemes were proposed for older existing
buildings, especially those in the usage category
of essential facilities, to ensure acceptable
resilience in probable future earthquake attacks.
These measures need to be done early because of
an increase in the required seismic lateral force in
the new code documents revised based on the
most recently known facts about seismicity or
because of insufficient ductility and/or strength
capability of building during past earthquakes. In
this regard, collapse analysis is one of the key
components to facilitate introduction of
performance-based design.
z Previous seismic design code documents
considered only 10%/50yrs. earthquakes (i.e. an
average return period of some 500 years) and a
performance objective of life safety was set
accordingly, which imposed a single control point
over the structural nonlinear skeleton curve. This
arrangement considerably lessened computational
efforts and effectively simplified seismic design
procedures, but as a tradeoff it could not ensure
sufficient structural ductility during extreme
earthquake events. To eliminate this drawback,
performance-based design adds an extra control
point at 2%/50yrs. earthquake level to ensure the
ultimate performance objective of collapse
prevention shall be satisfied. Collapse analysis,
therefore, should provide the designer and client
with the guarantee that, during such extreme
events, local collapse (or, component failure) may
take place, but system collapse should be avoided
with confidence.
z Collapse analysis can reduce probability of
casualties during earthquakes. A return period of
2500 years earthquake indicates an occurrence
rate of 2% in 50 years. If collapse prevention
can not be guaranteed at this hazard level, then it
means a 2% probability in 50 years that residents
could lose their lives in extreme earthquake
attacks.
z

g
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Fig. 1 Damage statistics from 4 earthquakes
(Ghannoum et al. 2006).
The general backbone curve of shear-critical
columns usually go through the progress of flexural
yield, and then its lateral drift at shear failure, and
finally the envelope starts to descend toward the
limit-sate of gravity collapse at which its lateral
strength is completely lost. However, a shear-critical
column will keep a certain level of residual strength if
system redundancy provides an alternative path for
gravity load redistribution. This residual strength may
result from dowel action from longitudinal
reinforcement bars restrained by concrete above and
below the failure planes, and/or frictional resistance
between concrete fracture surfaces. Columns with

Innovative evaluation methodology with consideration
of permanent deformation
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different types of failure modes (e.g., pure flexural
failure, pure shear failure) may show a similar
tendency if system redundancy can provide an
alternative path for load redistribution. On the other
hand, system failure can be defined as a significant
loss of its lateral seismic resistance capacity (say, 50%)
such that the repair cost is larger than its initial
construction cost.
Elwood tested 3-column frames with perfect
redundancy. The two side columns provided a perfect
alternative path for gravity load redistribution after the
central shear-critical column completely failed.
Residual strength was observed on lateral and gravity
load carrying capacity even though the local tangent
stiffness almost reached zero. On the contrary,
2-column frames to be tested in this study have no
redundancy at all and the time instant of component
failure coincides with that of system failure, in which
system collapse can be fully determined from
component failure.

after alphabet s indicate center-to-center spacing of
column lateral reinforcement in centimeter. The
design compressive strength of concrete is 210
kgf/cm2; the design yield strength of steel longitudinal
rebar is 4200 kgf/cm2 and 6000 kgf/cm2 for the D4
wire transverse ties. Total specimen weights are
approximately 35 ～ 37 tons. These columns are
designed to fail in pure shear failure due to
insufficient transverse reinforcement. As investigation
on the strain distribution of short columns is sparse in
the literature, this study will allow for a better
understanding of the failure mechanism of short
columns. Together with other test data sets in the
literature, the development of probabilistic drift
capacity models for shear and axial failure will be
made possible.
Table 1: Lateral Resisting Strengths of Frames

Specimen Name

According to solid mechanics theory, development
of negative structural stiffness may stem from P-Δ
effects and/or material fractures. Although in the
literature there are plenty of studies on how to
incorporate P-Δ effects in response analysis, few are
capable of successfully simulating fracture-induced
collapse, especially in brittle shear failure. Accurate
fracture-based numerical approach is technically
sophisticated and might be economically unaffordable
to most design firms. As such, collection of
experimental data on structural collapse, in global and
local manner, becomes very informative in developing
computationally affordable macroscopic models. This
study, by performing shake table tests on typical
building columns designed according to past
Taiwanese practice, expects to validate a reliable
phenomenon-based
hysteretic
model
with
consideration of material post-peak behavior. This
model, when combined with P-Δ effects, will be
capable of predicting structural dynamic response
under code-defined maximum considered earthquakes.

Axial Load
Ratio (%)

Lateral Resisting
Strength

P / Ag f c′

kN

metric
ton

C2D25L100s15

5.5

160.72

16.4

C2D25L75s15

8

172.48

17.6

C2D25L75s5

8

368.48

37.6

C3D25L100s15

5.5

241.08

30.0

Specimen Design
Four half-scale frames were built. Frames will
contain either 2 or 3 columns all with a rectangular
cross section of 25cm×25cm. There are 2 different
column heights and 4 different reinforcement detailing
as shown in Fig. 2. Concrete columns are
interconnected at the column tops by an attachable
steel strong beam system (Fig. 3). The lead packets
are then mounted onto the strong beam to produce
axial loadings. Axial load ratio and lateral resisting
strength of the frame specimens are provided in Table
1. In the column of “Specimen Name”, the number
following prefix C indicates the number of columns of
the frame; the number after alphabet D indicates the
depth of the column in centimeter; the number after
alphabet L column height in centimeter; the number

Fig. 2 4 different reinforcement schemas of
columns.

Fig. 3 Elevation schema of the 3-column test
frame: front and side view.
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Specimen Construction
A total of 9 single RC column specimens were
constructed in an upright position (Fig. 4). The
concrete mix was cast in two lifts: footings, and then
columns and caps with a 2-week interval in between.
After the construction was complete, wet curing was
continued for another 2 weeks. Standard concrete
cylinders (15cm diameter by 30cm high) were cast at
the days of concrete pour, and then cured under the
same condition as column specimens.

Fig. 5 Locations of image-based target labels on
columns.
Fig. 4 Photographical view of 1/2-scale single
column specimens.

Experimental Setup and Instrumentation
An inside-table steel supporting frame will be
installed to prevent the test frame from unfavorable
out-of-plane movement using 16 frictionless universal
steel ball sockets, and an outside-table steel protective
frame will be employed to catch the specimen when
collapse occurs. The input near-fault ground motion is
chosen from the 1999 Chi-Chi earthquake records and
its PGA will be scaled to 3 intensity levels: moderate,
severe, and collapse. At the beginning of each test run,
a low-level white noise excitation will be applied to
the frame for the purpose of identifying natural period
and damping ratio of the frame. Instrumentation
system is comprised of accelerometers, Temposonics
LDTs, LVDTs, dial gauges, rebar strain gages,
concrete strain gauges, optical fiber sensors, and
consumer-type digital video recorders, etc. The
NCREE-developed digital image based measurement
GUI software, ImPro v0.51 (Fig. 6), will be employed
to post-process the test films to yield displacement
time history data. ImPro v0.51 is available for free
download
at
the
webpage
http://w3.ncree.org.tw/impro/index.htm.

Fig. 6 Image-based measurement software ImPro
v0.51
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Conclusions
Shake table tests to be conducted in 2007 will
complete the collection of collapse data of RC
columns. Experimental data on structural behavior of
dynamic column collapse in pure flexural,
flexural-shear and pure shear failure modes will be
used for development of numerical simulation
methods in subsequent studies. In addition, 2D digital
image-based displacement measurement system is
established through an in-house GUI software called
ImPro v0.51 together with an array of consumer-type
digital video recorders.
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Seismic Evaluation of Buildings with Pushover Analysis I
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Abstract
If the result of the preliminary seismic evaluation of a building showed low seismic
resistance, it will need more precisely seismic evaluation. To decide it will need retrofit
or rebuild. The precisely seismic evaluation is the final seismic evaluation tool, it can
check the result of the seismic retrofit. This paper introduced the ETABS-Nonlinear to be
a tool program for the precisely seismic evaluation. ETABS program provides non-linear
static analysis also named pushover analysis. It can be used to get the relative curve of the
base shear versus the roof displacement. The relative curve of the base shear versus roof
displacement can present the relation of the loading and deflection of the structure. The
seismic resistance of the structure is not only controlled by the strength but also by the
stiffness. This paper introduced the equivalent column mode which simplifies the
simulation of the reinforced concrete walls and the equivalent truss mode which simplifies
the simulation of the brick walls. Through the verification with the experiment data, they
can successfully provide the settings of the plastic hinged of the shell element in the
ETABS program. Then, the seismic evaluation method which suggested by this paper can
provide the engineers a way to precisely seismic evaluation.
Keywords: seismic evaluation, pushover analysis, plastic hinges, ATC-40

is very important for the process of this seismic
evaluation to get the capacity curve.
How to
simulate the non-linear behavior of the structure
depends on the settings of the plastic hinges. And
the rationality of the capacity curve also depends on
the rationality of the plastic hinges. Now, the
structural analysis software likes ETABS and
SAP2000 had built-in settings of the plastic hinges,
but those built-in settings of the plastic hinges are too
conservative. And the results of the seismic analysis
are different from the practical ones. In this paper,
we suggested a fair setting of the plastic hinges.

Introduction
In early stages, the most buildings were built of
reinforced concrete in Taiwan. Today many low-rise
buildings and school buildings are also built of
reinforced concrete. Taiwan is in the seismic belt,
and earthquakes happen frequently. Therefore, to
evaluate the seismic resistance of the buildings is very
important, especially the school buildings. And it is
necessary to choose a reliable method for the precisely
seismic evaluation.
The precisely seismic evaluation suggested in this
paper was modified from the seismic evaluation which
is called the capacity spectrum method proposed by
ATC-40. This method could simulate non-linear
behavior of the reinforced concrete structure, and
shows that the seismic resistance of the structure is not
only controlled by the strength but also by the
stiffness.

The ETABS-Nonlinear is the non-linear version of
the ETABS program. It provides the non-linear
static analysis, also called the pushover analysis.
And it can be used to get the relative curve of the base
shear versus the roof displacement, also named the
spectrum curve. In this study, it included the theory
of the pushover analysis, and suggested reasonable
settings of the flexure and shear plastic hinges of the
columns in accordance with the loading-displacement
relation of the columns.
Because the ETABS

The spectrum curve of the capacity spectrum
method is transferred form the capacity curve which is
calculated from the pushover analysis. Therefore, it
1
2
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program can not provide the setting of the plastic
hinges on the shell element, this paper suggested the
equivalent column mode which simplifies the
simulation of the reinforced concrete walls and the
equivalent truss mode which simplifies the simulation
of the brick walls. Therefore, the precisely seismic
evaluation can consider the wall structures in seismic
resisting, and make the result of the evaluation more
accurate.

If the maximum peak ground acceleration is larger
than the designed peak ground acceleration, the
building has enough seismic resistance.
If the
designed peak ground acceleration is larger than the
maximum peak ground acceleration, it means the
building is low seismic resistance and needs retrofit or
rebuild. The retrofitted building can be evaluated
with the capacity spectrum method to confirm the
retrofitting results.

Sa

Pushover Analysis and Peak Ground
Acceleration
The pushover analysis is a simple way which can
consider both the resistant ability of lateral load and
non-linear displacement. Under the vertical load
(design static load plus 1/2 designed live load), each
floor is applied with lateral loading. Then, the lateral
loading or the displacement is increasing until the
whole building losing the capacity of the vertical load
or collapse. Figure 1 shows that the capacity curve is
the relational curve of the base shear and roof
displacement △roof.
The pushover analysis is
non-linear static analysis, because it includes the
occurrence of the plastic hinges during the analysis.
Therefore, the engineer can do the pushover analysis
depending on the ability of personal computer.

ac

Elastic spectrum

Non-elastic spectrum

(dp,ap)
Capacity spectrum

Sd
Fig. 2 Capacity spectrum and maximum peak
ground acceleration

Commercial Software of Pushover
analysis

The capacity spectrum method is a seismic
evaluation method proposed by the Applied
Technology Council in ATC-40 (1996). Firstly, this
method needs the capacity curve of the base shear V
and the roof displacement △roof, which was obtained
from the pushover analysis. Then it transfers the
capacity curve to the capacity spectrum which is the
relational curve of the spectral acceleration and
spectral displacement, by the first mode of the
building.

The advantage of the pushover analysis is easy to
find the failure mechanism in the seismic effect. It
could let the designer repair or retrofit the weak points
of a building. After the repair or retrofit, the whole
building will get prospective functions instead of
change the structural behavior. For traditional elastic
analysis, the designer will retrofit the infirm building
with enlarge sections and new materials too much. It
would add the structural stiffness too much and make
waste. Furthermore, it will become the new weak
points of the building.

V

Now, the ETABS and SAP2000 programs could
be the tools to get performance curves of the base
shear versus the roof displacement. The plastic
hinges of the structural elements can present the
non-linear deformation of buildings in those programs.
When the engineer executes the pushover analysis, he
will define the material properties and the dimension
of the structural section (beams, columns, walls and
etc.) without the detail of the rebars. And he will
build the analytic model, the boundary conditions, and
load combination. Then, he will set the properties and
the positions of the plastic hinges. Finally, he will
use the pushover analysis to get the spectrum curves
of the building.

Δroof
V
Δroof
Fig. 1 The capacity curve of the pushover analysis

For the settings of the plastic hinges, the ETABS
program provided four build-in plastic hinges: (a)
axial hinge, (b) P-M-M hinge, (c) moment hinge and
(d) shear hinge. However, the build-in plastic hinges
are too conservative, and the ETABS program do not
provide any plastic hinge for shell element to proceed

Figure 2 shows the maximum peak ground
acceleration obtained from the capacity spectrum
method can be compared with the designed ground
acceleration of the code.
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pushover analysis with frame-wall structures.
This article introduced a new relation for the
load-displacement curve of beams and columns, and
introduced a new way to define the plastic hinges for
RC walls. The engineer could use those methods in
the seismic analysis of the building.

Plastic Hinges of Beam and Column
Before the pushover analysis, it is necessary to
understand the non-linear behavior of the
beam-column component in the building. When the
building is under the lateral loading, the beam-column
component could be thought as a double curvature
column with the axial loading.
There is the
inflection point in the middle of the column, as shown
in figure 3. According to Elwood and Moehle (2005),
the non-ductile double curvature column under the
axial load P and the lateral load V should be
considered in figure 4.
When the lateral
displacement Δ reaches Δ y , the longitudinal

Fig. 4 The failure process of the double curvature
column
V
Shear decrease curve
Vn

V = 2M / L

Vm

rebars is yielding. When the lateral displacement Δ
reaches Δ s , the plastic zone on the top of the column

k

will have clear shear cracks, which is called ductile
shear failure or flexure-shear failure. Then, the
strength of lateral resistance will reduce. When the
lateral displacement Δ reaches Δ a , the column

Δs

Δa

Δ

Fig. 5 Load-deflection curve of flexure-shear
failure

will lose the capacity of the axial loading. In
addition, it will cause axial failure. Figure 5, 6 and 7
show the load-deflection curves of the flexure-shear
failure, the shear failure and flexure failure.

V
V =2M / L

Vm
Vn

Shear decrease curve

k

Δa
Fig. 6 Load-deflection curve of shear failure
Fig. 3 The load-deflection mechanism of the
double curvature column
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Plastic Hinges of Brick Wall

V
Shear decrease curve

Chen (2003) proposed a model of the brick wall
based on the theory of the cracking path. He thought
the diagonal effect and the laying of the bricks made
the failure of the brick wall. The major failure crack
expanded along the diagonal direction until ultimate
strength happened. Therefore, the brick wall can be
simulated an equivalent compression truss which
connected with the frame by hinges at the ends.
Since the brick wall behaved the mechanism of the
compression truss, under the lateral loading.

Vn

V = 2 M /L
Vm
Δ

Conclusions
The seismic resistance of a building should be
performed by the strength and the deformation.
Therefore a reasonable seismic analysis method
should consider both the strength and the non-liner
deformation. This study provided a seismic analysis
method with considering the non-liner deformation of
the structural components, and verified with the test
curves and the failure modes of the actual components
and buildings. It made the analysis more reasonable.
The result of this study could be used in the low-rise
buildings under the seventh floor. Besides, the
program of this study can be downloaded in the
internet. Hope the effort of this study can be used
widely by the engineer.

Fig. 7 Load-deflection curve of flexure failure

Plastic Hinges of RC Wall
According to the Architectural Institute of Japan
(2004) suggestion, the RC shear wall can be
considered as the model of the equivalent column (fig.
5). The model of the equivalent column included
two axial springs that replaced the boundary columns
to resist axial loading and one wide column that
replaced the wall. Therefore, two boundary columns
take the axial loading, and the RC wall only takes the
lateral loading. This model reduced the complexity
with the analysis of the RC wall.
When the engineer used the model of the
equivalent column to simulate RC wall, he had to set
the dimension of the wide column with the actual
dimension of the RC wall, and he had to set the
material properties with actual ones. Then, it needed
to release the rotational degree of freedom on the ends
of the boundary columns. The boundary only bore
the axial loadings. It also needed to stiffen the top
beam to response the actual behavior of the RC wall.
Finally, it needed to set two moment hinges on the
each ends of the equivalent wide column and one
shear hinge on the middle of the equivalent wide
column, as shown in figure 8.
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Tu (2003) proposed the softened strut-and-tie
model to analyze the load-displacement curve of the
RC wall.
This article suggests using the
load-displacement curve to get the properties of the
plastic hinges for RC wall.
Flexure

Axial

Axial

Axial

Shear
Flexure
Fig. 8 The equivalent wide column model
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The Mechanical Behavior of Traditional Taiwanese Tenon
and Mortise Wood Joints
Shyh-Jiann Hwang1 , Min-Lang Lin1, Chin-Lu Lin2, Ming-Ter Tsai3, Chia-Wei Lee4, and
Wei-Fa Liao6
Abstract
The main purpose of this study is to investigate the mechanical behavior of tenon and
mortise wood joints in Taiwan’s traditional wood structure by performing cyclic loading
and push-over tests. Related studies are less in our country, and most of the existing studies
were tested for furniture purposes.
In this study, the raw wood materials were 30-year-old artificial China fir, with
diameter of 30 cm (for both column and beam). The following characteristics of the tenon
and mortise joints were found: (a) Specimens with same beam and column cross sections
(CC and RR) have larger moment capacity and rotational stiffness, however, the difference
is not too large, (b) considering specimens of same tenon length but different tenon type
(CH and CS), greater moment capacity and rotational stiffness can be achieved by using the
CS type, and (c) the greater the tenon length means an increase in the moment capacity and
rotational stiffness.
Keywords: wood structure, China fir, tenon and mortise, maximum moment, rotational stiffness

mortise wood joints in Taiwan emphasize mainly in its
aid in furniture (Wang and Wang, 1987; Yang and Lin,
1986a, 1986b; Gu, 2003) and only few researches
focus on the structural behavior of plug-in joints in
traditional Chinese wooden frames (Wang, 1994;
Chen, 1994; Zhang and Xu, 2005). Moreover, there
are lots of tenon and mortise joints assemblages, and
in here, focus will be given to historical constructions.
The timber materials were made of 30-year-old woods
of artificial China fir with diameter of 30 cm (can be
used for column and beam). In the first group, the
specimens were classified according to their shapes of
cross sections (beam and column combination). In the
group, the specimens have two types of cross sections:
(a) circular cross-section, and (b) rectangular
cross-section. Refer to Table 2 (column 1 & 2) for the
different specimens grouped according to their shapes.
In the table, the following labels can be observed
referring to cross sections: CR, for circular column
and rectangle beam; CC, both beam and column are
circular; and RR means both column and beam are
rectangular. In the second group, we studied and

Introduction
Taiwan is located in a high-frequency zone and is
known to be a seismic belt area. During earthquake,
most tenon and mortise traditional wood construction
joints often break, however, there are still many of
those kinds of timber constructions that exist up to
these days. These kinds of joints always separate or
slip when subjected to horizontal force brought by
earthquake
Wood is the construction material for timber
construction which what the tenon and mortise joints
are made of and it can be affected easily by the action
of water, decay organisms, temperature, etc. in the
passage of time. The reduced area of these joints as a
result, even aid in decreasing the capacity of the joints
to resist forces. Thus, this study would like to
understand the behavior of these kinds of joints and to
develop some ways to retrofit such assemblage prior
to earthquake loadings.
Studies on the mechanical behavior of tenon and
1
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follows: (1) Bending test for wood (refer to
CNS-454): size is 2×2×32 cm3, (2) Compression test
for wood (refer to CNS-453): size is 3×3×6 cm3, (3)
Tensile test for wood (refer to CNS-456): width and
thickness, 2cm and 0.5cm, respectively, and (4)
Shear test parallel to grain (refer to CNS-455): size is
3cm. In addition, each test needs 50 samples. Refer
to Table 1 for the parameters used in various tests.

classified the specimens into three major types of
tenon: (a) straight tenon, (b) through tenon, and (c)
stepped dovetail tenon. The specimens in this group
were all circular in cross section. From Table 2
(column 2), CH means that the tenon length is half of
column’s diameter; CT means that the tenon’s length
is greater than the column’s diameter (e.g. 50 cm); and
CS refers to stepped dovetail tenon. Then, the after
being classified, cyclic loading and push-over tests
were conducted.

Also, there were two types of specimen groups
presented (see Table 2): Group I: the tenons were
classified according to the column-to-beam’s
connections and their shapes of cross sections (see
Figure 1 for the terminology used in this study); and
Group II: the tenons were classified into three major
types where all the cross sections are circular. In this,
see Table 2 for reference.

Material and Approach of Test
The raw materials, in circular cross-section, were
all 30-year-old woods of artificial China fir, and the
diameters for the column and beam were both 30 cm.
In order to have a crack-free sample (with almost no
asperities or surface irregularities), raw materials for
tests were made to nominal size according the testing
requirements (Chinese National Standards, CNS) as

Table 1 mechanical properties of China fib(based on a moisture content of 12% and a coefficient of
variation(C.V.%) in the parentheses
Density

0.37

Bending property
(kgf/cm2)
MOR
MOE
730
(20.31)

Compression strength
(kgf/cm2)
Longitudinal Radial
Tangential

84361
(13.65)

383
(18.19)

40
(26.76)

42
(46.18)

Tension strength
Shear strength
(kgf/cm2)
(kgf/cm2)
Longitudinal
Radial Tangential
985
(17.12)

69
(16.32)

71
(16.09)

Mortise
Width
Mortise
Length

Mortise
length

Tenon
Width

Mortise
depth

Tenon
width

Tenon
length

Fig.1 Terminology used for the tenon and mortise joints

Tenon
thickness

Table 2. Dimensions of the beams, column, tenon, and mortise examined in this study.
Cross-sectional Cross-sectional
Mortise size
Area of
Area of beam
(length×width,
cm )
column (cm2)
(cm2)
Straight tenon
152xπ
30x10
30x10

Group Specimen Type of tenon
CR
I

2

No. of
Specimens
2

CC

Straight tenon

15 xπ

15 xπ

30x10

10

2

RR

Straight tenon

20x20

30x10

30x10

10

2

Straight tenon

2

15 xπ

2

15 xπ

30x10

15

3

Through tenon
Stepped
dovetail tenon

2

15 xπ

2

15 xπ

30x10

50

3

2

2

33x10

15

3

CH
II

2

Tenon
length
(cm)
10

CT
CS

15 xπ

15 xπ
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The test set-up used in this study is shown in Fig. 2.
From Figure 2b, three dial gauges were installed at the
bottom of column and also three tiltmeters were
placed on its side. The beam (shown in vertical
position) has two dial gauges and four tiltmeters.
Since the actuator was positioned hanging on the
reaction wall (Figure 2a), in order to put vertical
loadings to the beam, the beam was set in vertical
position whereas the column in horizontal.

－θ graph in Fig. 4, as we have traced the location
of the coefficient of friction, the rotational stiffness
can
be
expressed
mathematically
as
((MX+0.03rad)-(MX+0.01rad))/((X+0.03rad)-(X+
0.01rad)), which refers to the slope of the response
curve

Fig.4 Definition of the loading curve

Fig. 2 Test set-up: (a) location of actuator, (b) location
of instruments

2.

A 250KN actuator was used in the test. Initially,
the specimen was pushed to a lateral displacement of
0.25% and was pulled back to 0.25%, and a total of
two cycles were conducted. The following
displacement percentages were applied: 0.25%、0.5%,
0.75%, 1%, 1.5%, 2%, 3%, 4%, 5%, 6%, 8%, 10%,
12% to 15%. In order to study the residual strength of
the joints, test was conducted again for 12%, 10%, and
8% displacement percentages. Objective to find out
Residual strength. The loading history of the
experiments is depicted in Figure 3.

In the first group, tenon and mortise joints have
three major classes (CR, CC, and RR). The
hysteritic loops are shown in Figure 5.The results
are as follows: Moment strength: RR (338kgf-m) >
CC (336kgf-m) > CR (291kgf-m); Rotational
stiffness:
RR
(4687kgf-m/rad)
>
CC
(3882kgf-m/rad) > CR (3433kgf-m/rad). Therefore,
the results show that specimens with same cross
sections have larger moment capacity and
rotational stiffness, however, the difference is not
too large.

Group I

3. Group II
Figure 6 shows the responses of specimens. The
results are as follows: Moment strength: CT
(2194kgf-m) > CS (672kgf-m) > CH (487kgf-m);
Rotational stiffness: CT (25390kgf-m/rad) > CS
(7417kgf-m/rad) > CH (5980kgf-m/rad). From
here, we can observe that as the tenon length was
increased, the moment capacity of the specimen
has also increased significantly. Thus, the
rotational stiffness also has increased.

Conclusions

Fig. 3 Loading history of the experiments

From the results of the study, we found that:

Results and Discussion
1.

1. Specimens with same beam and column cross
sections (CC and RR) have larger moment
capacity and rotational stiffness, however, the
difference is not too large.

The definition of Rotational stiffness:

The rotational stiffness must be defined since the
results of test showed that the yielding point can
not be traced easily. In addition, friction is
considered in most yielding curves but since we
used wood and gaps between joints were have to
be considered, it is important to eliminate the
effect of friction by knowing the position of
frictional coefficient first (described by the
variable x in the rotation axis). Then, from the M

2. Considering specimens of same tenon length
but different tenon type (CH and CS), greater
moment capacity and rotational stiffness can be
achieved by using the CS type.
3. The greater the tenon length means an increase
in the moment capacity and rotational stiffness.
And from the tests conducted, after we understand
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the mechanical behavior of the specimens, we now
may be able to do some studies in finding ways to do
the retrofit method, thereby, may also be able to study
more tenon types and set up an archive of traditional
Taiwanese timber construction.
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Fig. 5 Responses of Group I specimens
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Seismic Assessment and Retrofit of Bridges with
Functional Bearing System (III)
Kuo-Chun, Chang1 and Kuang-Yen Liu2

Abstract
Based on the recent investigations of existing bridges damaged by major earthquakes,
particularly in the 1999 Chi-Chi earthquake, it is found that the bearing system of the
bridge, including the movements of the bearing, shear keys and restrainers, plays a vital
role for the behavior of the bridge during a major earthquake. This study has proposed a
three-year project since 2004 to understand the effect of bridge bearing systems and
thereby, would like to develop simplified and economical seismic retrofit methods for
existing bridges based the bearing systems. Basic mechanical behaviors and performance
levels in each bearing component and the interrelationship among the different components
will be tested to provide appropriate analytical models for numerical simulations. In
addition, combining with the performance-based design concept, this study aimed to
enhance further the design methodologies to be developed that can provide sufficient
capacity on the existing bridges and that can limit the damage level to a certain acceptable
criteria under a given seismic demand.
Keywords：bridge, rubber bearing, shaking table test, restrainer, shear key

1. Introduction

2. Brief summary of each subproject

The 921 Taiwan Chi-Chi Earthquake incurred
tremendous disaster to the central region of the
island. It is noticed that those major damaged
highway bridges located on or very close to the
Chelungpu fault had experienced collapsed spans in
most cases. However, investigations done from 1094
bridges in this area revealed that most bridge
columns suffered none-to-minor damages while only
few were severely damaged due to large surface
rupture that passed through the structural elements.
One of the reasons for this unexpected performance
is the construction method for rubber bearing – an
unbolted design on the simply-supported bridge
structure. Parameter studies have shown that the
function of the bearing system, including rubber
bearing, pot bearing, RC shear key and restrainer,
plays an important role in the performance of bridges
during the earthquake. Therefore, this study has
proposed a three-year project which started in 2004
to understand the influence of the bearing system on
the seismic behavior of the bridge structure. The
following topics discuss the sub-researches done in
line with the second year term of the project.

1

2

2.1 Diplacement-based design for the
bridge with functional bearing (II)
This subproject was performed utilizing the
shaking table to study the seismic loading path on the
simply-supported
bridge
via
a
two-span
reduced-scale bridge specimen with the rubber
bearing system, suffering from three different
earthquake input waves. Major conclusions are
described below：(1) Friction coefficient is a function
of contact surface, material, and velocity, as well as
the characteristics of the input loading; (2)Rubber
bearing with PTFE on the top surface shows
stabilizer hysteresis loop; (3) Inertial force from the
super structure shows good relationship with the base
shear force found at the bottom of the column; and (4)
Sliding phenomena helped to reduce the acceleration
on the super structure and base shear of the columns,
which also causes larger displacement demands
depending on the input ground motions.

Professor and chairman, Department of Civil Engineering, National Taiwan University
Associate Research Fellow, National Center for Research on Earthquake Engineering
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spectrum-compatible input ground motions. The major
topics are about the control of the displacement of the
superstructure and the shear force of the substructure
with naked pile foundation subjected to the scoring
effect. Test parameters include friction coefficient of
rubber bearing, strength ratio of the shear key, and gap
of the expansion joint. Major results are: (1) In
transferring smaller force to the column, moveable
bearing is good for bridges with severe damages due
to scoring, but extensive displacement of the
superstructure should be prevented; (2) It is needed to
reduce the energy dissipation capacity of the rubber
bearing when they are used in the CSM to predict the
maximum displacement; (3) Energy dissipation from
concrete shear key is relatively small; (4) The location
of the shear key is dominated by the design objective
of the bridge to control the displacement or shear
force; (5) Larger coefficient of the rubber bearing and
smaller strength ratio of the shear key are
recommended to be used for the bridge; and (6) If
columns are identical to each other in a multiple span
bridge, their behavior can be simulated by a simple
span bridge.

Fig.1 Shaking table test of the reduced-scale
two-span bridge.
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Fig.2 The relationship of base shear and PGA for
the case of EL CENTRO with rubber
bearing.
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Fig.5 Analytical model of the three-span hinge slab
bridge.

0.0
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0.4
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Fig.3 The relationship of base shear and PGA for
the case of EL CENTRO with PTFE rubber
bearing.

Table1 Displacement results of the single and three
span bridge.

10
實驗值

位 移 (m m )

5

分析值

0
0

5

10

15

20

-5

2.3 Analysis of the Failure Mode of Bridge
Structures Containing the Bearing
System and Establishment of the
Criterion for Optimal Design on
Bridge Performance (II)

-10
-15

時間(sec)

Fig.4 Comparison between experimental and
analytical result.

This subproject collected initially 264 acceleration
records of the 921Chi-Chi earthquake from the strong
ground stations to establish a Normalized Spectrum of
Acceleration and Displacement, and then used it to
evaluate the seismic performance of the bridge
according to its location. Besides, this study provided
appropriate method to define the plastic hinge which

2.2 Nonlinear Time History Analysis for
bridge equipped with sliding rubber
bearing and shear key (II)
This subproject aimed at studying the seismic
performance of bridge with different combinations of
moveable rubber bearing and shear key under
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was verified through pushover analysis and
pseudo-dynamic analysis. Both works were attributed
for the development of the performance-based design
of the bridge columns. Here below are some
conclusions found in this study: (1) The proposed
plastic hinge for Takeda model used in SAP2000
predicted well the nonlinear behavior under near-fault
earthquake; (2) NSAD is easy to use in PBD for
containing only two parameters in each site condition;
and (3) The penalty function derived from the genetic
algorithm (GA) is suitable to perform the optimum
design of the bridge column. The fitness function in
GA is taken from the pushover curve by the program
NARC2004. Finally, parameters like cross section,
area ratio of the rebar, spacing and volume ratio of the
transversal
reinforcement
were
obtained
automatically.

was activated from the outside rubber pad and then
transferred the tension force to the steel rod; (2) The
higher acceleration of the girder, the larger the
comparative displacement of the rubber pad; (3)
Multi-linear model is capable of catching the
characteristic of the restrainer; and (4) The
Hilbert-Huang transform can be used to identify the
trigger timing of the restrainer.

Drift ratio (%)
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Fig.8 Comparison of girder displacement before
and after installing the restrainer.
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Fig.6 Comparison between the analytical and
pseudo-dynamic test results.
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2.5 Nonlinear analysis for bridge with
bearing (II)
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Fig.7 Comparison between the pushover curves by
GA method and hysteresis curve of the
specimen TP-029.

2.4 Design and Analysis of restrainer (II)
This subproject performed the shaking table test of
a reduced-scale bridge model by varying the thickness
of the rubber bearing, which plays as a bumper, and
the diameter of the steel rod used for the restrainer.
Test results were compared with the finite element
model in SAP2000. In addition, the Hilbert-Huang
transform was utilized to find the accurate timing on
when frequency change occurred before and after the
impact of the girder in the shaking table test. It is
found that: (1) Under larger earthquake, the restrainer

The main objective of this subproject is to develop a
highly nonlinear analysis program, which is used to
analyze the bridges subjected to seismic loading. A
vector form motion analysis method for structure is
developed based on the theory of the Vector Form
Intrinsic Finite Element (VFIFE, V-5) method. In this
research, both fixed and friction type bearing were
studied. Bearing was simulated by either the bi-linear
hardening model or the sliding type model, and was
installed in a simply-supported bridge model to
understand their differences during the seismic events.
Analyses’ results show that the V-5 method displayed
good accuracy compared with the results of the
experiments’ data. For bridge equipped with different
bearings, this V-5 program is a good reference for
engineers.
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analysis of the scale-down two spans simple
supported bridge with rubber bearing,” master
thesis, NTU, 2006.06

構件

離散化

質點

Fig.10 Concept of the discretization of the bridge
model with bearing.

3. Conclusion
This study proposed a three-year project to
understand the effect of bridge bearing systems and
consequently to propose simplified and economical
seismic retrofit methods for existing bridges based on
the bearing systems. Basic mechanical behaviors and
performance levels in each bearing component and the
interrelationship among the different components
were tested to provide appropriate analytical models.
Besides, combining with the performance-based
design concept, this study would like to develop
design methodologies that can provide sufficient
capacity on the existing bridges and can limit the
damage level to certain acceptable criteria under a
given seismic demand.
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Fig.11 Hysteresis curve of the sliding bearing by
using V-5 method.
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An Innovative Optic-Fiber Health Monitoring System on
the Cables of a Cable-Stayed Bridge (III)
Zheng-Kuan Lee 1
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Abstract
To evaluate the cable tensions of a cable-stayed bridge, conventional piezoelectric
sensors or force-balanced sensors were applied to measure the vibration signal spectrum of
cables. Connected to a signal analyzer (such as a PC) through electrical wires in parallel,
those sensors were tied-up to a cable‘s tendon to be measured. However, with limited
sensors and signal channels, the measurements of all the cables’ vibrations could be
implemented only part by part. Practically, it is difficult to measure all the vibrations
simultaneously. To overcome the mentioned difficulty, an innovative optic-fiber health
monitoring system on the cables of a cable-stayed bridge was designed in this article. This
paper will not only introduce the mechanism of the newly developed system but also to
elucidate its application to a real cable-stayed bridge. With the new device, it becomes
possible to monitor economically, simultaneously, and regularly all the cables of a
cable-stayed bridge even during windy or rainy weather condition.
Keywords: cable-stayed bridge, FBG sensor, cable vibration

partly, as illustrated in Fig. 1. This method takes a
lot of time to finish. In addition, the surrounding
environment may vary dramatically during the
long-hour measurement, such as temperature, wind
and rain, so the measured data are not the same
considering the environmental condition. Besides,
supposed that the conventional piezoelectric sensor
systems are applied permanently to all the cables, with
the
numerous
amounts
of
sensors
and
signal-transmission-cables, the system will cost a
fortune and will even affect the aesthetic quality of the
bridge. Then, to solve such difficulties or drawbacks,
an innovative optic-fiber health monitoring system
was invented and is discussed in this article. The
discussions will not only include the introduction
about the new sensing system but also its application
to a real cable-stayed bridge. With such a new
technique, it is possible to monitor all of the cables of
a cable-stayed bridge more advantageously.

Introduction
The structural components of a cable-stayed bridge
include pylons, decks, abutments, and cables.
Through the cables, the weight of the decks are
transferred to the pylons and then to the foundations.
Therefore, the tension force of the cables is one of the
important health indexes of a cable-stayed bridge.
To evaluate the cable forces, three methods are
generally applied in the field: (1) using a jack to pull
out the anchor, (2) imbedding a load cell between the
anchor and the anchor seat, and (3) estimating the
cable force by its natural frequencies. Practically,
only method (3) can be applied in-situ during and after
the construction of such structure. To carry out the
said method, an engineer needs to be equipped with
vibration sensors together with a signal analyzer.
Connected to a signal analyzer (such as a PC) through
signal transmission cables, those sensors are attached
in parallel manner to those to-be-measured cables.
However, a typical cable-stayed bridge has more than
one hundred cables and with limited sensors and
signal channels, the measurements of all the cables’
vibrations can only be carried out individually or
1
2

Fiber Bragg Grating Sensor
Fiber Bragg grating (FBG) sensors are highly
attractive these years for their inherent wavelength
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system over the conventional vibration sensors for a
cable-stayed bridge.

response, being immune from electrical wave or
magnetic wave, and their multiplexing capability for
the distributive sensing network in a series of arrays
along a single optical fiber.
The Bragg
phase-matching condition determines the Bragg
wavelength of a fiber grating. The wavelength
shifts of a fiber Bragg grating subjected to physical
disturbance can be expressed as follow:

ΔλB

λB , 0

= (1 − p e )Δε + (α + ξ )ΔΤ

in which Pe , Δε ,

α

,

FBG recording system
(At observation house)

(1)

ξ , λB ,0 and ΔΤ

Fig. 2 Proposed Fiber Bragg Grating monitoring
system on the cables of a cable-stayed bridge.
The red lines are fishing wires, the blue lines
are the FBG sensors, and the yellow lines are
the optical fiber for transmitting signals.

are

the effective photoelastic constant, axial strain,
thermal expansion coefficient, thermal optic
coefficient, the initial wavelength of fiber Bragg
grating, and temperature shifts, respectively. These
coefficients depend generally on the type of optical
fibers and the wavelengths at which they are written
and measured.
For typical FBG sensors, the
effective photoelastic constant is about 0.21.

Table 1. The comparison of advantages between the
FBG Sensing System and the Conventional Vibration
Sensors for a Cable-Stayed Bridge.

Fig. 1 With limited sensors and signal channels, the
measurements of cables’ vibrations can only
be implemented individually or partly. (Right
bottom is a PC recorder.)

FBG sensing
system

Conventional
Sensor system

Simple installation

High Resolution

Can be used when it
rained.
Lightning has no effect
on the recording of
vibration.
Low equipment cost /
few man-hour needed

Independent measurement

Permanent
installation

Applicable for bridge
construction

Wavelength encoded
Low/no transmission
lost

Application of FBG Sensing System on the
Cables of an Existing Cable-Stayed Bridge

High sampling rate
Applicable for bridge
construction

FBG sensing system is featured with its
multiplexing capability for the distributive sensing
network in a series of arrays along a single optical
fiber. Permanently, if FBG sensors are installed as
illustrated in Fig. 2, all vibrations can be measured
simultaneously under the same environmental
condition: the wind condition, the temperature
condition, and the vehicle condition. Moreover, such
idea can be applied also to a cable-stayed bridge under
construction. The engineers in the field can monitor
anytime and quicker the cables’ forces or the balance
of the bridge without spending hours or even a day to
measure the vibrations using conventional vibration
sensors. In addition to the said efficiency, Table 1
summarizes the advantages of using the FBG sensing

Immune from electrical
wave or magnetic wave
All cable vibrations are
measured under the
same environmental
condition.
Insignificant influence
on the aesthetic value
of a cable-stayed
bridge.
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Field Application on Gi-Lu Cable-Stayed
Bridge

R33
R31
R29
R27
R25
R23
R21
R19
R17
R15
R13
R11
R09
R07
R05
R03
R01

Gi-Lu Bridge, crossing the longest river in Taiwan,
is a modern design pre-stressed concrete cable-stayed
bridge. The bridge has a single pylon, two-row
harped cables, and 2.75 meters in depth and 24 meters
in width streamline-shape main girder. The girder
connects rigidly with the pylon and spans of 120
meters to each side and bent as shown in Fig. 3. To
monitor the cable forces and studying the wind-rain
induced vibration in the future, the authors applied the
above mentioned FBG sensing system to 17 cables, as
shown in Fig. 4.

0

Fig. 5.

Fig. 3. Profile of Gi-Lu Cable Stayed Bridge
Up Stream

Gi-Gi

Lu-Ku
R33 R31 R29~~~~~~~~~~~~~~~~ R01
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Signals recorded when a truck passed the
deck. The oblique line implies the speed
of the truck.
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Fig. 6. The characteristicHzof frequencies on each
cable.

Fig.4 FBG sensing system installed on cable
odd-labeled cables from R01 to R33.

Conclusions

Example of System Application on
Cable-Stayed Gi-Lu Bridge

From the above simple field application on
Cable-Stayed Gi-Lu Bridge, it was verified that the
proposed “optic-fiber health monitoring system” on
the cables of a cable-stayed bridge works. Can be
utilized even during rainy days, permanently installed,
low cost, and other important features as listed in
Table 1, the suggested system is superior to the
conventional vibration sensor system with signal
transmission cables. In the future, the proposed
optic-fiber monitoring system will not only be applied
to the studies of cable vibration subjected the effects
of wind and rain but also to monitor a cable-stayed
bridge’s behavior during construction.

Fig. 5 shows the 17-cable measurement data
collected when a truck passed the deck. From that
figure, it is recognized that the truck caused stronger
cable vibration and that the oblique line implies the
speed of the truck. Fig. 6 presents the Fourier
Spectrum of the vibration time history in Fig. 5. From
Fig. 6, not only the characteristic frequencies of each
cable but also the characteristic frequencies of the
girder can be recognized.
By the proposed
instruments, all the cables of a cable-stayed bridge
can be monitored more advantageously.
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Development of a Bridge Scour Monitoring System Using
the MEMS Zigbee Sensor Network
Yung Bin Lin 1 and Kuo Chun Chang 2
林詠彬 1、張國鎮 2

Abstract
The wireless micro-electro-mechanical systems (MEMS) sensor network is widely used
in many fields. In this paper the MEMS pressure sensor is integrated with the Zigbee
sensor network on a sensor board for real-time local bridge scour depth monitoring during
a flood. Hydraulic scour is one of the major factors for bridge failure, and scour failures
tend to occur suddenly without prior warning or sign of distress to the structure. Bridges
subject to periods of flood/high flow require monitoring during those times in order to
protect the traveling public. The proposed wireless MEMS scour-monitoring system can
measure the processes of both the scouring/deposition and the variations of the water level.
Several experimental runs were conducted in a flume to demonstrate the applicability of
the system. Experimental results indicate that scour-monitoring system with the Zigbee
sensor network has the potential to be applied in the field.
Keywords: MEMS, wireless sensor network, bridge, scour

critical and generally caused by the interference of the
pier structure with the river flow. A great deal of time,
money and effort has been dedicated to the
development and evaluation of scour measurements.
However, it remains a challenge to measure or
monitor the depth variations in the scour/deposition
processes at piers, especially during a flood.

Introduction
It is well known that scour is one of the major
causes for bridge failure. When scouring occurs, the
bed materials around the pier footing can be eroded,
leaving the infrastructure such as bridge piers and
abutments in an unsafe condition and 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., with 60% of the failures due to
scour [1, 2]. The same problem also happens in many
East-Asian countries such as Taiwan, Japan,
Korea…etc., due to the fact that these areas are subject
to several severe typhoon and flood events each year
during the summer and fall. Scour failure tends to
occur suddenly and without prior warning or sign of
distress to the structures. The nature of the failure is
usually defined as the complete collapse of an entire
section of a bridge. Based on a survey from 1996 to
2001 [5], there were 68 bridge failures due to scour
damage in Taiwan. Scouring at a bridge pier in the
river can be caused by general scour, contraction scour
or local scour. Among them, local scour as the major
component is characterized by the formation of a
scour hole at bridge piers or abutments. It is the most
1
2

The bridge scour-monitoring system faces the
challenge of developing a real-time, reliable and
robust system, which can be installed in a river bed at
a bridge pier or abutment. Moreover, it is well known
that the established scour formula for estimating the
maximum scour depth relates to the scour
characteristics, including the flow depth, velocity and
sediment size. In reality, these limitations of the scour
formula must be addressed before the formula can be
properly applied. The recognition of any possible
aggradation and degradation of the river-bed level in
response to a channel disturbance is important for the
prediction of channel bed variations. The scour
process around the pier or abutment is essentially
complex due to the three-dimensional flow patterns
interacting with the sediments. However, most of the
data obtained to develop the scour formula are
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such as diaphragms, valves, membranes, beams, and
other microstructures on the same silicon chip must
also be able to handle severe shock and vibration
while adequately performing their mechanical
functions. Reliable, accurate and absolute fluid
pressure sensors are attractive for a variety of
emerging applications.

collected from the laboratory instead of from the field.
Thus, it is necessary to develop a real-time system for
monitoring to observe and measure the scour-depth
variations in the field.
Wireless sensor network (WSN) system has
emerged in recent years as a promising technology in
civil engineering and industrial applications that will
greatly influence the way of structural health
monitoring. Smart, wirelessly networked sensors can
collect and process a vast amount of data, from
monitoring and control of structural damage, air
quality, traffic conditions to weather conditions and
tidal flows. In the present study, a bridge
scour-monitoring system in the wireless MEMS
sensors Zigbee network was developed and utilized to
obtain real-time measurements in the scour/deposition
processes. By applying the wireless MEMS sensors
Zigbee network system, the laboratory data of the
water level, scour depth and deposition height are
collected and analyzed in this study.

In this paper, a MEMS pressure sensor was
fabricated using a 4-inch double-sided polished P(100)
wafer. The sensor die consists of a thin Si diaphragm
fabricated by bulk micromachining. Prior to
micromachining, piezoresistors are patterned across
the edges of the diaphragm region using standard IC
processing techniques. After etching of the substrate
to create the diaphragm, the sensor die is bonded to a
Pyrex glass substrate to create a sealed vacuum cavity
underneath the diaphragm. Usually after dicing, the
die is mounted on a package such that the top side of
the diaphragm is exposed to the environment through
a port. In the present study, the house of the pressure
sensor die is filled with silicon oil as shown in Fig. 1.
To prevent corrosion or conduction, and as a
prerequisite for rigorous pressure sensing in the flood
sensing application, an indirect stainless foil bonding
approach with different thickness is applied to weld
onto the bottom of the sensor house for adapting to the
fluid field. This pressure sensor with its unique
structure, as shown in Fig. 1, is then ready to be
integrating into the Zigbee sensor board for practical
use during a flood.

MEMS Fluid Pressure Sensor
Over the past two decades, the MEMS sensor
industry has been making steady progress. MEMS
devices are being used in a number of commercial
applications including temperature and humidity as
well as the measurement of pressure and acceleration.
MEMS are integrated with mechanical elements,
sensors, actuators, and electronics on a common
substrate through the utilization of micro fabrication
technology. While the electronics are fabricated using
integrated circuit (IC) process sequences, the
micro-mechanical components are fabricated using
compatible micro-machining processes that selectively
etch away parts of a silicon wafer, or add new
structural layers by deposition, to form mechanical
and electro-mechanical devices. In this way, MEMS
represents a complete systems-on-a-chip, free of
discrete, macro-scale, moving mechanical parts. The
microelectronic integrated circuits provide the
decision-making capability which, when they are
combined with MEMS sensors, actuators, etc., allows
microsystems to sense, provide feedback to/from, and
control their environments.

Fig 1 MEMS pressure sensor and zigbee sensing
network

Newly-emerging applications using the existing
technology applied to the miniaturization and the
integration of conventional devices continue to
improve [17-24]. One of the most challenging tasks in
the development of MEMS devices is how to design
these miniscule parts so that they can fit together well
and operate properly. Developing the internal
components for these devices as well as their
associated packaging so that the MEMS will operate
flawlessly for years in demanding applications is
another engineering challenge. They must be able to
withstand the damaging heat that builds up internally
while at the same time withstanding a wide variety of
structural loads and ambient temperature swings. Parts

Experimental Results
To ensure that the stainless-foil-packaged pressure
sensor withstands the flood environment, the
performance of the operation, the reliability, and the
accuracy of the prototype MEMS pressure sensor
integrated in the Zigbee network must be thoroughly
examined. Prelimary tests are made before running
flume experiments, inducing the tests under jet flow as
well as static pressure conditions. Connected to a
constant-head water tank, a vertical pipe filled with
water for generating head pressure is used to create a
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200 cm/sec (by averaging) jet flow current. First,
Sensor 1 is tested with continuously impact by the jet
flow at the outlet of the pipe to observe the
performance of the sensor. Due to the unsteadiness of
the jet flow, oscillation pressures in terms of volts are
observed in Fig.2. These oscillation volts/signals
under a 200 cm/sec flow velocity demonstrated that
the performance of the designed MEMS pressure
sensor can be used in the high velocity flow in a flood.

from the responding sensors. Mounted on the lower
position of the pier, the pressure readings of Sensor 1
are higher than those of Sensor 2. There is a static
pressure difference of about 0.14 psi between these
two sensors, corresponding to the 10 cm water-depth
difference of static pressure.
To mimic the deposition process, fine sand is
slowly poured close to the water surface located at 1
m upstream of the pier in the flume. With sand
continuously being poured within the experimental
reach, the sensors become buried, as shown in Fig. 5.
The pressures on the sensors include fluid static
pressure, dynamic pressure and lateral soil pressure.
The sediment deposited process and their
corresponding heights can be determined from the
responses of the sensors. As mentioned, a dune-like
bed formation is assumed in the experiment to
simulate the scouring process of the river bed. Fig. 6
shows the scouring process as indicated by the
responding sensors. To compare the process during
the scouring period, only Sensor 1 is submerged in the
dune-like bed used to monitor the scour depth. As
water flows towards the pier, the scouring results from
the flow shear near the bottom is detected by the
pressure sensors, and the scour depth becomes evident
as these sensors emerge from the riverbed. The
scouring process period starts at about 450 seconds
and ceases at 680 seconds. To identify the scour effect,
the increase in velocity and the elevated level of the
water flow are also observed at 700 seconds in the test,
as shown in Fig. 6. However, the lateral pressure of
the soil acting upon the sensor needs to be
investigated further in order to separate the effects of
the fluid static, the fluid dynamic, and lateral soil
pressure during the scour process. The experimental
results indicate that the real-time monitoring system
has the potential for further applications in the field. It
is evident that the test results from the MEMS
pressure sensor using the Zigbee sensor network is
much more convenient than those from the
conventional wired approaches. In addition, this
bridge scour monitoring system is not only useful for
measuring the water depth, scour depth and deposition
height at piers, but also it allows integrating the
accelerometers onto a single sensor board for the
structural health diagnosis of a bridge during an
earthquake. Additional accelerometers with a pressure
sensor Zigbee network board can be directly attached
onto the pier/abutment. The performance of the
resistance characteristics of a pier and abutment under
the condition of torrential flood or earthquake can then
be monitored in real-time, anytime these events
happen. Wireless sensor networks using the Zigbee
protocol provide real-time information will be of
significant help to both engineers and bridge
authorities for bridge maintenance and operation
under natural disaster conditions.
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Fig. 2 Calibration of MEMS pressure sensors
Secondly, as shown in Fig. 3 the static pressure is
applied and the corresponding voltage reading is
recorded under steady state conditions. The pressure
calibration factors of the designed MEMS fluid
pressure sensor and the water depths are obtained by
regression. Essentially, the regressed relationship
presents almost perfect linear relations. The rising
flood and the strong current not only attack the bridge
but also cause a disaster when it overflows the banks
of the river during torrential rains.
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Fig. 3 Calibrations of the MEMS pressure sensors
under still water condition
The real-time measurement of the rising water
level is a very important issue. To measure the water
level during the elevated flow, the results of the flow
pressures over time are shown in Fig. 4. Sensor 1 is
first impacted by the elevated flow at about 410
seconds while Sensor 2 is impacted at 420 seconds.
The elevated flow level of the running water is evident
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Rising flow pressure (psi)

1

pressure sensor using the Zigbee sensor network is
much more convenient and flexible to apply for
real-time scour monitoring. Moreover, this scour
monitoring system not only is useful for monitoring
the safety of a bridge, but also it allows the integration
of accelerometers onto a single-sensor board for
structural health diagnosis of a bridge during an
earthquake. The performance of the resistance
characteristics of a pier and abutment under the
condition of torrential flood or earthquake can then be
monitored on a real-time basis. It is evident that the
wireless sensor network using the Zigbee topology
providing real-time information will help both
engineers and bridge authorities for bridge
maintenance and operation when a natural disaster
occurs
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Fig. 4 Variations of pressure during elevated flow
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Fig. 5 Variations of pressure during sediment
deposition
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Fig. 6 Variations of pressure in the scouring process

7.

Conclusions
In this study, a proposed bridge scour monitoring
system with wireless MEMS pressure sensors using
the Zigbee sensor network has been developed and
tested. Several experimental runs for real-time
measuring water level, deposition height and scour
depth using the proposed system were conducted in
the laboratory. The experimental results demonstrated
that this scour-monitoring system has the potential for
further applications in the field.

8.

It is obvious that the results from the MEMS
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A Neural Network-Based System for
Bridge Health Monitoring (II)
Tzu-Kang Lin 1 Kuo-Chen Chang 2 and Chang-You Chen 3
林子剛 1、張國鎮 2、陳長佑 3

Abstract
This research follows the project on developing a bridge health monitoring system
based on neural network technology last year and extends its consideration to higher-order
responses in the time history. Nowadays, with the aging of existing bridges all over the
world, solutions on how to identify effectively the health conditions of bridges have a
significant issue. These solutions shall offer a rapid and reliable result immediately after
major strikes of event without using lots of time and labor. The demand of this health
monitoring system grows rapidly and researches on this topic had been discussed widely.
Meanwhile, neural networks, commenced from artificial intelligence, have also shown their
outstanding performance in solving complex problems. For this reason, a monitoring
system using neural network was developed. Two major ground excitations recorded in
Taiwan were used to establish the NARX-based system. Analytical results of the proposed
neural network-based system in higher orders were considered to evaluate its efficiency in
health monitoring. The results showed that the proposed neural networked-based system
can be used successfully with superior advantages after a major earthquake for bridge
health monitoring.
Keywords: neural network, structure health monitoring, nonlinear response

Introduction

solve this problem, the discrete-time domain-based
identification technique has been applied to civil
engineering in the last two decades. In most methods,
structures are considered time-invariant. Specifically,
parameters of structures are assumed to be constant
during the whole time history.

Earthquake has become the most threatening
disaster to civil structures. The damage to
infrastructures not only causes immeasurable loss in
economic activities but also in life and properties of
people.
Under this circumstance, research on
applying instrumentation to structures to monitor their
characteristic during and after earthquakes is always
significant. By the development of system
identification in monitoring the vibration trait of
buildings and bridges, some theories and methods has
gradually become more reliable in the last few
decades.

Moreover, structures might be damaged or might
produce nonlinear behavior during earthquake. To
this, neural networks, which had proven to have an
outstanding performance in solving complex
problems, are integrated into identification systems.
The adaptability and fault tolerance of neural
networks have made them reliable in dealing with
incomplete data or of uncertainty and, thereby, the
identification of nonlinear systems under major
earthquakes may be implemented. (Adeli et al., 1995;
Masri et al., 1992; Masri et al., 1993)

Traditionally, the identification methods are
developed under frequency domain. However, two
close frequency modes may not be separated
effectively by the frequency-domain-based method
when noise is contained in the measured data. To
1
2
3

A neural network-based method is proposed in this
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paper. The said neural network was constructed under
the multi-input-single-output structure of the
Nonlinear Autoregressive with Exogenous (NARX)
model. Similar to the Autoregressive with Exogenous
(ARX) model, which has been applied widely in
structure system identification, the NARX has offered
a different viewpoint in evaluating the behavior of
structure. The nonlinear characteristic of NARX can
identify and study the relationship between any input
and output node by means of proper training and
utilization to reflect the instantaneous property of the
system. In order to prove the feasibility of the
proposed NARX-based system and to demonstrate its
advantages, analytical results of higher orders were
considered.

threshold of the output nodes, and bl is the threshold
of the l th node in the hidden layer.
The output of point j in a multi-degree-of-freedom
system can be expressed as (Worden et al., 1997)
y ( j ) (t ) = y1( j ) (t ) + y 2( j ) (t ) + y 3( j ) (t ) + L y n ( j ) (t )

where y n( j ) (t ) is the n th order component of
point j .
The first-order response of point j is the sum of
each first-order response from the input node and the
relationship between y1( j ) (t ) and the input nodes can
be described as,

System Identification by NARX

y1( j ) (t ) =

H1( j:η ) (ω1 ) =

(1)

ny

nh

l

nx
( j) ( j)
(a) (a)
(b) (b)
(ulm
x (t − m) + ulm
x (t − m) + ...)+ bl )
lk y (t − k)) +
m=0

l =1

k =1

∑

(5)

∫

∞

−∞

h1( j:η ) (τ 1 )e −iω1τ1 dτ 1

(6)

Similarly, the second-order response in the output
point j can be expressed as,
y 2( j ) (t ) =

∞

∑ ∑ ∫ ∫

η1 = a ,bLη 2 = a ,bL

∞

− ∞ −∞

h2( j:η1η2 ) (τ 1 ,τ 2 ) x (η1 ) (t − τ 1 )x (η 2 ) (t − τ 2 )dτ 1dτ 2

(7)

where h2( j:η1η 2 ) (τ 1 , τ 2 ) is called the second-order
direct-kernel when η1 = η 2 , and h2( j :η1η 2 ) (τ 1 ,τ 2 ) is
called the second-order cross-kernel transformation
when η1 ≠ η 2 .

(2)

The corresponding core transformation of the
second-order direct-kernel and cross-kernel can be
written as,

In order to reflect the feature of the global system,
only one hidden layer was considered in the structure
of the proposed NARX system and the activation
functions in the hidden and in the output layers were
chosen as the hyperbolic tangent function and the
linear function, respectively, in this research. The
input vector of the NARX-based neural network are
y ( j ) (t − 1) … y ( j ) (t − n y )
… x ( a ) (t − 1) …
(a)
(b )
(b )
x (t − n x ) … x (t − 1) … x (t − n x ) and the output
( j)
vector is y (t ) . The relationship between input and
output can be expressed as,

∑w tanh(∑(v

h1( j :η ) (τ 1 )x (η ) (t − τ 1 )dτ 1

The corresponding kernel transformation is then
shown as follows,

For a multi-input-single-output model, the output
value of y (t ) in point j can be expressed as
y ( j ) (t ) where the input value is described as,

y( j) (t) = s +

∞

−∞

where h1( j :η ) (τ 1 ) ( η = a … b …) represents the
impulse response function.

where x and y are the input and output value of
the identification system, n x and n y are the
maximum time delay step of x and y , and g
represents linear or nonlinear function for y (t ) .

x(t ) = [ x ( a ) (t ) x (b ) (t ) x (c ) (t ) .........]T

∑ ∫
η
= a , b,L

The solution on how to identify precisely the
characteristic of structures has always been an
important issue. For that reason, new strategies based
on neural networks have been studied widely.
Generally, a structure system identification model can
be described by the following NARX-based network.
y (t ) = g ( y (t − 1),..., y (t − n y ) ,... x (t ),... x (t − n x ))

(4)

H 2( j:η1η2 ) (ω1 , ω 2 ) =

∞

∫ ∫

∞

−∞ −∞

h2( j:η1η2 ) (τ 1 ,τ 2 )e −i (ω1τ1 +ω2τ 2 ) dτ 1dτ 2

(8)

Moreover, the kernel transformation of a
single-input-single-output system with a NARX
weighting can be calculated by using harmonic
detection method. The response of the system can be
checked by utilizing simple harmonic inputs. For
example, if the input signal of points a and b are
(Chance et al., 1998)

(3)

x ( a ) (t ) = eiΩt

where vlk( j ) is the k th weighting between the
l th node in the hidden layer and the input node y ( j ) .
(η )
u lm
is the m th weighting between the l th node in
the hidden layer and in the input node
x ( μ ) ( μ = a … b ….), wl is the weighting between
the l th node of hidden layer and the output node,
n h is the node number of the hidden layer, s is the

x (b ) (t ) = 0

(9)

then, the response of point j can then be derived as,
y ( j ) (t ) = H1( j:a ) (Ω)e iΩt + H 2( j:aa ) (Ω, Ω)e i 2Ωt + L

(10)

The response of point j under time delay of k steps
can also be described as,
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y ( j ) (t − k ) = Δk y ( j ) (t ) = Δk H 1( j:a ) (Ω)e iΩt + L = e − kiΩΔt H 1( j:η ) (Ω)e iΩt + L

(11)

span. All the data were collected in the transverse
direction perpendicular to the carriageway.

(a)
k (a)
k iΩt
− kiΩΔt iΩt
e
where x (t − k ) = Δ x (t ) = Δ e = e

Comparing the coefficients of eiΩt with the results
from the NARX-based system, we will have,
H 1( j:a ) (Ω) =
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Fig. 1. Distribution of sensors on the bridge.
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In order to demonstrate the performance of the
proposed NARX-based system, the second and
third-order kernel transformations under the Chi-Chi
earthquake time history were obtained and depicted.
Supporting details are stated in the following
paragraph.

( a ) −iΩmδt
u lm
e

∑v

( j ) −iΩkδt
lk e

(13)

k =1

By following the steps mentioned above, the
second-order and third-order kernel transformations
can be derived and applied for structure health
monitoring. The higher kernel transformation would
be an important concept for the nonlinear system. The
sinusoidal input can cause a response of same
frequency but of different amplitude and phase for a
linear system. However, a new frequency component
may be produced by the sinusoidal input in a
nonlinear system. The nonlinear behavior in a
high-order frequency response function can be
classified into four groups. The first one refers to the
harmonic effect, which is the integer time of the input
frequency. The second one is the gain compression
and expansion effect. The variation of the system gain
function can be described by this effect. Thirdly, the
sinusoidal response of frequency f1 , which is the first
fundamental frequency, can be modified by the second
frequency f 2 , and this phenomenon is called
desensitization. The final one is the combination of
two or more signals in a nonlinear way to compose a
new frequency component called intermodulation. By
assessing these characteristics, the nonlinear behavior
of the structure can be identified easily by the
proposed NARX-based method (Billings et al.,
1989a&b; Billings et al., 1990).

The plan view and contour view of the
second-order transformation are shown in Figs. 2 and
3 while the plan and contour view of the third-order
transformation with the assumption of w1 = w3 are
shown in Figs. 4 and 5. It can be seen obviously that
the resonance lines are slightly different between the
second and third order transformation in the plan
views. The resonance area starts to spread in the third
order transformation. A clear comparison can be made
with the assistance of the contour views. As shown in
Fig. 5, two spikes occurred in the edge of the contour
surface and indicated the most possible resonant area
for the third-order nonlinear response. As advised, the
structure should be considered carefully in its design
process to avoid the severe resonance during major
earthquakes.

Fig. 2. Second-order kernel transformation
plan view of channels 14 to 16.

Practical Application— A Case Study
To demonstrate the performance of the proposed
NARX-based system, a bridge in the Second
Southern Freeway of Taiwan was selected as the
main subject in this research. The distribution of
sensors on the bridge is shown in Fig. 1. By utilizing
the data collected from major ground excitations, a
NARX-based neural network system with a structure
of two inputs and one output was established to
evaluate the inherent characteristic of the chosen
bridge. The input channel was selected as channel 14
and 21, which were the signals from the pile-caps,
and the output was labeled as channel 16, which
came from the response of the slab on the middle

Fig. 3. Second-order kernel transformation.
contour view of channel 14 to 16.
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To demonstrate the performance of the proposed
system, a bridge located in the Second Southern
Freeway of Taiwan was chosen. By utilizing the data
collected from two major ground excitations, the
NARX-based system with a structure of two input
nodes and one output node was established to evaluate
the property of the bridge. The input channels were
the signals from the pile-cap and the output was the
response of the slab on the middle span. Analysis
focusing on the second and third-order responses of
the structure was done and possible resonant
frequencies were easily identified.
Fig. 4. Third-order kernel transformation
plan view of channel 14 to 16.

The result shows that besides identifying the
fundamental frequency of structure, the proposed
neural networked-based system can also be applied
successfully for bridge health monitoring after a
major earthquake. The combination of specific
frequencies causing resonant phenomenon was
shown clearly in the kernel transformation diagrams
thus, damage on structures can be estimated.
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Fig. 5. Third-order kernel transformation
plan view of channels 14 to 16.
From the above analysis, two specific
characteristics can be expected by the new proposed
method, namely: (1) The nonlinear behavior, which
cannot be achieved by the traditional methods, can
now be implemented by the new NARX-based
method; and (2) With the newly proposed method, the
nonlinear response of the structure can be evaluated
precisely for its workability.
Moreover, structures with multiple input points
such as bridges were not monitored completely using
conventional techniques. By the illustration of the
higher-order kernel transformation, the resonant
phenomenon of bridges can be illustrated successfully
and be avoided during the design process.

Conclusions
This study proposed a bridge health monitoring
system based on neural network technology. In order
to identify the nonlinear behavior of structures, a
NARX-based system was established from the data
collected in the past major earthquakes. The
relationship between the input and output channels
can be reflected by the weighting of the neural
network, thereby, the fundamental period of the
structure can be derived. By applying this system to
bridges, the multiple-support characteristic can be
evaluated successfully and the combination of specific
frequencies causing resonant phenomenon can also be
obtained accordingly.
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Abstract
Recursive parameter estimation method is used for on-line system identification. It is
called RARX model. In this model, an initial covariance matrix should be assigned first but
the covariance matrix may highly affect the identification results. Therefore, in this paper,
artificial neural network and RARX model are combined. The weightings in the single-layer
artificial neural network are taken as the parameters to be estimated. It is called RARX-ANN
model. No initial guess for the covariance matrix is necessary. The non-linear and
time-varying system of the Taitung Fire Company Building during the Taitung earthquake on
April 1, 2006 was identified by the model. From the results of identification, the frequency of
the building was decreased and the damping ratio was increased in the earthquake due to
non-linear behavior induced by damage.
Keywords: system identification, artificial neural network, recursive parameter
estimation method

Introduction

The parameter vector θS is defined as

From structural responses recorded during
earthquakes, dynamic behavior of the structure may
be identified. The variation of structural parameters
under earthquakes of different intensities may reveal
the damage of the structure. In system identification,
the structural behavior can be represented by finite
system model parameters.
Moreover, artificial
neural network possess associative memory between
inputs and outputs, and their nonlinear relationship
can be handled. In this paper, artificial neural
network and recursive parameter estimation are
combined for damage identification of the Taitung
Fire Company Building.

θS = ⎡⎣a1 L ana

b0 L bnb ⎤⎦

Τ

The data vector or regression vector is
Τ
φ [k ] = ⎡⎣ − y [k − 1] L − y [k − na ] u [k ] L u [k − nb ]⎤⎦ (3)

Then, the output vector y [k ] is
y [ k ] = φ Τ [ k ] θS + ω [ k ]

y [ N ] = Φ [ N ] θS + ω [ N ]

Define the error function as follows

ARX model

J = ( y [ N ] − Φ [ N ] θS ) Τ ( y [ N ] − Φ [ N ] θ S )

It is assumed that the external excitation term
e [t ] is white noise ω [k ] . Then, it gives

= b0u [k ] + b1u [k − 1] + L + bnb u [k − nb ] + ω [k ]
1

2
3
4

(4)

If there are N data sets of outputs and inputs,
equation (4) is satisfied for each data set. It gives

Parameter system identification

y [k ] + a1 y [k − 1] + L + ana y [k − na ]

(2)

(5)

(6)

If the error is minimized, the partial derivative of J
with respect to θ̂S (estimation parameter) is equal
to zero.

(1)

Therefore

Research Fellow, National Center for Research on Earthquake Engineering
Professor, Department of Civil Engineering, Chung Yuan University
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⎛ ∂J
∂J
=⎜
∂θ θ=θˆ ⎝ ∂a1

∂J
∂a 2

∂J
∂a n

L

∂J
∂J ⎞
L
⎟
∂b1
∂bn ⎠

∂J
∂b0

Τ

⎡ I( p j ) ⎤
rj 2 = p j p j , φ j = tan −1 ⎢
⎥
⎢⎣ R( p j ) ⎥⎦

(7)

= −2ΦΤ y + 2ΦΤ Φθˆ = 0

p j is the j-th complex root of the polynomial of the

Solve equation (7), it gives

parameter ai .

−1

⎛ N
⎞ ⎛ N
⎞
θˆ S = (Φ Φ) Φ y = ⎜ ∑ φ [k ] φΤ [k ] ⎟ ⎜ ∑ φ [k ] y [k ] ⎟ ( 8 )
⎝ k =1
⎠ ⎝ k =1
⎠
Τ

−1

(16)

Τ

Artificial Neural Network
(RARX-ANN model)

Equation (8) is called least-square estimation.

If RARX model is adopted, the system estimated
parameters θ̂S can be updated on-line whenever the
seismic measurements are updated. Hence, the
estimated parameters θ̂S in equation (8) can be

Recursive parameter estimation
algorithm
From equation (8), when the number of data sets
N for input and output is larger and larger, the
estimated parameter θ̂S will be close to the actual
system parameters. However, in this method, it
needs to compute the inverse of matrix. It is
ineffective that the computing processes take too
much time, if the system dimension is very large. In
addition, this method is not suitable for identification
of time-varying system. Herein, recursive
least-square (RLS) method for the derivation of the
RARX model is used. First, the initial values of
estimated parameter θ̂S and covariance matrix P
are established as follows
θˆ S (0) = θˆ 0

taken as the weighting matrix
IW in
back-propagation neural network; the regression
vector φ [ k ] from seismic measurements for the
RARX model is taken as the p matrix in artificial
neural network framework; and a in neural network
is the system output y [k ] in RARX model.

By comparison between equations (4) and (17), the
bias b is 0 because the mean of ω [k ] is 0.

(9)

After the back-propagation neural network is
incorporated into the RARX model to search the
parameters θ̂S , it becomes RARX-ANN model (Fig.

(10)
P(0) = γ I
If the preliminary system parameters are available,
they can be taken as initial estimation θ̂0 , otherwise

1). In order to evaluate the performance of the
models for system identification, the error index (E.I.)
is introduced as the difference between estimation
and measurement.

the initial estimation is 0 usually. γ is a scalar.
Finally, the system parameters are updated with
time step k = 1, 2,3,L, N by computing the follow
equations
P [k − 1] φ [k ]
ε [k ]
θˆ S [k ] = θˆ S [k − 1] +
1 + φΤ [k ] P [k − 1] φ [k ]
ε [k ] = y [k ] − ϕ Τ [k ] θˆ [k − 1]
S

P [ k − 1]ϕ [ k ] φ [ k ] P [k − 1]
P [ k ] = P [ k − 1] −
1 + φΤ [ k ] P [ k − 1] φ [k ]
Τ

⎡ N −1
2⎤
⎢ ∑ ( y [k ] − yˆ [k ]) ⎥
EI = ⎢ k =0 N −1
⎥
⎢
⎥
y 2 [k ]
∑
⎢⎣
⎥⎦
k =0

(11)
(12)
(13)

2

(18)

System identification of Taitung Fire
Company subsection building

Because the vibration characteristics of the
structure system relate to the system parameter ai .
After recognizing the best estimated parameter ai of

The building of Taitung Fire Company has four
stories above the ground and one story under the
ground. The earthquake records taken from Chiayi
earthquake on October 22, 1999 and Taitung
earthquake on April 1, 2006 were used for system
identification. The building structure was damaged
under the Taitung earthquake, and the nonlinear
behavior of the building was also brought out.

the system, the natural frequencies and damping
ratios of the structure can be calculated by
1
(ln rj ) 2 + φ j 2
2πΔt
ln( rj )
ξj = −
(ln rj ) 2 + φ j 2

1

In equation (18), N is the number of data points;
y [k ] , and ŷ [k ] is the measured and estimated
output.

The derivation of recursive parameter estimation in
this section is so-called RARX model.

fj =

(17)

a = purelin( IW * p + b)

(14)
(15)

Both the X and Y direction of the building were
considered. The acceleration of the first floor was

where Δt is sampling period;
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taken as input and the accelerations of second and
roof floors as output. System identification was
conducted for the building from single input and
single output (SISO) by using the RARX-ANN
After system
model with orders na = nb = 50 .
parameters were estimated by using RARX-ANN,
simulation and prediction were conducted. Their
performance was evaluated in terms of error index as
in equation (18).
Subject to Chiayi earthquake on October 22, 1999,
the results of system identification are shown in
Tables 1 and 2. In the X direction, the estimated
frequency was about 3.7 Hz with the second or roof
floor acceleration as output and the damping ratio
was about 3.6%. In the Y direction, the frequency
was 6.91 Hz and the damping ratio was 5.8%. So,
the estimation results were similar even though
different floor accelerations were used as output. In
Figs. 2 and 3, the frequency and damping ratio
converge to constant values after 15 seconds in the X
direction. In the Y direction, the results oscillate
highly, especially that of the roof. Hence, the
results converge after 25 seconds.

Table 1 Identification results in X-dir. (Chiayi eq.)
RARX-ANN Model
Floor

Frequency
(Hz)

Damping
ratio

E.I.(Sim.)

E.I.(Pred.)

2F
ROOF

3.7606
3.7334

0.0386
0.0364

0.1144
0.1635

2.9765
0.1260

The final results from the identification of the
responses under the Chiayi earthquake on October 22,
1999 were used as the initial values in the
RARX-ANN model for the identification of the
responses under the Taitung earthquake on April 1,
2006. The identification results of the structure
after damaged are shown in Tables 3 and 4. The
frequency and damping ratio in the X direction were
changed to 1.9 Hz and 37.6 %. In the Y direction,
the frequency was decreased to 4.8 Hz and damping
ration was increased to 34.8 %. By comparing these
identification results subject to the two earthquakes,
the frequency and damping ratio were changed highly.
So, it was indicated that the dynamic behavior of the
building was varied dramatically. Observed from
the Figs. 4 and 5, the frequency and damping ratio are
convergent after 15 seconds. The results oscillate
highly in 6 to 15 seconds. It is because that the
structure was damaged in this time interval.

Table 3 Identification results in X-dir. (Taitung eq.)

Conclusions

2F
ROOF

1.

2.

Table 2 Identification results in Y-dir. (Chiayi eq.)
Floor
2F
ROOF

Floor
2F
ROOF

Frequency
(Hz)
7.0416
6.9461

Frequency
(Hz)
1.9049
1.9523

RARX-ANN Model
Damping
E.I.(Sim.)
ratio
0.0580
0.0453
0.0586
0.1295

RARX-ANN Model
Damping
E.I.(Sim.)
ratio
0.2954
0.4398
0.3761
0.5356

E.I.(Pred.)
0.4447
0.3043

E.I.(Pred.)
1.6263
0.6610

Table 4 Identification results in Y-dir. (Taitung eq.)
Floor

From the identification results of Taitung fire
company subsection building subject to the
Taitung earthquake on April 1, 2006. the
frequency was 1.9523 Hz and damping ratio
was 37.61 % in the X direction, and the
frequency was 4.8639 Hz and the damping ratio
was 34.84 % in the Y direction.
By observing the variation of the frequency and
damping ratio, the time at which the building
was damaged could be identified.

Frequency
(Hz)
4.7893
4.8639

RARX-ANN Model
Damping
E.I.(Sim.)
ratio
0.1482
0.0385
0.3484
0.1329

− y [k − 1]

w1,2

M

w1,na

w1,na +1

u [k ]

+

w1,na + 2

u [ k − 1]

References

Mw

1,na + nb +1

McVerry, G. H.,“Structural Identification in the
Frequency Domain from Earthquake Records＂,
Int. J. of Earthquake Engineering and Structural

u [ k − nb ]

Fig. 1 RARX-ANN model framework
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0.4878
0.4694

w1,1

− y [ k − 2]

− y [ k − na ]

E.I.(Pred.)

y% [ k ]
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Fig. 2 Frequency and Damping ratio in X-dir. (Chiayi earthquake; output: roof)
RARX-ANN MODEL

Frequency(Hz)

10

10

RARX-ANN MODEL

2

1st mode

0

0

5

10

15

20

25
Time (sec)

30

35

40

45

50

1
DampingRatio

1st mode
0.5
0
-0.5
-1

0

5

10

15

20

25
Time (sec)

30

35

40

45

50

Time(Sec)

Fig. 3 Frequency and Damping ratio in X-dir. (Chiayi earthquake; output: roof)
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Fig. 4 Frequency and Damping ratio in X-dir. (Taitung earthquake; output:roof)
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Fig. 5 Frequency and Damping ratio in Y-dir. (Taitung earthquake; output: roof)
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Application of GIS Technologies to Setup
a Seismic Disaster Simulation Website
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Abstract
Taiwan Earthquake Loss Estimation System (TELES) has been well developed to
perform seismic hazard analysis, structural damage assessments and socio-economic
impacts. The platform for executing TELES targets at window-based environment with
prerequisite commercial GIS software MapInfo installed. Although TELES successfully
proposes disaster mitigation plans and emergency response affairs to government and
cooperative institutions, the high expense of installation and specialized skill of operating
TELES obstruct the popularization. Today, based on the mature internet technologies and
its ubiquitous characteristic, this project takes advantage of Web-GIS technology to
construct a Web-based Seismic Disaster Simulation System, which has close relationship
with TELES. Furthermore, by employing free GIS service—Google Map, the accessibility
and readability of data posted on website is greatly improved.
Keywords: Taiwan Earthquake Loss Estimation System, Seismic Disaster Simulation, Web
Geographic Information System, Google Map

Background

special training are trustful.

One of the main targets of Seismic Disaster
Simulation Division in National Center for Research
on Earthquake Engineering is to promote the
earthquake loss estimation and to reduce the seismic
losses. To achieve this goal, a software development
project—Taiwan Earthquake Loss Estimation System
(TELES) initiated since 1999. TELES has been
installed in some government agencies to aid in
decision-making when strong earthquakes occur.
Local governments have also used TELES to propose
disaster mitigation plans.

Today, the well-developed internet technologies
are easily displaying spatial data over the World
Wide Web. Therefore, Web-GIS technology
manifests great promise in sharing and integrating the
spatial data among governance. Furthermore, owing
to internet’s ubiquitous and cross-platform
characteristics, people currently could use HTML
browser to experience GIS applications on any
platform without installing expensive software.
According to these factors, this report demonstrates
an extended System of TELES that bases on internet
and Web-GIS technologies to overcome the obstacles
that TELES encounters. Hence, this report firstly
introduces TELES. Secondly, this report details
extended system: Seismic Disaster Simulation
Website. Conclusion comes at last.

There are some obstacles to promote TELES.
Firstly, the commercial software MapInfo
Professional4 is prerequisite to install. However, its
price is not affordable for the majority who want to
experience TELES. Secondly, the number of
specialists in earthquake engineering or GIS is
insufficient. There is no guarantee that the scenario
results produced by users who have not accepted
1
2
3
4

Assistant Research Follow, National Center for Research on Earthquake Engineering, Taiwan
Associate Research Follow, National Center for Research on Earthquake Engineering, Taiwan
Research Follow, National Center for Research on Earthquake Engineering, Taiwan
MapInfo Professional is a powerful Windows-based GIS application that enables business analysts and
professionals to easily visualize the relationships between data and geography.
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Although the other seismic source parameters,
such as fault-rupture width and dip angle, are taken
into account, the fault-rupture width and dip angle are
set to zero and 90 degrees respectively. The focal
depths of scenario earthquakes are 10, 20, 30, 50, 70
and 90 kilometers. In summary, there are 99,000
scenario earthquakes defined in the database.

Taiwan Earthquake Loss Estimation
System and Establishment of Seismic
Scenario Database
Probabilistic seismic hazard analyses frequently
apply in estimating seismic risk, which is performed
in different regions or on some specific critical
facilities (e.g., nuclear power plants, dams, etc). This
study intends to investigate various kinds of seismic
risks through scenario simulations. Therefore,
TELES is modified to extend its seismic scenario
simulation capability in order to work in batch mode
to obtain various kinds of analysis that are able to
determine estimations on seismic hazard, structure
damage, potential earth science hazard, and societal
economic loss assessment. The scenario database
facilitates the probabilistic seismic risk assessment if
the whole set of scenario earthquakes covers all the
interested events and the annual occurrence rate of
each scenario earthquake, which is estimated by
probabilistic seismic hazard analysis. Besides, the
scenario database could speed up the computational
performance in early seismic loss estimation by
querying database while earthquakes occur.

Seismic Disaster Simulation Website
GIS Technology Trend: Web-based GIS
The emergence of Web-GIS technology provides
a platform for data sharing and integration over the
internet. With rapid technology growth, numerous
companies provide various kinds of products. Two
mainstream architectures are thin-client but fat-server
and fat-client but thin-server. This project chooses
thin-client but fat-server framework to build
Web-based Seismic Disaster Simulation System.
TELES

Probabilistic Seismic Scenario Database

The seismic-hazard source model is simply a
description of the spatial and temporary distribution
of earthquakes with various magnitudes and
occurrence rates. For simplicity, this study focuses on
simulating area sources around Taiwan area. The
seismic sources are further divided into smaller grids.
The annual occurrence rates (per unit area) of various
earthquake magnitudes and focal depths in each grid
are presumed uniform within individual sub-zones or
proportional to the number of historical earthquakes
(per unit area) occurred in the grid.

10 km

M
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M
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6.9

Protential Earth
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Hazards
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Seismic source parameters in scenario database

Database Query

Societal
Economic
Loss

Data Aanlysis

Web-Based Seismic Disaster Simulation System
Search &
Analysis Engine

GIS Interface

Response Message

Google Map

Request Message

Client-Side User

Fig. 2 The architecture of Web-based Seismic
Disaster Simulation System
Description of the Architecture of Web-based
Seismic Disaster Simulation System

M
7.1
7.3
7.5

20 km

The architecture of Seismic Disaster Simulation
System is as in Fig.2. Being the data provider,
TELES firstly creates seismic scenario database and
produces real-time analytical data while earthquake
occurs. When data are set, Seismic Disaster
Simulation System obtains proper data stored in
TELES to response client’s request. In this project,
the major development tools are C#5 and AspMap
Web component. The programming scripts, such as
HTML, CSS, and JavaScript, are also adopted.

30 km

50 km

70 km

90 km

Fig. 1 Gird of Taiwan seismic scenario source
zones
To establish the Taiwan seismic scenario database
(Fig.1), the shallow and deep earthquake source
zones cover the area from longitude 119 to 213 and
latitude 21 to 26 which are divided into 500 grids
with each grid 0.2 degree intervals. Each grid takes
six focal depths of scenario earthquakes and each
focal depth takes twelve different Richter magnitudes
grouping by different fault-rupture direction.

AspMap, GIS software, constructs the Web-based
simulator for the sake of its high-performance in
spatial data access, geographical data presentation,
5

C# is a new programming language designed
for building a wide range of enterprise
applications that run on the Microsoft .NET
Framework
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life”, “injuries requiring adequate and expeditious
treatment to avoid loss-of-life”, and “instantaneous
killed or mortally injured.” This system only takes
third and fourth one to estimate casualty under
different time selection (daytime, nighttime, and
commute time).

and analytical capability. ASP.NET, object-oriented
language, builds up the whole framework of Seismic
Disaster Simulation System, and communicates with
AspMap to fulfill simultaneous works and GIS
functions. In detail, AspMap is able to create map
image in standard image file format, or even send a
bit-stream directly to the browser. The size of image
map is generally small which is good for transmission.
In addition to its performance, AspMap provides
many functions that enable users to interact diversely
with map. These functions include routing, position,
image drawing, distance calculation, etc

Using Google Map Service
The web giant, Google, provides a free GIS
service—Google Map (Google Map) which requires
no charge for users to register to use. Google Map is
based on AJAX technology to speed up the data
transmission between server and client. The
functionalities that Google Map provides include map
movement, position, geocoding, image and polyline
drawing on map, marker, etc. The purpose of using
Google Map is to use it as a base layer to display
analytical results produced by TELES

Functionalities and Interface of Seismic Disaster
Simulation System
Clients are allowed to define seismic source
parameters at will, for example, longitude and
latitude of an epicenter, focal depth, and magnitude.
After the parameters are sent to and processed by the
server engine, analytical results are displayed in the
clients’ screen. The analytical results include the
number of buildings in different damage states, the
number of injured and death tolls, and the direct
economic losses of buildings.
Through the
Web-GIS interface, people can investigate these
results explicitly and quickly.

Owing to the ubiquitous and cross-platform
characteristic of internet, the plentiful data of early
seismic loss estimation produced by TELES could be
viewed easily on the web without installing expense
software (Fig. 6). Moreover, by integrating Google
Map service, Fig. 7 gives users an instinctive
manipulation on those geographical data.

Earthquake Parameters Defined by Clients

Conclusions

A whole map of Taiwan appears on screen as
soon as clients connect to Seismic Disaster
Simulation. Seismic Disaster Simulation will firstly
perform the validations of parameters before
responding the analytical data to clients. Validations
executed include the magnitude between 5.0 to 7.0,
focal depth between 0 to 120 kilometer, longitude
between 21 to 26 degree, and latitude between 21 to
26 degree. According to these parameters, Seismic
Disaster Simulation System will display the most
relevant data in database to clients (Fig.3).

This project takes take advantage of World Wide
Web and the state-of-the-art technologies, such
Web-GIS, Google Map, and AJAX to establish the
Seismic Disaster Simulation Website. With little cost
and simplicity brought by this project, clients could
currently experience the GIS software. Furthermore,
it helps to make the data of the early seismic loss
estimation in TELES public.

References
Google Map, http://map.google.com/

Damage Assessment of General Building Stocks
The general building stocks consist of many
buildings of different structural types, seismic
behavior and usages. This report only provide clients
the structural damage to general building stocks, such
as residence houses, shops, offices, and factories.
According to fault rupture input, Seismic Disaster
Simulation System will draw a thematic map as Fig.3
Fig.4, and Fig.5.
Casualty Estimation
The casualty estimation defined in TELES is
breakdown into four injury severity levels,
respectively, “injuries requiring basic medical aid
without hospitalization”, “injuries requiring a greater
degree of medical care but not expected to threaten

Fig. 3 The thematic image of general building
damage assessment performing on county
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map

Fig. 4 The thematic image of general building
damage assessment performing on town
map
Fig. 7 Searching buildings around the epicenter
using Google Map

Fig. 5 The comparison of the assessment results
caused by different fault strikes

Fig. 6 Result set of early seismic loss estimation
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Repair Rate Analysis of Water Pipelines
Chin-Hsun Yeh1, Gee-Yu Liu2 and Hsiang-Yuan Hung3
葉錦勳 1、劉季宇 2、洪祥瑗 3

Abstract
Seismic damage assessment of potable water systems is a very important task in
proposing disaster mitigation plans. In the literature, ground motion intensities such as
peak ground acceleration, peak ground velocity, permanent ground deformation, etc. have
been used in the regression formulas. Nevertheless, a combined effect of these parameters
was rarely studies. With reference to large GIS databases compiled after 1999 Chi-Chi
earthquake, this paper adopts the approach of regression analyses to obtain empirical repair
rate formulae for buried water pipelines considering the effects of ground shaking and
permanent ground deformation simultaneously. The widespread observations of strong
motion and ground deformation make the attained formulae very unique when compared
with the data from other earthquakes.
Keywords: seismic damage assessment, buried pipelines, repair rate

the Chi-Chi earthquake. Regression models for the
pipeline repair rate with respect to the peak ground
acceleration (PGA) and ground strain are proposed.

Introduction
The catastrophic Chi-Chi earthquake with a main
shock of Richter magnitude 7.3 took place in central
Taiwan on September 21, 1999. The earthquake was
caused by the rupture of Chelungpu fault with rupture
length greater than 90km and permanent displacement
larger than 10 m. As a result, more than 2,400 people
died, 11,000 wounded, and 100,000 were left
homeless. The earthquake also caused severe damage
and disruption to lifeline systems. Regarding the water
supply systems, the damage to Shihgang Dam alone
reduced 40% of water supply to Taichung area. A
major water-treatment plant at Fengyuan was severely
damaged and a nearby main that crossed the fault was
deformed and blocked (Schiff et al., 2000). The
widespread damage to facilities and pipeline systems
made water unavailable to many cities for long period
of time. A full restoration of the water supply in
Taichung City took nine days. For some rural areas, it
took an even longer time to resume.

GIS Database

Displacements at
LSB Control Points
Water Pipelines
and Damage Data

Pipeline Length
in Each Grid Cell

2
3

No. of Pipeline
Repair Points in
Each Grid Cell

PGD Value at Each
Grid Cell by
Interpolation
Ground Strain Value at
Each Grid Cell by
Numerical Differentiation

Time Histories of
Strong Motion at
CWB Stations
PGA Values at
CWB Stations
PGA Value at Each
Grid Cell by
Interpolation

Repair Rate and the Corresponding Ground
Motion/Displacement/Strain by Moving Average Method
Regression Analysis

Fig. 1 The analysis framework for seismic repair
rate of buried water pipelines
Fig. 1 depicts the analysis framework for studying
seismic repair-rate of buried water pipelines in this
study. At first, the study area was split into uniform
0.5 km×0.5 km grid cells to create a grid system. The
grid cells were employed as the basic geographic units
for spatial analysis of pipe inventory, repair points and

The objective of this study is to investigate the
relationship between the number of repairs of buried
water pipelines and the strong motion and ground
deformation based on the database established after
1

Grid System
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the database. For this reason, small pipes are excluded
from the analyses in this study.

seismic parameters. Secondly, the strong-motion
records, from the Central Weather Bureau (CWB),
Ministry of Transportation and Communication were
used to estimate the distribution of PGA. Similarly,
the global position measurements at control points,
before and after the Chi-Chi earthquake, by the Land
Survey Bureau (LSB), Ministry of the Interior were
used to estimate the distribution of permanent ground
displacement (PGD). The attained PGD distribution
was further used to estimate the distribution of ground
strain. Then, the water pipeline inventory and the
associated repair data were splitted into each grid cell.
After partition of various kinds of data into grid cells,
it became ready to carry out the spatial analysis of
pipeline repair rate and the further regression analysis.

More than 90% of the pipes and repair-points in
the database belong to ductile pipes, such as PVC, PE,
DI and steel pipes. Although the pipe material is one
of the factors that influence the repair rate after
earthquakes, we will not distinguish the pipe material
for simplicity, in the following regression analysis.
Table 1 The pipeline information in the study area

The Study Area, Water Pipeline and
Repair Data

Type

Diameter Range

Length

# of Repairs

Large

d > 150mm

745km

159

Medium

150mm ≥ d ≥ 65mm

1,989km

854

Small

d < 65mm

740km

1,801

Distributions of Ground Motion Intensity
and Deformation

A total of 11 cities and towns whose pipeline
inventory including location, diameter, material, etc.,
and the data of earthquake-induced pipe repairs have
been collected, digitized and imported into a GISbased database. These cities and towns include
Fengyuan, Jhuolan, Dongshih, Shihgang, Wufong,
Lugang, Huatan, Fusing, Puli, Mingjian and Douliou,
see Fig. 2.

More than 400 sets of three-component free-field
ground motions were recorded during the Chi-Chi
earthquake. Here, the PGA value at each CWB
strong-motion station referred to the geometric mean
of PGA values in the east-west direction and
north-south direction. The PGA value at each grid cell
is then calculated through numerical interpolation (and
extrapolation). In order to prevent the undesired peaks
and dips that might be artificially generated, the
algorithm of minimum curvature is employed for the
numerical interpolation.

Fig. 2 The study areas of 11 cities and towns in
central Taiwan
The nominal diameters of water pipes in the
database vary between 20mm and 2,400mm. Table 1
summarizes the diameter range, total length and
number of repairs of large, medium and small pipes in
the database. It is noted in Table 1 that the average
repair rate for small pipelines was several times larger
than those of medium and large pipes. The small pipes,
with nominal diameter less than 65 mm, are often used
to connect distribution pipes to the customer ends.
Many researchers do not include small pipes in their
study as the corresponding data may be incomplete in
58

Fig. 3 The PGA distribution in the Chi-Chi
earthquake (dots: the CWB strong-motion
stations)
While for the PGD, the high precision GPS survey
data before and after the Chi-Chi earthquake by the
LSB has been well compiled by Chang et al. (2004). It
serves as a good basis for finding out the actual
change in topography in Taiwan caused by the
earthquake. Similar to the numerical interpolation for
attaining the PGA distribution, each component of the
displacement field can be separately estimated from
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by the pipeline length.

the measured value at each LSB control points. The
only difference here would be that the displacement
field in the hanging wall area and the corresponding
one in the footwall area have to be estimated
separately to preserve its discontinuity along the
Chelungpu fault. Finally, we may have the PGD
distribution by calculating the magnitude of displacement vector at each grid cell, see Fig. 4.

Conventionally, the pipe repair rates were counted
based on an equal interval value of ground motion
intensity and/or deformation. The defect of this
approach, as has been pointed out Hwang et al. (2004),
is that the pipeline length may be quite different in
each interval and the computed pipe repair rate may
vary significantly depending on the selected interval
value. To confront this defect, they have instead
proposed an alternative approach: the repair rate data
points used for regression analysis are computed from
the pipeline data of approximately equal length and
may associate with different interval values of seismic
parameters. In order to further increase repair rate data
points for a better description of pipeline vulnerability,
a moving average method was used in this study.
Using this, data points at the same interval value can
be attained.

From the attained distribution of PGD values in
three directions, the ground strain can be derived
through direct calculation, see Fig. 5.

In order to simplify the analysis, it is assumed in
this study that the pipeline repair rate is a function of
two seismic factors: the ground shaking and the
permanent ground deformation. It is further assumed
that the two factors are not correlated and the pipeline
repairs caused by them can be superposed. In other
words, the pipeline repair rate can be expressed as
RR = RR shake + RR deform

Fig. 4 The PGD distribution in the Chi-Chi
earthquake (dots: the LSB position control
points)

(1)

where RR shake and RR deform are the repair rates caused
by the ground shaking and the permanent ground
deformation, respectively.
The Chelungpu fault is a thrust fault and its fault
plane has a small dip angle. As a result, the severity of
ground deformation in the hanging wall area was
much greater than the one in the footwall area. For
this reason, the regression analysis was divided into
two stages. In the first stage, we excluded the pipeline
data from regions with ground strain greater than
0.001 and derived the regression formula for the first
term in the RHS of Eq. (1), i.e. RR shake. Then, after
deducting from the observed data the contribution
from RR shake, the regression formula for the second
term in the RHS of Eq. (1), i.e. RR deform, was derived
in the second stage.

Regression Results

Fig. 5 The ground strain caused by the Chi-Chi
earthquake

The repair rate data points and regression results
for RR shake have both been depicted in Fig. 6. A
pipeline length of 200km was employed for each data
point, which separates from each other at 10cm/sec2.
The R2 values in the regression analyses were both
found to be greater than 0.9, which means that PGA
can be a suitable estimator for the seismic
vulnerability of buried pipelines in the PGA-dominate
region.

Regression Model and Analysis Approach
Based on the grid system mentioned above, the
pipeline length and number of repairs in each grid cell,
the estimated PGA, PGD and ground strain of each
grid cell have all be calculated and prepared as GIS
layers. Overlaying these layers, it is ready to obtain
the empirical relationship between pipeline repair rate
and various seismic parameters. Here, the pipeline
repair rate is defined as the number of repairs divided

Similarly, the repair rate data points and regression
results for RR deform have both been depicted in Fig. 7.
A pipeline length of 150 and 200km was employed for
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each data point of large-size and mid-size pipelines,
respectively. The data point separates from each other
at a strain interval of 0.002. Here, the R2 values in the
regression analyses, though less than those for PGA,
were both found to be greater than 0.7. Taking into
account the randomness of repair data caused by the
deduction of contribution from ground shaking, the
pipeline repair rates seem well correlated with the
ground strain.

In this study, the water pipeline inventory and the
repair records of 11 cities and towns in central Taiwan
compiled after the Chi-Chi earthquake were employed.
The combined effect of both permanent ground
deformation and ground shaking to the repair rate of
buried water pipelines was carefully investigated.
Regression formulas of pipeline repair rate, classified
by pipe diameters and in terms of PGA and ground
strain, have been successfully obtained. Since the
study region covers wide ranges of PGA and ground
strain, the attained regression results can be utilized
for future implementations in Taiwan without the need
of any undesired extrapolation.

10
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Fig. 7 The relationship between RR deform and
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Finally, the resultant regression models of buries
water pipeline repair rate under the combined effect of
PGA and ground strain can be expressed as
Large-size pipe:
RR = 8.637 ×10 −5 ⋅ PGA1.328 + 7.849 ⋅ ε 0.701

(3)

Mid-size pipe:
RR = 1.103 ×10 −5 ⋅ PGA1.768 + 6.634 ⋅ ε 0.381

(4)

Conclusions
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Taiwan-Japan Collaborative Retrofit Tests on RC
Columns Subjected to High Axial Force and
Double-Curvature Moment
Keh-Chyuan Tsai1 Ming-Lang Lin2 and Pei-Ching Chen3
蔡克銓 1、林敏郎 2、陳沛清 3

Abstract
Recent studies indicated that under a severe earthquake, some existing RC residential
buildings designed according to the old building codes in Taiwan and Japan could be
damaged severely. Shear failure of columns in lower stories always caused severe
damages and are identified as one of the most possible sources of seismic hazard. This
paper focuses on the retrofit techniques for rectangular RC columns using various kinds of
retrofit schemes. The objectives of this study include: (1) collecting additional information
on seismic retrofit of rectangular columns using the PC-bars retrofit scheme, which is a fast
and efficient dry-retrofit method and can be applied successfully as an emergency retrofit,
(2) validating existing retrofit schemes (steel jacketing and CFRP wrapping), and (3)
seeking other retrofit schemes (CFRP wrapping + CFRP anchorage bolts) for rectangular
RC columns. For the purpose of exchanging research results, Taiwan-Japan collaborative
retrofit tests were launched at the National Center of Research on Earthquake Engineering
(NCREE) in 2005. With well-designed test frame, specimens of RC columns were
subjected to high axial force and double-curvature moment during the cyclic loading tests.
A total of eight full-scale specimens were constructed and tested, one as-built benchmark
specimen, and the other seven specimens were retrofitted with different kinds of methods.
Test results demonstrated that the shear failure of the rectangular RC columns can be
prevented by all the tested retrofit schemes. The seismic performance of the rectangular RC
columns can be enhanced significantly by the properly-constructed octagonal steel jacket
and by CFRP wrapping plus CFRP anchorage bolts.
Keywords: retrofit, octagonal steel jacket, CFRP wrapping, PC bars, high axial force,
double-curvature moment

the building elements after its application. Some of the
retrofit methods have been used in the construction
field. They were those with carbon fiber, enlarged
columns, and steel jacket (Fig. 1).

Introduction
In 1999, many reinforced-concrete (RC) buildings
were damaged severely after the Chi-chi earthquake
due to column shear failure. Although the building
codes have been modified to increase the design base
shear, there are still lots of buildings without sufficient
column shear strength. In this, retrofit has become an
important research issue to strengthen the existing
building elements after that event. Various tests of
different retrofit methods have been carried out in
recent years to know the performance and behavior of
1
2
3

Moreover, there are some researches about
retrofitting in Japan. The PC-bars method, which was
developed in Japan, is a sufficient retrofit method and
can be installed easily on rectangular RC columns (Fig.
2). There are four PC bars and four corner blocks in
one set. PC bars are tightened through the turning
holes of the corner blocks and the tighting stress is
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Associate Research Fellow, National Center for Research on Earthquake Engineering, mllin@ncree.org.tw
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researchers from the University of the Ryukyus to
reflect the existing old buildings in Japan. U-type
stirrups were used additionally. The diameter of the
main reinforcements was varied from 25mm to
29mm and the number of reinforcements from twelve
to twenty. The detail of specimens is shown in Fig.
4.The tensile test results of reinforcements are shown
in Table 1. All the eight specimens were poured in
two steps: (1) The foundations were first poured and
the columns; and (2) The cross heads were poured
after the strength of the foundation had already
reached up to 70% of the nominal strength. Cylinders
were made in every different pour steps and the
compression test results are shown in Table 2. After
the construction was completed, different types of
retrofitting were applied on the eight specimens.
Each specimen was named as detailed in Table 3.

transferred from the PC bars to the four corners of the
RC column using the corner blocks. Many
reduced-scale tests have been done in Japan and the
behavior of the specimens was improved after
installing the PC bars (Fig. 3). However, no full-scale
test has been done yet in Japan to improve if it’s
workable or not.
Based on the mutually-beneficial and academic
research reasons, Taiwan-Japan collaborative program
on retrofit has been launched in 2005 by the National
Center of Research on Earthquake Engineering
(NCREE, Taiwan) and the University of the Ryukyus
(Japan). It was expected that the experimental results
and analytical data will give great contributions to the
engineering field.
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Fig. 1. Steel jacket retrofit method.
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Fig. 2. PC bars retrofit method.
(courtesy: Yamakawa, 2004)
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Fig. 3. The performance of PC bars retrofit method.
(courtesy: Yamakawa, 2004)

Fig. 4. (a) Specimen Design 1 (NCREE)
(b) Specimen Design 2 (Uni. of the Ryukyus)

Specimen Depiction and Test Setup

Table 1. Compression test results of cylinders

Consider the insufficient cross ties and stirrups in
RC columns of common old residential buildings.
Then, you will know that the corresponding design
of those specimens was not able to follow the current
building codes. Eight specimens were designed and
constructed. Seven of them were all designed by
NCREE research fellows following the old building
codes. The eighth specimen was designed by

Events
Foundation (Spe.1-Spe.7)
Cross Head (Spe.1-Spe.7)
Column (Spe.1-Spe.7)
Foundation (Spe.8)
Cross Head & Foundation
(Spe.8)
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Compression
Nominal
Strength
Strength
（kg/cm2） （kg/cm2）
210
183.0
210
244.7
210
239.3
210
218.0
210

244.3
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control was adopted because there were gaps among
the actuators, test frame, and the specimen. The
displacement time history process is shown in Fig.6.
The test ended once the strength of the specimen was
lower than 80% of its ultimate strength.

Table 2. Tensile test results of reinforcements
Yield
Nominal
Stress
Strength
（N/mm2） （N/mm2）

Events
#3 (D=10mm)
Rein. Bar
#5 (D=16mm)Rein.
Bar
#8(D=25mm) Rein.
Bar
#9 (D-29mm)Rein.
Bar

Ultimate
Stress
（N/mm2）

280

374

550

420

437

654

Experimental Results

420

490

673

420

489

672

In Japan’s case, specimen R06-PC2 was the first
specimen to be tested. There were some problems in
the initial control method. Also, specimen R06-PC2
was not completed fully due to the unexpected
rotation of the stiffened L-shaped frame which was
supposed to move horizontally during the test. Besides,
after the test of specimen R06-PC2, external control
was proposed for the other specimens since the
deformation of the L-shaped frame and the gap
between the frame and the specimen resulted in
unsymmetrical behavior. After changing the control
method, a new and undamaged specimen called
R06-PC2R, with the same retrofit scheme, was tested.
The test proved that the PC bars installed on the four
corners of the column enhance efficiently its strength
and ductility. The specimen R06-PC1, with different
spacing of PC bars compared with specimen R06-PC2
(see Table 3), still has shown good performance not
only in strength but also, as compared with the
benchmark specimen R06-BM, in ductility.

Table 3. Specimen depiction
Specimen
R06-BM

Instruction
Benchmark
PC bars with spacing
200mm
PC bars with spacing
100mm
PC bars loosened
rectangular carbon fiber
rectangular carbon fiber
with CFRP anchorage
bolts
octagon steel jacket
Redo R06-PC2

R06-PC1
R06-PC2
R06-PC3
R06-RF1
R06-RF2
R06-OS1
R06-PC2R

Note
－
Japan
Japan
Japan
Taiwan
Taiwan
Taiwan
Japan

In Taiwan, the specimen wrapped by the octagon
steel jacket was called R06-OS1 and had the best
performance of all the eight specimens. The strength
and the ductility of the specimen were enhanced
significantly with adequate confinement. The
specimens R06-RF1 and R06-RF2 were both wrapped
by FRP. However, there were several CFRP bolts
anchored on the top and bottom faces of the column of
specimen R06-RF2. It was found that the CFRP
anchorage bolts delayed the fracture time of the FRP
wrapping and improved the ductility of the column.

Fig. 5. Test setup
6
5

Drift Angle(%)

4
3
2
1.5
1

Furthermore, after shear failure occurred, three
emergency retrofits were applied on the tested
specimens R06-BM and R06-PC1 to investigate the
performance of the proposed emergency retrofit
scheme. Steel plates were first attached on the faces of
the column. PC bars were then installed on the faces
of steel plates. The specimens R06-BME and
R06-PC1E were retrofitted by this method. It was
observed that the performance of the emergency
retrofitted columns was enhanced. This kind of retrofit
method can be applied as an emergency retrofit and it
is worthy to suggest for further research on it.

0.75
0.5
0.25

No. of Cycles

2 cycles at each drift angle
Peak
(mm)

4.5
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13.5

18

27

36

54

72
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108

Fig. 6 Displacement-controlled time history
process
It is an important issue to have the specimens be
subjected to high axial force and double-curvature
moment to reflect the real boundary conditions of RC
columns. A test frame was carefully designed to
obtain the needed boundary conditions. The test
setup is shown in Fig. 5. Two horizontal actuators
apply lateral force and two vertical actuators apply
the total axial force of 2,200kN and keep the position
during the test to make the L-shaped frame move
back and forth horizontally. External displacement

The drift ratio vs. shear force plots of all the tested
specimens are shown in Fig.7, and the tests of all the
specimens are shown in Fig. 8.

Conclusions
All the tests have been completed and the
experimental results are under analysis and discussion.
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It is elucidated that the analytical results in this project
can be helpful in the construction field for the
performance of different retrofit methods. 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.
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Fig.7 Drift ratio versus shear force relative plots
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Shear Strengthening of Reinforced Concrete Framed Shear
Walls Using CFRP Strips
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Abstract
The seismic performance of reinforced concrete framed shear walls strengthening with Carbon Fiber
Reinforced Polymer (CFRP) strips was quantitatively investigated in this study. The epoxy-bonded
CFRP was placed in the diagonal positions in shear walls for shear strengthening. Six large-scale
framed shear walls were tested, and the numerical manifold method was adopted to predict its structural
behavior. The results show that the seismic performance of low-rise shear walls strengthening with
CFRP strips was significantly enhanced. However, the enhancement of mid-rise shear walls was
insignificant. In addition, the improvement of the failure specimen directly retrofitted with CFRP strips
was minor. This study is expected to generate both the scientific knowledge and the engineering method
in the infrastructure.
Keywords: reinforced concrete framed shear walls, Carbon Fiber Reinforced Polymer
(CFRP), large-scale structural test, numerical manifold method

Introduction

Experimental System and Results

Seismic retrofit of old building has been an
important research topic, especially after 1999
Chi-Chi earthquake, Taiwan. The urgent issue is to
develop the easy construction and effective retrofit
methods.

Figures 1 and 2 show the schematic configuration
of the representative specimen and test setup. The
displacement controlled cyclic lateral force (Figure 3)
was applied to the specimen.
Six specimens including three mid-rise framed
walls (MW1, MW1C, MW1C2), and three low-rise
framed walls (LW1-LW1R, LW1C, LW1Ca) were
tested. The first letters M and L represent mid-rise
wall and low-rise wall, respectively. The fourth letter
C represents specimen retrofitted with CFRP. LW1R
is the failure specimen directly retrofitted with CFRP
strips. The fixed steel angles are closely contacted
with the boundary columns for specimen LW1C,
while there is 5cm separation between the steel angles
and boundary columns for specimen LW1Ca.

The Carbon Fiber Reinforced Polymer (CFRP) has
been recognized as a lightweight and high strength
material, and it has been used in the retrofit of
infrastructure recently. However, its seismic
performance and effectiveness need further
quantitatively investigated.
The seismic performance of reinforced concrete
framed shear walls strengthening with CFRP strips
was quantitatively investigated in this study. The
epoxy-bonded CFRP was placed in the diagonal
positions in shear walls for shear strengthening. Six
large-scale framed shear walls were tested, and the
numerical manifold method was adopted to predict its
structural behavior.

The cross sections of column and beam are
25cm × 25cm and 40cm × 60cm , respectively.
The steels of both column and beam are #6 steels, and
the spacing of stirrup is 12.5cm. The widths of
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low-rise and mid-rise walls are 300cm and 200cm,
respectively, while both heights are 200cm. Both the
vertical and horizontal steels of wall are #3 steel with
spacing of 25cm, and the thickness of wall is 8cm.
Figures 4 and 5 show the tested prototype
specimens MW1 and LW1. It is found that the failure
of mid-rise framed-wall is the combination of flexure
and shear failure, while the low-rise framed-wall is
shear failure. Figures 6 to 9 show the representative
tested retrofitted specimens LW1R and LW1C, and
the compared load-displacement curves, respectively.
Because the cracks exist in the failure specimen, the
load cannot transfer for the specimen directly
retrofitted with CFRP. Referring to Figures 6 and 7,
it is found that the improvement of the failure
specimen directly retrofitted with CFRP strips was
minor. Alternatively, referring to Figures 8 and 9, it is
found that the low-rise framed shear walls
strengthening with CFRP strips significantly enhance
its seismic performance. Because the fixed steel
angles closely contact with the boundary columns for
specimen LW1C, the steel angles cut the boundary
columns and induce the out of plane failure of wall.
However, the separation of boundary columns and
steel angles will avoid out of plane failure mode and
induce larger energy dissipation.

Fig. 2. Experimental system

Fig. 3. Loading history

Fig. 4. Tested specimen MW1

Fig. 5. Tested specimen LW1

Fig. 1. Schematic configuration of representative
specimen
Fig. 6. Tested specimen LW1R
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The numerical manifold method [3] is adopted for
the numerical modeling. This method is capable of
analyzing both continuous and discontinuous
structures.
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The modified compression-field theory [4] is
applied to analyze the shear wall behavior, while the
structural frame is investigated by the tri-linear model
[2] and the perfectly bonded CFRP is assumed to be a
uni-axial elastic stiffener [1]
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Figure 10 shows the principal stress distribution of
wall element. It is found that the principal directions
are nearly parallel to the diagonal lines. Thus, the
diagonally bonded CFRP can reduce the crack
extension of the wall. The comparisons of numerical
predictions and experimental results of representative
specimens are presented in Figures 11 to 14. It is
found that the numerical manifold method can
effectively predict the monotonic behavior of framed
shear walls strengthening with CFRP.
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Fig. 13. Predicted load-displacement curve of
specimen LW1C
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Conclusions
1. The numerical manifold method can effectively
predict the monotonic behavior of framed shear
walls strengthening with CFRP strips.
2.

The location of fixed steel angle affects the
performance of retrofitted specimen. The steel
angles closely contact with boundary columns
will induce failure of the columns, and the
ultimate displacement and ductility of specimen
will reduce. Alternatively, the separation of
boundary columns and steel angles will induce
larger energy dissipation.

3.

The
low-rise
framed
shear
walls
strengthening with CFRP strips significantly
enhance its seismic performance. However,
the enhancement of mid-rise shear walls
strengthening with CFRP strips was
insignificant, and the improvement of the
failure specimen directly retrofitted with
CFRP strips was minor.

4.

The performance of retrofitted specimen is
significantly reduced when the inclined angle of
CFRP exceeds 100 degrees. The inclined angle is
proposed to between 80 and 100 degrees.
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Abstract
The characterization of earthquake demands for seismic analysis or design requires the
specification of a level of intensity of the ground motion. Response history analyses require
scaling of the ground motion records to a specified level of intensity. This study
investigates the correlation between several ground motion intensity indices and four
response variables: elastic and inelastic spectral ordinates, input energy and hysteretic
energy, based on responses calculated for a specific set of earthquake records. An essential
point of this study is that ground motion indices are relevant as long as they are a sign of
the level of structural response. As expected, it is found that no index is satisfactory over
the entire frequency range. Indeed, indices based on the ground acceleration history rank
better in the acceleration-sensitive region of the spectrum, indices based on ground velocity
are better in the velocity sensitive region, and correspondingly occurs in the
displacement-controlled region. A rank of indices is presented, according to their
correlation with response quantities.
On the other hand, the structure’s ability to survive an earthquake may be measured in
terms of the expected state of damage of the structure after the earthquake. Damage may be
quantified by using any of several damage indices defined as functions whose values can
be related to particular structural damage states. A number of available response-based
damage indices are discussed and critically evaluated for their applicability in seismic
damage evaluation. This study try to construct a new rational approach for damage
assessment which provides a measure of the physical response characteristics of the
structure and is better suited for non-linear structural analysis.
Keywords: damage indices, duration, seismic performance, low-cycle fatigue.

increased energy input and hence greater damage,
while the studies of Bommer et al. and Iyama and
Kuwamura compare events with equal total energy.

Introduction
The variance and influences of the characteristics
of the ground motion is difficult to isolate from field
reports; several authors, however, note differences
between the damage caused by longer-duration
subduction events and that due to crustal earthquakes.
Bommer et al. (1997) and Iyama and Kuwamura
(1999) observe greater damage from the rapid release
of energy of shorter crustal events. Tremblay (1998),
however, suggests that the greater numbers of strong
cycles from subduction events are more damaging.
These observations are compatible as the greater
number of cycles observed by Tremblay lead to an
1
2
3

Failure of the joints of steel moment-resisting frames
has been observed after the Northridge and Kobe
earthquakes (e.g., Tremblay et al. 1995, 1996). Some
of the failures are from the fracture of joints with
poorly detailed partial penetration welds; these may
have failed after a single loading pulse, so failure
could be independent of the earthquake duration.
However, better detailed joints with full-penetration
welds also failed. The cracks in these joints usually
originate in the weld or heat-affected zone, then
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propagate into the flanges and web of the joint. This
failure mechanism is associated with low-cycle
fatigue where cracks propagate under repeated
loading cycles, and hence the duration of the loading
is of critical importance. More conclusive evidence
of this failure type has been found through
experimental testing. Indeed, testing of a wide range
of different types of structural members shows that
the displacement amplitude required to cause failure
generally depends on the number of displacement
cycles. A typical example of one such test is shown
in Figure 1; note that the results for large numbers of
cycles are required to determine the gradient of the
fatigue line, which is critical for determining the
relative importance of cycles with different
amplitudes.

Fig. 1. Plastic rotation vs. fatigue life of top-and-seat
angle connection (after Mander et al. 1995).

Studies Measuring Drift or Displacement

1.6

Studies measuring maximum drift or displacement
generally find that there is no correlation with the
strong ground-motion duration. However, there are
two exceptions to this: studies of structures with
strong strength or stiffness-degrading characteristics
and studies that use inelastic models and experience
the destabilizing action of gravity loads. Gravity loads
can cause the inelastic lateral displacement to be
progressively biased to one side of a structure, so the
lateral
displacement
increases
with
longer
ground-motion duration. A rating is provided which
indicates whether duration or the number of load
cycles was found to be of importance. An example of
a study with a null rating is that of Cornell (1997),
who shows that structural response/demand
parameters using peak response have little dependence
on earthquake magnitude and hence the
ground-motion duration.
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Fig. 2. Plastic rotation vs. fatigue life of top-and-seat
angle connection (after Mander et al. 1995)

Studies Using Cumulative Measures
Cumulative damage functions are typically used to
assess low-cycle fatigue damage and employ different
variations of Miner’s linear damage accumulation,
which was originally developed to calculate
high-cycle fatigue (Miner 1945). Low-cycle fatigue
damage measures implicitly recognize that failure can
be caused by many low-amplitude cycles or fewer
larger-amplitude cycles (e.g., Fig. 1).

Fig. 3. Validation of estimated DM values using
nonlinear dynamic analyses for the school building
before rehabilitation (pure frame): (a) IM-DM curve
for ESDOF system, and (b) correlation of maximum
peak interstory drift ratio and ESDOF displacement.
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maximum ESDOF displacement is illustrated in Fig.
3(a). It can be observed that the IM-DM curve
estimated by FEMA 440 seem to cover the 84%
fractile demand determined by the dynamic analyses.
In addition to the roof displacement, the maximum
peak interstory drift ratio θmax is also determined from
the dynamic analyses, and the plot of maximum peak
interstory drift ratio θmax versus the ESDOF
displacement δ is shown in Fig. 3(b). It is noted that
the predicted curve as illustrated in Fig. 3(b) is defined
by the maximum roof displacement divided by the
total height of the 2-story building, and the maximum
roof displacement is transformed from the estimated
ESDOF displacement δ using the participating factor
of the first mode of the target building.

Studies Using Energy Measures
Housner (1956) was one of the first authors to
suggest that structures be designed so that they have
sufficient energy-absorbing capability to be able to
resist the energy demands exerted by the ground
motion. Housner also suggested that two ground
motions with the same spectral intensity might have
markedly different damage effects if the duration of
one is much greater than that of the other (Housner
1965).

Studies Using Spectral Response
Duration-dependent response spectra can be
classified into two types: the first is constructed to
determine
inelastic
response
by
applying
duration-dependent reduction factors to either
idealised elastic response spectra of the Newmark and
Hall type (Newmark and Hall 1982) or elastic spectra
calculated from a specific accelerogram. The second
type develops elastic response spectra that show the
amplitudes of vibration sustained for a given number
of cycles.

Summary and Conclusions
The question of which damage measure is most
appropriate depends on the failure mode of the
structure under consideration. This can be illustrated
by considering the ways in which a steel
moment-resisting frame can fail:
1. Extreme displacement leads to the formation of
plastic hinges, buckling of critical elements, and
a global mechanism forms causing structural
collapse.
2. Repeated cyclic loading causes the initiation of a
fracture, typically in the joints of the frame,
which grow causing member failure and
structural collapse (e.g., Taucer et al. 2000,
Tremblay et al. 1996, Chai et al. 1995, De
Matteis et al. 2000).
3. Interaction of the above, for example, cyclic
loading and fatigue of welds in built-up column
sections, followed by a story displacement
capable of buckling the weakened columns,
causing structural collapse (e.g., Osteraas and
Krawinkler 1989).
This example also highlights the importance of
the damage metric used. If maximum displacement is
measured then failure mode 1 will be adequately
considered, but failure modes 2 and 3 will not be
properly represented. Measures of cumulative
damage or absorbed hysteretic energy have been
proposed and used by many authors to enable all
potential failure modes to be considered (e.g., Chai
2005).
Measures using peak response are the most
predominantly used measures in design and
assessment applications because of their conceptual
simplicity. Indeed, several studies report difficulties
in estimating cumulative damage measures because
they have greater variability than measures based on
the extreme response. However, experimental studies
of structural members generally show that
accumulated damage measures are appropriate as the
displacement amplitude required to cause failure
depends on the number of displacement cycles (e.g.,
Chai et al. 1995, El-Bahy et al. 1999, Krawinkler and

Studies Considering Variability Measures
The research on building structural performances
is implemented in a probabilistic reliability framework
to develop performance-based design and evaluation
procedures. These procedures, presented in a familiar
demand and resistance factor engineering format
provide engineers with the ability to define a level of
confidence associated with the prediction that a
building design will be able to meet a desired
performance objective. This approach builds upon and
extends the performance-based design procedures
developed in two important ways. First, it provides a
direct method for structural performance to be
evaluated on the basis of global, as opposed to local
behaviors. Second, it permits quantification of the
likelihood that desired performance will actually be
achieved, potentially alleviating liability concerns
related to implementation of performance-based
design approaches. More importantly, the procedures
provide a direct method for the incorporation of
analytical and laboratory research into design
procedures with defined reliability.
In addition to the coefficient method for seismic
performance evaluation procedure, the numerical data
of the maximum responses determined from a series
of nonlinear time history analyses for the school
building before rehabilitation (i.e. pure frame) under
10 earthquake records (Figure 2) are also utilized for
comparison. Each record is scaled by the first-mode
spectral response acceleration to two seismic hazard
levels with Sa=0.7g and Sa=0.9g, which are according
to the design level (10%/50) and the MCE level
(2%/50), respectively, at the specific site of Kouhu
Elementary School. The maximum roof displacement
determined for each scaled record can be transformed
to the ESDOF system, and the distribution of the
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Zohrei 1983, Mander et al. 1994). While the current
state-of-the-practice is to use damage measures
based on the peak response, cumulative damage
measures are likely to become more widely used in
the future as they provide a better indication of the
likely level of damage.
The influence of duration depends on a number
of different factors, including the damage metric and
the structural model, so unqualified statements on
this subject are neither useful nor justified. It is
important that future studies qualify their
conclusions by stating the type of structure, damage
metric, and primary demand parameter, and the
definition of duration or number of cycles employed.
On the whole, it can be concluded that the
coefficient method as specified by FEMA 440 can be
adopted to estimate the 84% fractile demand under the
selected IM values corresponding to any interesting
seismic hazard levels (e.g., SA at 10%/50 and 2%/50).
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The Scenario Simulation of Electric Power Systems During
and After Devastating Earthquakes and its Applications
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Abstract
The service discontinuity of electric power systems in a devastating earthquake event
can be temporally split into two phases. Phase 1 refers to the instant service discontinuity
during the shock. Phase 2 refers to the following service discontinuity beginning a while
after the shock when the systems start being restored. In this study, the procedures for
estimating the remained capacity of a damaged power system in both Phase 1 and Phase 2
are discussed in detail. Following this, scenario simulation has been performed with the
power system in Taiwan as an example. The power disruption caused by a devastating
regional earthquake of highest potential has been attained. By employing hazard-consistent
scenario earthquakes, the seismic risk of this system has been assessed. Transformers
whose seismic damage contributes most to the power disruption have been identified.
Keywords: electric power system, scenario simulation, seismic risk

whose seismic damage contributes most to the power
disruption of the system will be provided.

Introduction
Power disruption caused by earthquakes (or other
kinds of hazards) can be temporally split into two
phases. They are illustrated in Figure 1, the load curve
of Taipower’s system during September 20-30 of the
1999 Chi-Chi, Taiwan earthquake event (Taipower,
2000). In this example, Phase 1 refers to the instant
service discontinuity during the shock, while Phase 2
refers to the following service discontinuity beginning
a while after the shock when the system is being
restored.

Phase 1

2
3

Phase 2

t

Based on such a classification of power service
discontinuity, the following sections will begin with a
discussion on the procedures for estimating the
remained capacity of a damaged system regarding
both Phase 1 and Phase 2. Taking the electric power
system in Taiwan as an example, a scenario
simulation will be executed considering the
occurrence of a devastating earthquake that is very
likely in the near future. The seismic risk of the
system will be demon- strated in terms of the so-called
exceedance proba- bility curves (EP curves) and
various confidence intervals for its power service
disruption. A ranking of the vulnerable transformers
1

RPS(t)

Fig. 1 The load curve of the power system in Taiwan
during the 1999 Chi-Chi earthquake as an
example showing Phase 1 and Phase 2 of
power service discontinuity

Procedures for Estimating the Power
Disruption in Phase 1 and Phase 2
The routine power utility analyses mainly deal
with an intact system. However, for a damaged system,
its topology may be ruined and become power-flow
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non-analyzable. Its performance then could not be
estimated except through an otherwise developed
approach. To meet this special requirement, procedures for evaluating the performance a damaged
system in terms of its power service discontinuity in
both Phase 1 and Phase 2 have been proposed by
Shinozuka et al. (2004) and the authors (Liu et al.
2005), respectively. Figure 2 depicts the analysis flow
charts for the case of Phase 1. It is more or less the
same as Shinozuka et al.’s. This procedure reads: 1.
Input the system inventory and damage data, and then
modify the inventory to remove (isolate) the damaged
equipment; 2. Check and isolate nodes and lines
which are disconnected to the system due to the
removal in Step 1; 3. Perform power flow analysis.
Count the result as a blackout event for a system with
the prescribed damage and stop analysis if no solution
is found; 4. Check and remove from the converged
solution the buses with abnormal voltage and lines
with abnormal current. This step refers to the
automatic activation of the system’s relay protection
for isolating equipment from further electrical damage.
Go to Step 2 if any abnormality is found; 5. Check if
the final solution meets the condition of power
balance. If yes, summarize the power output; if no,
count as a blackout event again. Stop analysis.
Input the system inventory (for power flow analysis)
and the equipment damage data

Vi ,damaged − Vi
Vi

≤ 0.1

Yet in this study, the authors adopt two looser criteria
for both bus voltage and line current. At any bus i or
in any line j, the new inequalities read ( I being the
current rating):
I j ,damaged − I j
Vi ,damaged − Vi
≤ 0.2
≤ 0.2
(2)
Vi
Ij
Also, in Step 5, Shinozuka et al. suggested an
inequality for the criterion of power balance of the
system:
∑ P supply ≤ 1.10
1.05 ≤
(3)
∑ Pdemand
This criterion will be followed by the authors too
throughout this study.
Input the system inventory (for power flow analysis)
and the equipment damage data
Modify the system inventory by
isolating the damaged equipment
Any disconnectivity
of nodes (generators, loads or else types of nodes)
and lines to the system?

Any disconnectivity
of nodes (generators, loads or else types of nodes)
and lines to the system?

YES

NO

YES

NO

Remove buses
and lines with
abnormality

Any abnormality
in bus voltage or
line current?

Summarize power output

NO

Any abnormality
in bus voltage or
line current?
YES
Summarize power output

YES
YES

A converged solution?
YES

NO

YES

Power balanced?

Adjust shunt capacitance
Perform power flow analysis
(first stage by Gauss-Seidel method and
second stage by Newton-Raphson Method)

Perform power flow analysis
(first stage by Gauss-Seidel method and
second stage by Newton-Raphson Method)

NO

Redispatch generation and reduce
load according to the locations
of major lines isolated

Re-adjust shunt
capacitance based
upon past
experiences

Isolate the disconnected
nodes and lines

Remove buses
and lines with
abnormality

NO

Isolate the disconnected
nodes and lines

Modify the system inventory by
isolating the damaged equipment

A converged solution?

(1)

NO

End
Count as a
blackout event

Fig. 3 Analysis flow chart for the case of Phase 2
Similarly, Figure 3 depicts the analysis flow charts
for the case of Phase 2, which reads (Liu et al. 2005):
1. Input the system inventory and damage data, and
then modify the inventory to remove (isolate) the
damaged equipment; 2. Check and isolate nodes and
lines which are disconnected to the system due to the
removal in Step 1. Go to Step 4 if there is no disconnectivity; 3. Have the control of the system as the
way a system operator will do, i.e. redispatch the
generation and reduce the system loading (to have

End

Fig. 2 Analysis flow chart for the case of Phase 1
In Step 4, Shinozuka et al. considered only the
voltage issue and gave the following inequality as the
criterion for normal voltage at any bus i ( V being the
voltage rating):
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power balance again) and adjust capacitance of the
shunt capacitor banks in the system (to reduce bus
voltage abnormality); 4. Perform power flow analysis.
The two-stage analysis by first the Gauss-Seidel
method and second the Newton-Raphson method is to
assure a converged yet fast result. Re-adjust the shunt
capacitance and then go back to Step 2 if no solution
is found; 5. Check and remove from the converged
solution the buses with abnormal voltage and lines
with abnormal current. This step refers to a system
operator’s action to expel the abnormality so as to
make the result a sustainable power service condition.
Re-adjust the shunt capacitance and then go back to
Step 2 if any abnormality is found; 5. Summarize the
power output and stop analysis.

Figure 4 depicts the simulated RRPS distributions
of the current system (Phase 1 and Phase 2, without
and with retrofit of its transformers) under an M6.9
seismic scenario, with the white star indicating the
epicenter of this quake. Without taking any retrofitting
measure, an island-wide power supply reduction of
50% or higher will occur immediately after the shock
(Phase 1). A while later, power supply will be restored
for most areas. Yet there will be three cities or
counties that suffer a power outage of 30-90% (Phase
2). However, if retrofitting measure is taken for the
seismic protection of vulnerable transformers, most
areas will stay at a 70% or higher power supply
immediately after the shock (Phase 1), and the power
outage for the previous three cities or counties will be
reduced to 10-30% (Phase 2)!

In Step 5, two tighter criteria for the normality of
both bus voltage and line current are employed here.
At any bus i or in any line j, the criteria read:
I j ,damaged − I j
Vi ,damaged − Vi
≤ 0.1
≤ 0.1
(4)
Vi
Ij
Sometimes, a system’s performance in Phase 1 is
very sensitive to sudden disturbances. At this moment,
it is difficult and takes specialized technique to study
the transient. The analysis procedures proposed in this
study therefore focus only upon the steady-state
capacity of the system, and the issue of system
stability is not considered. Also, in this study, only the
damage within the system is considered, and no repair
work is involved in the following simulation for the
case of Phase 2. In the following analyses, the electric
power system in Taiwan has been taken as a case
study. As before (Liu et al., 2005 and 2006), the
author adopted the two fragility curves developed by
UWG and applied to the 345/161 and 161/69kV
transformers in this system. These two curves have
also been modi- fied for representing the seismic
vulnerability of the transformers if they were
retrofitted by base isolation technology. A collection
of 3866 hazard-consistent scenario earthquakes (of
horizontal line source model) with magnitude ≥ 6 has
been employed for the use of seismic risk assessment.

(b) Phase 2, w/o Retrofit

(a) Phase 1, w/o Retrofit

RRPS
Value
PPRS value

RRPS
Value
PPRS value
0.9 to 1
(2)
0.6 to 0.7 (7)
0.5 to 0.6 (13)

0.9 to 1
(2)
0.6 to 0.7 (1)
0.3 to 0.4 (2)
0.1 to 0.2 (4)
0 to 0.1 (13)

(c) Phase 1, w/ Retrofit

(d) Phase 2, w/ Retrofit

RRPS
Value
PPRS value

RRPS
Value
PPRS value

0.4 to 0.5 (2)
0.3 to 0.4 (2)
0.2 to 0.3 (18)

0.3 to 0.4 (2)
0.2 to 0.3 (1)
0.1 to 0.2 (2)
0 to 0.1 (17)

Fig. 4 The simulated RRPS distributions of the power
system (Phase 1 and Phase 2, w/o and w/
retrofit of transformers) under an M6.9 earthquake scenario
(Whole Area, Phase 1)

0

Finally, when the Monte Carlo simulation is performed for a scenario, the value of RRPS (ratio of
reduction in power supply, i.e. 1.0 minus the ratio
between the power supply capacity of the damaged
system and the one of the intact system) can be
expressed as:
⎡ 1 N
⎤
1
RRPS = 1 −
(5)
⋅⎢
∑ PSCDS i ⎥
PSCIS ⎣ N MCS i =1
⎦
where N MCS is the number of cases employed in the
Monte Carlo simulation, and PSCIS and PSCDS i are
the power supply capacity of the intact system and the
power supply capacity of the damaged system in case
i, respectively. In this study, N MCS = 20.
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Fig. 5 The EP curves and confidence intervals for the
power service disruption to the whole area in
Taiwan (left: Phase 1, right: Phase 2)
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Seismic Risk of a Power System

Conclusions

The seismic risk an electric power system is
exposed to can be demonstrated by the EP curves. The
EP curve is generated by plotting the annual exceedance probability against the value of RRPS attained
from each earthquake scenario. The EP curves for the
power service disruption of the whole area in Taiwan
regarding Phase 1 and Phase 2 have been depicted in
the right and the left of Figure 5, respectively. Given
an RRPS value, one can easily read the chance per
year that the ratio of reduction in power supply lower
than or equal to the specified value will occur, and
vice versa. The value of RRPS has a lower bound of 0
and an upper bound of 1. If it is assumed a betadistributed random variable with a mean and a
variance decided by the Monte Carlo simulation, then
a large set of RRPS values can be generated by Monte
Carlo simulation again for attaining any desired
confidence interval of the EP curves. Following this,
the confidence intervals of 25%-75%, 15%-85% and
5%-95% of the EP curves have also been depicted in
Figure 5.

This study starts by proposing that the service
discontinuity of electric power systems in a devastating earthquake event can be split into two phases,
i.e. Phase 1 (instant disruption) and Phase 2 (disruption during the stage of restoration). The natures of
these two phases are, as have been discussed, quite
different from each other. Most of all, comprehensive
procedures for estimating the remained capacity of a
damaged system regarding Phase 1 and Phase 2 have
been provided. These procedures can be employed by
power utility managers and operators to assess their
systems while dealing with seismic hazard or other
types of natural or man-made hazards.
Scenario simulation has been performed with the
system in Taiwan. For example, the power disruption
caused by a devastating regional earthquake of highest
potential has been attained. The seismic risk of the
system has been revealed in terms of the EP curves
and confidence intervals for various kinds of power
service disruption. The way to specify the ranking of
vulnerable transformers whose damage contributes
most to the seismic power disruption of the system
have been introduced.

The Ranking of Vulnerable Transformers’
Significance to the Power System
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Abstract
The purpose of the research was to evaluate the seismic performance of segmental
precast concrete piers with the proposed connection details by means of physical testing. A
two-phase experimental program was designed to achieve this objective. The first-phase
experiment focused on the testing of the critical connection of the segmental pier. It
examined the various design parameters of the critical connection affecting the seismic
performance of the pier. The results of the first-phase testing were then used to design the
specimens in the second-phase experiment. The second-phase experiment tested the bridge
piers as a whole including the critical connections and the other connections.
Keywords: precast, segmental column, seismic behavior, critical connection

Introduction

Critical Connection Testing

Over the past 20 years, the use of the precast
modular construction for accelerated bridge
construction has gained increasingly attention in the
United States. Precast modular construction allows
bridge engineers to minimize accidents in the work
zone, to reduce traffic disruptions, and to increase the
speed of construction, while maintaining construction
quality and minimizing the life-time cost and
environmental impact. Most of the applications,
however, have been in low-seismicity regions. In
particular, there hasn’t been any application of the
segmental precast bridge column in moderate to
high-seismicity regions such as the state of California
in United States or Taiwan. To investigate the use of
segmental bridge columns in high-seismicity regions,
a cooperative research project is established between
the National Center for Research on Earthquake
Engineering
(NCREE)
in
Taiwan
and
Multidisciplinary Center for Earthquake Engineering
Research (MCEER) at University at Buffalo in the
United States. The co-PIs of this cooperative research
project are Professor K. C. Chang (National Taiwan
University) and George C. Lee (University at
Buffalo).

The main objectives of the critical connection
testing are to (1) investigate the constructability of the
proposed construction method for the critical
connection, (2) to examine the required embedded
length and the bond-slip behavior of the energy
dissipation bars (ED bars) grouted or precast at the
critical connection, (3) to investigate the energy
dissipation capability of the critical connection.

1
2
3
4
5

24 specimens were constructed and tested under
monotonic loading while 12 specimens tested under
cyclic loading. Two types of specimens were tested.
Figure 1(a) and 1(b) show the design drawings of the
foundation specimen and the base segment specimen.
The foundation specimen is to simulate the condition
of the ED bars grouted in the pier foundation. The
base segment specimen is to simulate the ED bars in
one of the panel walls of the base column segment,
where the ED bars are precast with the segment. Each
foundation specimen has three steel corrugated ducts
with a diameter of 80mm precast in the concrete and is
grouted after the ED bars are installed. Some of the
bars are wrapped with duct tapes to investigate the
effect of additionally unbonding from the grout. Each

Professor and Chairman, Department of Civil Engineering, National Taiwan University
Professor, Deptartment of Civil, structural and environmental Engineering, University at Buffalo
Ph. D candidate, Deptartment of Civil, structural and environmental Engineering, University at Buffalo
Assistant Researcher, National Center for Research on Earthquake Engineering
Graduate student, Department of Civil Engineering, National Taiwan University
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130mm(8db), figure 4(b) shows that the bar can be
displaced 3mm more before it is fractured. Figure 4(c)
shows that #8 bar without
is fractured at the
displacement of 20mm and can be displaced 8mm
more with
of 200mm(8db). It manifests the
positive effect of additional unbonding on delaying
the bar fracture or, in other words, increasing the
energy dissipation.

base segment specimen has three ED bars precast and
confined by the No. 3 transverse reinforcement at a
vertical spacing of 70mm. #5 and #8 bars are
investigated. The loading method includes monotonic
loading and cyclic loading. The main purpose of
monotonic loading is to investigate the equivalent
unbonded length, , while cyclic loading is to
examine the low cycle fatigue of the ED bars. Figure 2
shows that the test setup of the critical connection
testing.

Equivalent unbonded length
Leu (db)

The testing results show that a bar of smaller size
needs longer additional unbonded length if it is
necessary. On the other hand, a bar of larger size may
not need additional unbonding. If the size of the bar is
too large, the equivalent unbonded length of the bar
may become excessively long, which could greatly
decrease the level of plastic strain in the bar and hence
the energy dissipation. In that case, the strength of the
grout or concrete or the confinement may need to be
increased to reduce the equivalent unbonded length.

Fig. 1. Specimens for critical connection testing
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Fig. 3. Equivalent unbonded length
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Fig. 4. The force-slip behavior of the ED bars in
foundation specimens under cyclic loading (a) F5C (b)
F5UC (c) F8C (d) F8UC

(b) cyclic loading test
Fig. 2. Test setup of connection test
Figure 3 shows that the equivalent unbonded
length, , increases as the maximum strain, ,
increases. It implies that as the
increases, the
damage in the bond between the bar and the grout or
concrete increases. For the foundation specimens,
figure 4(a) shows that #5 bar without additional
unbonding under cyclic loading is fractured after
being cycled up to a displacement of 13mm. If the bar
is additionally unbonded for a length,
, of

Small Scale Pier Testing
The main objectives of small scale pier testing
include (1) investigating the constructability of the
pier specimens, including the formwork, the
installation, the prestressing and grouting operations,
and (2) examining the seismic behavior of the piers as
a whole, including the lateral stiffness and strength,
78
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ductility, failure modes, seismic energy dissipation,
and residual displacement. The design of the critical
connection of the pier specimen is based on results of
critical connection testing.

Fig. 5. Test setup
A total of 7 pier specimens were constructed. Each
specimen includes a foundation, four hollow precast
segments and a precast pier cap with a total height of
18.7 ft (5.7m), as shown in Figure 5. Two vertical
actuators were used to apply the dead load with a
force in each actuator equal to 728kN, which was kept
constant throughout the test. One horizontal actuator
was used to apply the lateral force to the pier cap to
simulate the seismic loading. Among the 7 specimens,
the first 3 specimens were tested under cyclic loading
while the other 3 under pseudo-dynamic loading. For
the first pier specimen in each type of loading, no mild
steel bars was extended across the segment joints,
which is a common feature for existing segmental
piers in the U.S. For the other two specimens, ED bars
anchored at the foundation and extended up to the pier
cap, were designed to enhance the seismic energy
dissipation. The 7th specimen will be tested under
cyclic loading to investigate the effect of the
magnitude of prestressing. The cyclic loading was
applied to the specimens under displacement-control
to the drift levels of 0.25%, 0.375%, 0.5%, 0.75%,
1.0%, 1.5%, 2.0%, 3.0%, 4.0%, 5% and 6%. Each
cycle was repeated twice. The pseudo-dynamic
loading consisted of two successive design
earthquakes followed by a maximum probable
earthquake. The specimens after being subject to
pseudo-dynamic loading were later subject to cyclic
loading to observe their remaining structural
capacities.

Fig. 6. Pier C5C at 6% drift ratio (Note the gap
opening at base as pointed).
The testing results under cyclic loading showed
that the specimens all exhibited satisfactory ductile
behaviors with ductility capacity ranging from 10 to
18. Figure 6 shows pier C5C at 6% drift ratio. The gap
opening at the column base can be clearly seen. Part
of the testing results is shown in Figure 7, with lateral
displacement up to 5% drift ratio. The specimen C0C,
as shown in Figure 7(a), exhibited a fully-jointed
behavior with little energy dissipation, where most of
the concrete cracking is concentrated at the base
segment joint. With different amount of energy
dissipation bars added, the other specimens exhibited
the other two types of hysteretic behaviors, namely,
the partially-jointed behavior, C5C and C5C-1, as
shown in Figure 7(b) and 7(d) and the emulative
behavior, shown in Figure 7(c), where the concrete
cracking spread more through the column and the
energy dissipation is greatly increased.
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"Seismic Performance of Precast Prestressed
Concrete Bridge Columns," The Sixteenth Kkcnn
Symposium on Civil Engineering, Korea, 2003.

The results of the testing using pseudo-dynamic
loading showed that the three types of piers were able
to sustain the two successive design earthquakes
without significant strength degradation and they
performed as expected under the maximum probable
earthquakes. No brittle failure such as shear failure or
joint slip failure had occurred. The specimens under
cyclic loading after being subject to the maximum
probable earthquakes showed that they still possessed
significant structural capabilities in terms of lateral
strength and stiffness.

Conclusions
The testing results show that the developed
segmental piers possess satisfactory ductility with
ductility factors ranging from 10 to 18. The piers can
be categorized into three types in terms of hysteretic
energy dissipation, namely, fully jointed, partially
jointed and emulative type. Each type has merits and
drawbacks in terms of ductility, hysteretic energy
dissipation, and maximum residual displacement
under lateral cyclic loading. The engineers can select
the one which best suit their needs depending on the
seismic performance objective required by the project.
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Abstract
In recent years, several researchers have confirmed that steel plate shear wall (SPSW)
is a very effective energy-dissipating element which reduces the seismic responses of
building structures. However, detailed ABAQUS analyses made for large-scale test
specimens are rather limited. For this purpose, this study is developed to conduct FEM
model development and to make detailed comparisons between FEM and test results.
ABAQUS analysis is used first to investigate the overall behavior of the three
single-story single-bay SPSWs tested at NCREE. It is illustrated that the hysteretic
responses of the three SPSW specimens can be simulated accurately by using a tri-linearly
combined isotropic and kinematic hardening material model. In addition, it was found that
the FEM model without restrainers had an elastic stiffness of 607MN/radian, and therefore,
resulted to a 5% overestimate of the experimental stiffness.
Keywords: Steel plate shear wall (SPSW), Shell buckle analysis, ABAQUS analysis.

Introduction

Steel Plate Shear Wall Systems

In recent years, several researchers have
confirmed that steel plate shear wall (SPSW) is a very
effective energy-dissipating element against seismic
responses of building structures. It has been
investigated for the use in retrofit and new design as a
primary lateral force-resisting system in building
structures. Several large-scale SPSW specimens had
been tested at the National Center for Research on
Earthquake Engineering (NCREE). Considering the
huge costs of manpower and resources, the detailed
ABAQUS analysis for large-scale test specimens was
introduced. This study focuses on the development of
establishing FEM model and on the making of
detailed comparisons between FEM and test results.
After achieving an accurate FEM model, the
recommendations would be needed for the ductility
design requirement of SPSW for the beams of
boundary frame and the SPSW systems based on the
investigation of different several ABAQUS analytical
cases.

Because of high strength and stiffness, thin plates
are often used in the SPSW system. So, the infill plate
of SPSW system is easy to buckle when subjected to
lateral force. Then the buckled plate would form the
tension field action. In this, the SPSW system acts to
resist lateral force and dissipate input energy through
the said tension field action. From the past test results
of single-story SPSW specimen (Lin & Tsai, 2004),
the disadvantages of this system had been found. First,
the energy dissipation ability would be influent
because of the pinching behavior. Second, the large
out-of-plane deformation and buckling sound would
reduce the serviceability of this system. In order to
improve these shortcomings, the stiffened SPSW
system will be provided. Steel tubes and concrete
members were used to restrain the out-of-plane
direction of SPSW. The stiffened SPSW specimens
used two (2T) and three (3T) restrainers as given in
Fig. 1. Test results reveal that the stiffened SPSW
system has better serviceability and has better
energy-dissipating ability.
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also has good performance in simulation modeling.
And the shell model analysis with element S4R spends
less time than model with element S4. The
condensation integration unit often spends less time in
computer calculation when the unit will not have any
deformation due to in-plane bending force. And this
unit also can provide more accurate simulation result
especially in the application of 3-D problem.
3.

Fig. 1. Restrained SPSW specimen (2T).

Conduct Method of ABAQUS FEM Model
The procedures in conducting the ABAQUS
FEM model for simulating the SPSW system is
enumerated as follow:
1.

The establishment of 3-D geometric model

The ideal 1-D beam element is often used to
simulate beam and column members in the real world.
When these simplified members are used, some
assumptions must be brought into our model. This
condition may cause much difference between real
beam behaviors and simulated results of analytical
model. In order to observe the detailed behavior of the
analytical model, 3-D model that is compatible with
the real space geometric need to be established.
2.

Selection of shell element

Several researches (Driver et al., 1998; Vian et
al., 2005) had chosen the shell element in ABAQUS
to simulate the behavior of steel plate. This part of the
study also refers to the documents in analyzing by
ABAQUS and to the proper selection of shell element
in doing the SPSW system analysis. After referring
from the recommendations involved in using
ABAQUS, the shell element S4R is selected to be
used in the SPSW model. The property of S4R
element is given in the preceding statements.
In ABAQOS element database, the shell element
S4 has a minimum displacement when simulating.
This is because the element S4 is a linear complete
integration unit. Each element has four integration
points and the unit would not bend on boundary. Thus,
the element S4 is better than S4R, S8, and S8R in
stiffness. Comparing with the linear condensation
integration unit S4R, this element deformation may
shape like that of a sandglass when suffers from
bending force. However, in order to avoid this
sandglass behavior, this kind of linear condensation
integration unit has two options in its element’s setting,
namely: Option 1: Fine mesh, Option 2: Separate the
concentration load from one point to several points. In
fact, the shell element model often used material with
smaller thickness so that the linear condensation
integration of unit would not have significant
sandglass behavior. Besides, the ABAQUS analysis
software also provides functions to control efficiently
the said sandglass behavior phenomenon. Although
element S4 is better than other elements, element S4R
82

Setting of displacement control

The displacement data which are the inputs in
FEM analysis model pertains to the time history of
real structure test. In order to let the loading behavior
of FEM model close to the behavior of real specimen.
Before assigning the loads to the model, the loading
method on specimen must be considered. Take
one-story specimen (Fig. 1) for example, lateral force
was loaded on the middle-span of the top beam
through a transferring element H-steel beam. In FEM
model, the constrained setting was used to simulate
the displacement constrain of the top beam due to the
load-transferring element H-beam. The displacement
history was loaded on the constrain point as shown in
Fig. 2. And the base supports of this specimen were
both hinge type. Thus in ABAQUS model, the points
of base pin center were set as the rotation axis. In
these two points, the displacement degrees of freedom
were locked. Only the rotation degree of freedom
about pin centered axis was permitted. And the
connectors in ABAQUS were taken to connect
between points of column base section and reference
point of the rotation axis. Assuming that the property
of connector is rigid, and constraining the rotation
degree of freedom parameter setting (SLOT and Link)
and displacement degree of freedom parameter setting
(ALIGN), the shell element nodes of column’s base
will rotate among the reference point of pin centered
axis. In this study, the hinge property was derived
from the above method. Figure 3 shows the hinge
support of the ABAQUS model.
4.

Element material property

This research takes a series of test results of all
beams, columns, and steel plates to simulate the
element material properties needed. The tri-linear
curve was used for simulating the material property.
Considering the module of combined isotropic and
kinematic-hardening behavior in ABAQUS material
database, more accurate element behavior can be
obtained.
5.

Steel plate initial imperfection

If the post-buckling behavior would be given
from ABAQUS model, the initial imperfection must
be acted on steel plate. Without considering the initial
imperfection of steel plate, the analysis result of high
strength, high stiffness, and unbuckled steel plate will
be obtained. Two methods were recommended to
account the initial imperfection on steel plate. These
two methods both used the out-of–plane
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displacements through buckling mode analysis in
setting the initial imperfection. The methods are as
follow: Method 1: Acting imperfections on steel plate
by inputting the buckling mode out-of-plane
displacement through boundary condition commended.
Method 2: Acting imperfections on steel plate by
inputting buckling mode out-of-plane displacement
through text file. The Eigenvalue of steel plate’s
buckling can influence the ratio of out-of-plane
displacement when the initial imperfection is
considered. It was noted that the Eigenvalue will
affect the buckling modes’ contribution ratio to initial
imperfection. Whatever which method we used to
solve the initial imperfection, the relationship between
low-lever modes’ Eigenvalue and modes’ Eigenvalue
close to each other must be considered.

SPSW frame (FEM) is 2580kN, which is about 1.07
times larger than the experimental result.
Specimen 2T
Specimen 2T is a SPSW frame with two
restrainers. The restrainers are made of rectangular
tubes (Tube 100x50x4.5) placed on each side of the
infill plate. The FEM model corresponding to 2T
specimen is shown in Fig. 6. Fig. 7 shows the
relationship of story shear versus inter-story drift ratio,
and the FEM analysis result is also satisfactory with
the experimental result. The FEM analysis result
reveals that in 0.12% inter-drift ratio, the steel plates
has yielded. This analytical response is found to be
similar to the response in test. At this time, the yield
shear strength from FEM model simulation is 638kN.
This value is about 1.07 times larger than the
experimental yield strength. Initial stiffness (FEM) of
SPSW is 6988 kN/%rad., and it is about 1.05 times of
testing result. And the maximum shear strength of
SPSW frame (FEM) is 2558kN, it is about 1.02 times
larger than the experimental result.
Specimen 3T
Specimen 3T has restrainers also on each side of
the infill plate. The only difference is the number of
restrainer: 3T specimen is a SPSW frame with three
restrainers. The section, material, and details of
restrainers are the same with 2T specimen. The FEM
model of 3T specimen is given in Fig. 8. Fig. 9 shows
the relationship of story shear versus inter-story drift
ratio, and the FEM analysis result is found to be
satisfactory with the experimental result. The FEM
analysis result reveals that in 0.12% inter-drift ratio,
the steel plates had yielded. This analytic response
was observed to be similar to the response in test. At
this time, the yield shear strength from FEM model
simulation is 643kN. This value is about 1.05 times
higher than the experimental yield strength. Initial
stiffness (FEM) of SPSW is 7045 kN/%rad, and it is
about 1.06 times higher than the testing result. And
the maximum shear strength of SPSW frame (FEM) is
2558kN, which is about 1.02 times higher than the
experimental result.

Fig. 2. Single-story SPSW FEM model.

Fig. 3. Model setting of hinge supports.

ABAQUS Analysis Results of Single-Story
SPSW Frame
Specimen S
Specimen S is a typical SPSW frame without
restrainers. The infill panels were 3mm-thick LYS
with initial yield strength of 131MPa. The steel
boundary frames, consisting of 345MPa steel
members, were 4000mm wide and 2000mm high,
measured on centers. The sketch of specimen is given
in Fig. 4, and the corresponding FEM model is shown
in Fig. 2. Fig. 5 shows the relationship of story shear
versus inter-story drift ratio, and the FEM analysis
result was found to be satisfactory with the
experimental result. The FEM analysis result reveals
that the steel plates had yielded in 0.12% inter-drift
ratio. This simulation response is similar to the
response in experiment. At this time, the yield shear
strength from FEM model simulation is 568kN. This
value is about 1.05 times larger than the experimental
yield strength. And, the maximum shear strength of

2000mm

250

50

RBS Detail
R250

4000mm

Fig. 4. Typical SPSW frame
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of SPSW frame. This kind of model cannot
acquire the real behavior of infill plate, e.g.
initial steel plate behavior in elastic stage, thus
the SPSW frame response before tension field
action developed and the post-buckle behavior
of steel plate. And by utilizing the FEM model
to simulating can improve above disadvantage
of simplified analytic model.

Fig. 5. FEM analysis result of specimen S

3.

Fig. 6. SPSW FEM model (specimen 2T)

In this study, a simplified method was adopted
that considers restrainers’ effect. Also, the
out-of-plane displacement constrain along the
line of restrainers was considered. This
assumption was not compatible with the real
specimen conditions. Therefore, the analytical
results still have some differences from the
experimental results. If the bitterly-constrained
method can be found or if better analytic tool
(e.g. ABAQUS/Explicit) is used to simulate the
complicate boundary restrain conditions, more
accurate analysis results can be obtained.
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Fig. 7. FEM analysis result of specimen 2T

Fig. 8. SPSW FEM model (specimen 3T)

Fig. 9. FEM analysis result of specimen 3T

Conclusions
Base on the analytical study and test results,
conclusions and recommendations are stated as
follow:
1.

FEM analytical results reveal that the responses
of the SPSWF (specimen S, 2T, and 3T) can be
simulated accurately using shell model in
ABAQUS, and the post-buckle behavior can be
simulated also by inputting proper initial
imperfection of steel plate in the FEM model.

2.

The simplified model used strips to represent the
tension field behavior and to obtain the behavior
84

An Experimental Study of Seismic Protective Systems for
Retrofit of Microelectronics Factories
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Abstract
Considering the weakness of the existing microelectronics factories such as the inverted
pendulum deformation shape of standard fabs and the soft and/or weak stories of the
double fabs, viscous dampers which can increase the system damping ratio and also modify
the lateral deformation shape of the structure may be an effective passive control device to
minimize the damage potential of earthquake to these valuable structures and facilities. In
particular, it has been proved that viscous dampers may also be beneficial to the
micro-vibration control of the fab structures. Two three-story steel structures are used to
respectively simulate the interior structures of a standard fab and a double fab. An
experimental study is conducted using shaking table test for the two structures added with
viscous dampers. A rolling type floor isolation system is also implemented to further
protect the valuable manufacturing facilities housed in the fab structure. Experimental
results have revealed that a significant improvement on the seismic performance of the
structures after the viscous dampers and rolling type floor isolation system are
implemented.
Keywords: Rolling Type Bearing, Viscous Damper, Micro-vibration, microelectronics factories

Introduction
Microchip fabrication facilities, which are often
referred to as “fab” in the semiconductor industry,
may be one of the most important and expensive
structures. Apparently, the nonstructural components
including the microchip manufacturing facilities
housed in the factory are much more valuable
compared with the building itself. However, the
functionality
of
these
valuable
high-tech
manufacturing facilities after an earthquake event also
greatly depends on the seismic performance of the fab
structure considering the fact that the fab structure
houses these important microchip fabrication facilities.
The retrofit of existing microelectronics factories
needs to address the following issues: (1) enhancing
the seismic safety for both the structural and
nonstructural components in the fab structure; (2) not
increasing the micro-vibration level in the structure
after retrofit; and (3) not introducing large vibration
1

and noise that may interfere the manufacturing of
microchip during the construction of the retrofit work.

(a) FrameA

(b) FrameB

Fig. 1 Structural models of the shaking table test
In this study, two three-story steel structures are
designed to simulate the interior structures of a double
fab and a standard fab, which are respectively named
as FrameA (Fig. 1(a)) and FrameB (Fig. 1(b)). In
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order to protect the valuable manufacturing facilities
housed in a fab structure, both the rolling type floor
isolation system and the nonlinear viscous damper are
implemented, and the seismic performance of the two
structures are discussed. Besides, the effect of the
rolling type bearing on the micro-vibration is also
discussed in this study.

Based on the equation, it can be realized that the
equivalent system frequency ( f n ) is related to the

Analysis Model of Rolling Type Bearing

(2)The inclination angle ( θ ) of the bearing surface:

A Rolling Type Bearing (RTB) consists of a top
plate, a base plate and an articulated slider. Due to the
small rolling friction coefficient, the earthquake input
energy can be effectively isolated such that the
seismic force transmitted to the super-structure can be
significantly reduced during an earthquake. Two
cross-arranged articulated sliders are designed so that
the isolation in any horizontal direction of the
excitation can be considered, as shown in Fig. 2(a).
Additionally, in order to take into account the stability
and increase the loading capability in the gravity
direction, the combined isolation system assembled by
four units of RTB, as illustrated in Fig. 2(b), is
implemented in this study.

The larger inclination angle ( θ ) is adopted, the
higher equivalent system frequency ( f n ) is obtained,
as shown in Fig. 4.

following three parameters:
(1)The rolling friction coefficient ( μ r ) of the bearing:
Due to the small μ r , its effect on the equivalent
system frequency ( f n ) can be neglected.
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Fig. 4 Relationship of the equivalent system frequency
and the inclination angle of the bearing surface
(3)The relative displacement between the top plate
and the base plate.
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The equivalent system frequency ( f n ) varies with
different relative displacement during an earthquake
such that the resonance response can be avoided as
possible. Fig. 5 shows that the equivalent system
frequency ( f n ) decreased while the relative
displacement increased. Furthermore, when the
relative displacement is greater than the specific value
(e.g., 20cm), the effect of which on the equivalent
system frequency ( f n ) becomes insignificant.
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Fig. 2 Rolling Type Bearing (RTB) systems
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Fig. 3 Force equilibrium of the articulated slider
The gravity load ( mg ), the normal force
perpendicular to the inclined surface ( N r ), and the
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Fig. 5 Relationship of the equivalent system frequency
and relative displacement

derivation of the equilibrium equation of the
articulated slider along the positive X direction, as
shown in Fig. 3. Assuming the initial displacement
and velocity, x(0) ≥ 0 and x& (0) = 0 , the equilibrium
equation for the first one-fourth cycle ( x& ≤ 0 ) of free
vibration induced by the restoring force is obtained as

Since the normal force ( N r ) can be expressed as
Nr = ( mg - m u&&g tan θ ) ⋅ cosθ in which u&&g is the ground
acceleration, the equilibrium equation can be rewritten
as

mx&& + Nr sin θ − μr Nr cosθ = 0

m( &x& + u&&g ) + N r sin θ + μ r N r cos θ = 0

where N r = mg ⋅ cos θ . From the equation, the
equivalent system frequency ( f n ) of the RTB system

u&&g
&&
&&
x
x u&&g
+
= a = (- cos θ + sin θ )(sin θ + μr cos θ )
g g
g
g

can be determined as
fn =

1.0

0.6

邊梁
不屬於隔震墊本體

θ

1.2

where &&xa / g is the maximum transmitted absolute
acceleration. On the other hand, the minimum
required input excitation acceleration to activate the

1 1 2 g (sin θ cos θ − μ r cos 2 θ )
=
Tn 8
x0

86

2006 NCREE Research Programs
and Accomplishments

drift angle in addition are also obtained for the case of
FrameB subjected to the 30% of the 1940 El Centro
earthquake. The acceleration and displacement time
histories are shown in Fig. 9.

isolation effect of the RTB system can therefore be
determined by
u&&g

μ r cos 2 θ
1 + μ r sin θ cos θ

≥

g

30% El Centor EQK.

3
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From the equations, it is also seen that the acceleration
response of the RTB system is related to the following
three parameters: (1) The rolling friction coefficient
( μ r ) of the bearing; (2) The inclination angle ( θ ) of
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on the RTB acceleration response can be neglected.
Fig. 6 shows that the effect of the input PGA on the
RTB acceleration response is insignificant. It is
worthy of noting that the RTB acceleration response
would be greater than the input PGA when the input
PGA is quite small.
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subjected to the 1940 El Centro earthquake are
respectively illustrated in Fig. 8(a) and (b). In the case
of FrameA subjected to the 30% and 100% of the
1940 El Centro earthquake, both the maximum story
relative displacements and absolute accelerations of
the structure adopting nonlinear viscous dampers are
respectively reduced by approximate 40%~50% and
50%~70% of those of the bare structures. Obviously,
the seismic damage potential induced by the soft
and/or weak stories can also be improved through the
use of nonlinear viscous dampers. Similarly, satisfied
test results including the maximum story shear and
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The acceleration responses of the isolated floor are
significantly reduced through the use of the RTB
system, as shown in Fig.10. However, it should be
noted that the acceleration responses of the isolated
floor may be amplified during the excitation by the
small earthquake. This is because a much larger than
expected damping coefficient of the linear viscous
dampers is used in the test. Therefore, an appropriate
damping coefficient of the viscous dampers should be
well designed for the control of the maximum
displacement without significantly increasing the
acceleration response of the RTB.
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Fig. 9 Response histories of FrameB subjected to the
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Fig. 7 shows that the RTB acceleration response is
primarily governed by the inclination angle ( θ ) of the
bearing surface. A larger inclination angle ( θ ) will
result into a higher acceleration response of the RTB
system.
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The approximate bi-linear hysteresis and the
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acceleration response history of RTB without linear
viscous dampers are shown respectively in Fig. 11(a).
and (b). Apparently, the maximum acceleration
responses are not as large as those of RTB with linear
viscous dampers, and the maximum transmitted
accelerations by RTB remain constant.
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This study evaluates the applicability of seismic
protective systems, RTB and viscous dampers, to
high-tech industrial structures. The theoretical
background of RTB is also briefly deduced herein. In
addition to the proof of the effectiveness of seismic
protective systems in mitigating the seismic hazard to
structures, the micro-vibration of the structure before
and after implementing these seismic protective
systems is discussed. Based on test results, it’s
observed that RTB is the promising method to protect
the IC fab structure and the costly associated facilities
from earthquake damage. Besides, RTB could
generally reduce the high frequency micro-vibration
of the structure, and the low frequency
micro-vibration might possibly be amplified.
Nevertheless, the increased micro-vibration can be
moderated by the appropriate implementation of
viscous dampers.
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Fig. 11 Hysteresis and acceleration response history of
RTB without linear viscous dampers
The transfer functions of RTB with linear viscous
dampers subjected to the 100% of the 1940 El Centro
earthquake are shown in Fig. 12. From which one can
observe that no dominant frequency are contained, or
possible resonant frequencies are varying between 0~
4Hz.
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Fig. 12 Transfer functions of the isolated floor to the roof
The one-third octave frequency spectra for RTB
adopting linear viscous dampers are summarized in
Fig. 13. It’s found that for higher frequencies that may
fall within the range of the equipment operation
frequency is essentially not affected by the
implementation of RTB. For the micro-vibration
corresponding to the natural frequency of the test
structure is greatly reduced in the lateral (X and Y)
directions. However, RTB may induce an increase of
micro-vibration at the lower frequency range in the
lateral (X and Y) directions at a lower frequency which
may fall beyond the frequency range of the
specifications of micro-vibration requirement.
Comparison of RMS Velocity of FrameA_DN_I (PM 6:50:04,2005/01/06)
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The Applications of Displacement-Based Design on
Structural Control
Kuo-Chun Chang 1 and Chang-Yu Chen 2
張國鎮 1、陳長佑 2

Abstract
According to equivalent linear systems, this study presents a preliminary
displacement-based design (DBD) procedure for seismic retrofit of existing buildings using
tuned mass damper (TMD) under the specified seismic loading. The design procedure will
result in well control of the design displacement while obtaining the acceleration of the
roof under the specified seismic loading. The optimum design of the TMD provided by
many references would be used in the design procedure. The design results are compared
with those computed from the dynamic inelastic time history analyses. It is shown from
nonlinear time-history analyses that the maximum nonlinear responses of the retrofitted
building with TMD can be reasonably captured by the presented method. This paper also
shows the methods of modeling TMD by using the SAP2000N and PISA3D nonlinear
analysis programs. These numerical results are compare with the result from the shaking
table test, and summaries some conclusions.
Keywords: displacement-based design, tuned mass damper, passive energy dissipation device

In this study, a shaking table test is used to verify
the accuracy of the proposed DBD method. The
existing base frame is chosen from National Center for
Research on Earthquake Engineering (NCREE).
According to the proposed DBD method, the TMD
can be designed and fabricated. The TMD is placed on
the roof of the base frame. In the test procedure, some
earthquake records are used, and then the test results
are compared with the predicted results. In addition,
the reduction of the response would also be compared
with some references.

Introduction
The purpose of this study is to confer the
displacement-based design (DBD) method for seismic
retrofit of existing buildings using tuned mass damper.
The design method is primarily controlling the
displacement, and this method replaces the nonlinear
time history analysis by the nonlinear pushover
analysis in the design procedure. This method predicts
the maximum response of the nonlinear structure by
using the equivalent linear system. There are many
references that discuss the evaluation of equivalent
linear system. Nevertheless, this study calculates the
equivalent linear system by using the average energy
method and proposes the displacement-based design
method for seismic retrofit of existing multi-story
buildings using tuned mass damper. In addition, the
DBD method considers the effect of multiple modes.
This study, first studies the simulation and verification
of the numerical analysis calculated from SAP2000N
and PISA3D nonlinear analysis program and then
proposes the DBD method for seismic retrofit of
existing multi-story buildings using tuned mass
damper. The design results are compared with those
calculated from nonlinear time history analysis and
then summaries some conclusions.
1
2

Simulation of the Tuned Mass Damper
In the figure 1, the mechanics of the tuned mass
damper are included the stiffness and the damping
devices which are in parallel connection. The stiffness
may be linear or nonlinear, and the damping may also
be linear or nonlinear. The motion equations of the
multi-story building equipped with TMD are as
follows:

[M ][&y&] + [C ][ y& ] + K [ y ] = −[M ][L]u&&g + [P]
m&z& + cz& + kz = −m( &y&N + u&&g )

Professor and Chairman, Dept. of Civil Engineering, National Taiwan University, Taipei, Taiwan
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Where

8

6

, m =mass of the TMD,

2

c =damping of the TMD, k =stiffness of the TMD,
&y&N =acceleration of the roof, u&&g =the ground motion,

z (t )

m

k

c
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-8
Time(sec)

Comparison between SAP2000N Nonlinear Direct Integral and state space analysis under EL Centro earthquake
0.2
0.15
0.1
TMDRelative Displacement(m)

The simulation of the TMD by using the 3D
nonlinear analysis programs can be combined with the
stiffness and damping link elements. The stiffness and
damping link elements are connected parallel to the
structure. The stiffness and damping parameters may
be input linear or nonlinear according to the practice
application.
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Fig. 2 Comparison of the simulate results
It can be found from Fig. 2 that the simulate results
are rather consistence. In the figure 3, the simulated
analysis results by using the SAP2000N are compared
with those calculated from PISA3D.
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This study shows the accuracy of the analysis
results simulated from SAP2000N and PISA3D.
These analysis results would be compared with those
from the numerical calculation of state space. A plane
six stories and two-bay steel frame would be selected
as the base frame. The section of columns for the base
frame is H300x300x10x15mm, and beams for the base
frame is H200x200x8x12mm. The story high is 2.6m
and the distance of one bay is 6m. The story mass is
10 ton. The TMD is installed at the roof of the base
frame. In the figure 2, the simulated analysis results
by using the SAP2000N are compared with the
numerical calculation of state space.
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Fig. 3 Comparison of the simulate results
It can be also found from Fig. 3 that the simulate
results are rather consistence by using SAP2000N and
PISA3D nonlinear analysis programs. Fig.4 shows
that the reduction of displacement and acceleration for
the base frame with TMD. Therefore, it can obtain the
large reduction responses by equipping with the
combination of simple mechanics which should be
correctly designed. In another word, the stiffness and
damping which are connected parallel to the base
frame should be designed according to the optimum
design method. A bad design of TMD would result in
magnifying the response of the base frame.
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H200x150x6x9mm. The design earthquake record is
typeⅡartificial history from Taiwan’s seismic design
provision with PGA=0.5g. The object roof
displacement of the retrofitted frame is 20cm (drift
angle=2.2%).
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Based on the equivalent linear system method, this
study proposes the displacement-based design for
seismic retrofit of the existing multi-story buildings
equipped with TMD. The design object is the control
of the displacement. The design procedure would
repeat the steps until the design displacement equal to
the object displacement. The nonlinear static analysis
and simple linear dynamics analysis will substitute for
nonlinear time history dynamics analysis. Finally, the
design results will be compared with the result
calculated from nonlinear time history dynamics
analysis.

Damper detail design

Fig. 5 DBD design procedure
The final parameters of TMD calculated during the
design process are summarized as table 1. The TMD
mass ratio μ equals to 1%.
Table1 TMD optimum design results
C(t-s/m)
Mass(t-s2/m) Stiffness(t/m)
TMD

The design procedure is as shown in Fig. 5. The
key steps for the design method are the TMD
optimum design and evaluation of the equivalent
linear system. There are many references that discuss
the optimum design of TMD for the linear elastic
structures. [1] But, the reference about optimum
design method of TMD for the nonlinear structure is
less. Because of that the objective of the study is to
research the usability of the DBD applying to the
TMD, the optimum design of TMD for the linear and
nonlinear structure can be used in the design
procedure. In this study, the optimum design of the
TMD for the linear structure would be used in the
design procedure. The optimum design method of
TMD for the nonlinear structure would be study in the
future. The determination of the equivalent linear
system adopts the reference [2]. The TMD would be
simulated as the equivalent frame under the nonlinear
pushover analysis.

0.060765

2.54242

0.0673326

When performing the nonlinear pushover analysis,
the lateral story forces distribution are proportional to
the equation 2. Where
3.

φ

is calculated from equation

Fi ∝ miφi

(2)

φ = Γ1S d (ω1 , ξ1 )φ1 + Γ2 S d (ω 2 , ξ 2 )φ2

(3)

In which

ωi

is the frequency of the ith mode,
th

is the damping ratio of the i mode,

φi

ξi

is the mode

shape of the i mode, Γi is the partition factor of the
th

ith mode, S d is the corresponding displacement from
the spectrum.
The fundamental dynamics characteristics are
summarized as table2. In addition, in order to verify
the accuracy of the design results, the nonlinear time
history dynamics analysis is performed to check the
maximum roof displacement. In table3, it shows that
the maximum roof displacement of the retrofitted
frame with TMD conforms accurately the object
displacement.

The base frame is selected from the NCREE
existing 3-story steel frame. The distance of the short
direction is 3m and the long direction is 4.5m. The
story high is 3m. The mass of 1st and 2nd floor is
11209kg, 3rd floor is 10910kg. The section of the
columns are H200x204x12x12mm, the beams are
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Table2 Fundamental dynamics characteristics
Mode

Period
(sec)

Modal
Mass

Γi

1

1.04

6.09

0.49

8.22

1

0.72

0.31

2

0.87

3.07

0.76

-4.04

1

0.76

0.34

eq

0.95

2.20

1.20

1.69

1

0.74

0.33

TMD

3rd

2nd

1st

Table3 Comparison between DBD and analysis
Te
EQ

1.05

ξ e ( inelastici ty )

ξ e ( damper )

ξ

0.0966

0.0233

0.12

Fig. 6 Configuration of the test frame with TMD

Max. dis.

e

20.1

Nonlinear dynamic analysis

21.83

Shaking Table Test
Due to the consideration of the budget, the existing
3-story steel structure from NCREE is selected to
represent the base frame. The distance of the short
direction is 2m and the long direction is 3m. The story
high is 3m. The total high is 9m, and each floor is
combined with a steel plate whose thickness is 2.5cm.
The mass of 1st and 2nd floor is 3.5ton, 3rd floor is
2.5ton. The sections of the columns and beams are
H150x150x7x10mm.

The 3-story steel frame with TMD was not yielded
under the maximum PGA of the test ground record. It
is because that the real material strength is higher than
the supposition before the test. The limit of the
maximum test PGA of the ground record is decided by
the restriction on the displacement of the shaking table.
In addition, there would be some friction existing in
the TMD system during the relative motion of TMD.
On the basis of above factors, the shaking table test
would not be enough to verify the accuracy of the
DBD method. But the shaking table test can be used to
verify the accuracy of the numerical simulation. As
shown in figure 7, the relative displacement of the
roof under the EL Centro earthquake with PGA=0.5g
calculated by using the SAP2000N consists well with
the test results.
S A P N o n li n e a r A n a ly s i s w it h F r i c t io n V . S . T e s t R e s u l t u n d e r E L 5 0 0 g a l

motion record is EL Centro 1994 earthquake with
PGA=0.5g. The object roof displacement of the
retrofitted frame is 16.2cm (drift angle=1.8%). The
design results are summarized as table 4.
Table4 Design results of the TMD

Bilinear

Mass

Stiffness 1

Stiffness 2

Yield dis.

(ton)

(KN-m)

(KN-m)

(cm)

0.5

21.582

43.507

40

The configuration of the 3-story steel structure
equipped with TMD is as shown in figure 6.
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According to the design procedure of the DBD
method, the mass ratio μ equals to 5% selected to
determine the mass of TMD, and then the mass of
TMD is 500kg. The bilinear-hardening stiffness is
designed to represent the stiffness of TMD system.
Because of the delay of test schedule and the lack of
budget, the TMD system consists of only the stiffness
elements. The optimum design of the TMD system is
test extensively over the range of stiffness ratio (the
second stiffness divided by the first stiffness) =2, 4, 6,
frequency ratio (circular frequency of TMD divided
by the first circular frequency of base
frame) ωTMD / ω1 = 0.9 ~ 1.15 , yielding ratio
(yielding displacement of the TMD divided by the
yielding displacement of the roof for the base
frame) YTMD / Yroof = 0.5 ~ 3 .The test ground
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Fig. 7 Comparison between the test and simulate

Conclusions
The proposed DBD procedure for the seismic
retrofit of existing building equipped with TMD is
simple and available. However, the optimum design of
the TMD for the nonlinear structure would be
extended to research in the future. In addition, the
experiment of nonlinear structure with TMD should
be designed again to verify the proposed DBD
method.
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Abstract
Post-tensioned seismic building systems have the advantage of re-centering after the
effects of earthquake ground accelerations, thereby eliminating permanent drift and reducing
the need for demolishing a building after an earthquake. However, past research on this type
of structural system is rather limited. Recently, coordinated research programs have been
launched in the US and Taiwan to address various issues on post-tensioned seismic building
systems. In both these joint research efforts, national and international collaborations have
been emphasized in order to promote the effective use of laboratory and human resources. It
is believed that through the collaboration between university professors, graduate students
and practitioners, the advancement of knowledge and dissemination of research results can be
accelerated.
This year, which is the third stage, the main issues are focused on the seismic behaviors of
the post-tensioned frame with different energy-dissipating device and beam-to-column
connections with slabs, including the post-tensioned RCS moment frame, the post-tensioned
precast RC wall, the self-centering steel moment resisting frame with supplemental column,
the post-tensioned steel beam to CFT column connections with concrete slabs, post-tensioned
steel beam-to-column joints with friction type energy, and the post-tensioned RC
beam-to-column connections with slabs. In addition to the experimental investigations,
analytical approaches were employed to grasp the earthquake responses of the structural
components and systems. It was expected that through this project, related researches on this
new structural system could be coordinated efficiently.
Keywords: post-tensioned, self-centering, energy-dissipating device

Introduction

beam-to-column joints with friction type energy

A four-year research program on the
post-tensioned seismic building systems has been
launched in the National Center for Research on
Earthquake Engineering (NCREE) in 2004. In the first
year, several researches have been conducted on
post-tensioned RC beam-to-RC column joints, steel
beam-to-CFT column joints, and steel beam-to-RC
column joints using various kinds of energy absorbing
devices. In 2006, several full or large scale tests on
frames, walls and beam-to-column joints were
contacted. These tests include a two directional
post-tensioned RC frame with slabs (see Fig.1), a
two-bay post-tensioned RCS frame (see Fig.3), a
post-tensioned steel moment resisting frame with
supplemental column (see Fig.5), post-tensioned steel

Table 1 Research project in 2006

1
2
3

No.
1
2
3

PI
K.C. Tsai

Project
Seismic Self-Centering Steel Beam-to-Column Moment

Connections using Bolted Web Friction Devices

S.J. Hwang Cyclic Tests of Post-tensioned Precast RC Walls
Experimental Study of Post-tensioned RCS Moment
C.C. Chou
Frame: Interior Beam-to-Column Connections

4

K.C. Lin

Experimental Study of Post-tensioned RCS Moment
Frame: Exterior Beam-to-Column Connections

5

H.L. Hsu

Experimental Study of Post-tensioned RCS Moment
Frame: Column-to-Footing Connections

6

C.T. Cheng

Post-tensioned RC Beam-to-Column Connections with
Slabs

7

C.C. Chen

Self-Centering Steel Moment Resisting Frames with
supplemental Column

8

L.L. Chung

Seismic Behavior of Post-tensioned Steel Beam to CFT
Column Connections with Concrete Slabs
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dissipating devices (see Fig.7), post-tensioned steel
beam-to-CFT column joints with X-shaped steel
dampers (Fig.10), and an unbounded post-tensioned
precast RC wall (Fig.11). Slab has been an important
research issue in the year of 2005. Table 1 shows the
research titles in 2005.

Post-Tensioned RC Beam-to-Column
Connections with Slabs
To simulate the force transfer in floor slab from the
gravity frame to moment-resisting frame during
earthquakes, lateral force was applied at the top of the
column of the gravity frame with elevation 3.2 meters
by 2-1000 kN actuators as shown in Fig. 1. Then the
lateral force was transmitted to the other column of
the gravity frame by a 1.5cm thick 30cm diameter
circular steel tube beam with 50x60x3cm steel end
plates in the push direction, while DSI6803 strands
with 118kN post-tensioned force inside the tube in the
pull direction. The hydraulic actuator at top of
column in gravity frame applied the cyclic load with
displacement control in the form of triangular waves.
To ensure the movement of gravity frame parallel to
the loading direction, one 1000 kN actuator on each
column was installed to hold the column in position
during tests. To measure the gap open in
beam-column connection, slab and beam interface,
rotation of slab and frame, and movement of frame,
many displacement transducers and inclinometers
were installed. Since significant slips between slab
and beams as well as rotations of frame were observed
in the tests, the force in the slab cannot be effectively
transferred between frames, therefore, 2cm thick
energy-dissipating steel angles at the beam-ends of
moment-resisting frame (PT frame) were not installed
through out all the tests.

Fig. 1 Test apparatus
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Fig. 2 Hysteretic curves of two tests

Post-Tensioned RCS Moment Frame
Five cyclic test results of the post-tensioned frame
without placing energy dissipation devices at the
column base were presented in this paper. The first
test was stopped at an interstory drift 2% due to
significant bending of the beam flange close to the
column; the failure mode, resulting in loss of the
initial strand force in the beam by 13%, was never
observed in the previous studies. Rectangular plates
were welded to the beam flanges and webs to retrofit
the beam so that the frame could be retested to an
interstory of 4% for the rest of tests without further
damage or buckling in the beam. Fig. 4 shows the
story shear versus column C2 deformation for the
second and fourth tests; the RFPs were removed in the
fourth test. Two out of eight RFPs fractured towards
an interstory drift 4%, which was noticed by a drop of
the force at steps A and B, respectively.

During test, 5 slabs specimen bent downward in the
out-of-plane direction due to the increase of
post-tensioned force in the slab after loaded that also
led to the twisting of beam on the column face in
gravity frame. Therefore, a steel beam with two steel
posts was supported under the slab at the distance of
2.5 meter from the beam of gravity frame to prevent
the out-of-plane bending of the slab. Fig. 2 shows
the lateral loads with respect to the displacement
recorded by the actuator at the top of the column in
gravity frame. It is found that slab stiffness was
stiffened after united. All components remained
elastic through out the tests. The hysteretic behavior
primarily comes from the friction of beam in gravity
frame horizontally rotating on column faces along
with the force direction. In five slabs test, the gaps in
the beam-column of PT frame were not opened at all,
while opened 0.7 % under the loading of 5% drift in
the united slab test.

Fig. 3 Test setup of a two-bay post-tensioned RCS
frame
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The cyclic responses of a typical friction device
using oversized circular holes are shown in Fig. 6. It is
found that Belleville washers significantly reduced the
vibrations and noises of the FD due to the friction.
Experimental setup for the tests of four PTFD
connection is shown in Fig. 7. Specimen BWFD 6B20
is a PTFD connection with six 20mm diameter F10T
bolts and six SHDS 45×21×5 type Belleville washers.
This has allowed the design decompression moment
reached 0.64Mp. Two 350×250×16mm thick steel
plates and two similar but 3mm thick brass plates
were sandwiched over the beam web. The
trapezoidal-shape beam flange cover plates were
16mm thick, 1250mm long, 350 and 220 mm wide.
The experimental responses and the analytical
predictions of this specimen are given in Fig. 8.

Fig. 4 Story shear versus displacement
relationship
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Three specimens have been tested. Gap opening
and closing between the column-to-beam interfaces
were observed during the testing. Under the
decompression moment, the columns and the beams
remained contact. However, gap opened at the
beam-to-column interface when the lateral load caused
the joint moment greater than the decompression
moment.
Fig. 5 presents the lateral force-displacement
responses of specimens. Bilinear elastic behavior was
observed for specimen P1M0 which is without
supplemental column. Two different elastic behaviors
indicate the stiffness of the frame before and after gap
opening. The plastification of the reduced beam
section led to the hysteretic loop as illustrated in Fig. 5.
Specimen P1M1 failed due to the fracturing of the end
plate of the supplemental column. With rib stiffeners,
specimen P1M2 reached higher strength and stiffness
than P1M1. However, the testing of P1M2 was
terminated at the story drift of 3% rad due to excess
lateral deformation.
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Fig. 6 Cyclic loading test for friction Specimen CB
(circular oversized hole and Belleville washers)
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Fig. 5 Test setup and lateral force-displacement
responses
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Fig. 8 Test and analytical results of Specimen 6B20
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some energy dissipation through damage. The crack
patterns at drift ratio 1 % which occur at right side in
the bottom of the wall panel. The failure of the wall
panel can explain how the unbounded post-tensioned
precast concrete cannot be recentered. In Fig. 12, this
test didn’t finish and stopped at drift ratio 1% due to
instability in out-of-plane direction causes from
insufficient lateral support. According to this defect,
the improved test setup increases the stiffness of the
lateral support in out-of-plane direction to restrain the
test wall against out-of-plane movement.

Post-Tensioned Steel Beam to CFT
Column Connections with Concrete Slabs
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The column of the connection was a square
concrete-filled steel tube with dimension 400×400×10
mm and the beam was H-beam with cross section 500
×200×10×16 mm. 12 strands with diameter 0.6 inch
were penetrated through the connection from one
beam to the other. For specimen BCh30t20, the height
and thickness of the damper were 30 cm and 20 mm,
respectively. For specimen BCh30t15, the height and
thickness of the damper were 30 cm and 15 mm,
respectively. For specimen PBCCSh20t25, the height
and thickness of the damper were 20 cm and 25 mm,
respectively. In addition, slabs were also present. All
the three specimens were tested up to drift ratio 6%.
The relationship between lateral forces and
displacements are shown in Figs. 9-10.
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Fig. 12 load-displacement relationship and test setup
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Fig. 9 Hysteretic loop of Specimen BCh30t20 and
Specimen BCh30t15

Summary
The tests started in the late 2006 are almost
completed. The main results and conclusions are
shown as follows:
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1.

For the RC frame with slabs, deeper hollow-core
slab is recommended for future test.

2.

For the RCS frame, self-centering behavior is
well observed with energy dissipating devices.

3.

For the steel moment resisting frame with
supplemental column, hysteretic loop can be
achieved in the post-tensioned frame.

4.

When the friction devices are properly
incorporated into the steel beam-to-column joints,
the decompression moments remain essentially
unchanged as beam cyclic deformations increase.

5.

For the X-shaped dampers installed on the
beam-to-column joints, optimal design is derived
for the dampers which yielded at all elevations.
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Fig. 10 Hysteretic loop of Specimen PBCCSh20t25

Fig. 11 Specimen PBCCSh20t25 at drift ratio 6%
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Post-Tensioned Precast RC Wall
Fig. 12 shows the lateral load-displacement
relationship for specimen 1 which tested without
energy dissipation device BRB. The initial post
tension force, P0=813kN, is 65% of the PT bar
ultimate strength. In Fig. 12, the specimen 1 didn’t
return to its original position at drift ratio 1% and the
lateral load-displacement hysteresis loop showing
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Seismic Retrofit and Performance-Based Design for
Hospital Structures and Associated Facilities
Jenn-Shin Hwang 1, Shiang-Jung Wang 2 and Fan-Ru Lin3
黃震興 1、汪向榮 2、林凡茹 3

Abstract
To address the issue of the continued operation and acute care medical services after an
earthquake event, the thorough investigation on the domestic and foreign experience, such
as the individual structural and nonstructural characteristics, the seismic damage to the
structural and nonstructural components, the current seismic design code, as well as the
suggested retrofit methods and strategies, are provided in this study. Accordingly, the
appropriate seismic performance categories and design method for structural and
nonstructural components of domestic hospital will be provided in the further study.
Keywords: hospital, non-structural, seismic performance

at parking lots, as a result of non-structural damage.
Eventually, only two hospitals remained operational
after this earthquake.

Introduction
Hospital facilities should remain operational after
a large earthquake so that they could provide urgently
needed health care services to the impacted
populations. In order to upgrading integral seismic
performance of hospitals, it’s necessary to consider
both structural elements and non-structural
components essential to life-safety and the continuing
operation of the facility. In the following, not only
historical experience of hospital facilities but also
California Senate Bill 1953 (SB1953), included
structural and non-structural performance categories
and related regulations, are addressed and discussed to
study the seismic performance criteria and objective
for hospitals.

Hospital Seismic Safety in California
As for historical experiences in U.S., Long Beach
earthquake of 1933 caused widespread damage to
buildings throughout Southern California. Hence, the
Field Act, which mandated that school buildings must
be earthquake-resistant, was passed by the California
State Legislature. The California Office of Statewide
Health Planning and Development (OSHPD) was
created in 1973 as a state agency that superseded the
local building departments in the state from the review
of hospital buildings. The primary impetus for the
formation of the agency was the unexpected failure
and/or significant damage to healthcare facilities
following the 1971 San Fernando earthquake. The
most dramatic failure was the collapse of the newly
constructed Olive View Hospital located in Sylmar.
Due to the significant lapses in care after these failures,
the legislature created the Alquist Hospital Facilities
Seismic Safety Act (SB519), which emphasizes that
the essential facilities such as hospitals should remain
operational after an earthquake. Hospitals built in
accordance with the standards of the Alquist Act

Domestic Hospital Earthquake Experience
Following the Chi-Chi earthquake in 1999, most
medical personnel were forced to be evacuated from
large hospitals in central Taiwan so that Nantou
County lost medical resources almost 1000 beds in 48
hours. According to the DOH report of nine hospitals
in Nantou County, although only two hospitals
couldn’t provide medical services because of
structural damage, but most hospitals were forced to
provide basic emergency medical care outdoors, even
1
2
3
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resisted the 1994 Northridge earthquake with minimal
structural damage, while several facilities built prior to
the act suffered major structural damage and had to be
evacuated.
However,
certain
nonstructural
components of the hospitals did incur damage, even
for the facilities built conforming to the structural
provisions of the Alquist Act. The provisions and
subsequent regulation of SB 1953 【 1 】 were
developed to address the issues of seismic
performance of both nonstructural and structural
components of hospital buildings after an earthquake.

but may not be repairable or functional following
strong ground motion. In terms of non-structural
performance, personnel and inpatients are able to
evacuate safely from buildings and emergency
medical cares are provided as well（NPC-3/NPC-3R）.
All operational general acute-care hospitals have to be
in full compliance with the act by 2030. Structural
elements of Hospital buildings will be reasonably
capable of providing services to the public following
strong ground motion（SPC-5）. In addition to meet
life-safety requirements, non-structural components
and systems are able to provide emergency medical
care services for 72 hours without water and power
supply （ NPC-5 ） . For seismic evaluation and
rehabilitation required by SB 1953, design
professional and engineers shall provide reports in
accordance with FEMA 356.

Therefore, the objective of the Alquist Act is to
make general acute care hospital buildings not only
capable of seismic safety, but also capable of
continued operation and acute care medical services
after a seismic event. If a facility is to remain a
general acute care hospital facility beyond a specified
date, the owner must conduct seismic evaluations,
prepare both a comprehensive evaluation report and
compliance plan to attain specified structural and
nonstructural performance categories which must be
submitted to OSHPD in accordance with these
regulations. The primary purpose of these regulations
is to evaluate the potential earthquake performance of
a building or building components and to classify the
buildings into the appropriate seismic performance
categories, as shown in Fig. 1. In addition, the current
reference code being used for the seismic design of
the hospital structural and nonstructural components
in the State of California is the 2001 California
Building Code (CBC) 【2】.

OSHPD utilized HAZUS (Hazards U.S., as shown
in Fig.2 and 3), which is developed by Federal
Emergency Management Agency under cooperative
agreement with National Institute of Building Science,
to analyze the potential seismic risks associated with
all existing SPC1 hospital buildings. According to the
given classification of model building types, seismic
characteristic, seismic design level, and quality of
construction, the performance point calculated by the
iteration on the building capacity curve and demand
spectrum can be obtained, and then the earthquake
damage to model buildings can be estimated.
Furthermore, five seismic damage levels, “None”,
“Slight”, “Moderate”, “Extensive”, and “Complete”
can be classified through the probability of damage
states. This new technology can be used in
earthquake-related
mitigation,
emergency
preparedness, response and recovery planning, and
disaster response operations.

Fig. 2 HAZUS methodology earthquake module and
building damage estimation process

Fig. 1 Structural and nonstructural performance
categories of SB 1953

Structural Characteristics of Hospitals in
Taiwan
A complete hospital is functionally composed of the
outpatient service, emergency treatment, and
hospitalization, as shown in Fig. 3. For the
architectural configuration, the absolute-centralized
configuration is more common in most of hospitals
in Taiwan compared with other configurations, as
illustrated in Fig. 4.

After January 1, 2008, any general acute-care
hospital building that is evaluated and classified as a
non-conforming building, i.e. not attain to the
life-safety goal, shall only be used for non-acutecare
hospital purposes. Structural elements of acute-care
hospital buildings won’t significantly jeopardize life
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well as short columns, eccentricity, and stress
concentration induced by nonstructural elements.
Retrofit methods are also given in this report and other
references.
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Non-structural Characteristics of
Hospitals in Taiwan

Fig. 3 Functional classification

According to the NCREE Report, Reconnaissance
Report on 921 Chi-Chi Earthquake, although
structural element damage didn’t harm the building
function, several hospitals were forced to be out of
operation due to the non-structural problems. Most of
the hospital mechanical and electrical component
damaged items included generators, batteries, cooling
towers, chillers, water tanks, FCU (Fan Coil Unit),
diffusers, boilers, elevators and piping systems.
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Outpatient Service / Laboratory medicine / Kidney Dialysis
Hall / Outpatient Service / Emergency Room / Pharmacy / Radiology / Rehabilitation
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Mortuary, Radiology, Parking
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Fig. 4 Absolute-centralized configuration

In order to provide services to the public, there are
some mechanical and electrical characteristics belong
to Taiwanese large hospital buildings. In the first
place, individual piping spaces are adopted to
maintain functional operation such as electrical system,
low voltage equipment, water supply and drainage,
HVAC, and fire main systems. The second one is that
bus way is gradually instead of traditional cable for
electrical power distribution system because of
maintainability and capacitance changeability. For the
purpose of keeping in the uninterrupted power
situation, electrical system is capable of exchanging
daily and emergency power supply (EPS) during the
power blackout as well. In terms of hospital piping
system, water supply pipelines are mostly made of
metal for high deformability and ductility, like
stainless steel or cast iron. Particularly the installation
of copper pipes containing medical gases, such as
oxygen, compressed gas, and vacuum system, is
usually required to remain high quality for the special
piping material and contents.

According to the number of sickbeds, local
hospital (less than 200 beds), district hospital
(between 200~500 beds), and medical center (greater
than 500 beds) can be preliminarily classified in the
current Taiwan hospital inventory. Due to the narrow
area in the metropolis and the functional flexibility in
the lower levels of the building, most of medical
centers in Taiwan are high-rise and setback building
structures with different story height (e.g., 6.5m of
story height of the operating room). Besides, the
special loading requirement, such as medical
instruments in the operating room, the garden or apron
on the roof, as well as the generator, boiler, supply oil
tank and water tank on the roof for the safety and
environmental pollution concerns, should be taken
into account in the design stage. Furthermore, based
on the issue of the plenty of piping and functional
flexibility, reinforced concrete walls are usually not
implemented in hospital structures. In a word,
corresponding to the weakness of the existing hospital
buildings such as the setback buildings and soft/weak
stories, the larger displacement, velocity, and
acceleration responses occurring may cause the much
more significant seismic potential to the functionality
of the valuable equipment, even though the
appearance of the equipment seems to be structurally
undamaged. In addition, the horizontal plane
irregularity due to the heavy equipment and plenty
holes should also be considered.

Nowadays there are no particular seismic
guidelines for Taiwanese hospital structures and
non-structural components so that Seismic Design
Specifications and Commentary of Buildings and
Outline Specifications for Public Construction are
applied to the seismic design of mechanical and
electrical components. However, the anchorage and
bracing requirements of Outline Specifications are
considered in equipment functionalities rather than
seismic thoughts. Seismic design for vibration isolated
components of mechanical and electrical equipment is
under the charge of equipment manufacturers. In
terms of non-structural installation, piping systems,
mechanical and electrical components are mainly
installed by plumbing contractors except that the
medical gas system is installed by medical gas
manufacturer offering specialized installation services.
Thus it can be seen that Taiwanese provisions about
seismic design and installation requirements for
non-structural components are so ambiguous that
architects and design professionals rarely spend time

Therefore, for the retrofit method of the
abovementioned weaknesses, it should require
minimum construction work and generates very little
interference to the daily health service. Besides, from
the serviceability point of view, the vibration-sensitive
equipment in the hospital may be automatically shut
down in the frequently occurring small earthquakes. In
2005, MCEER 【 5 】 provided a study on the
irregularities in major health care facilities in USA,
such as the irregularities of building in vertical and
horizontal planes, weak/soft stories, setback buildings,
higher story columns stopped at the second floor, as
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for improving non-structural seismic performance.

Conclusions

Although California SB1953 requires that hospital
facilities remain operational after a large earthquake, it
is proposed that general acute care hospitals should
attain life safety performance at first. In other words,
hospital structures and non-structural components
need to keep people alive and aid evacuation. A
category for non-structural compliance (NPC-2),
which preserves the systems deemed necessary for
evacuation, was established. These systems include
communications, bulk medical gas, emergency power,
fire alarms and emergency lighting equipment and
signs in the means of egress. Furthermore, hospital
buildings in the NPC-3/NPC-3R categories are
expected to protect their inpatients away from danger
following a moderate earthquake, as well as provide
emergency services to the public. Specific
non-structural components, equipment and fire
sprinkler systems in the important medical spaces
should meet the bracing and anchorage requirements.

New hospital buildings in Taiwan recently
emphasize seismic performance, for instance, the
implementation of the seismic isolation system,
improving seismic performance of RC structural
elements such as individual piping spaces, adopting
unburied piping for distribution system. Even so,
presently there is no specialized guideline for hospital
non-structural seismic design in Taiwan so that
medical personnel were evacuated from hospitals
because of serious non-structural damage for two or
three days after Chi-Chi earthquake. The California
State Code, SB1953 regulations, is the most complete
law of hospital seismic upgrading program. General
acute care hospitals in California have to attain the
seismic goals according to the definite timeframe.
During the ten more years of execution of SB 1953,
OSHPD has modified administrative code and
extended seismic safety deadlines for several times
based on the economical and social considerations.
Nevertheless, it is hoped that the decision makers will
refer to the spirit of seismic performance criteria and
objectives of SB1953 for a hospital seismic upgrading
program in Taiwan.

Different studies and guidelines give varied
definitions of “important medical space”. According
to DOH seismic evaluation report, important medical
spaces are needed for emergency rescues, namely
emergency room, operation room, ICU, pharmacy,
clinical laboratory service spaces, radiology suite,
dialysis room, and central supply areas. On the other
side, important medical spaces in California State
Code are defined for inpatients and emergency
services, i.e. critical care areas, central supply areas,
clinical laboratory service spaces, pharmaceutical
service spaces, radiological service spaces, and central
and sterile supply areas. The term “critical care area”
is defined as “those special care units, in which
patients are intended to be subjected to invasive
procedures and connected to line-operated,
electromedical devices.” As regards the specific items
in the important medical spaces, non-structural
components and equipment required in the California
State Code are quite similar to those provided in the
Taiwanese specifications. Additionally, California
State Code requires the seismic performance of piping,
electrical conduits, cable trays and air-handling
ducting necessary to the life-safety and continuing
operation of facility and temporary containers with
flammable or hazardous materials as well.
Above-mentioned non-structural performance
categories are expected to provide life safety and basic
emergency medical care following the earthquake.
However, to remain operational is the final seismic
safety goal for hospital. With conforming to the full
requirements of SB1953, general acute care hospitals
will be required to meet all the above criteria and have
water and waste-water holding tanks—sufficient for
72 hours of emergency operations—integrated into the
plumbing systems. They will also be capable of an
onsite emergency system and able to provide
radiological service and an onsite fuel supply for 72
hours of acute-care operation.
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Shake Table Tests of RC Frame with Shape Memory Alloy
Bracing Bars
Y.L. Mo 1 and W.I. Liao 2
莫詒隆 1、廖文義 2

Abstract
In recent years, researchers have focused their study on many possible approaches to
enhancing the seismic performance of structures. One promising solution which is
receiving attention today is the application of Shape Memory Alloys (SMA). In this study,
high seismic performance RC frames have been proposed to have SMA bars acting as a
kind of structural bracing system at both sides of a frame to increase the energy dissipation
capacity of the RC frame. This paper presents the results of the shake table tests on a
single-bay single-story RC frame with SMA bars. The height and span of the designed
frame were 2.0 m and 2.3 m, respectively. SMA bars were provided in the directions of 40
degrees to the horizontal. The type of SMA bar used in the study is the Superelastic SMA
bar. The force-displacement hysteretic loops of the RC frame with SMA bars under seismic
loading are presented and compared with the test results of the bare RC frame. Test results
show that the SMA bars can effectively reduce the maximum story drift of the tested frame.
It was found that the reduction of story drift and base shear was depending on the
characteristic of the input ground motion
Keywords: Shape Memory Alloy, Shake table, RC frame

Introduction
Shape Memory Alloys (SMA) are the type of
alloys which have the ability to dissipate energy
through repeated cycling without significant
degradation or permanent deformation. Superelastic
SMA possesses the stable hysteretic behavior over a
certain range of temperature, where its shape is
recoverable upon removal of load. SMA shows a
particular promise in civil infrastructural applications,
especially in seismic resistant design and retrofit of
structures. Recent years have observed increased
research efforts in using shape memory alloy materials,
in particular Nitinol, for civil structures to survive
extreme events such as earthquakes. Nitinol, a special
alloy of Nickel and Titanium, has very good electrical
and mechanical properties, long fatigue life, and high
corrosion resistance. Nitinol is the most popularly
used shape memory alloy. The following summarizes
recent advances in using Nitinol elements for civil
structural vibration damping and energy dissipation.
1
2

10mm-diameter SMA bolt anchorages used for
concrete column (Tamai et al., 2003).
y
SMA wire-strand based devices to retrofit a
historical bell tower in Italy (Indirli et al., 2001).
y
SMA bar dampers added to the laminated rubber
isolation system for elevated highway bridges (Wilde
et al., 2000).
y
A full-scale SMA restrainer used in the simply
supported bridge for seismic retrofit (DesRoches and
Delemont, 2002).
y
30mm-diameter SMA tendons to enhance steel
beam-column connections (Leon et al., 2001).
y
A concrete structure with self-rehabilitation
ability (Song et al., 2004). The concrete structure is
post-tensioned by martensite SMA ropes and
structural cracks can be significantly reduced upon
heating the SMA ropes.
Under support from the European Union Memory
Alloys for New Seismic Isolation and Energy
Dissipation Devices (MANSIDE) project, SMA wire
based bracing system and the isolation seismic retrofit
y
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of full size buildings have been studied (Dolce and
Cardone, 2001). As being presented in these reported
researches, both superelastic SMA and martensite
SMA have been used in passive mode to dissipate
energy of the civil structures (including the steel
framed buildings, concrete buildings, highway
bridges). It has been demonstrated that the SMA in
forms of bars, wires and rod can be successfully used
as anchorages, isolators, braces, restrainers, and
connection elements.
In recent years, the unique properties of SMA have
attracted many researchers’ attention to study its
possible application for civil infrastructural members
such as concrete structures to increase the ductility
and the energy dissipation capacity and to reduce the
permanent deformation. This paper presents the
results of evaluating the effect of SMA application to
a single-story single-bay RC frame. Shake table tests
were performed on frames with and without SMA bars
as external bracings. The height and span of the
designed frame were 2.0 m and 2.3 m, respectively.
SMA bars were provided in the directions of 40
degrees to the horizontal as bracing. The type of SMA
bars used in the study is the Superelastic SMA bar.
The force-displacement hysteretic loops of the RC
frame with SMA bars under seismic loading are
presented and compared with the test results of the
bare frame. Test results show that the SMA bracing
can reduce the maximum story drift of the RC frame.
It was found that the reduction of story drift and base
shear was depending on the characteristic of the input
ground motion.

Test Program

of the used rebars are listed in Table 1.

SMA bar
bracing

bracing 2

bracing 3
B

B

Fig. 1 Dimensions of frame specimens with SMA
bracing bars (Dimensions are in cm)
Table 1. Yield and ultimate stresses of rebars
#3 Rebar
#4 Rebar
#6 Rebar

Yield stress
390 MPa
356 MPa
543 MPa

Ultimate stress
566 MPa
524 MPa
720 MPa

The SMA bars used in this research is the
Superelastic NiTi SMA bars with Austenitic finish (Af)
temperature –10oC. The SMA have the density of 6.5
g/cm3. The loading yield strength (loading plateau)
and unloading yield strength (unloading plateau) were
690 Mpa and 190 Mpa, respectively. The length and
diameter of the SMA bars used in this test were 75 cm
and 1.24 cm, respectively. Two ends of the SMA bars
have the thread of a screw for connecting to the steel
bars by the turnbuckle, and the pre-strain of the SMA
bars can be adjusted by the turnbuckle. SMA has an
excellent performance against corrosion. Mechanical
properties of SMA are shown in Table 2. Fig. 2 shows
a photo of the test set-up for the position of SMA bars
on a typical RC frame specimen.

The single-story single-bay RC frame was tested
under seismic load by the shake table. The clear height
of the column is 2.0 m, the span length is 2.3 m, the
size of the concrete mass block supported by the
columns is 4.7x1.6x0.4 m, the size of the cross section
of the column is 0.2x0.2 m, Four No. 3 bars were used
as the the longitudinal reinforcement of the column.
No.3 bars with spacing 10 cm were used as the
stirrups of the column. Detail sizes and configuration
of the RC frame specimen is shown in Fig. 1. Two
type of RC frames were tested in this research, one is
the RC frame with SMA bracing bars, named frame
with SMA bracing, the other one is the RC frame
without SMA bracing bars, and namely bare frame.
The average concrete compressive strength of the
column and foundations were 350 kg/cm2 (34.3 MPa)
and 362 kg/cm2 (35.5 MPa), respectively. As shown
in Fig. 1, No.3 bars were used as the stirrups and
longitudinal bars of the columns, as the stirrups of top
concrete mass block, and the stirrups of bottom
foundations of the RC frame. No.4 bars were used as
the longitudinal bars of the bottom foundations. No.6
bars were used as the longitudinal bars of the top
concrete mass block. The yield and ultimate stresses

bracing 4

bracing 1

Table 2 Mechanical Properties of SMA
Property
Maximum strain
recovery
Young's modulus
Yield strength
Ultimate tensile
strength
Elongation at
failure
Poisson ratio

SMA
Superelastic

Martensite

8%

8%

30 - 83 GPa

21 - 41 GPa

195-690 MPa

70-140 MPa

1068 MPa

1237 MPa

17.50%

12%

0.33

0.33

Notes: Data provided by Special Metals Corporation
The horizontal displacements of the tested RC
frames were measured by LVDTs. LVDTs were also
placed on the SMA bars to measure the axial
deformation of the SMA bars of the bracing frames.
The El Centro earthquake, Kobe earthquake, and
the Taiwan Chi-Chi earthquake seismograms were
used as the ground motion accelerations for the tests.
For the Taiwan Chi-Chi earthquake seismograms,
both the near-fault and the far-field records at station
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Fig. 4(a) Hysteretic loop of the frame with SMA
bracing by input Kobe earthquake (PGA=0.2g).
base shear (t)

Before the test, for to have the better energy
dissipation capacity by the SMA bars, each SMA bars
were pre-stressed to have a 2% pre-strain. At this
stage, the stress-strain point of the SMA bar is located
nearly at the center of the loading plateau of the
stress-strain curve that shown in Fig. 3 Then based on
the loading and unloading characteristic of the SMA,
the SMA bars behave as a damper with good energy
dissipation capacity and no permanent plastic
deformation, it can be effectively dissipate the energy
even though the RC frame still remain in the elastic
range.

base shear (t)

TCU052 were used in this research, and named by
TCUN and TCUF, respectively. In each test run, a
scale factor was applied to the input ground motion
acceleration such that the peak ground acceleration
(PGA) would reach the predetermined value. The
range of PGA of input motions is between 0.1g to
0.3g.

4.0

0.0
-30

0

30
drift (mm)

-4.0

Fig. 4(b) Hysteretic loop of the bare frame by
input Kobe earthquake (PGA=0.2g).

Fig. 2 Test set-up

Fig. 3 Stress-strain curve of the superelastic SMA

Test Results
The force-displacement relationship of the frame
with SMA bracing and the bare frame by input Kobe
earthquake (PGA=0.2g) are shown in Fig. 4. It can be
found from this figure, not only the story drift of the
frame with SMA bracing is very less than the drift of
the bare frame but also the base shear is less than the
test result of the bare frame. Figure 5 shows the
force-displacement relationship of the frame with
SMA bracing and the bare frame by input far-field
seismograms of station TCU052 (PGA=0.3g). It has
the similar results at story drift reduction and base
shear reduction as show in Figure 4.

The maximum drift of each test runs of the frame
with and without SMA bracing are listed in Table 3.
This table displays that for all test runs except for the
test run by input ground motion TCU052N at
PGA=0.2g, the frame with SMA bracing could very
effective to reduce the maximum drift as compare to
the test results of the bare frame. The maximum base
shear of each test runs of the frame with and without
SMA bracing are listed in Table 4. For the test runs to
have smaller PGA (as 0.1g), the maximum base shears
of the frame with SMA bracing are close to the test
results of the bare frame, it shows that the SMA
bracing will not amplify the acceleration during the
small earthquake. As the PGA increased, the frame
with SMA bracing will have the larger base shear as
compared with the test results of the bare frame. This
phenomenon may be arise from the yielding of the
bare frame, the yielding of the bare frame will slow
down the increase of the base shear as the PGA
increased.
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Fig. 5(a) Hysteretic loop of the frame with SMA
bracing by input seismogram TCUF (PGA=0.3g).
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Fig. 5(b) Hysteretic loop of the bare frame by input
seismogram TCUF (PGA=0.3g).

Table 3 Maximum drift of the frame with SMA
bracing and bare frame.
Seismogram

Conclusion
This research presents the results of the shake table
tests on a single span single story RC frame with and
without SMA bars. The type of SMA bar used in the
study is the Superelastic SMA bar. Test results show
that the SMA bars can effectively reduce the
maximum story drift of the tested frame. It was found
that the reduction of story drift and base shear was
depending on the characteristic of the input ground
motion.
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EL Centro

Kobe

TCUF
TCUN

PGA
(gal)
100
200
300
100
200
300
100
200
300
100
200

Maximum drift (mm)
Reduction
with SMA Bare
ratio
bracing
frame
8.396
11.664
0.63
18.220
21.131
0.87
29.435
45.466
0.64
4.798
10.950
0.38
7.984
21.506
0.26
12.397
39.451
0.30
2.124
7.041
0.32
3.809
14.823
0.25
5.731
27.586
0.25
14.612
16.663
0.67
48.918
32.136
1.68

Table 4 Maximum drift of the frame with SMA
bracing and bare frame.
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Seismogram
EL Centro

Kobe

TCUF
TCUN

PGA
(gal)
1.12
2.22
3.90
1.25
2.12
3.63
1.14
2.23
3.41
0.83
2.07

Maximum drift (mm)
Reduction
with SMA Bare
ratio
bracing
frame
1.10
0.89
1.12
1.96
1.14
2.22
3.09
1.24
3.90
1.62
0.67
1.25
2.55
0.57
2.12
2.80
1.23
3.63
1.15
1.06
1.14
2.14
1.03
2.23
2.41
1.68
3.41
0.63
1.00
0.83
1.33
1.71
2.07

Optimal Design of Nonlinear Tuned Mass Dampers
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鍾立來 1 吳賴雲 2 張忠信 3 黃旭輝 3 陳家乾 4

Abstract
Tuned Mass Damper (TMD) is one of the passive control systems. The natural
frequency of the damper is tuned to the fundamental frequency of a structure in order to
reduce undesirable vibrations induced to the structure. The theory and application of the
optimal design of linear TMD are already rather mature, but the corresponding optimal
design of nonlinear TMD is still developing. The goal of this paper is to develop an
optimal design theory for a nonlinear TMD implemented in a single-degree-of-freedom
structure. The performance of nonlinear TMD is investigated by changing the design
parameters such as mass ratio, frequency ratio, damping coefficient and degree of
nonlinearity. The feasibility of nonlinear TMD is verified through numerical simulation
by using Taipei 101 as a studied case.
Keywords: TMD; passive control; nonlinear; optimization; Taipei 101

Introduction
Tuned Mass Damper (TMD) is a passive energy
absorbing device consisting of a mass, a spring, and
a viscous damper attached to a vibrating system to
reduce undesirable vibrations.
The natural
frequency of TMD is tuned to the fundamental
frequency of the structure. When the primary
structure is subjected to external excitation, induced
vibration is transferred to the TMD from the primary
structure and energy is dissipated by the damping
device. Therefore, the performance of the primary
structure in safety and serviceability is enhanced.
Since no extra energy is needed for the operation of
TMD, TMD is considered as a kind of passive
control devices for civil engineering structures.

TMD is investigated.
Direct search method is
adopted for the optimization of TMD. Finally the
feasibility of the proposed method is illustrated
numerically by using the system adopted from Taipei
101.

Dynamical Analysis
The system configuration consists of a primary
system equipped with a TMD system as shown in Fig.
1.

The optimal design of linear TMD is already rather
mature. It is applicable for primary structure with
multiple degrees of freedom implemented with
multiple TMDs and torsional coupling may also be
taken consideration. Moreover, external vibration is
not limited to white noise [1].
However, the
corresponding optimal design of nonlinear TMD is
still developing. In this paper, the sensitivity of the
design parameters to the performance of nonlinear
1
2
3
4

CD

KD
CS
KS

MS

Fig. 1. Tuned mass damper implemented on
primary structure
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Subjected to external force, W (t ) , the motion
equation for the system of a primary structure
attached with a TMD can be expressed as
&& + Cx& + Kx = B SU (t ) + ESW (t )
Mx

where,
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mass

matrix;

damping

matrix;

the
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] is the displacement vector;
T

S

is the damping force location vector;
is the load location vector; U (t ) is the

damping force; W (t ) is the external force acting on
the primary structure (wind force). U (t ) is defined
as

which the objective function is not differentiable,
stochastic, or even continuous.
DSM has some standard terminology for pattern
search, including: patterns, meshes and polling.
A pattern is a collection of vectors that the
pattern search algorithm uses to determine which
points to search at each iteration. The set of vectors
is defined by the number of independent variables in
the objective function.
At each step, the pattern search algorithm
searches a set of points, called a mesh, for a point
that improves the objective function.
Then, the algorithm polls the points in the current
mesh by computing their objective function values.
The algorithm stops polling the mesh points as soon as
it finds a point whose objective function value is less
than that of the current point. If this occurs, the poll is
successful and the point it finds becomes the current
point for the next iteration.

Sensitivity analysis

In this section, the sensitivity of design
(2) parameters to the performance of TMD is
investigated. Design parameters for TMD include:
where Cnd is the nonlinear damping coefficient; mass ( M ), frequency ( f ) and nonlinear damping
D
D
V (t ) is the relative velocity between the TMD and
coefficient ( C ) and damping exponent ( α ). The
structure; sgn(•) = • • ; α is the power of
mass ratio ( Rm ) and frequency ratio ( Rf ) are defined
velocity to which the damping force is proportional.
as follow
When α = 1.0 , the TMD is linear. On the other
hand, when α ≠ 1.0 , the TMD is nonlinear.
Rm = M D M S
(4)
α

U (t ) = Cnd V (t ) sgn(V (t ))

nd

In state space, the discrete-time state equation of
the dynamical analysis is
z[ k + 1] = A d z[ k ] + B dU [ k ] + E dW [ k ]

where

Ad = e

AΔt

is the

Rf = f D fS

Displacement ratio ( Dr ) and acceleration ratio

(3)

2 n × 2 n discrete-time

system matrix; B d = A −1 ( A d − I )B is the 2 n × 1

(5)

( Ar ) of the objective functions for optimization are
respectively defined as:
n

−1

discrete-time control matrix; E d = A ( A d − I )E

∑ ( X [ k ])
S

D

is the 2 n × 1 discrete-time excitation matrix.

r

=

2
control

(6)

k =1

n

∑ ( X [ k ])
S

2
not control

k =1

Direct Search Method

n

Direct search method (DSM) [2] is a method for
solving optimization problems that does not require
any information about the gradient of the objective
function.
As opposite to the more traditional
optimization methods that use information about the
gradient or higher derivatives to search for an
optimal point, a direct search algorithm searches a
set of points around the current point, looking for the
one where the value of the objective function is
lower than the value at the current point. Direct
search method can be used to solve problems for

∑ ( X&& [ k ])
S

A

r

=

2
control

k =1

n

∑ ( X&& [ k ])
S

(7)

2
not control

k =1

Structural parameters are adopted from Taipei
101, which is reduced to single-degree-of-freedom
system, as shown in Table 1.
Dampers with
exponents α = 0.5 , α = 1.0 and α = 2.0 is
studied. The wind force is white noise as shown in
Fig. 2.
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(a) α = 0.5

(b) α = 1.0

Fig. 2 Wind force time history (white noise)
Because the optimal design parameters obtained
from the objective function with displacement ratio
are similar to that with acceleration ratio, only the
results of displacement ratio are presented in this
paper.
First, the mass ratio is discussed. The optimal
frequency ratio and damping coefficient are obtained
by direct search method for different damping
exponents. Fig. 3 shows the result for α = 0.5 .
The analysis results show that the displacement
ratio decreases as the mass ratio increases no matter
what the damping exponent is. However, if the mass
ratio is too large, the TMD will be extra load and cost
for the structural system. Therefore, mass ratio of
1% to 5% is usually adopted. In the analysis below,
the mass ratio Rm = 0.01 is used.

(c) α = 2.0
Fig. 4 Displacement ratios for three damping
exponents
Although the structure is implemented with a
non-linear TMD, the optimum damping coefficient
and the intensity of wind force are related as
Cnd(N)
Cnd

where Cnd

and Cnd(N)

=N

1− α

(6)

are the optimal damping

coefficients under one time and N times intensities of
wind force, respectively.

Analysis Case
In order to illustrate the effect of a TMD system,
system parameters of Taipei 101 is adopted. The
structure, reduced to single degree of freedom, is
implemented with and without TMD. Five cases
are considered without TMD; with Taipei 101
TMD; and with optimal TMDs of three damping
exponents. The wind force is generated from power
spectrum of wind with return period of half year as
shown as Fig. 5.

Fig. 3 Sensitivity of mass ratio ( α = 0.5 )
In order to confirm the optimal parameters
obtained from DSM, the objective function is
computed in the vicinity of the optimal frequency
ratio and damping coefficient. Fig. 4 shows 3D
diagram of displacement ratio for various damping
exponent. Table 2 lists the parameters of the
minimum objective function obtained from 3D
diagram and the analytical result of direct search
method. In the table, the optimal parameters from
DSM agree very well with those from the 3D
diagrams.
The optimal frequency ratio is close to 1.0. As
the damping exponent increases, the frequency
decreases a little bit. On the other hand, the optimal
damping coefficient increases with the damping
exponent.

Fig. 5 Wind force time history (Taipei 101)
Since comfort is the main concern, the acceleration
ratio is adopted as the objective function for
optimization analysis.
The peak structural
displacement, structural acceleration, TMD relative
displacement and TMD damping force for all five
cases are listed in Table 3. The structural responses
reduce effectively after the implementation of TMD.
The peak acceleration can be suppressed to 5 gal and
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the requirement of comfort is satisfied. When the
damping exponent α is larger, the stroke
requirement for the mass becomes less but the force
requirement for the damper becomes greater.

Table 2 Verification for DSM
Rf

α

DSM
0.9944
0.9924
0.9909

0.5
1.0
2.0

Conclusion
In this paper, an optimal design method for
nonlinear TMD is developed. After the
implementation of TMD, structural vibration reduces
effectively. The feasibility of the proposed method
(DSM) for the optimization of nonlinear TMD has
been verified. The greater the mass ratio ( Rm ), the
smaller the structural response becomes.
The
optimal frequency ratio ( Rf ) is close to 1.0. It
changes slightly as the damping exponent ( α ) but it
does not change with the intensity of wind force.
However, the optimal damping coefficient changes
with the damping exponent and the wind force
intensity. From the analysis result of Taipei 101,
better performance can be obtained from optimization
procedure.
Only the structure of single degree of freedom is
considered in this paper. The investigation may be
extended to multiple-degree-of-freedom structures,
multiple TMDs and structures with torsional coupling
effect in the future.
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Table 1 System parameters of Taipei 101
Parameter (unit)
2
M S (ton-sec /m)

5371.70

CS (ton-sec/m)

192.40

K S (ton/m)

4306.80
2

M D (ton-sec /m)
2

2

value

67.28

C nd (ton-sec /m )

101.94

K D (ton/m)

52.38

Rm

0.0125
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Cnd

3D
0.9940
0.9920
0.9900

DSM
0.8205
2.9821
33.2899

3D
0.8000
3.0000
33.0000

Table 3 Analysis results for Taipei 101
Max. response
Displ.
(m)

Accel. Rel. displ. Damping force
(m/sec^2)
(m)
(ton)

Without
TMD

0.0785

0.0654

Taipei
101

0.0571

0.0462

0.2272

4.3065

0.5
1.0
2.0

0.0569
0.0576
0.0555

0.0431
0.0444
0.0459

0.2665
0.2527
0.2313

2.4314
3.1512
4.1355

α

Clipped-optimal-control with Variable Gains of a
Large-scaled Base-isolated Structure for Seismic Loads
Pei-Yang Lin1
林沛暘 1

Abstract
Validation of Clipped-optimal-control with variable gains (COC-VG) is pursued in this
study. COC-VG is designed to manage two 20 kN magnetorheological dampers in the
hybrid-controlled base-isolated structure for mitigation of seismic loads. In order to
develop a robust controller that is sensitive to a variety of excitations, the traditional
clipped-optimal control with variable gains is proposed. Two or more objection matrixes in
the LQR control algorithm are designed to handle different intensities of excitations. The
designed control gains will vary online with the stroke of the base-isolation system to gain
more control efficient with the consideration of the stroke limits. COC-VG are designed
and validated through numerical simulation and full-scale experimental shake table tests
for a variety of seismic excitation. Results show that COC-VG is robust and effective in
reduction of both displacement and acceleration responses for both near- and far-field
seismic events.
Keywords: semi-active control, base-isolation system clipped-optimal control, LQR control,
MR damper.

Introduction
This study combined the bi-directional rolling
pendulum system) and two semi-active controlled MR
dampers to the base-isolation system. The
bi-directional rolling pendulum system provides the
suitable restoring forces, while the semi-active
controlled MR damper provides the optimal damping
force. The Clipped-optimal control with variable gains
is used in this study to calculate the optimal command
voltage of the MR damper online. The semi-active
MR damper can not generate the control force like the
actuator; it can only adjust its command voltage to fit
the control force. The clipped-optimal control is used
to calculate the command voltage to the MR damper
to generate the damper force closest to the desired
control force. In traditional control system, only one
control gain is used to control all the excitations. In
this study, the variable gain is used to make the
control system more robust and gain more control
effect. Different objective function are selected to
control the minor and extreme condition, the
controller will change the control gain according to
the response of the base-isolation system.
1

Various earthquake excitations with several PGA
levels are tested on the shake table to validate the
stability, efficiency, and adaptively of this smart
base-isolation system. All the test result shows that the
smart base-isolation system is stable, reliable, fail-safe
and effective. And most important thing, it is adaptive
to different intensity of excitation as compared to the
traditional passive base-isolation system

Clipped-optimal control with variable gain
The semi-active MR damper is used in this study.
As the MR damper is a nonlinear device, the forward
model (Input: response and command voltage / Output:
damper force) is complicate (as shown in Eq. 1). The
calculation of inverse model (Input: response and
damper force / Output: command voltage) is a big
challenge. The clipped–optimal control provides an
easy and stable way to calculate the suitable command
voltage in each time step. The clipped-optimal control
calculates the desired control force from the active
control algorithm, then translate the damper force to
command voltage through the forward model of the
MR damper,
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Active control has been used to oppose
earthquake excitations in numerical and experimental
studies, various control algorithms have been
proposed, such as LQR [10][11], predict control,
modal control, sliding mode control and H-infinity
control [12][13] etc. Each control algorithm has its
feature and direct measurement feedback control can
be used along with most of them. In this study, the
LQR control algorithm with the output weighting
and variable gains is used. The control gain of the
LQR control can be written as the following
equation:
G = − ( D T QD + R ) −1 ( B T P + D T QC )

⎧ x ≤ x1
⎪
⎪ x1 < x < x2
⎪
⎨
⎪ x 2 < x < x3
⎪
⎪ x ≥ x3
⎩

G = G1
x − x1
x −x
G = G2 *
+ G1 * 2
x2 − x1
x2 − x1
x −x
x − x2
+ G2 * 3
G = G3 *
x3 − x 2
x3 − x 2
G = G3

(3)

(1)

The main control object of this study is to reduce
the acceleration response under the allowable stroke
limits. According to the previous studies, the passive
system with zero-command always has the best
acceleration reduction but the stroke will exceed under
moderated excitations. Passive system with
max-command can reduce the stroke and protect the
isolation system, but its acceleration reduction is poor.
Fig. 1. shows the typical control effect of the passive
mode MR damper in the base-isolation system.
The control object of this study is reducing the
acceleration most without exceeding the stroke limits.

Fig. 2. Flow chart of the semi-active control
strategy (clipped-optimal control).
The first controller G1 is designed to control the
base-isolation system during small stroke level, G2 is
designed to control during middle stroke level, while
G3 is designed to control the base-isolation system
when the stroke is extreme. Four stroke levels are set;
the corresponding control gain is shown in Eq. 3.
Fig. 2 shows the flow chart of the semi-active
control strategy (clipped –optimal control). The
control procedure is illustrated as follows:
1. The identified Bouc-Wen model (shown in the
front section) with seven voltage levels are used to
estimate the MR damper forces.
2. The desire control force, calculated from the LQR
control algorithm with variable gain, is used to
compare the estimated MR damper forces.
3. The best two voltage levels are used to interpolate
the command voltage according to the desired
control force as follow:
V = Vj *

Fig. 1. Control object of the semi-active
isolation system
In order to control the base-isolation system
under different intensity of excitations, the LQR with
variable gains is used. Three sets of controller which
used different weighting matrixes are defined as
follow:
⎧ G1 = −( D T Q1 D + R1 ) −1 ( B T P1 + D T Q1C )
⎪
T
−1
T
T
⎨G2 = −( D Q2 D + R2 ) ( B P2 + D Q2 C )
⎪ G = −( D T Q D + R ) −1 ( B T P + D T Q C )
3
3
3
3
⎩ 3

(2)

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

+ Vi *

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

(4)

Shake Table Test Setup
In this study, a base-isolated structure with
bi-directional rolling pendulum system (as shown in
Fig. 2) and two 20 kN magnetorheological damper
(manufactured by NCREE; as shown in Fig. 3) is
tested on a shake table. Fig. 7 shows a schematic
drawing and test photo of the experimental setup. The
shaking table controlled by the MTS system delivers
the desired earthquake excitation. Responses of the
system are measured by numerous accelerometers,
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load cells, velocity meters and LVDTs, and are sent to
the data acquisition system. Some transducer readings
are also feed back to the semi-active control system
(PC/Simulink). Through the Clipped-Optimal Control
with Variable Gains (pre-loaded in PC/Simulink) and
the feedback signals, the command voltages can be
calculated online and fed to the MR damper.

Four excitation cases, including El Centro FF
(1940), Kobe, two Chi-Chi earthquake records (1999)
from station TCU068 and TCU129 are tested in this
shake table test. Each excitation is tested with
different PGA levels. Both passive and semi-active
control cases are tested. Fig. 8 shows the photo of the
shake table test in NCREE in 2006.

The floor plane of the upper structure is 2m by 3m,
the floor height is 3m. All the structure members are
made by steel. The section sizes of the columns,
beams and girders are all “H150x150x7x10”. The
beams and girders are rigidly connected to 25mm’s
steel plate (floor plate). As result, the floor can be seen
as a rigid floor. The mass of each floor level are 6 tons
(including the structural weight and the mass blocks).

Fig. 4. Photo of the shake table test of the
bi-directional base-isolation system with
RPS and MR dampers

Shake Table Test Results
Fig. 3. Control flow-charts of the hybrid
controlled base-isolation system with
RPS and semi-active controlled MR
damper
As results, the total mass of the upper structure is
about 12 tons. The natural period of the rolling
pendulum system is 2.77 sec. Ends of the Two MR
dampers are securely attached to the top surface of the
shake table and the bottom of the isolated structure in
longitudinal and transverse directions. The command
voltages are sent from the “dSPACE” control system
with one BNC line to the voltage controlled current
system (VCCS). The VCCS converts the command
voltage to the command current and sent to the MR
damper. The power supply provides the 24 volts
power to the VCCS. All the displacement, velocity,
acceleration, command voltage, damper force, shear
and axial force of RPS are measured and recorded by
“Pacific” data acquisition system in NCREE.

The six performance indexes consist of peak total
base shear (J1 / kg-m), peak base displacement (J2 / m),
peak absolute acceleration of the upper structure (J3 /
m/s2), peak damper force (J4 / kg), root-mean-squared
(RMS) of base displacement (J5), and RMS of
acceleration (J6) are used to determine the control
effect of the base-isolation system.
Fig. 5 shows the comparison of J2 and J3 of two
passive control (P-off and P-max) and the semi-active
control case (COC-VG / Clipped-optimal Control with
Variable Gains). The two passive control cases
represent the two extreme condition of the MR
damper. P-off represents the power-off condition.
P-max represents the maximum command cases
(1.2V). Comparing the figures, the semi-active control
case COC-VG can reduce the acceleration more
without exceeding the stroke limit. Passive control
case P-off can reduce the acceleration, but it exceed
the stroke limits while the PGA levels are higher The
passive control case P-max can reduce protect the
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isolation system from exceeding the stroke limits, but
the acceleration reduction is poor.
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Fig. 7. MR damper force, command voltage time
histories and hysteresis loops of control
case ‘COC-VG’
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Fig. 6. Absolute acceleration and relative
displacement time history responses of
control case ‘COC-VG’
Fig. 6 show the absolute acceleration and relative
displacement time history responses of control case
‘COC-VG’ in x-dir. under El Centro earthquake
excitation (normalized to 600gals). The acceleration
reduction is about 77%. The stroke is only 10 cm
under 600gals El Centro earthquake excitations. Fig. 7
shows the MR damper force, command voltage time
histories and hysteresis loops of control case
‘COC-VG’ in x-dir. under El Centro earthquake
excitation (normalized to 600gals). According to the
figure, the command voltage is varying with the
structural responses. The greatest thing is that the
command voltage stays quiet before and after the
excitation. That means COC-VG is reliable and stable
as passive system during the shake table test. The
negative stiffness can be found in the hysteresis loops
of the MR damper. This particular behavior comes
from the design of the active controller. It also make
COC-VG has the better acceleration control effect.

The Clipped-optimal-control with variable gains of
a large-scaled base-isolated structure for seismic loads
is presented in this study. The shake table test shows
the great benefit of the smart MR damper. The most
different between the base-isolation system with
passive
damper
and
semi-active
control
Magnetorheological damper is that the semi-active
control system is adaptable to various kinds and
intensity of excitations. While the passive control
system can only focus on some cases (P-max:
intensive earthquakes; P-off: small earthquakes). The
COC-VG provides a simple and reliable way to
calculate the command voltage to the MR damper.
The variable gains increase the control effect and also
make the control system more adaptive to different
kind and intensity of excitations. Also, this study
provides evidence of full-scale, real-time control of
augmenting a common base-isolation system with a
smart MR damper that is controlled by
Clipped-Optimal Control with Variable Gains.
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Pre-stressed Connections of Steel Beams and CFT Columns
with Floor Slabs and X-shaped Dampers
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Abstract
When the traditional beam-to-column connections experience a severe earthquake,
plastic-hinges are formed at the beam ends to dissipate energy. After earthquake, the
building is unable to be repaired. Therefore, the research of pre-stressed connection has
begun. Using the opening mechanism at the interface between beams and columns of
pre-stressed connection, energy dissipation elements are attached in order to dissipate the
energy transmitted into the building by the earthquake. In this research project, X-shaped
damper was connected to the beam and column and it bent when the interface opened. The
translational and rotational displacements of the X-shaped damper were considered to make
the design optimal so that all the elevation of the damper yielded at the same time. In
addition, since the X-damper was bolt connected to beam and column, the damper could be
replaced immediately after severe earthquake. Moreover, connection detail was designed
for the slabs in such a way that opening of the interface between beam and column would not
be hindered and the continuity of the slabs remained. Finally, the feasibility of the proposed
connections was verified experimentally.
Keywords: beam-to-column connection, pre-stressed, X-shaped damper, optimization

Introduction

Damper

Taiwan lies in the intersection of Eurasia plate
and Philippine Sea plate. The earthquakes resulted
by interaction of the plates are a destiny for Taiwan.
The biggest earthquake of last decade was the 921
Chi-Chi Earthquake. On September 21 of 1999, an
earthquake of Richter scale 7.3 rattled Nantou County
in Taiwan, resulting in great calamities. People have
now started to pay more attention on
earthquake-resistant buildings.

When the X-shaped damper experiences an
earthquake and cannot be changed after yielding, it
will become a potential weak point for the next
earthquake. In view of this, the X-shaped damper is
improved by bolting the upper part of the damper to
the CFT column and the lower part of the damper to
the beam flange through a welded thick steel plate.
By this way, the damper can be replaced swiftly and
easily after severe earthquake and the building
remains earthquake-resistant.

Reviewing the origin of pre-stressed structure
building, it started in response to the North California
Earthquake in 1994. The Precast/Prestressed Concrete
Institute (PCI) and the National Science Foundation
(NSF) launched a plan on earthquake-resistant
pre-cast buildings. After research done in these few
years, pre-cast and pre-stressed building has gradually
been valued.

Optimized and Replaceable X-Shaped

When the interface between the H-beam and CFT
column opens, the X-shaped damper is deformed with
a displacement Δ and a rotation θ as shown in Fig.
1. The rotation offers extra stiffness when the
interface opens. To make all the cross-sections along
the elevation of the damper yield simultaneously, this
rotation must be considered and analyzed.
Therefore, the optimal design for the X-shaped
damper is:
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point and the top of the damper; hb is the distance
between the inflection point and the bottom of the
damper; d b is the depth of the H-shaped steel beam;

hd is the height of the X-shaped damper.
In this research project, the upper edge of the
damper was connected to CFT column with A490
bolts having a diameter of 20mm, so five holes were
designed with diameter of 21.5mm, having distance
of 60mm between each other and 30mm to the edge.
The lower edge of the damper was connected to the
beam flange with A490 bolts which had a diameter
of 20mm, so a steel plate was designed with 400mm
in length, 70mm in width and 30mm in thickness,
connected to the X-shaped damper by fully
penetration welding. On the steel plate, four holes
were designed with diameter of 22mm, distance of
90mm to the edge, 70mm between exterior pairs and
80mm between interior pair.

2000

Where ha is the distance between the inflection

1000

(1)

1000

ha
h + 3d b
= d
hb 2hd + 3d b

Fig. 3 Design of slab

Fig. 4 Connection of Slabs

Experimental Setup and Results
This experiment simulated a pre-stressed building
with a span of 6 meters and floor height of 3.2
meters. When the building experiences earthquake,
inflection points occur, respectively, at the
mid-points of the beams and columns.
The
specimens simulated the connections of beams and
columns with four inflection points as boundaries.
There were four specimens in the experiment.
They were BCh30t20, BCh30t15, PBCCSh20t25 and
BCSh30t20,
respectively.
BC
stands
for
beam-to-column connection, h represents the height
of the X-shaped damper, t is the thickness of the
X-shaped damper, S means slabs for the specimens.
The third specimen PBCCSh20t25 was the specimen
of the previous study and slab was added for
comparison.

Fig. 1 Deformation of X-shaped damper

Fig. 2 Connections of X-shaped damper

Design of Slab
While the interface between the H-beam and the
CFT column opens, the slab will be opened by
tension force. In this research project, the slab was
divided into two parts which were allowed to open
when the interface between the H-beam and the CFT
column opens. Considering the practicability of the
slab in the future, the border between the east and the
west slabs was covered by a steel plate. The steel
plate was adopted from steel deck ALN. No. three
reinforcing bars were laid at the concavity of the
steel deck. The schematic diagram of the slabs is
shown in Fig. 3. The schematic diagram of the
connection of the slabs is shown in Fig. 4.
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In order to test whether the damper could be
replaced rapidly after earthquakes, specimens
BCh30t20, BCh30t15 and BCSh30t20 shared the
same beams and columns. A space of 100mm was
needed for dismantling the yielded damper by
loosening the bolt pneumatically and replacing with
the new damper by fastening the bolts with torsion
wrench. After BCh30t20 experiment was over, the
X-shaped dampers were replaced immediately to
form the BCh30t15 experiment. After BCh30t15
experiment was finished, the dampers were replaced
again and slabs were added to form the BCSh30t20.
In this way, not only the practicability of replaceable
dampers was examined, but also the variation of
design parameters was limited to X-shaped dampers
and slabs in favor of comparison.
When the drift ratio of the specimen BCh30t20
reached 6.0% as shown in Fig. 5, the residual
displacement was larger while the specimen was
unloaded from the negative direction. It was about
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When the drift ratio of the specimen
PBCCSh20t25 reached 6.0%, it is shown in Fig. 9.
The height of the damper of PBCCSh20t25 was
smaller than BCh30t20 by 10mm, but the thickness
was greater by 5mm. The energy dissipated by this
specimen was greater than that by the previous
specimens but it had the greatest residual
displacement. When the specimen was unloaded
from negative direction at the drift ratio of 6%, the
residual displacement was 52.52mm. Nevertheless,
the residual deformation was extremely small, which
was approximately 7.31mm, when it was unloaded
from the positive direction. It was because the
weight of the slabs helped in self-centering when the
specimen was unloaded from the positive direction.
The comparison of the theoretical and experimental
hysteresis loop is shown in Fig. 10. The initial
pre-stress when the experiment started was
1039.32 kN , and it became 912.75 kN when the
experiment was over.
The total loss of the
pre-stress was 12.18%.

Fig. 5 Specimen BCh30t20 at drift ratio 6.0%
300

theory
experiment
KN

When the drift ratio of the specimen BCh30t15
reached 6.0%, it is shown in Fig. 7. Since the
thickness of the dampers was reduced by 5mm, the
area of the hysteresis loop was smaller. Thus, the
energy dissipated by specimen BCh30t15 was
smaller than that by specimen BCh30t20. The
residual displacement was about 7.6mm which was
also smaller than that of specimen BCh30t20. The
theoretical and experimental hysteresis loops are
compared as shown in Fig. 8. The experimental
stiffness was smaller than the theoretical one when
the experiments started. It was because during the
previous experiment of specimen BCh30t20, the
lateral supports were released and the beams were
deformed in the way of lateral torsion. The initial
pre-stress when the experiment started was
802.4 kN , and it became 770.15 kN when the
experiment was over. The total loss of the pre-stress
was 4.02%.

pre-stress was 3.82%.
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Fig. 6 Theoretical and experimental hysteresis
loops of BCh30t20

Fig. 7 Specimen BCh30t15 at drift ratio 6.0%
300
theory
experiment
KN

15.3mm. The theoretical and the experimental
hysteresis loops are compared as shown in Fig. 6.
The theoretical strength was larger than the
experimental one because loss in pre-stress was not
considered in the theoretical derivation. The initial
pre-stress when the experiment started was
795.63 kN , and it became 685.52 kN when the
experiment was over. The total loss of the pre-stress
was 13.84%.
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100
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Fig. 8 Theoretical and experimental hysteresis
loops of BCh30t15

When the drift ratio of the specimen
BCSh30t20m reached 6.0%, it is shown in Fig. 11.
The difference between BCSh30t20 and BCh30t20
was that slabs were added for BCSh30t20. The
residual displacement was approximately 24.48mm
when the drift ratio reached 6%.
The initial
pre-stress when the experiment started was
718.58 kN , and it became 691.13 kN when the
experiment was over.
The total loss of the
115
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Fig. 9 Specimen PBCCSh20t25 at drift ratio 6.0%
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damper height were provided. In addition, the
damper was designed in such a way that it could be
replaced
swiftly
after
severe
earthquake.
Furthermore, the slabs were designed such that the
continuity of slabs remained when the interface
between beams and columns opened.
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Fig. 10 Theoretical and experimental hysteresis
loops of PBCCSh20t25

Fig. 11 Specimen BCSh30t20 at drift ratio 6.0%
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Fig. 12 Theoretical and experimental hysteresis
loops of BCSh30t20

Conclusion
The
practicability
of
the
proposed
beam-to-column
connection
was
proven
experimentally. After the experiment, the CFT
columns, H-shaped steel beams, and panel zones
were not damaged as expected. The displacement
of the connections was dominated by the opening of
the interface between beams and columns. The
X-shaped dampers had magnificent energy
dissipation ability and absorbed more than 82% of
the total energy dissipated by the connections.
Optimal design of X-shaped damper was proposed in
this paper. The location of inflection point for the
damper could be optimized once the beam depth and
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Development and Application of
Nonlinear Structural Analysis Platform
Bo-Zhou Lin 1, Ming-Chieh Chuang 2, Yuan-Sen Yang 3, and Keh-Chyuan Tsai 4
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Abstract
The emphases of this report are on the following: (1) study about the existing computer
codes of some analysis tools; (2) construction of a new software framework for general
purposes of nonlinear structural analysis; (3) extension of GISA3D to online–display
module for experiments. The Unified Process and some mechanisms of object-oriented
techniques were utilized in developing this framework.
Keywords: Nonlinear structural analysis, object-oriented, PISA3D, GISA3D

Introduction



Numerical structural analysis plays an important
role in the modern concept of seismic design. For a
better and continuous development of numerical
simulation methods or strategies, a flexible, extensible
and easy-to-use numerical simulation programs is
required. Based on the study and reviews of the
object-oriented frameworks employed by PISA3D [1]
and OpenSees [2], this work attempts to draft an
architecture to improve the original PISA3D without
losing its compatibility with existing material and
element numerical models. An online-display module
was extracted from GISA3D, a GUI of PISA3D, and
was applied to several large-scale experiments,
enhancing the value of experimental data through
real-time graphical representation via the internet.

Development on Next Generation Analysis
Platform
A good program framework improves the
maintainability and the extensibility in the future.
From the experience on research about PISA3D
framework and OpenSees, this work develops a new
framework for a general-purpose computational
platform.
Software Analysis
In this part, the object-oriented use case analysis
and the framework analysis were performed.
1
2
3
4

Domain Model
According to the use case analysis, the conception
of the new framework was sketched in the domain
model (Fig. 1). Closely similar to the PISA3D, the
analysis procedure was completed by the cooperation
of several objects including Analyst, ModelBuilder,
Model, SystemEquation, and Recorder.
From the domain model, the ModelBuilder should
construct the analytical Model needed in the process.
The Analyst is responsible to create the
AnalysisMethod, the Solver, and the SystemEquation.
The analytical information is transferred by the
Analyst. The SystemEquation has the Equation object.
The Equation type may be classified as sparse matrix,
band matrix, or any numerical types for storing
equations. The SystemEquation gives physical
meaning to the Equation, such as the stiffness and the
displacements. In each step of analysis, the
AnalysisMethod requests the Solver to solve the
system equations, and it takes the displacement
quantities to update the responses of the Model. After
the analytical task, the Recorder records the results of
the SystemEquation and the Model.
In this framework, the Model class and the
SystemEquation class are divided completely. The
Model processes the nonlinear simulation of the
structure, and the SystemEquation holds equations of
motion and the responses of DOFs. They do not
communicate directly with each other, while the
Analyst class is responsible for the information

Assistant Research Fellow, National Center for Research on Earthquake Engineering, bzlin@ncree.gov.tw
Assistant Research Fellow, National Center for Research on Earthquake Engineering, mcchuang@ncree.gov.tw
Associate Research Fellow, National Center for Research on Earthquake Engineering, ysyang@ncree.gov.tw
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communication of these two classes.

Figure 1 Domain Model

Figure 2 Design model of new framework

Software Design
In the object-oriented design phase, the main work
is to design a good framework to solve the problems
found in the object-oriented analysis. The interfaces of
classes and their interactions should also be well
developed. In this regards, some design patterns and
object-oriented mechanisms were applied in designing
this framework.


Class Diagram
Besides the domain model, a class diagram for the
detailed Design Model was created (Fig. 2). The
associations and primary attributes of classes can be
illustrated in this diagram. As to the Domain Model,
the ModelBuilder still creates the Model. The Model
aggregates the numerical model components. The
Analyst creates a DOFNumberer to set the
connectivity between the model components and the
DOFs. By referring to the Model, the Analyst can
create the SystemEquation to represent the equations
of motion. Then, the Analyst initializes appropriate
AnalysisMethods and SolutionAlgorithms to execute
the analysis.
In this design model, its main difference from the
domain model is that the Solver class is replaced by
the SolutionAlgorithm class. This is because although
the SystemEquation has the Equation object, the
Solver type still must be consistent with the Equation
type. Thus the solver must be encapsulated in the
Equation class. The Equation class provides the
method for the SystemEquation to solve itself. The
Analyst does not have to decide what type of solver to
create. In analysis, the AnalysisMethod requests the
SolutionAlgorithm to solve the SystemEquation. The
SolutionAlgorithm can be any concrete object with
proper linear or nonlinear solution scheme, such as
Newton method. This design keeps the elasticity to
extend different algorithm in solution, and it keeps the
decoupled
feature
in
the
framework
of
AnalysisMethod, Solver, and SystemEquation.



Analysis Sequence Diagrams
Sequence diagrams show the operations among the
classes, and display how messages are transferred. The
controlling of loops and the procedures in the
execution can be decided in these diagrams.
Perform Analysis
The Perform Analysis diagram is a regular
scenario where the operation in a step of dynamic
analysis is shown (Fig. 3). In each integration step, the
AnalysisMethod calculates new response quantities of
each DOF according to its integration scheme. Then, it
requests SolutionAlgorithm to solve the equations.
After it converges, the AnalysisMethod will inform
the Model to commit the responses.
Calculate Next Step
By extracting the “calculateNewStep()” method
from Fig. 3, some work shown in Fig. 4 must be
completed. Initially, the AnalysisMethod (taking the
Newmark implicit integration method as an example)
sets the equations of motion. Then, it calculates the
new responses of DOFs for the next step, and setups
the responses for the SystemEquaiton. Finally, it asks
the Model to update its trial responses by new
responses.
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Figure 4 Sequence diagram: Calculate Next Step
Solve Current Step
After the new trial responses are calculated, an
important task to solve the equations [A]{X}={B} as is
addressed as shown in Fig. 5. By calling
solveCurrentStep() of SolutionAlgorithm class, the
AnalysisMethod submits itself to SolutionAlgorithm.
A regular iteration sub-step which starts from the
SolutionAlgorithm sets the unbalanced loads {B}
(::formUnbalance()) and the coefficient matrix [A]
(::formTangent()) using the AnalysisMethod. The type
of the coefficient matrix is based on the scheme of the
SolutionAlgorithm, so it may be tangent, secant, initial,
or some required types of the effective stiffness matrix.
Immediately thereafter, the SolutionAlgorithm
requests the SystemEquation to solve and return
displacements. The SolutionAlgorithm informs the
AnalysisMethod to update the displacement vector.
Then, the two operations are the same as those in
Figure 4, namely: (1) setting response quantities of
DOFs, and (2) updating the trial states of the Model.
At the end of each sub-step, the AnalysisMethod sets
the
unbalanced
loads
again,
and
the
SolutionAlgorithm tests the convergence. This solving
and iteration procedure repeats until equations
converge. The AnalysisMethod then commits
responses of this step.
: SolutionAlgorithm

: AnalysisMethod

: SystemEquation

: Model

formUnbalance( )

formTangent(this->TYPE)

aggregation and hierarchy. The ModelBuilder
constructs the Model which aggregates the
components of a finite element model. The Analyst
keeps the information of the Model and the
SystemEquation for some actors in analysis, the
DOFNumberer, the AnalysisMethod, and the
SoultionAlgorithm. The necessary interface of each
abstract class was defined. Any new subclass can be
derived from the interface to be added to the existing
library, and the original source codes need not be
modified. For example, new types of elements, matrix
formats, or solution algorithms, can be introduced into
the libraries of this framework.

Figure 6 Class diagram of a new framework

GISA3D Extensions and Applications
GISA3D is a Graphical User Interface that was
designed especially for PISA3D. During the
development of GISA3D, a series of experiments
conducted in NCREE required the on-line display of
test results. Thus, the GISA3D was modified to be a
“visual post-processor for on-line display” and was
reutilized to speed up the developing of instant 3D
display of test results. For example, Fig. 7 shows the
analytical model of the 2 story BRBF [3], which was
subjected to the bi-directional earthquake loads.
Figure 8 shows the analytical model of a 2-story steel
panel shear wall (SPSW) frame [4]. Figure 9 shows a
bridge system subjected to bi-directional earthquake
[5]. Based on the original GISA3D, new functions
have been added. For example, gauges of
experimental data and solid graphical components
were drawn for better readability and sense of reality
(Fig. 10).

Displacement := solveCurrentDisp( ) : vector
updateDisp(U_vector)

setDofResponse(U_vector, V_vector, A_vector)

updateState(SystemEquation*)
formUnbalance( )

testComvergence( )

* [un-convergence]

Figure 5 Sequence diagram: Solve Current Step


Design Class Interface
After the interaction between classes and the
operation of execution procedure were defined, the
final phase of the object-oriented design is to complete
the detailed interface of each class. Figure 6 shows the
overview of the entire framework for class
119

Figure 7 BRB Frame

Figure 8 SPSW Frame

2006 NCREE Research Programs
and Accomplishments

Specimen
Analytical Model

Figure 9 Bridge System

Figure 12 Hybrid testing of 2-story BRBF

Abs_Exp_Reader
+ReadResponse()

SPSWF_Exp_Reader
+ReadResponse()

Fig. 10 Gauge function

Bridge_Exp_Reader

Artificial
response

+ReadResponse()

BRBF_Exp_Reader

School_Exp_Reader

+ReadResponse()

+ReadResponse()

Figure 11 Hierarchy of
Abs_Exp_Reader

Figure 13 Scheme of artificial response

In this expanding process of the application
GISA3D, graphical customization and data
acquisition need to be handled. As shown in Fig. 10,
the graphical customization is to depict and to
customize the information (title, text color, sensors,
progressing bar, etc.) on the form. The authors’
strategy is to hard code the customization in the class
of window form. The data acquisition was employed
to read test result and was made dependent on the
data type and communication method. In those
experiments introduced above, the authors deployed
a hierarchy (Fig. 11) for data acquisition that
associates with the current GISA3D’s framework.
The
virtual
function
ReadResponse()
of
Abs_Exp_Reader family could be overwritten to read
and generate the information shown on the window.
According to the experiments, the polymorphism of
ReadResponse() was applied not only to read
specimen’s response and analytical response but also
to generate artificial response. The specimen’s
response may be actuator force, displacement or
measured readings stored in a file or database.
Similarly, the analytical response for the analytical
model was computed by an analysis engine (PISA3D
or OpenSees). Since the specimen’s response
presents a simplified model, the authors generated
artificial response to make the whole model’s
deformed shape look more realistic. In the hybrid test
noted above and in Fig. 12 shown, a 2-story BRBF is
described to be consisted of specimen and analytical
model by PISA3D. The specimen that deformed
bi-directionally was simplified as a stick model for
PISA3D computation. Thus, the authors must specify
the artificial response to recognize easily the model
and the scheme, as depicted in the Fig. 13.
Simultaneous display of actuator forces and
displacements of a deformed specimen provide more
intuition and a better description of the real-time
experimental state. The experimental applications
noted above show the reusability of the GISA3D.

Conclusions
This research continues to develop a nonlinear
structural analysis platform which is feasible for both
engineering and academic usage. Some efforts were
made to employ the object-oriented framework in
integrating the software with analysis demands in the
laboratory, and to provide distinct interface for
libraries extension in performing the re-use of existing
software components. The completed developments in
the framework and function help future developments
on nonlinear libraries and numerical methods.
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Abstract
This paper introduces the preliminary study on image-based measurement for
earthquake engineering experiments and a 2D image analysis tool called ImPro prototyped
by NCREE. In 2005, NCREE first employed 2D image-based measurement approach using
commodity digital cameras to get large bi-lateral dynamic displacements induced in RC
collapse tests, which are not easy to measure using traditional devices. In 2006, the
techniques in this approach are developed into an ImPro package with a built-in automatic
tracing function in order to reduce considerable time cost of manual image positioning.
Keywords: Digital photography, image-based experimental measurement, large bi-lateral
displacement measurement, ImPro package

Background
Along with the advancment, popularity and cost
reduction of digital photography technology, it is
getting practical to use digital photography technology
for experimental measurement. Industrial facilities and
software for digital photographic measurement are
normally too costly. For that reason, these highly
priced digital photography technology is not easy to
be used widely in budget-limited laboratories. In 2005,
NCREE attempted to apply commodity digital video
cameras on an RC collapse shake table experiment
(see Fig. 1) and successfully captured the large
bi-lateral displacements of the specimen (Fig.2). For
further applying this technique into more practical
applications, a 2D image-based displacement
measurement package called ImPro is prototyped. The
vision of this work is to integrate and develop the
image-based observation and measurement technology
and promote them to the usage on more practical and
valuable academic and industrial applications.

Overview to Image-based Measurement

Fig. 1 RC collapse experiment

Fig. 2 Image-based displacement analysis
The image-based measurement mentioned in this
paper denotes to extract engineering information or
data by analyzing photos or videos of structures or
specimens. Similar technologies have been applied in
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various industries. For example, automobile industries
have been using image-based measurement
technology in vehicle crash tests (Wikipedia free
encyclopedia, 2005) to obtain the motion and
deformation of tested vehicles. In this paper,
according to the camera employed, image-based
displacement measurement is classified into (1)
high-speed image-based measurement, which employs
industrial high-speed cameras commonly taking 1000
digital images per seconds (or frame per second, FPS)
or more, and (2) low-speed image-based measurement,
which employs commodity cameras normally taking
24 to 60 FPS. Table 1 lists a rough comparison of
conventional displacement measurement using a linear
variable differential transformer (LVDT) which
NCREE commonly used, low-speed (using a
commodity digital video camera) and high-speed
(using
a
high-speed
camera)
image-based
displacement
measurement.
Image-based
measurement is good for collapse experiments, which
is typically induce large (may larger than 1 meter) two
or three dimensional displacements and its accuracy is
sufficient for preliminary researches.

to its physical coordinate. An image coordinate refers
to its position in an image. For example, the range of
an image coordinate in a 640-pixel-by-480-pixel
image is ([1,640], [1,480]). A physical coordinate is
the actual position of the target, typically denoted as
(X, Y, Z) referring to a Cartesian coordinate system,
which is meaningful for engineers or researchers.
Coordinate transformation is not only the classical
geometrical coordinate transformation, but also
camera lens distortion or ambient factors (e.g., glasses
between the target and the camera). Coordinate
transformation is to find a mapping between the
aforementioned two coordinate systems. Calibration
for coordinate transformation is typically required
before using image-based displacement measurement
(see. Fig. 4).

(a) Target image (b) Example of a captured image
Fig. 3 Example of Image Recognition

Table 1 Comparison of conventional, low-speed and
high-speed image-based displacement measurement

Sampling
rate

Conventiona
l
displacement
measurement
(LVDT)
High
(200Hz or
higher)

Low-speed
image-based
measurement

High-speed
image-based
measurement

Low (24-60
FPS)

High (1000
FPS or
higher)

Maximal
disp.

About 1m

Adjustable

Adjustable

Accuracy

High (about
0.1mm)

Low (about
1mm) *

Low (about
1mm) *

Measure
A point
View region View region
range
Bi-axial
Difficult
Easy
Easy
disp.
Cost
Low
Low
High
* Accuracy of image-based measurement depends on
camera quality, resolution, and size of camera shooting
range. For example, taking 1440-pixel-by-1080-pixel
images on a region of 1.44m by 1.08m, the accuracy is
about 1mm.

Techniques required for image-based displacement
measurement may include (1) image recognition and
(2) coordinate transformation. The image recognition
is to find the target (see Fig. 3a) in entire captured
images (Fig. 3b). The target in the captured images
may be more or less distorted, blurred, interlaced due
to geometrical or optical distortion, or limited camera
quality or capability. Image recognition technique is
needed to determine the position of the target in the
captured images. Image recognition is a subtopic in
the computer vision discipline.
Coordinate transformation is to transfer the target
position in the captured images (say, image coordinate)

Fig. 4 Initial Measurement for 3D Calibration

A Displacement Analysis Program: ImPro
A Matlab-based program, named ImPro (ver. 0.5)
is prototyped in this work for preliminary 2D
image-based displacement measurement. This version
of ImPro has a rough automatic image recognition
function and a simple 2D constant-scale coordinate
transformation. Users need to specify the file of
captured video, target image position in the first frame
of captured video and geometric scaling factors along
horizontal and vertical axes. ImPro then automatically
traces the target image along the remaining image
frames in the video file, and outputs the displacement
history to a file. Figure 5 shows the user interface of
ImPro. Figure 6 presents the basic flowchart of the
usage of ImPro.
The image recognition function implemented in
ImPro ver. 0.5 is very simple and feasible. It compares
the image target and a part of captured image pixel by
pixel, and picks position of the image pair which leads
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to minimal error. This method is time consuming but
is easy to understand and implement. According to
authors’ experience, ImPro captures the position of the
target image accurately as long as the target image is
covered or does not run out of the captured image.
Figure 7 shows the basic procedure of the image
recognition in ImPro ver. 0.5. For more details, see the
reference of Yang et al. (2007) to publish soon.

on a personal computer (tested on desktop computer
with a Pentium 3.0G CPU and 1.5GB main memory).

Fig. 5 User interface of ImPro (ver. 0.5)

Fig. 7 Image recognition procedure in ImPro

Fig. 6 Procedure of using ImPro
It should be mentioned that ImPro ver. 0.5 is a
preliminarily prototyped program and can only be
used for limited situations. It is only suitable for
two-dimensional measurement. The displacement is
supposed to be in-plane perpendicular to the camera
line of view. In addition, it is assumed that 2D
constant scaling can be applied for coordinate
transformation. It implies that the camera should be
placed far enough from the target so that the
geometrical distortion can be ignored. Distortion
caused by lens imperfection or optical factors is
ignored too. At present it supports only
640-px-by-480-px videos with 30 FPS. The target
should run out of the captured images, and is not
severely blurred or covered. At present,
high-resolution videos can be analyzed only after it is
transferred into In addition, ImPro users should be
aware of the possible error. Displacement
measurement error of 1mm or larger may be induced.
The image recognition process takes 15 to 20 seconds
of elapsed time per second of captured video running

Image-based displacement measurement has been
employed by several collapse experiments performed
at NCREE (e.g., see reference [1]), so that the large 2
dimensional displacements induced by structural
system collapse can be measured. The conventional
LVDT devices are used as well so that accuracy
displacement histories can be measured before
specimen collapses. Figure 8 shows a comparison of
two horizontal displacement histories measured in an
RC collapse experiment [1] by using a conventional
LVDT device and image-based measurement,
respectively. The LVDT device lost its data after the
displacement runs over its stroke (yellow dotted line),
while the image-based measurement keeps capturing
the displacement (blue solid line). The usage of the
image-based measurement technique also saves the
cost of a collapse experiment. With proper use of
image-based measurement technique, researchers may
reduce the use of conventional devices, while some of
them may be damaged during a collapse experiment.
High-resolution videos of an in-situ test for an
existing 2-story school building in Ruei-Pu
Elementary School, (Aug. 2006, see Fig. 9) and a
brick-wall collapse test at NCREE (Oct. 2006, see Fig.
10) were captured by video cameras for coming
studies on high-resolution image-based displacement
measurement. The resolution of the videos used in
these two experiments is 1440-px-by-1080-px, with
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total number of pixels of more than four times of the
one used for past collapse experiment (i.e.,
640-px-by-480-px).
However,
the
decoding
subroutines (or software development kit) of the
high-resolution video format used here, named
AVCHD (2006), has not been freely provided by the
camera vendor (which is SONY Corp.) at present.
Solutions for video format transformation or image
extraction from the AVCHD-format videos will be
studied in the coming year. The ImPro program will
be upgraded so that high-resolution videos can be
analyzed.

Hydrotech Research Institute of National Taiwan
University for providing their experiences on 3D
image-based measurement and calibration.

Fig. 9 A captured image of Ruei-Pu Elementary
School Push-over Experiment
Fig. 8 Comparison of conventional and image-based
displacement measurements (an example)
In addition to the preliminary studies mentioned
above, NCREE is starting to collaborate with
European Laboratory for Structural Assessment
(ELSA) of Joint Research Centre in Italy, Europe
Community, and Hydrotech Research Institute (HRI)
of National Taiwan University on this topic. ELSA
has been using image-based measurement for
specimen deformation, strain field, and 3D
displacements of static and pseudo-dynamic structural
experiments. HRI has been using image-based
measurement for the 3D flow fields of hydrodynamic
experiments. Collaborations on 3D image-based
measurement, calibration and software development
will be focused in the near future.

Conclusions
This work preliminarily studied image-based
displacement measurement. A simple Matlab-based
2D displacement measurement program, called ImPro
(ver. 0.5), is prototyped, and is used to obtain 2
dimensional large displacement histories of several
shake table RC collapse experiments, which is not
easy to measure using conventional LVDT devices.
Further
improvement
of
the
image-based
measurement technology on higher accuracy, 3D
measurement functions and flexible software
development are needed for more practical
applications.

Fig. 10 A captured image of a brick-wall collapse test
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Abstract
This short report introduces the upgrades of a networked experimental platform, ISEE
(Internet-based Simulation for Earthquake Engineering) and its application on a
Taiwan-Canada collaborative experiment of a bridge system. Based on the networked
pseudo-dynamic experiment technology, this experiment simulated the dynamic responses
of a five-span double-skinned-concrete-filled tubular (DSCFT) bridge subjecting to a series
of ground motions. Three of the four DSCFT piers were separately located and tested
simultaneously at NCREE, National Taiwan University and CU, while the remaining parts
of the bridge were modeled and their responses obtained by dynamic time integration using
either an extended OpenSees or an extended PISA3D computing environment following
pseudo-dynamic analysis procedure. The Database Approach of ISEE platform was
adopted to integrate the hardware and software units in the three laboratories, and
broadcast in real-time the progress of the transnational hybrid tests of instant videos, data
plots of numerical and experimental data, and visualization of the bridge deformations.
This report is a short version of a paper published in the 8th National Conference on
Structural Engineering in Taiwan (Yang et al., 2006A).
Keywords: networked earthquake engineering simulation, pseudo-dynamic experiment,
experimental-numerical hybrid simulation, database system

Background
Large scale structural testing is an important
approach to evaluate and validate the seismic
performance of novel new concept and design of
complex structural components, construction methods
and retrofitting techniques. Because of the recent rapid
advances in novel structural engineering technologies
which put increasing demands on existing
experimental
facilities,
collaboration
among
laboratories is becoming more important as a future
direction in experimental research to overcome the
limitations of existing individual laboratories in
meeting the increasing capacity and accuracy demands
of carrying out complex structural experiments.
Instead of endlessly increasing the capacity of each
laboratory, it would be more cost effective for
1
2

laboratories to collaborate by pooling their hardware
and software resources to conduct experiments of
common interests. In addition, it would be more
productive and can make more out of the research
resources and results if experts at different places can
more readily work or participate as a team. For
earthquake engineering experiments, networked
collaborative experiment technology allows the testing
of several specimens of a single experiment using
required equipment located at separate sites by remote
control through the network, offering more flexibility
on experimental space and more potential for
large-scale experiments. Proper collaboration among
laboratories also improves exchanges of experimental
technologies and resource sharing of experimental
software and hardware.
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A networked collaborative experiment also helps
the interactions and collaborations among experts at
geographically distributed locations. Researchers and
engineers at different places work closely during the
entire process of designing, preparing, running and
post-processing of an experiment or a project. A
successful collaborative experiment needs high level
of harmonization of overall perspectives, such as a
common consensus on the experiment structural
design and integration of experimental details, such as
the input/output format of control and measurement
facilities. A large amount of experiences, knowledge,
and new ideas for further research and collaboration
will be exchanged or created through a networked
collaborative experiment.
In recent years, to address the needs of earthquake
engineering experimental research, some research
efforts have been focused on developing technologies
for collaborative experiments of earthquake
engineering, which allow laboratories to jointly
conduct an experiment at multiple testing sites
(Watanabe et al., 2001; Ohtani et al., 2003; Kim, 2004;
Pauschke & Fragaszy, 2006; Whitmore et al., 2006).
During these efforts, NCREE has developed a
platform called ISEE (Internet-based Simulation for
Earthquake
Engineering)
for
collaborative
pseudo-dynamic experiments among laboratories
through Internet. This platform has been applied to
carry out networked single-site and multi-site
experiments (Tsai et al., 2003; Chen et al., 2003; Yang
et al., 2004; Wang et al., 2004; Yang et al., 2006B).
The objective of the present work is mainly to
improve the functionality of the ISEE platform for a
collaborative pseudo-dynamic experiment of a
DSCFT bridge through the network. Participating
laboratories include the National Center for Research
on Earthquake Engineering laboratory (NCREE lab.),
National Taiwan University laboratory (NTU lab.),
Carleton University laboratory (CU lab.) The
specimens of P1, P2 and P3 are located at CU,
NCREE, and NTU, respectively. Each pier is
pre-tensioned by an axial rod to simulate the gravity
load effect and controlled along two lateral directions
to simulate its bi-lateral responses during earthquakes.
The fourth pier and the bridge decks are numerically
simulated by a 3D finite element model. Fig. 1 shows
the network configuration of the DSCFT-2006
experiment. The rest of this article presents further
details on the development and design of the ISEE
software components. More details about the bridge
structural design and ground motion selections can be
found in the references (Yang et al., 2006B; Chang et
al., 2005).

Overview of the ISEE platform
The ISEE platform provides two approaches to
support networked collaborative PsD experiments: the
Database (DB) Approach and the Application Protocol
(AP) Approach. Both approaches can work

independently and either one can be selected to
accomplish a networked pseudo-dynamic test. These
two approaches were both initially proposed at the
very beginning of the ISEE development. At the
beginning in the early stage of the development, the
ISEE developers encountered the problems of the new
evolving technologies of Internet and were not sure
how well the two approaches would perform.
Therefore, both of these two approaches were
prototyped in parallel. The two approaches were
successfully validated by supporting actual networked
pseudo-dynamic experiments.

Fig. 1 Network configuration of this experiment
The major difference between the DB and AP
approaches is the communication method. The DB
approach basically uses network database accessing
commands based on Structured Query Language
(SQL). In the DB approach, the software of facility
controllers or data acquisitions which exchange data
in an experiment only communicate with an ISEE
database center. The AP approach uses TCP/IP-based
commands, which are lower level communications
than the database commands, to perform the data
exchange procedures. Generally speaking, the DB
approach is comparatively easier to implement and
re-configure to meet the needs of a networked
experiment, while the AP approach provides higher
communication
performance.
The
detailed
descriptions of these two approaches can be found in
the references by Tsai et al. (2003) and Wang et al.
(2004).

Configuration of DSCFT-2006
The Data Center setup for this experiment contains
seven networked participating programs and 72
channels for data exchange communications among
the collaborative experiment and simulation sites. The
participating programs include Command Generation
Module (CGM), Facility Control Module (FCM) at
NCREE, FCM at NTU, FCM at CU, Data Acquisition
(DAQ) at NCREE, DAQ at NTU, and a data
transformer. The 72 channels of experimental data
communication include bilateral target displacements
and resisting forces, axial force, base moments,
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selected strains of steel bars, rotation angles, and
sliding displacements of each specimen. More details
of these channels can be found in the references (Yang
et al., 2006B; Chang et al., 2005; Tsai et al., 2007).
Either one of two CGM engines can be selected for
the experiment. An OpenSees-based (McKenna &
Fenves, 2000) CGM is used for most of the
ground-motion tests. A PISA3D-based (Tsai & Lin,
2003) CGM is used for the final ground-motion test
validating the first usage of PISA3D engine for DB
Approach of ISEE.
A visualization module based on a finite element
graphical package of GISA 3D rendering engine (Tsai
& Chuang, 2005) instantaneously processes the data
and information of the collaborative experiment
during the progress of the test and presents and
distributes the experimental results in graphical forms
through the Internet. It allows researchers and
engineers to witness the structural behavior of the test
specimens in near real-time as the experiment
progresses. At present, the ISEE platform has both 2D
and 3D visualization modules (see Fig. 2). The 2D
module presents numeric experimental data such as
the time history of measured or analyzed
displacements or forces or the force-displacement
hysteresis in 2D plots. The 3D one renders the
deformation of the structure using the 3D computer
graphics approach.

Software and
evaluation

network

performance

Network stability and throughput performance are
key factors for consideration in the setup of the
network environment for carrying out a collaborative
multi-site experiment. Since this experiment is carried
out at the slow loading rate of a pseudo-dynamic test
wherein the time effect of load application on the
structural behaviors not significant, the network
performance is not as important as its stability (of not
being disconnected), the timing statistics is only
documented for reference. Fig. 4 shows the time cost
bars of three of the most time-consuming tests. It
shows the network communication and data
processing accounts about 25% of the total elapsed
time (3196 sec. of 12,580 sec.). Fig. 5 shows the
elapsed time of each time step of one of the tests. The
average time cost of each time step is 0.82 sec..
However, as the plots in Fig. 5 show it is not uniform
throughout the test. Time cost of up to 15.4 sec. in a
single step has been observed. This indicates that the
quality of network may be an important issue that can
affect the performance of future networked tests,
especially for those tests where time effects are
important.
A large amount of experimental data was produced
and is still being analyzed at present. A simple
Matlab-based data viewer has been developed which
allows users to select and extract the data channels of
interest from the vast database of numeric data and
then generate corresponding 2D plots. Further
information can be found in the reference by Tsai et al.
(2007).
Elapsed T ime Statistics

(a) 2D plot
(b) 3D visualization
Fig. 2 Real-time WWW broadcasting visualizations

(Ex p. 5A + 5B + 5C-2)
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A camera module is a remote controlled camera
which takes still pictures by remote commands or
preset rules (Fig. 3). In the DSCFT-2006 experiment,
the camera module takes a picture of the NCREE
specimen at every other time step. The resolution of
the photos is equivalent to eight mega pixels. The
information is obtained for further research and
investigation on the structural behavior and failure
modes of the bridge and sub-components.
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Summary

(a) Camera setup
(b) A photo example
Fig. 3 Camera module for this experiment

The development of an effective network platform
for carrying out collaborative experiment is the very
beginning step of the overall vision for further
resource
sharing,
collaborations
and
knowledge/experience exchanges on earthquake
engineering. The DB Approach of the ISEE software
system for collaborative pseudo-dynamic experiment
has been successfully employed in a Taiwan-Canada
collaborative experiment to simulate the dynamic
responses of a DSCFT bridge subjecting to different
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hazard levels of ground motions. Several software
components were developed or upgraded, such as the
remote-controlled camera modules, the networked
data acquisition modules and the 3D visualization
modules. Network performance is an issue in the
future for possible fast or real-time pseudo-dynamic
experiments. Due to limited space of this paper,
further details are not described here and can be found
in the references by Yang et al. (2006A; 2006B) and
Tsai et al. (2007).
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Abstract
This research takes advantage of Web and Virtual Reality technologies to develop
prototype information and resources management systems for NCREE laboratory. After 3D
models of NCREE are constructed and related management workflows are analyzed, the
following systems are prototyped: (1) a 3D information processor for structural
experiments; (2) a project management system for structural experiments; (3) a resource
management system for structural laboratory. This paper reports the development of these
systems at NCREE.
Keywords: virtual laboratory, project information management, resource management, 3D
experimental data processing

Introduction
Earthquake engineering experiments nowadays
have gradually become more sophisticated and larger
scale due to the increased requirement for seismic
resistance on structures and advancement of
experimental technology. In order to cope with the
increased difficulty in management of large scale
experiments and tremendous amount of experimental
data, laboratories need to not only renew the hardware
facilities, but also take advantage of advanced
information and management technologies, so that
laboratories can manage the facilities, experiment data,
and related resources more effectively, reduce
manpower costs, and improve efficiency. In this
research, the Web and VR technologies are employed
to prototype a number of information and resource
management systems for the structural laboratory of
National Center for Research on Earthquake
Engineering (NCREE). These systems include: (1) a
3D information processor for better managing 3D
information of structural experiments; (2) a project
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management system for better information and
workflow management of structural experiments; (3) a
resource management system for better utilization and
facility management of structural laboratory. The rest
of the paper discusses the development of these
management systems.

Construction of 3D NCREE Models
NCREE started to construct some 3D models of its
facilities in 2005. The effort has continued in this
work and more complete and detailed 3D models of
NCREE have been constructed. These 3D models can
support not only visualization and touring of NCREE
laboratory in a virtual reality space, but also
information and resource management needed for
laboratory operations (e.g., conflict resolution on
space and schedule among experiments). For example,
Figures 1 and 2 show the 3D models of NCREE shake
table and reaction walls, respectively. Figure 3 shows
the 3D model of the overhead crane in NCREE
laboratory.
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tests on 3D specimen in a 3D space, management of
spatial information, such as the size and position of
the specimen, and locations of sensors, etc., is
inevitable. Due to the fact that 2D text and graphical
interfaces are limited in presentation and manipulation
of 3D information, a 3D Information Processor for
Structural Experiments, named SEIN3D, has been
developed (Huang 2006) that takes advantage of the
X3D technology, an emerging 3D technology standard
for the World Wide Web, to handle spatial
information. As shown in Fig. 4, the processor
consists of both 2D and 3D editing interfaces. The 3D
interface allows users to effectively edit and visualize
the 3D information in a 3D virtual reality space, while
the 2D graphical user interface allows the user to
efficiently edit and manage other experiment-related
information that are in the formats of texts, photos,
and drawings. The communication and interaction
between the 2D and 3D interfaces are achieved
through the Scene Access Interface (SAI) supported
by X3D. Figure 5 demonstrates that SEIN3D allows
the user to examine the experiment information (e.g.,
setup of specimens) using a web browser. This
research also uses the XML technology to integrate
the models of numeric, text, and spatial data.

Figure1 3D model of NCREE shake table

Figure 2 3D models of NCREE reaction walls

Figure 4 SEIN3D: 3D Information Processor for
Structural Experiments

Figure 3 3D model of the overhead crane

3D Information Processor for Structural
Experiments
To facilitate repetitive usage and apply structural
experiment results, good information management on
the results as well as other information related to the
experimental project is required. Also, an effective
management system usually needs an effective and
efficient information editing and visualization
interface. Because a structural experiment performs
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Figure 5 Examining experiment information in a
virtual reality space
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NCREE Project Management System
In the original project application procedure of
NCREE, the applicants must go through all steps in
person. It is relatively time-consuming and strenuous,
and the procedure is usually tedious. In this research, a
project management system, as shown in Fig. 6, is
developed for better management of administrative
and basic technical information associated with each
experiment project. The system provides on-line
interfaces to ease the user’s task on application of
experiment projects. Furthermore, the application
procedure is automated as much as possible in the
system to reduce application turn-around time.
Figure 8 Information query results of an experiment
project

Resource Management System for
Structural Laboratory

Figure 6 Main webpage of NCREE project
management system for structural experiments
Figure 7 shows the list of experiment projects
managed by the project management system. Users
can retrieve important relevant information and
execution status of every project in the list. For
example, when users click on the “Content” button in
Fig. 7, the system will display the relevant information
about the selected experiment, such as project title,
principal investigator, application date, equipments
applied, etc., as shown in Fig. 8.

Upon management for large-scale structural
laboratory, laboratory managers rely on experiment
schedules, floor plans of labs, and usage lists of
facilities to decide whether the lab resources can fulfill
the requests of experimenters. However, the
information in concern is usually stored separately in
different forms and formats. Therefore, it is often
difficult and time consuming for lab managers to
arrange the lab resources, including available time,
space, and equipments, etc., for a requested
experiment and may cause certain usage conflicts of
resources.
In this research, a resource management system for
large-scale structural laboratory, named LabRMS, is
developed (Chi 2006). The system provides an
effective mechanism for lab managers to administrate
time, space, and facilities in a lab, in order to reach an
efficient and conflict-free usage of lab resources.
Using MS SQL Server for managing the data resource,
Java language as a tool to implement the system,
LabRMS presents the management information
through both 2D graphical user interfaces and 3D
virtual reality interfaces. Through the interfaces of
SAI (Scene Access Interface), lab managers are able
to interact with the virtual scenes. Having both the
information of space arrangements in the lab and
schedules for experiments, lab mangers can not only
manage lab resources in a more effective way, but also
avoid the conflicts on time and space occupancy in the
lab.
Figure 9 shows the interface of LabRMS for
browsing the attributes of a project. Users can click on
the project they wish to view, and the relevant
information of the selected project will be displayed.

Figure 7 Listing of experiment projects provided by
the project management system
.
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Conclusions
This research employs information and
management technologies to prototype a set of
information and resource management systems for
NCREE.
Through the interactive and visual
environment provided by the management systems,
the experimenters can manage the 3D information of
structural experiments in a better way and laboratory
managers can plan and arrange laboratory schedule,
space, and other resources in a more effective and
efficient manner. It is believed that the efficiency of
the laboratory can be greatly improved, and the reuse
and sharing of experiment-related information will
become more effective. Continuous efforts are still
being made to enhance the capabilities of the
management systems presented here so that the
quality of services provided by the NCREE laboratory
as well as the operation efficiency of the NCREE
laboratory can be further promoted.
Figure 9 The relevant attributes of experiments
If the manager wishes to add a new experiment
project, they need to first input the necessary data for
the experiment project, such as the name of the
experiment, assigned schedule for carrying out the
experiment, space requirement, etc., into the form
shown in Fig. 10. After the form is filled out, the
system will provide an interactive visual interface, as
shown in Fig. 11, for the manager to layout the space
arrangement for the experiment. In addition, the
system automatically detects the schedule and space
conflicts and gives warning messages.
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Figure 10 User Interface for inputting the using space
information of experiment

Figure 11 Interactive visual interface for space
arrangement
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Abstract
National Center for Research on Earthquake Engineering (NCREE) has accumulated
much valuable knowledge through research in the field of earthquake engineering since
established. To disseminate the knowledge contents and boost their applications, research
efforts on knowledge management have been initiated at NCREE. This study presents the
first effort that employs web technologies on building a preliminary knowledge service
platform. Through this platform, users are allowed to not only search up-to-date NCREE
knowledge, but also to share and communicate their experiences with others. To help
NCREE’s code development committee on communicating, sharing, and archiving research
results, this platform provides a community website for seismic code development research.
Besides, to better support the communication and collaboration on both administrative and
research activities within NCREE, an Intranet portal is provided by this platform to serve
the NCREE staffs and researchers with information and application tools they often need.
Keywords: Knowledge base, knowledge management, web technology, seismic design code,
Intranet

Introduction
National Center for Research on Earthquake
Engineering (NCREE) has delivered many valuable
research results and accumulated much knowledge on
large-scale experiments, innovative experimental
technologies, seismic design, evaluation, and retrofit
of structures, and seismic hazard simulation, etc. If
these research results and knowledge can be
effectively managed, disseminated, and demonstrated,
they may be reused to generate more value-added
knowledge to benefit the world. Therefore, how to
manage and boost application of the NCREE
knowledge base is the main objective of this work.
Capable of timely transferring information without
space barrier, Internet could be the best helper on
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knowledge dissemination. Besides, built on the
Internet technology, Web technology has been
popularly employed in developing cross-platform
document or application systems. With the help of
these two technologies, knowledge can be transferred
and shared without any barrier [Tiwana 2002]. In this
work, the two technologies are employed to develop a
preliminary knowledge service platform for
facilitating the dissemination, sharing, and reuse of the
NCREE knowledge.
Because the NCREE code development committee
needs a community for research of seismic design, the
NCREE knowledge service platform provides a
website (http://code.ncree.org.tw) for researchers and
engineers in the seismic code research community
organized by NCREE. From this website, users can
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query seismic codes online. Also, as a knowledge
sharing platform, this website could help them
communicate the knowledge and experiences of
seismic design. Besides, to help the NCREE staffs
work more effectively and efficiently, this platform
offers an Intranet portal to serve the NCREE staffs by
publishing the NCREE important events and by
integrating application systems required for execution
of routine tasks.

Seismic Code Research Community
Website
The website designed for seismic code research
community (See Fig. 1) provides users a
communication platform to exchange their ideas,
comments, and experiences on the development and
application of seismic design codes. Through this
platform, they can comment on any item of the
seismic codes and discuss related issues with others.
In this way, the platform can accumulate feedbacks
from the community users as references in the
development of new design codes. Besides, this
website publishes the meeting minutes of the NCREE
code research committee so that more opinions from
the public on the topics being discussed can be
considered in seismic code development research.
To help users understand and apply the seismic
codes, this website publishes the online seismic codes.
Figure 2 shows that users can find a code item by
following the lists of chapters and sections. Figure 3
shows that users can view both the content and the
explanation of a code item found through the portal of
this website.

Fig. 2 Search a code item through lists of chapters
and sections
To facilitate online communication among
researchers and engineers, this website employs the
Wiki technology [Wikipedia 2007] for constructing
and managing contents of the website. Any website
built on this technology allows users with appropriate
privilege to co-manage its contents. In this work, we
allow community users to add comments to a seismic
code item found in the web pages (as shown in Fig. 4).
Because the Wiki-based website can support version
control on its contents, the website administrators can
therefore keep the website contents from unrelated or
emotional statements.
In addition to the Wiki co-management
mechanism, this website has a simple message board
implemented (See Fig. 5). This message board is to let
people leave their opinions and suggestions on this
website so that we can continuously improve our
service for the website users.

Fig. 1 Portal for the NCREE seismic code
development research community
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Fig. 3 Content and explanation of a design code
item searched
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application systems, such as the ERP system, meeting
room reservation system (see Fig. 9), etc. With these
services, NCREE staffs can search the NCREE events
or news using keywords (See Fig. 10). They can also
exchange and share information and ideas in the
virtual space provided by NCREE BBS.
Furthermore, they can easily retrieve documents and
get access to application systems commonly needed
for their routine tasks.
For the NCREE staffs to receive timely NCREE
news and events announcement, this work employs
the push technology [Awad 2004] to deliver NCREE
news and announcements through e-mails (as shown
in Fig. 11). In this way, the NCREE staffs do not need
to visit from time to time the homepage of NCREE
Intranet portal to obtain news and announcements.

Fig. 4 Comment publication on a specific code
item

Fig. 6 NCREE Intranet portal

Fig. 5 Simple message board gathering general
opinions

NCREE Intranet Portal
This work employs both the Internet and Web
technologies to construct the NCREE Intranet portal
(see Fig. 6). This portal serves only the NCREE staffs
and provides the following services: (1) publication of
NCREE news and events announcement; (2)
repository of NCREE documents for routine tasks (see
Fig. 7); (3) a bulletin board system (BBS) (see Fig. 8);
(4) collections of NCREE administration and
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Fig. 8 NCREE Web BBS

Fig. 10 Result of keyword search on NCREE
events

Fig. 9 NCREE meeting room reservation system

Conclusions
This work presents the first effort on knowledge
management at NCREE. A preliminary knowledge
service platform has been developed using web
technologies to facilitate dissemination, sharing, and
reuse of NCREE knowledge and to promote
communication and collaboration among NCREE
staffs and researchers. At the present time, the
platform supports a community website for the
members of the code development committee at
NCREE to exchange ideas and comments on
development and practice of seismic design codes.
The platform also provides an NCREE Intranet portal
for the NCREE staffs and researchers to timely
receive NCREE news and announcements and to
easily retrieve needed documents and applications for
their tasks.
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Fig. 11 Delivery of an NCREE announcement
through e-mail
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Abstract
More than 650 seismic stations all over Taiwan have been installed by the Central
Weather Bureau (CWB) to record the ground motion data. In order to obtain the
geological conditions and soil profiles of these strong motion stations, a site investigation
project was established 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 50 seismic stations, which had been investigated in 2006. With reference to
Kyoshin Net in Japan and ROSRINE in USA, a preliminary engineering geological
database for 283 seismic stations investigated during 2000~2005 has been constructed on
NCREE’s website for convenient accession.
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 which is the most active seismic region in the
world.
Preventing severe losses of lives and
properties from large earthquake is a major concern
for the people in this region. The Taiwan Strong
Motion Instrumentation Program (TSMIP) was
initiated by CWB in 1991 to monitor the ground
motions at over 650 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 which can be used to
improve the design spectrum and the building codes of
current use.
More than 1,000 seismic stations have been
installed in Japan to monitor the ground response
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during earthquake. Users can download the data of
ground response on a web site called “Kyoshin Net”.
The basic information of a station site, the physical
properties of soils, and the wave velocity of the
stratum measured by the down-hole velocity logging
technique are also available on the Kyoshin Net.
After 1994 Northridge earthquake, a project called
“Resolution of Site Response Issues from the
Northridge Earthquake”, ROSRINE, has been
activated to study the site response in the USA.
Users also can assess to a web site to download the
geological information and the wave velocity profile
of a station site.
The distribution of seismic stations in Taiwan is
the densest in the world, although the amount of
seismic stations installed by CWB in Taiwan is less
than that in Japan and USA.
However, the
application of earthquake data would be restricted
without a complete geological database. Therefore,
NCREE and CWB collaborated to perform the site
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investigation to obtain the basic soil properties and the
wave velocity of the stratum in 2000. There are 50
seismic stations which had been investigated in 2006
are shown in Figure 1. These station names are
shown in Table 1. There are 333 seismic stations
which had been investigated during 2000~2006 are
shown in Figure 2. With reference to Kyoshin Net in
Japan and ROSRINE in USA, a preliminary
engineering geological database for the 283 seismic
stations investigated during 2000~2005 has been
constructed on NCREE’s website for convenient
accession. The “Geological Surveyed Database of
CWB Strong Motion Station” website address is
http://geo.ncree.org.tw (Shown in Figure 3). The
engineering geological database also established on a
GIS system provides convenient access for researchers
in earthquake engineering.

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.
Investigated 333
Total 684

Investigated
in 2006

Figure 2. The 333 seismic stations investigated during
2000~2006.

Figure 1. The 50 seismic stations investigated in 2006.
Table 1. The seismic stations investigated in 2006.
CHY022
CHY053
CHY058
CHY080
CHY090
CHY102
HWA002
HWA015
HWA028
HWA058
ILA017
ILA018
ILA035

ILA054
ILA061
KAU009
KAU024
KAU028
KAU030
KAU031
KAU034
KAU036
KAU067
KAU068
KAU072
KAU079

KAU080
TAP007
TAP015
TAP032
TAP038
TAP039
TAP040
TAP045
TAP052
TAP058
TAP059
TAP080
TAP095

http://geo.ncree.org.tw

TCU001
TCU006
TCU012
TCU023
TCU042
TCU043
TCU044
TCU069
TTN014
TTN015
TTN053

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

The local site conditions play an important role in
the ground response during earthquake. Different site
conditions
could
induce
amplification
or
de-amplification at different period ranges in the
response spectra. It is called the site effect. Besides, in
the seismic hazard analysis, the motion at bed rock of
a site is predicted by the attenuation low from the
earthquake source. According to the 2000 Uniform
Building Code (UBC), 1997 National Earthquake
Hazards Reduction Program (NEHRP) provisions in
the USA, and the revising earthquake-resistant codes
in Taiwan, the ground motion at free field is evaluated

The local site conditions play an important role in
the ground response during earthquake. Different site
conditions
could
induce
amplification
or
de-amplification at different period ranges in the
response spectra. It is called the site effect. Besides, in
the seismic hazard analysis, the motion at bed rock of
a site is predicted by the attenuation low from the
earthquake source. According to the 2000 Uniform
Building Code (UBC), 1997 National Earthquake
Hazards Reduction Program (NEHRP) provisions in
the USA, and the revising earthquake-resistant codes
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.

Suspension P-S Logging Technique
The Suspension P-S Logging Technique,
developed by the OYO Corporation in Japan, is used
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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
are integrated into a single probe within a short
distance. Therefore, the wave velocities of the
stratum can be measured continuously and precisely.
The borehole was first drilled at an interest site and
filled with water. If the borehole is not well-standing,
the borehole may be lined with a plastic tube. The
probe was then put into the borehole at a specified
depth. A primary wave or a shear wave could be
generated by the source in the probe. The primary
wave would be propagated through the surrounding
soil in the direction perpendicular to the borehole axis
(horizontal direction). The shear wave would be
propagated through the soil along the vertical
direction. Each receiver consists of a hydrophone for
receiving the primary wave and a geophone for
receiving the shear wave. A normal pulse and a
reverse pulse are triggered by the source in order to
check the signals received by two receivers. The
time histories of those received signals should 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 could be
picked as ts1 and ts2. Since the distance between the
two receivers is 1 m, the shear wave velocity could be
determined as:

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, including
latitude and longitude of the station site, ground water
level, geographical/topographical conditions, and
surrounding structures. The second item is 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
used to measure the wave velocity of the stratum in
depth for 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 to
the rock outcrop, only the general environmental
investigation was performed to collect the basic
information of the station site.
This project has been conducted for seven years.
Till now, the site investigations at 333 station sites
were completed, including 49 stations in 2000, 65
stations in 2001, 49 stations in 2002, 54 stations in
2003, 40 stations in 2004, 26 stations in 2005 and 50
stations in 2006. The stations are located on the
alluvial deposit, gravel or even rock sites. All the
results are summarized on NCREE’s website. 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 on NCREE’s website.
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Figure 4. Typical measurements from the Suspension
P-S Logging System

Figure 4. The information for station TTN023 in the
database shown on NCREE’s website.
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(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 of site effect for earthquake ground
motion are based on the soil properties in the upper
30m. In the 1997 UBC and 1997 NEHRP provisions
in the USA, the average of the shear wave velocity for
the top 30m of soils is used as an 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 of SPT-N values for the upper 30m of the
stratum. With detailed subsurface soil profile and
quantitative soil properties (SPT-N values and wave
velocities) on a station site, the site effect of ground
motions could be thoughtfully analyzed for a certain
class of site conditions. Engineers may evaluate
appropriate peak ground acceleration for the
earthquake-resistant design of structures. According
to the average of the shear wave velocity for the top
30m classified code (Table 2), the 50 seismic stations,
which were investigated in 2006, should 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

Table 3. The classification of 50 seismic stations
which investigated in 2006.
Station
Station
Classification
Classification
Name
Name
CHY022
C
KAU079
C
CHY053
D
KAU080
C
CHY058
D
TAP007
D
CHY080
C
TAP015
D
CHY090
D
TAP032
D
CHY102
B
TAP038
D
HWA002
B
TAP039
C
HWA015
C
TAP040
C
HWA028
C
TAP045
B
HWA058
C
TAP052
C
ILA017
C
TAP058
B

ILA018
ILA035
ILA054
ILA061
KAU009
KAU024
KAU028
KAU030
KAU031
KAU034
KAU036
KAU067
KAU068
KAU072

C
D
B
C
D
D
C
D
D
B
D
C
B
C

TAP059
TAP080
TAP095
TCU001
TCU006
TCU012
TCU023
TCU042
TCU043
TCU044
TCU069
TTN014
TTN015
TTN053

C
C
D
C
C
C
C
C
C
C
C
C
C
C

Conclusions
The site investigation at 333 TSMIP stations was
completed by NCREE cooperating with CWB in
Taiwan. By sampling soils in the borehole and using
the Suspension P-S Logger Technique, specific
geological and geotechnical data are obtained
including the soil profile, the physical properties of
soils, and the wave velocities of the stratum. All the
results of investigation are systematically organized in
the database available on a preliminary web site.
This project will be continuously performed 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
querying. 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 for evaluating the ground response at the
site. This database is helpful to the site effect
analysis and the earthquake-resistant design.
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A General Purpose Laboratory Facility Control Software
Framework
Kung-Juin Wang 1
王孔君 1

Abstract
This paper presents a software framework that allows the development of general purpose
applications for facility control of quasi-static structural experiments in structural laboratories.
Several important concepts and entities were identified and represented by abstract classes
which can be specialized to achieve high extensibility. Some well-known design patterns such
as Singleton, Adapter, Proxy, Observer, Strategy, Template Method, were implemented in the
framework to achieve high extensibility and maintainability. The proposed software framework
supports various types of quasi-static structural experiments, including cyclic testing, pseudo
dynamic testing, push-over testing, profile play-out testing, and collaborative networked testing.
The framework was designed also to support various actuator control systems and data
acquisition systems. Moreover, it provides an easy task to add new monitoring widgets or
analysis tools in the application by simply adding new inherited classes.
Keywords: object-oriented, structural experiment, pseudo dynamic test, servo control,
networked collaborative test

Introduction
Although the capabilities of computer hardware
and technologies on the numerical simulation
nowadays have been increased tremendously,
structural experiments conducted using real specimen
are still essential to discover the mechanical behavior
of structural components and systems. In order to
accommodate the rapidly increasing demands on
conducting versatile structural experiments, a
well-designed and well-implemented hydraulic facility
control program is needed urgently by all structural
laboratories. In addition to be able to control
accurately all the facilities and to perform
corresponding data acquisition in the laboratory, such
control application shall have extremely flexible
programming architecture so that further extension
made on the codes to support experiments of different
(or even unknown) kinds is easier.

Software Challenges/Requirements
Quasi-static structural experiments can be
classified into two main categories: first is that the
command can be determined fully before the starting
1

of the experiment, and the other, that the calculation
of the command corresponding to next step depends
on the structural responses measured during the
current or previous steps. Tests like cyclic tests,
pushover tests, as well as the so-called profile play-out
tests are few examples of the first category mentioned
earlier, while pseudo dynamic tests and collaborative
networked tests of which the technologies have just
been developed recently in several structural
laboratories in Taiwan, Japan, Korea, and the United
States can be classified on the second category.
The generation of structural command extremely
varies from one kind of tests to another. Even for the
tests that belong to the same kind, say, the
pseudo-dynamic test, the integration algorithms
adopted in this experiment can vary widely from
Newmark explicit method, central difference method,
operator-splitting method, and to some unknown
methods that will be proposed in the future by
researchers in structural engineering. The control
application which will be used in the structural
laboratory must be flexible enough to support versatile
logic of command generation. In addition, it should be
extendable to accommodate new logical operation of

Associate Technologist, National Center for Research on Earthquake Engineering, kjwang@ncree.org.
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command generation.
The specimen always changes from test to test. A
test specimen can be a column, a beam-column
connection, a 2-D plane frame, or even a 3-D space
frame. The appearances of some specimens tested at
the National Center for Earthquake Engineering
(NCREE) are shown in Figures 1 to 3.

staffs). Similarly, the sensor values measured directly
during the experiment may not readily represent
meaningful structural responses unless some
transformation or calculation is performed on those
raw measured data. Thus, it is evident that all the
transformation varies from test to test depending on
the actual test setup configuration. This suggests that
the control application to be used in the laboratory
shall be extremely flexible so that all the needed
transformation can be done with minimum or no
modification of codes.

In addition to controlling, monitoring plays an
equally important part in a control program.
Laboratory operation staffs need to monitor the
performance of all the facilities while structural
engineers/researchers always have their keen
observation at the response of the structure. Therefore,
the usefulness of a control program is largely defined
by its capability to simultaneously provide versatile
Fig. 1. 2-DOF plane test on a column (a total of 4 DOF, views of monitoring all kinds of subjects with possible
extremely different perspectives. This supports that a
networked testing).
good control program must have flexible architecture
so that it can easy and effectively add new or modify
existing monitoring widgets.
Furthermore, different laboratories typically use
various control systems. It shall then be relatively easy
for a flexible control application to support different
control hardware.

Elementary Classes
The software framework achieves the mentioned
requirements by the help of several basic abstract
classes. StructCmd is the abstract class that
provides interface for various structural command
generation logics. Its currently defined subclasses
include
CyclicCmd,
ProfileCmd,
PushOverCmd, ManualCmd, FullPDTCmd, and
NetCmd. They represent different command
generation logics for cyclic tests, profile play-out tests,
push-over tests, manual control, traditional
pseudo-dynamic tests, and collaborative networked
tests.

Fig. 2. A 3-D space frame pseudo-dynamic test.

StrutCmd

Fig. 3. A 2-D plane frame pseudo-dynamic test.
The versatility of the specimen leads to several
issues that a flexible control application must concern.
The number of the hydraulic actuators and the actuator
setup (position and orientation) are usually determined
by the strength and the geometric properties of the
specimen. The first one is the implication that the
target level of the structure in a specific timing (which
is usually the main interest of the structural
engineers/researchers) may be different from the
command that the actuators need to follow (which is
always the main concern of laboratory operation

CyclicCmd

PushoverCmd

ProfileCmd

ManualCmd

FullPDTCmd
Fig. 4. The StructCmd classes (Signleton).

ActCtrlSys is the abstract class of the actuator
control system. Currently only two subclasses,
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GTCtrlSys and VActCtrlSys, are implemented
to represent the FlexTest GT controller employed in
NCREE and the virtual actuator control system used
solely for software development purpose. However,
the ActCtrlSys can be inherited to support more
control systems such as MTS 407 controller and MTS
458 controller in the future.
ActCtrlSys

GTCtrlSys
VActCtrlSys
Fig. 5. The ActCtrlSys classes (Signleton).

DataAcqSys is the abstract class that represents
data acquisition system. Its currently supported
concrete class includes two subclasses, THSAcq and
VDataAcqSys, which represent the THS 1100 data
acquisition system employed in NCREE and the
virtual data acquisition system used solely for
software development purpose, respectively.

Users can create signals of this kind and define the
calculation expression for them. The calculation can
be based on all the real signal values (data values from
the command generation logic or measured sensor
values). To realize this goal, a UserSigSrc abstract
class is defined and currently three inherited concrete
classes, namely MatrixMultiplicationSrc,
SimpleExpressionSrc, and HardCodingSrc
are implemented. They allow users to define the
necessary transformation (for both commands owned
and used by the ActCtrlSys and the responses
owned and used by StructCmd). They can also be
used directly by the users to create additional
informative signals by methods of matrix
multiplication, one-line mathematical expression, or
hard coding.
UserSigSrc
MatrixMultiplicationSrc
SimpleExpressionSrc
HardCodingSrc
Fig. 8. The UserSigSrc classes.

DataAcqSys

Employed Design Patterns

THSSys
VDataAcqSys
Fig. 6. The DataAcqSys classes.

A Data abstract class is also defined to be
inherited and concretely implemented to represent all
kinds of data including numeric signal (integer,
floating-point, double precision) and image data. The
Data interface also makes it possible for the system
to work on data of unknown types in the future.
Data

NumericalData BinaryData
IntData

The Observer design pattern was heavily used in
this framework. Numerous subjects that can be
observed include StructCmd, DataRepository,
ActCtrlSys, and DataAcqSys. Observers can
include various concrete implementations of
FileWriter, Meter, EventLogger, Plotter,
etc. The Observer design pattern makes it easy for the
observers to be notified once the state of the interested
subject changes. It also makes easier to add new
observers without affecting the existing ones. In the
proposed framework, it was designed that an observer
object may observe more than one subject depending
on the required functionality of the observer. An
example is illustrated in Figure 9.

FloatData

DoubleData
ImageData

Fig. 7. The Data classes.
The transformation between the structural
command/actuator command and measured sensor
values/structural responses is the most versatile part in
the system. Therefore, the framework does not model
it directly by providing some abstract classes such as
Transformation. Instead, the framework provides
a feature that lets users to define directly the
transformation by defining new user-defined signals.
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observers

Subject

Observer

attach(Observer)
detach(Observer)
notify()

update()

StructCmd

FileWriter

getState()

update()

DataRepository

Plotter

getNumericalData()
getBinaryData()

update()

test point. An abstract DataAcqProxy class was
introduced to encapsulate the data acquisition policy
or criteria. Currently, only one inherited concrete class
was implemented, MultiStepDataAcq, which can
be used to perform data acquisition per several
experimental steps.
StructCmd

DataAcq
acquireData()

DataAcqSys
acquireData()

sys

DataAcqProxy
acquireData()

Fig. 9. Implementation of the Observer pattern.
The Strategy design pattern allows users to change
dynamically the transformation of structural response
for StructCmd and of actuator command for
ActCtrlSys in run-time. The Strategy pattern is
also used in the dynamic selection of an integration
algorithm in FullPDTCmd for the case of
pseudo-dynamic testing.
StrutCmd

VDataAcqSys

acquireData()

acquireData()

MultiStepDataAcq
acquireData()

………………………
if(acquiring criteria satisfied)
sys->acquireData();
else; // do nothing
…………………………

structResponseSrc

Fig. 11. Proxy pattern used as an encapsulation of
data acquisition policy.

UserSigSrc

Conclusion

MatrixMultiplicationSrc

An object-oriented programming framework was
proposed in this study. Several important concepts or
entities such as the logic of command generation,
actuator control, data acquisition, data analysis, and
data presentation were encapsulated in the proposed
framework. Some well-known design patterns were
implemented appropriately to achieve maximum
maintainability and extensibility of the framework.

SimpleExpressionSrc
HardCodingSrc
ActCtrlSys

THSSys

actCmdSrc

UserSigSrc
MatrixMultiplicationSrc

References

SimpleExpressionSrc

Gamma Erich, Helm Richard, Johnson Ralph, and
Vlissides John. 1994. “Design Patterns,”
HardCodingSrc
Addison-Wesley.
Fig. 10. Strategy pattern used in StructCmd and
ActCtrlSys.
The Singleton design pattern has been applied
widely in the framework. Objects that are singletons
are instances of the following classes: StructCmd,
ActCtrlSys, DataRepository.
The Proxy design pattern was used in limiting the
use of the DataAcqSys. It is more and more
common that the timing to acquire measured sensor
value varies from test to test, even from test point to
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Development of Spontaneous Rupture Process of
A Shear Crack Using Slip-weakening Model
Juin-Fu Chai 1 and Tsung-Jen Teng 2
柴駿甫 1、鄧崇任 2

Abstract
The objective of this project is to develop the spontaneous rupture process of an
interesting fault, and the anti-plane problem for a shear crack will be considered first in this
year. The hyper-singular boundary element method (HBEM) in time domain was used to
determine the crack opening under a specified stress drop then, the slip-weakening model
will be adopted to define the linear constitutive law between the stress drop and the crack
opening within the cohesive zone. In addition, the iteration process that is based on the
dynamic stress intensity factor was developed and consequently, the spontaneous rupture
process can be achieved to determine the dynamic slip function of cracks.
Keywords: dynamic slip function, HBEM, cohesive zone, slip-weakening model, stress
intensity factor

Introduction
Near-fault ground motions, which have created
severe damages in recent disastrous earthquakes, are
characterized by a short-duration impulsive motion
that will transmit large energy into the structures at the
beginning of the earthquake. The ground velocity
pulse is resulted from the slip pulse on a fault plane
owing to the healing process. The detail of possible
mechanism to cause the slip pulse can be found in
Zheng and Rice (1998) and Nielsen and Carlson
(2000). Based on the source mechanism combined
with the asperity or barrier model as well as the
associated parameters, the rupture processes of nuclear,
its propagation, and then healing can be defined well.
The crack rupture models can be classified into
self-similar and spontaneous models by the rupture
velocities of crack’s tips. The rupture velocity of a
crack’s tip is one of the specified source parameters
for the self-similar model. However, for the
spontaneous rupture model, the rupture velocities are
not specified initially but should be determined by the
rupture criteria during the rupture process. The rupture
model of a crack with cohesive zones can be
recognized as a spontaneous rupture model. Based on
the specified constitutive laws for the cohesive zones,
the stress is dependent on the crack opening or the slip
1
2

velocity in the cohesive zones and the stress at the
crack tip is finite and is equal to the shear strength. In
addition, the width of the cohesive zone is not
constant but it changes when the crack tips propagate
during the rupture process.
In this study, a shear crack was considered to be
embedded in an infinite space (anti-plane problem),
and, furthermore, the slip-weakening model (Andrews,
1976) was adopted to define the constitutive law such
that the shear stress within the cohesive zone is
dependent linearly on the slip. On the other hand, the
hyper-singular boundary element method (HBEM) in
the time domain was used to determine the crack
opening under a specified stress drop. Likely, the
iteration process which is based on the dynamic stress
intensity factor was developed and the spontaneous
rupture process can be achieved to determine the
dynamic slip function of cracks.

Slip-weakening Model
As shown in Fig. 1, the crack with width of 2a was
considered in an infinite elastic medium, and the
initial stress before slip is τi. After the crack slipped,
the central area with slip larger than Dc (w>Dc) was
taken for the complete opening and the final stress at
this area was defined by the dynamic friction stress τd.
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The final stress at the crack tips with zero opening was
defined by the finite static friction stress τs that is
coincidently equal to the shear strength. On the other
hand, the area with w≤Dc is recognized as the cohesive
zone, and according to the slip-wakening model, the
stress drop Δτ in cohesive zone can be defined by
w
Δτ
=1− γ −
τs −τd
Dc

of the stress drop at the collocation points within the
slip area (|x|≤a) should be positive or negative. Hence,
as shown in Fig. 2, the stress drop within the slip area
should be separated into two terms and be expressed
by Δτ =ΔτA+ΔτB, while ΔτA and ΔτB being defined by:

Δτ A
= − γ ; ( x ≤ a)
τs −τd
; ( x < xc )
Δτ B
⎪⎧0
=⎨
τ s − τ d ⎪⎩1 − w Dc ; ( xc ≤ x ≤ a )

(1)

where Dc is the slip at the boundary of cohesive zone
with x=±xc, and the parameter γ is defined by

γ =

τ i −τ d
τ s −τ d

(3)

(2)

Figure 1 shows the example with γ =0.4 where μ is
the shear modulus of the elastic medium.

w=Dc

τs
τd
Fig. 2. The (a) crack opening and (b) stress drop for
the separated stress drops of ΔτA and ΔτB
It can be found that ΔτA is a constant stress drop,
and then, straightforwardly, the associated crack
opening wA and the stress intensity factor K AIII can be
determined by HBEM. However, the stress drop ΔτB is
dependent on the boundary of cohesive zone and the
crack opening within the area. In this study, based on
the determined wA and K AIII , the iteration process as
shown in Fig. 3 was developed to determine both the
stress drop ΔτB and the crack opening wB.

Fig. 1.The (a) crack opening, (b) stress distribution,
and (c) stress drop for the slip-weakening model.

Crack Opening under Zero Frequency
Approximation
The HBEM has been developed in the frequency
domain to determine the dynamic slip function for a
shear crack under constant stress drop (Chai and Teng,
2006), and owing to the zero frequency approximation,
the HBEM can be adopted to solve the static solution
of a crack under a specified stress drop. Then, together
with the slip-weakening model, the crack opening and
the stress drop will be interacted with each other. The
crack opening was determined by the HBEM under
specified stress drop, and further, the stress drop was
defined according to the constitutive law stated in Eq.
(1) for the cohesive zone.
In this study, the zero frequency approximation
was considered to solve the opening for a shear crack
under the slip-weakening model. However, in order to
apply the HBEM to determine the crack opening, all

The iteration process will stop if the determined
boundary of the cohesive zone at one iteration step is
the same as that determined in the previous step, and
the final crack opening can be defined by w=w A +w B .
Subsequently, based on the similar matrix form
as expressed in the HBEM to solve the crack
opening under specified stress drop, both the
stress drops corresponding to w A and w B near the
crack tips with |xp|>a can be solved respectively,
and the summation results in the total stress
drop. Figure 2 shows the results and it can be
observed that the crack opening w A due to the
constant stress drop will cause an infinite stress
drop near the crack’s tip (|xp|>a). However,
based on the additional stress drop caused by w B
under the slip-weakening model, the finite total
stress drop can be obtained near the crack’s tip
while the total stress is continuous at this area.
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It can be found from Eq. (4) that the combination of
ΔτA and the initial stress drop Δτ0 will result in the
same effect of a constant stress drop. Similarly, the
case of stress drop ΔτA was considered in the
beginning and the associated crack opening wa and
the stress intensity factor K AIII were determined by
the HBEM. Afterward, the stress drop ΔτB and the
crack opening wB were obtained using the same
iteration process as shown in Fig. 3. The determined
crack opening and the stress drop for the individual
state are shown in Fig. 4.

Initial Guess (linear stress drop)
1. for a trial boundary of cohesive zone xc
2. Δτ B (τ s − τ d ) = (x − xc ) (a − xc )
No
3. determine wB by HBEM
4. determine K BIII ⇒ check K AIII + K BIII = 0 ?
5. determine crack opening w1=wA+wB
The ith iteration (i≥1)
1. for a trial boundary of cohesive zone xc
2. based on wi ⇒ determine Dc= wi(xc)
No
3. Δτ B (τ s − τ d ) = 1 − wi Dc
4. determine wB by HBEM
5. determine K BIII ⇒ check K AIII + K BIII = 0 ?
6. crack opening w1=wA+wB

Dynamic Slip Function

Fig. 3. The iteration process to determine the stress
drop ΔτB and the crack opening wB.

Fig. 4. The (a) crack opening and (b) stress drop for
the individual state as the crack ruptures with
width from 2a0 to 2a.

In this study, the fixed rupture interval of the crack
tips was defined for each rupture step, and the time
that the crack tips arrive at the definite locations, as
well as the associated crack opening and the stress
drop, can be determined subsequently. Therefore, by
the connection of the determined discrete time points,
the dynamic slip function was achieved piecewisely.
Considering an existing crack with width of 2a0,
there were N0 collocation points located on the crack
surface with an interval of Δx=2a0/N0, and the crack
opening w0, critical opening of cohesive zone Dc, and
the stress drop Δτ0 was determined for the case of
γ=0.5. The crack was assumed to release the stress at
time T0 and begin to rupture until the crack tips
arrived at x=±a 1 . There will be N1 collocation points
(N1=N0+2) with a 1 /a 0 =N 1 /N 0 to keep the same
interval Δx. The initial guess of the total stress drop
Δ τ 1 as the crack tips rupture from ±a 0 to ±a 1 is
defined from Δ τ 0 following the rule that Δ τ 0 is
shifted toward both tips by a collocation point to
keep the same shape and width of cohesive zone, and
the stress drop of -γ was defined for the central points.
Based on the Laplace transformation, the stress drop
Δτ 1 in the frequency domain can be separated into
two terms, and they are defined as follows,
⎛
Δτ 0 ⎞ exp[− ( A + iω ) T0 ]
Δτ A1
⎟⋅
= ⎜− γ −
τ s − τ d ⎜⎝
τ s − τ d ⎟⎠
A + iω
(5)
⎛
Δτ 0 ⎞ exp[− ( A + iω ) T0 ]
Δτ B1
⎟⋅
= ⎜ Δτ 1 + γ +
τ s − τ d ⎜⎝
τ s − τ d ⎟⎠
A + iω

Final Slip due to Rupture of Crack Tips
A crack with initial width of 2a0 was assumed to
rupture and the final width becomes 2a. Then, based
on the slip-weakening model, the final slip can be
determined using the HBEM as well as the separation
of the stress drop within the cohesive zone. For an
example with γ=0.4 and a0/a=0.83, the crack opening
w0 and stress drop Δτ0 at the initial state can be solved
initially as shown in Fig. 2. Similarly, the stress drop
from the initial state to the final state can be separated
into two terms, namely, ΔτA and ΔτB (cohesive zone),
and they are defined by the following:

Δτ A (τ s − τ d ) = −γ − Δτ 0 (τ s − τ d )
Δτ B (τ s − τ d ) = 1 − w Dc

(4)

Therefore, based on the HBEM, the associated crack
opening can be determined in the frequency domain,
and then be transferred to time domain to achieve the
time histories of crack opening w1(t) and the stress
intensity factor KIII (t). However, only the condition
that the stress intensity factor vanishes can satisfy the
slip-weakening model, and hence the time when KIII
vanishes can be taken for the exact time T1 that the
crack tips arrive at x=±a 1 under the initial guess of
Δ τ 1 . Then, based on the crack opening w1 at T1, as
well as the critical opening Dc for the cohesive zone,
the more accurate stress drop Δ τ 1 can be defined
by the constitutive laws as given in Eq. (1).
After that, the stress drop Δ τ 1 can be substituted
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into Eq. (5) and the associated time histories of
w1(t) and KIII (t) can be determined. Then, the revised
T1 can be obtained by the time that KIII vanishes, thus,
the more accurate stress drop Δ τ 1 can be expressed
again by w 1 at T 1 . Finally, based on the proposed
iteration process, the time T 1 that the crack ruptures
to x=±a 1 can be solved and the associated crack
opening w1, total stress drop Δ τ 1, and the boundary
of cohesive zone xc1 can then be derived.
When the crack tips rupture to x=±a 1 at the time
T 1 , the crack releases the stress immediately and
begins to rupture to x=±a 2 . Similarly, there will
be N2 collocation points (N1=N0+4) with a 2 /a 0 =N 2 /N 0
to keep the same interval Δx. The initial guess of
the total stress drop Δ τ 2 as the crack tips rupture
from x=±a 1 to x=±a 2 can be defined from Δ τ 1 by
the same above rule. Therefore, the stress drop
Δτ 2 in the frequency domain can be separated into
two terms, and can be expressed mathematically as,

Δτ A2
Δτ A1
=
τ s −τ d τ s −τ d
⎛
Δτ 1 ⎞ exp[− ( A + iω ) T1 ]
⎟⋅
+ ⎜⎜ − γ −
τ s − τ d ⎟⎠
A + iω
⎝
Δτ B 2
Δτ B1
=
τ s −τ d τ s −τ d
⎛
Δτ 1 ⎞ exp[− ( A + iω ) T1 ]
⎟⎟ ⋅
+ ⎜⎜ Δτ 2 + γ +
τ
A + iω
s −τ d ⎠
⎝

Fig. 5 The propagation of crack tips, boundary and
width of the cohesive zone and the rupture
velocity during the rupture process

(6)

Based on the aforementioned iteration process, the
time T 2 that the crack tips ruptures to x=±a 2 can be
determined, and also the associated crack opening w2,
total stress drop Δ τ 2 and the boundary of cohesive
zone xc2.
Subsequently, the crack tips will rupture to x=±a n
with Nn collocation points (Nn=N0+2n) to keep the
same interval Δx. Based on the same iteration process,
the time T n that the crack tips arrive at x=±a n can be
solved, and the associated crack opening wn , total
stress drop Δ τ n , and the boundary of cohesive
zone xcn will follow. The propagation of crack
tips, the boundary and width of the cohesive
zone, and the rupture velocity during the rupture
process are shown in Fig. 5, and Figure 6 shows
the spontaneous dynamic slip function under the
consideration of slip-weakening model.

Conclusions
In this study, the slip-weakening model as well as
the HBEM was adopted to develop the spontaneous
slip function of a shear crack. The time that the crack
tips arrive at the specified locations can be determined
using the proposed iteration process, and, based on the
connection of the determined discrete time points, the
dynamic slip function was achieved piecewisely.

Fig. 6 The spontaneous slip function under the
consideration of slip-weakening model
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Abstract
The objective of this project is to investigate the velocity structures of shallow and deep
soil layers on 18 seismic stations located in Tainan, Kaohsiung, Pingtung and Yilan regions.
Two kinds of methods were conducted in this study. One utilized the SASW method to
obtain the S-wave velocity structure of shallow soil layers by applying a mechanical source.
The stress wave propagation theory and the forward iteration process were used to
determine the wave velocities and thickness of shallow layers. The other method used the
micro-tremor array methods, wherein natural surface vibrations are recorded by 10
recorders arranged in an array. The frequency-wave number analysis was followed 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 showed that the wave velocity structure of shallow layers within 10 to
20 meters can be obtained by the stress wave propagation method while the velocity
structures of deep layers below 10 to 20 meters by the micro-tremor array tests.
Keywords: micro-tremor array, SASW

Introduction
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 [1] was used to investigate the
velocity structures of soil layers beneath seismic
stations. Due to the limitations of the suspension P-S
logger, the velocity structure of soil layers within 5-m
depth is hard to be measured correctly, the same with
the properties below borehole’s depth.
In order to obtain full velocity structure of soil
layers, the SASW method and a micro-tremor array
method [5-9] were applied to improve the results of
the suspension P-S logger. The SASW method is
mainly for depth less than 10 to 20 m. It uses a
mechanical man-made source producing high

frequency stress waves. The amplitude of man-made
ground vibration is greater than that of natural ground
vibration. The SASW method was used to obtain the
dispersion curves of surface waves, and a forward
iteration was used to obtain the S-wave velocity
structure of soil layers. 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 by a
frequency-wave number analytical method. Also, the
S-wave velocity structure of soil layers was
determined using a genetic algorithm search method.
The velocity structure of soil layers on 18 seismic
stations situated in Tainan, Kaohsiung, Pingtung and
Yilan regions has been obtained.

The SASW Method
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shallow soil layers, the SASW method was chosen.
The SASW method uses a same mechanical
man-made source shown in Figure 1. It involves two
receivers with a distance of 4, 8, 16, or 32m. The
dispersion curve of a SASW test at the KAU006
station is shown in Figure 2. After a forward iteration
process, the velocity structure of the KAU006 station
was achieved and this is described in Figure 5.
The result of KAU013 is in Figure 6, for small
difference among the various methods. But, as
shown in Figures 7 and 8, the results of the SASW
method at the KAU020 and KAU028 stations have
significant difference from the result of the PS-Logger
method. The reason for this big difference is still
unknown.

The Micro-Tremor Array Method
Figure 3 schematically shows the field test set-up
of the micro-tremor array method. Ten recorders 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 a frequency-wave number
analysis of data, a dispersion curve for the KAU006
station is shown in Figure 4. By using an inversion
process of the genetic algorithm search method, the
velocity structure of the KAU006 station is obtained
and is depicted in Figure 5.
The result of KAU013 was shown in Figure 6 for
small difference between different methods. But, as
shown in Figure 7 and 8 the results of the
Micro-Tremor Array method at the KAU020 and
KAU028 stations have significant difference from the
result of the PS-Logger method. The reason for big
difference is still unknown (same as the paragraph
above, in THE SASW Method).

Conclusions
In this project, 18 seismic stations listed in Table 1
were investigated applying SASW method and
micro-tremor array method. For depths smaller than
10-20 m, the velocity structure provided by the SASW
method is close to the result of P-S logger. The
result from the micro-tremor array method is 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 depth
larger than 200 to 300 m. Therefore, a combination
of the SASW method and the micro-tremor array
method can provide a full dispersion curve and
velocity structure of soil layers, although there are two
stations which have significantly different results
among the three methods.
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Table 1. Tests conducted in seismic stations.
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Figure 2. Dispersion curve of a SASW test.

Figure 3. Test set-up for micro-tremor array method.

Figure 4. Dispersion curve from a micro-tremor array
test.

Figure 1. Test set-up for stress wave propagation.
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Figure 5. S-wave velocity structure from a SASW test
and a micro-tremor test at the KAU006 site.

Figure 7. S-wave velocity structure from a SASW test
and a micro-tremor test at the KAU020 site.
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Figure 6. S-wave velocity structure from a SASW test
and a micro-tremor test at the KAU013 site.

Figure 8. S-wave velocity structure from a SASW test
and a micro-tremor test at the KAU028 site.
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Abstract
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. Soil-gas surveys have been conducted across
the Hsinhua fault, to find out the regional activity of this fault system. During the surveys
soil-gas samples were collected along the 13 traverses crossing the observed structures. The
collected soil-gas sample bags are analyzed for He, Rn, CO2, CH4, Ar, O2 and N2. The data
analysis clearly reveals anomalous values along the fault. The consistency of this pattern
confirms that soil-gas can act as a powerful tool for the detection and mapping of active fault
zones. Before selecting a monitoring site, the occurrence of deeper gas emanation is
investigated by the soil-gas surveys and is followed by continuous monitoring of some selected
sites with respect to tectonic activity to check the sensitivity of the sites. A site is selected for
long term monitoring on the basis of coexistence of high concentration of helium, radon and
carrier gases and sensitivity towards the tectonic activity in the region. A continuous monitoring
station was established in October, 2005. Preliminary results of the monitoring station show that
the site is good for earthquake monitoring as the soil-gas variations have shown good
correlation with impending earthquakes of 26th December, 2006 having local intensity of 4.
Geochemical monitoring at the established earthquake monitoring station along the Hsincheng
fault has shown potential precursory signals for some earthquakes that occurred in the region.
Keywords: Soil-gas, Fault, Earthquake, Helium, Radon, CO2

Introduction
Sub-surface gases give us the signatures of
ongoing activities beneath earth’s surface, which
signify their importance to know about the buried
faults and seismic activities. 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
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weakened zones composed of highly fractured
materials, gouge and fluids. Active faults favour gas
leaks because they usually increase the permeability
of soils. Gas anomalies at active faults can be either
‘direct leak anomalies’ where the gas measured
corresponds to the deep gas phase or ‘secondary
anomalies’ linked to the different mineralogy 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
above said faults for earthquake monitoring in
different phases.

Methodology
To carry out the present investigation soil-gases
were collected along number of traverses on the
Hsincheng and Hsinhua faults using the hollow steel
probe. A hollow steel probe of 1 cm diameter and
130 cm long was inserted into the soil up to the depth
of about 100 cm. It is attached with a disposable
sharp awl which can make steel probe favorable for
drilling into the soil and prevent soil to block the
probe. A thin solid billet is used to displace the awl
which allows the lower end of the probe to be in
contact with soil-surface. A hand-pump through a
specially designed rubber tube (with two filters: one
for dust and another one for mist) connected with the
hollow steel probe was used to collect gas in 1 liter
and 3 liter vacuum created sample bags (Fig. 1).

Results and Discussion
During the 1st phase of the work i.e. in year 2005,
we concentrated our work on the Hsincheng fault
with special emphasis on Hsinchu National Science
Industrial Park (HNSIP). Later, a continuous
earthquake monitoring station was established in the
end of September, 2005 inside HNSIP 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.

Hsinhua Fault
For the 2nd phase of the work some surveys along
Hsinhua fault in Tainan area using the above said
technique were undertaken. Soil-gas surveys have
been conducted across the Hsinhua fault, to find out
the regional activity of this fault system. During the
surveys soil-gas samples were collected along the 13
traverses crossing the observed structures (Fig. 2).

Fig. 2 Spatial distribution of different profiles along
Hsincheng fault in Hsinchu area.

Fig.1 Sampling scheme used for collecting soil-gas
samples.
Helium and other gases like carbon dioxide,
methane, argon, oxygen and nitrogen from the
collected 1 liter sample bags were analyzed within
few hours after sampling by using helium leak
detector (ASM100HDS, Alcatel) and micro gas
chromatography (CP4900, Varian), respectively.
Collected 3 liter sample bags were used for radon
analysis using Radon detector RTM 2100 (SARAD).

The collected soil-gas sample bags were analyzed
for helium (He), radon (Rn222), carbon-dioxide (CO2),
methane (CH4), argon (Ar), oxygen (O2) and nitrogen
(N2). The data analysis clearly reveals anomalous
values along the fault (Fig. 3). The consistency of
this pattern confirms that soil-gas can act as a
powerful tool for the detection and mapping of active
fault zones. Before selecting a monitoring site, the
occurrence of deeper gas emanation is investigated
by the soil-gas surveys and is followed by
continuous monitoring of some selected sites with
respect to tectonic activity to check the sensitivity of
the sites. One site is selected for long term
monitoring on the basis of coexistence of high
concentration of helium, radon and carrier gases and
sensitivity towards the tectonic activity in the region.
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intensity of 4. The radon concentration shows
variation around 40 kBq/m3 with diurnal variation of
15-20 kBq/m3 in the normal conditions. Radon
concentration shows steady increase from 21st of
November, 2006 and reaches to its maxima of about
80 kBq/m3 on 3rd December, 2006, followed by
decrease to its normal values of about 50 kBq/m3.
These trends of increase and reaching to normal
values continue till final anomaly on 16-17 Dec.,
about 10 days before the earthquake. The CO2 carrier
gas for the radon in the region also shows anomalous
values on 16-17 Dec. Whereas thoron (Rn220),
another isotope of radon having very short life of
54.55 sec. as compare to radon (Rn222), has also
shown very high values from Middle November to
Middle December. These high values of radon,
thoron and CO2 before the earthquake at monitoring
station are the precursory signals of 26th December,
2006 earthquakes and it may be due to the stress
building in the region before the main events.

Fig.3. Distribution of soil-gas data points and
anomalies along Hsinhua fault: (A) Helium
(B) Radon (C) Carbon-di-oxide and (D)
Nitrogen.
A continuous monitoring station was established
at appropriate place based on the earlier surveys and
long term monitoring in the end of October, 2006
using radon detectors RTM 2100 along with
carbon-di-oxide detector (Fig. 4). Preliminary results
of the monitoring station shows that the site is good
for earthquake monitoring and soil-gas variations
have shown good correlation with impending
earthquakes of 26th December, 2006 having local
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Fig.4. Variations of radon, thoron, carbon-di-oxide,
temperature and humidity at Hisnchu
monitoring station and its correlation with
earthquakes.
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Hsincheng Fault
Along with the work on Hsinhua fault in Tainan
area the long term geochemical monitoring for the
earthquake studies at the established earthquake
monitoring station has been continued during the
period. During the observation period potential
precursory signals have been recorded for some
earthquakes that occurred in the region (Fig. 5).

Fig.5. Variations of radon, thoron, carbon-di-oxide,
temperature and humidity at Hisnchu
monitoring station and its correlation with
earthquakes.

Conclusions
The anomalous fluctuation of radon, thoron and
carbon-dioxide emanating from the soil-gas may have
resulted from stress-induced pore collapse and
stress-induced micro fracturing. The observed effect
could be attributed to a possible combination of the
both. The occurrence of soil-gas anomalies are
precede main shocks depending on the intensity which
is a function of depth, epicentral distance, distribution
of the stress field across the earthquake preparation
zone and the main shock-slip orientation. The
observed fluctuation may well be due to high
frequency instantaneous stress changes and diffusive
processes at depths of the earth’s interior. Further,
dilatation and compression effects due to stress
changes are likely to cause the change in pore

pressures coupled with micro fracturing, increasing
the permeability of the host rocks reservoir leading to
enhancement of gas concentration before the
earthquakes.
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Abstract
The research project is one of series studies which guiding by NCREE regarding to the
high technology Science parks of Taiwan. The research goal is to obtain the vibration
characteristic of site, the activities of surrounding faults, and provide as input parameters
for the earthquake hazard mitigation programs. Also, the results can be integrated with
other projects to form a comprehensive research report for government’s decision making.
Three major methods used. First of all, a very dense microtremor survey, 232
measurements, has been performed for obtaining the dominate resonance frequencies
throughout the Tainan and Luchu science parks. Second of all, the seismic activities around
the Tainan science park will be monitored by setting up a broadband seismic network
consisting of 11 broadband seismometers. And hopefully get enough data in the following
years to understand current status of the nearby Hsinhua fault. Third of all, a statistical
method was used to produce a Shakemap for the Tainan science parks for a certain time
frame. All results will be provided for analyze and improve the methodology for a better
earthquake hazard mitigation purpose.
Keywords: Tainan science park, site effect, earthquake monitoring, hazard potential

Introduction
The Science parks of Taiwan have become the
centers for many different types of industries. For a
foreseeable future, Taiwanese corporations will
choose their bases surround 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 threaten due
to Taiwan’s tectonic activities. To possible reduce the
losses during the shaking of strong earthquakes; it is
necessary to a have a very good hazard-mitigation
plan. So far, such a plan is not completely convinced
because of lacking some critical factors. In this project,
two factors will be produced for that purpose. First is
to estimate the status of active faults near the science
parks. Second is to measure the site effect of the
science parks.
In 2006, the main study area is the Tainan Science
Park. Using dense microtremor measurements, the
sediment thicknesses and site dominate resonance
frequencies can be estimated. In the future, these
results will be included with the strong motion seismic
1

station drilling results in a site-characteristic database
and contributed in constructing large scale micro
zonation maps. On the other hand, to monitor the
activities of the Hsinhua and Chuko faults, a seismic
network consisting of 11 broadband seismometers was
set up in the study area. The seismicity monitoring
will keep on going for at least three years; the
collected data will be used to analyze the moving
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 the major project by NCREE.

Dense Microtremor Measurements at The
Tainan Science Park
Inside the Tainan Science Park, more than 80%
are semiconductor and LCD panel production
factories which are very sensitive to the ground
vibrations. Therefore the ambient background noise
of site, i.e. microtremor, were specially planned to
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perform throughout the Tainan and Luchu Science
Park to understand the site resonance frequencies.
During 2006, a total 161 microtremor measurements
were collected in Tainan Science Park, and 71 in
Luchu Science Park. The measurement is very dense
spatially; the average distance between every two
measurements is 150~200 meters inside Science Park,
and 300~400 meters for the surrounding area. The
locations map is shown as figure 1 and 2. The
microtremor data has been processed using the
spectrum H/V ratio method (Nakamura, 1989). The
site dominate frequency maps of the Tainan and
Luchu Science Park are shown as figure 3 and 4.
From figure 3, it is concluded that the thickness of
top loose sediment layer is thickening along the east
to west direction. This phenomenon is consistent to
the nearby topography. From figure 4, a bended
valley implies that an ancient river valley is laid
beneath the Luchu Science Park.

Fig. 3 The Tainan Science Park microtremor dominate
frequency map.

Fig. 4 The Luchu Science Park microtremor dominate
frequency map.
Fig. 1 The microtremor measurement locations map of
Tainan Science Park.

Micro Earthquake Monitoring Network
In 2005, a micro earthquake monitoring
network was setup in Hsinchu-Mioli area, and
continues in operation during 2006. Many micro
earthquakes were observed. Most of them are in the
Sanyi-Puli seismic zone, the Shih-Tan fault, and
thefoothill regions (figure 5).

Fig. 2 The microtremor measurement locations map of
Luchu Science Park.

Around Tainan Science Park, although CWB
installed more than 30 strong motion stations in our
study area, but there is only seven velocity type
seismometers. This is not enough to capture the
small micro earthquakes. In our study area, the
Hsinhua and Chuko faults are very active. We
believe that if the micro earthquakes have been
studied carefully we can get some important insight
about the seismic zone. Eleven high resolution
broadband seismometers (Guralp 6TD) were set up
in the vicinity of Hsinhua and Chuko faults to
monitor earthquake activities and to understand their
rupture mechanism 。 The location of each
seismometer can be seen in figure 6.
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Fig. 5 The map of Hsinchu micro earthquake
monitoring network and the detected
earthquakes.

Fig. 6 The map of Tainan micro earthquake
monitoring network.

Fig. 7 The original micro earthquake signals (top) can
be isolated using the Empirical Mode Decomposition
method (middle). The isolatted signals (bottom) are
very good for further researches.

Micro Earthquake Signal Isolation Using
Empirical Mode Decomposition

Seismic Hazard Potential of The Tainan
Science Park

Because the broadband seismometer is very
sensitive, it can records 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, we use the
Empirical Mode Decomposition technique (Huang,
1998 ). This method allow us to extract the
background “tidal waves” and subtract them from the
original signals. The residual micro earthquake data is
then very good for further researches.

The seismic potential analysis is used to compute
the possibilities for a target fault with particular
parameters to produce a characteristic earthquake
during a time frame. The active faults near the Tainan
Science Park include the Hsinhua fault, the Chuko
fault, and the Meishan fault. From the investigation
reports published by the Central Geological Survey,
the parameters of these active faults are listed in the
following table.
Table 1 Active fault parameters
Fault

Tr(yr)

Te(yr)

ML

Hsinhua

210

61(1946)

6.5

Meishan

200

101.75(1906)

6.8

Chuko

400

200

7.0
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The parameter ML shown on above table is the
local magnitude of a characteristic earthquake which
is the result from fault trenching investigation. Here
assume the characteristic earthquake is repeatable
which means its magnitude and recurrence time are
predictable. In this research, the fault length,
recurrence period are used to estimate the possibility
for happening characteristic earthquake on active fault.
The elapse time Te is estimated according to historical
earthquakes. A detailed descriptions for every used
parameters can be found at（NCREE-05-032）。

seismic-resistant
preparations.

The possibility for happening hazard earthquake
means the difficulties of happening a hazard
earthquake in a particular region on a certain time
frame. For example, the Meishan fault was ruptured
in 1906. Up to now, the elapse time Te=101yr, thus
the computed possibility for happen a big earthquake
is 15.96% for the future 30 years (Tp=30yr). In this
project, the potential for happening hazard
earthquake for the future 10, 30, 50 years for three
particular active faults near the Tainan Science Park
were listed in the following table. Figure 8 is the
shakemap for the case of Hsinhua fault (Jean et al.,
2006).

In the future, the research results from site effects,
micro earthquake activities, and statistical studies will
be integrated for further 3-D numerical simulations.

Table 2 The occurrence probability for faults
Fault

probability（％）
10yr

30yr

50yr

Meishan

4.85

15.96

27.80

Chuko

2.31

7.37

12.89

Hsinhua

1.07

5.26

12.23

Hsinhua fault
ML=6.5
Pb. of 30yr = 5.3%
25.0

Nakamura, Y., (1998). A Method for dynamic
characteristies estimation of subsurface using
microtremor on the ground surface, QR of RTRI
30, no. 1, February, 25-33.
Wen, Kuo-Liang, Wen-Yu Chien andYu-Wen
Chang(2005). Strong ground motion estimation
for histerical hazard earthquakes and highly
potential source regions, NCREE-05-032.
Huang, N. E., Z. Shen, S. R. Long, M. C. Wu, H. H.
Shin, Q. Zhang, N.-C. Yen, C. C. Tung, and H. H.
Liu, 1998. The emperical mode decomposition
and the Hilbert spectrum for nonlinear and
non-stationary time series analysis, Proc. R. Soc.
Lond. A, 453, p903-995.
Jean, W. Y., Y. W. Chang, K. L. Wen, and C. H Loh,
2006. “Early Estimation of Seismic Hazard for
Strong Earthquakes in Taiwan”, Natural Hazard,
37, 39-53.
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From the statistical study, the shakemaps for the
Tainan Science Park were obtained. This is a good
reference for emergency earthquake hazard
mitigations. The computed results will be modified
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Micro earthquake monitoring network can be used
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an important role in earthquake warning system.
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Fig. 8 The earthquake occurrence possibility of
Hsinhua fault and corresponding shakemaps

Conclusions
From microtremor measurements, the site
resonance frequencies were obtained for the Tainan
Science Park which is very important for factory
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Site Amplification Factor and Site Classification
for Seismic Demand
Yu -Wen Chang 1 and Wen-Yu Jean 2
張毓文 1、簡文郁 2

Abstract
The average shear wave velocity or the average SPT-N value of the upper 30 m of a soil
deposit, VS (30) or N 30 , is an important parameter used in classifying sites in recent
building codes. Based on these site classification criteria, the site response coefficients, Fa
and Fv, were used to take into account the site amplifications of ground motion or design
earthquake. The site response coefficients used in Taiwan building code were adopted from
the U.S. building code provisions, which were based on empirical data for ground motions
up to 0.1 g, and on the theoretical and laboratory results for larger motions. The TSMIP
(Taiwan Strong Motion Instrumentation Program) array provides significant new sets of
empirical data up to 0.5 g or even higher. These data together with recent site
characterizations based on the investigation program of the CWB TSMIP sites provide
empirical estimates of the site coefficients for different site classification. This two-year
study has performed a detailed comparison of empirical site coefficients implied by the
TSMIP earthquake data with those specified in the current code provisions.
Keywords: building code, shear-wave velocity, site classification, site amplification

Introduction
The average shear wave velocity is a key factor for
site classification and, for the seismic design, the
site-dependent ground motions can be estimated in
terms of site amplification factors. However, the site
amplification factors specified in the seismic design
codes, such as the U.S. building code and the Taiwan
building code (TBC’05), were estimated by empirical
model based on ground motions up to 0.1g, and by the
theoretical and laboratory results. In recent years, few
large earthquakes had produced many ground motion
records with peak ground accelerations higher than
0.4g at the ground surface near the epicenters. These
ground motion data provide empirical estimates of the
site coefficients for different site classifications
(Borcherdt, 2002a, 2002b; Phung et al., 2006).
The current version of Taiwan building design
code was issued in 2005. The basic micro-zonation
maps of design earthquakes were given for the
rock-like site, and the intensity-dependent and
site-dependent amplification factors were used to
1
2

modify the design spectrum based on the site
classification. In the last decade, many large
earthquakes occurred in Taiwan and the TSMIP strong
motion array collected a large set of ground motions.
These earthquake data together with recent site
investigation data of the TSMIP stations were used to
study the site classification rules and the criteria of
site amplification factors.

Data Base
The strong motion recordings collected from the
TSMIP array, which is operated by CWB since 1991,
provided valuable data set for site amplification
studies. Earthquakes with magnitude greater than
ML5.0 were collected in the ground motion database.
In construction of site-specific response as specified in
the current Taiwan building code, the response spectra
were calculated for empirical estimations of site
coefficients.
The velocity profiles of TSMIP sites were

Assistant Research Fellow, National Center for Research on Earthquake Engineering, ywchang@ncree.gov.tw.
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Vs30. Both of the calculation and the criterion of N30
must be studied and modified in the code specification.
An example of this conflict can be observed in station
CHY074. The value of N30 is about seven, and the
site classification is soft soil site (S3) based on the
TBC’05. However, the station CHY074 is an S1 class
site based on the criterion of Vs30 (the site class is S2
and C reported by Kou and by Lee, respectively).

Site Classifications
In the building code, the design earthquake must
be modified by the site coefficients according to the
site classification. The shear wave velocity of the
stratum is an important factor for site classification.
Three criteria are provided for the site classification in
the TBC’05 based on the averaged shear wave
velocity and the averaged standard penetration
resistance for the top 30 m soil layers (Vs30, N30). In
the Japan Road Association’s Design Specifications
for Highway Bridges (JRA 1996) and the previous
version of Taiwan building code, the site condition
was classified based on the predominant period (Tg) of
the site using the well-known quarter-wavelength
principle.

As shown in Figure 1(b), the criterion of N30
specified in codes could have inadequate results in site
classification compared with those by the criterion of
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(a) Site classification based on Vs30.
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(b) Site classification based on N30.
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Site Classification, (by Kou'92,93,94)

Based on various criteria, site classifications were
calculated and compared with those classified by Lee
(2001) and Kou (1992-1994). Kou’s study classified
the site into four classes. Figure 1 shows the
comparison of the site classifications with Kou’s
results, based on the Vs30, N30, and Tg. The
specifications of the site classification of the TBC are
also shown in Figure 1 for comparison. According to
the theory of wave propagation, site amplifications are
proportional to the density and shear wave velocity of
the soil layers seated on the bedrock. The average
shear wave velocity is a good index of the site
classification for the estimates of site coefficients. The
comparison shows that the site classifications reported
by Kou agreed well with the average shear wave
velocity. However, it shows that only two
classifications (hard and soft soil sites) can be
identified (Fig. 1(a)). Similar results can be found by
using the predominant period, Tg, as shown in Figure
1(c). It is found that the site classification criterion is
too strict as specified in the previous version of
Taiwan building code. If the predominant period of
the study site is used as an index of site classification,
the site criterion should be modified.

4

TBC'05 : S3

Site Classification, (by Kou'92,93,94)

measured by the suspension P-S Logging method in a
joint project launched in 2000 by CWB and NCREE.
The suspension P-S logging method, utilizing a single
downhole probe containing a source and two receivers,
can obtain continuous high-resolution velocity
measurements of the stratum. At the end of 2006, 333
TSMIP stations have been investigated. Most of the
boreholes were limited to a depth of around 30 m or
less for which the bed rock are shallow. Twenty-two
stations are deep boreholes with depths up to 100 m.
Subsurface geological conditions were investigated,
thus the index properties such as the SPT-N value,
water content, unit weight, soil classification and grain
size distribution can be found in the investigated
station sites.

2

TBC'95 : S2
TBC'95 : S3

1
0

0.2
0.4
0.6
0.8
Predominate Period, Tg (Sec.)

1

(c) Site classification based on Tg.
Fig. 1. Comparisons of site classifications for the
selected TSMIP stations which were
classified by Kou (1992-1994).
Two important geological factors, the softness of
the soil near the surface and the thickness of the
sediments above the bedrock, can affect significantly
the level of ground shaking. It is necessary to take into
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account the factors of all soil layers to the bedrock.
However, most of the boreholes are limited to a depth
of around 30-50 m for engineering practices. And the
regional codes used merely the top 30 m soil profile to
calculate the Vs30 and to represent the wave
propagation property of the entire stratum to the
bedrock. Using the deep boreholes’ data, the average
shear wave velocities in terms of Vs30 and those
calculated by the entire soil layers explored were
compared as shown in Figure 2. It is found that the
Vs30 can underestimate the average shear wave
velocity of the site at about 20% for the site with
thickness of soil layers greater than 40 m.

that the “closest distance to rupture surface” when
combined with empirical attenuation functions such as
those of Abrahamson and Silva (1997) can better
account for near-source attenuation characteristics
associated with an extended source than do other
models. The closest distance to rupture surface is used
to estimate the ground motion of reference site
(bedrock) for the data collected from the 1999 Taiwan
Chi-Chi earthquake. For other cases, the coefficient
estimates presented herein were based on the
hypocentral distance derived from attenuation
functions for peak ground acceleration and spectral
acceleration.
7
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Fig. 2. Comparison of the average shear wave
velocity calculated by Vs30 and those
calculated using more data of soil layers
with depth > 30 m.

Site Amplification Factors
The correlation between site amplification and
surface geology of the stratum has been the subject of
many studies. The H/V technique (the horizontalto-vertical spectral ratio technique) is used widely to
estimate the site classification and the site
amplification. However, this technique results in
lower accuracy (Phung et al., 2006). The spectral ratio
analysis of strong-motion records is a commonly used
procedure to estimate the site effects in moderate to
high seismicity area. Applying the concepts of spectral
ratio analysis for site effect analysis, the ground
motion of the compared reference sites are estimated
by the average attenuation form of the rock-like sites
in Taiwan. For the spectral amplification calculation,
the average natural logarithms of two horizontal
ground motions were calculated for each record, and
normalized by that estimated from the attenuation
form based on the earthquake’s magnitude and
distance.
A previous study by Borcherdt (2001) concluded

Amplification Factor, (PGA)
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(b) For ground motion with PGA >= 0.1g.
Fig. 3. Comparison of site amplification factors of
PGA and the Vs30 for different ground
motion intensity.
The nonlinear soil behavior can also affect the site
amplification, especially for the cases when PGA
exceeds a threshold of 0.1 g to 0.2 g (Chin & Aki,
1991; Wen, 1994; Wen et al., 1995; Beresnev & Wen,
1996). To take into account the soil’s nonlinearity,
ground motions were grouped based on PGA values,
and site amplification factors were calculated as
shown in Figure 3. The site coefficients of the spectral
acceleration for short and 1 second period were also
studied. The results show a similar behavior as those
provided in TBC’05, but the site coefficients were
larger than those provided in the code (as shown in
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Figure 3). The code provides an empirical estimate of
the decrease in site coefficients with increasing base
(spectral) acceleration, often termed “nonlinearity”.
But the relationship shown in Figure 3 does not
present the said feature and should then be
re-examined for further study.

Conclusions
This study examined the site classification criteria
and the site coefficients specified in the seismic design
code TBC’05 based on the borehole data and the
ground motion data collected from TSMIP network.
Site classification studies show good agreements with
those classified by Kou (1992-1994) according to the
calculated average shear wave velocity of Vs30. The
average standard penetration resistance for the top 30
m soil layers, N30, leads to misclassification of the
site’s class. An example of this conflict can be
justified by station CHY074. Not only the calculation
of the N30 needs to be modified but also the criterion
utilized.

Borcherdt, R.D. 2002b. Empirical Evidence for
Site
Coefficients
in
Building
Code
Provisions, Earthquake Spectra 18(2),
189–217.
Kou, K.W. 1992-94. The Geological Character
of the CWB Strong Motion Network, Central
Weather Bureau. (in Chinese)
Malhotra, P.K. 2003. Strong-Motion Records for
Site-Specific Analysis, Earthquake Spectra
19(3), 557-578.
Phung, V., Atkinson, G.M. and Lau, D. T. 2006.
Methodology for Site Classification Estimation
Using Strong Ground Motion Data from the
Chi-Chi, Taiwan, Earthquake, Earthquake
Spectra 22(2), 511–531.
Tsang, H.H., Chandler, A.M. and Lam, N.T.K. 2006.
Estimating non-linear site response by single
period Approximation, Earthquake Engng Struct.
Dyn. 35, 1053–1076.

The soil’s nonlinearity could result in a decrease of
site coefficients. The degree of decrease of site
coefficient becomes larger with the increase of base
acceleration. Also, the relationship between site
coefficients and Vs30 obtained from this study do not
present this feature and should be re-examined for
further study. This result may be due to the
earthquake’s source effect and the radiation pattern. A
new model for the estimate of ground motions of the
reference site (comparative hard site) will be proposed
in the next year of study to reduce variations due to
the source effect and the radiation pattern. The effect
of the difference in the attenuation site effects between
the ground motions of the hanging wall and the foot
wall will also be considered.
In general, the corner period of the shapes of
response spectrum is smaller for the hard site (the
Vs30 is larger, S1 site). Some TSMIP stations were
classified as hard site (S1 site), but their response
spectra showed large corner period. As an example,
the site classification is S1 for station CHY084, the
average standard penetration resistance, N30, is 68.
However, the corner period of the average response
spectrum is as large as 0.7-0.8 second (as shown in
Figure 4). Other techniques to estimate the site effects
will be included in the future study.
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Fig. 4. Comparison of the response spectra of the
CHY084 station.

Seismic Performance Evaluation of Pile Foundation –
Verification of Push-Over Model
Juinn-Shyang Chiou1, Ho-Hsiung Yang 2 and Cheng-Hsing Chen3
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Abstract
The whole seismic performance of a structure is related to both the structure and its
foundation. Researches on seismic performance of structures are mainly for superstructures;
however, studies on foundation’s performance are relatively few. Starting from the pile
foundation, this study attempts to investigate the seismic performance of the pile
foundation by using a nonlinear static push-over analysis. To show the effectiveness of the
proposed push-over model, test data of large-scale single-pile lateral test at Chiayi was
adopted for demonstration. Besides, a design case of the planned Exhibition Hall for the
conservation of Chelunpu fault trench was selected for case study to show the influence of
soil-structure effects on seismic performance of structures.
Keywords: pile foundation, seismic performance, push-over analysis, soil-structure
interaction

Introduction

Push-Over Model of Pile Foundation

Seismic performance design of structures is an
important topic in earthquake engineering researches.
The concept of the performance design is to provide
multiple performance levels, and then designers
design structures to meet the specific performance
level based on functions of structures or owners’
desires. Most of researches are aimed to investigate
the performance of structure bodies, while the studies
on foundation performance are relatively few.
Therefore, it is indeed necessary to strengthen this
topic for a complete evaluation on the seismic
performance of structures.

To analyze the behavior of pile under later loads,
this study utilized the theory of “beam on elastic
foundation” which is commonly used in engineering
practice. In this model, the pile is modeled by beam
elements and soils are modeled by a series of
independent springs. According to this assumption,
the governing equation of a lateral pile can be
expressed as follows:

Starting from the pile foundation, this study uses a
nonlinear static push-over analysis to investigate the
seismic performance of the pile foundation. The
engineering analysis software, SAP 2000, was used to
build the push-over model and to analyze the
nonlinear response of the pile under lateral loads at the
pile head. Furthermore, this model can be linked to the
superstructure to globally evaluate the structure
performance.
1
2
3

EI

d4y
+ Dk h y = 0
dx 4

(1)

in which EI is the flexural rigidity of the pile, D is
the diameter of pile, y is horizontal displacement, x is
the coordinate along the pile shaft, and kh is the
horizontal subgrade coefficient.

Subgrade Coefficient
The horizontal subgrade coefficient in Equation (1)
usually can not be obtained directly from the field
data or from laboratory experiments. Therefore, an
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empirical formula recommended by Japan Road
Association is usually used in Taiwan to determine
the value of subgrade coefficient, as shown in eq. (2).

k h ( y1 ) = 0.34(αE 0 ) D −0.31 (EI )
1.1

−0.103

(2)

in which kh(y1) is the subgrade coefficient in
kg/cm3 when pile-head displacement is y1, y1 is the
reference displacement (y1＝1cm in this study), αis
a state parameter (α=1 for normal condition, α=2
for earthquake condition, E0 is the equivalent elastic
modulus of soils in kg/ cm2 (The equation, E0=28Ｎ,
can be used to estimate its value, where Ｎ is the
standard penetration numbers), D is the pile diameter
in cm, and EI is the flexural rigidity of pile in kgcm2.
Since soils exhibit highly nonlinear behavior, the
horizontal subgrade coefficient decreases with
increasing soil deformation. To this effect, on basis
of the recommendation of Japan Architecture
Institute,
the
subgrade
coefficient
kh(y)
corresponding displacement y can be expressed as
follows:

⎡y⎤
k h ( y ) = k h ( y1 )⎢ ⎥
⎣ y1 ⎦

n

(3)

The above equation represents the relation of kh(y)
and displacement y. For y < y1, the value of
coefficient equals kh(y1), and for y > y1, kh decreases
as y increases where n is the decay coefficient,
(n=-0.5 in Japan). This study also considered
different decay coefficients （n = -0.55, -0.6）to
reflect different local soil conditions. The
non-dimensional curves of subgrade coefficient for
different decay coefficients are shown in Fig. 1.

1.6
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n = - 0.6

1.4

n = - 0.65

1.2
1

Fig. 2 Mander et al.’s concrete model

Verification of Push-Over Model
To show the effectiveness of the push-over model,
a single-pile lateral load field test was analyzed for
demonstration. The test site is located at Taipo, Chiayi,
Taiwan. Among various tests in the whole program,
the lateral load test on a bored pile (B2 pile) was
chosen. The B2 pile is a cast-in-place reinforced
concrete pile. The pile was constructed by the method
of fully-cased drilling. The pile length is 34m and the
actual pile diameter is about 1.58m. The concrete’s
compressive strength of the pile is 245 kg/cm2.
According to Mander et al.’s model, the section
property of B2 pile can be computed, as shown in Fig.
3. The nonlinear property was further simplified for
setting plastic hinge properties of the pile in the
push-over model (also shown in Fig. 3.) Two
linearization methods were used for simplification: (1)
bi-linearization
(2)
tri-linearization.
The
bi-linearization uses yielding and ultimate points to
approximate
piecewisely
the
nonlinear
moment-curvature curve. The tri-linearization uses
cracking, yielding, and ultimate points.
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Fig. 1 Subgrade coefficient curves for different
decay coefficients
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longitudinal reinforcements. The section property can
be estimated by using Mander et al.’s model (1988).
The concrete models proposed by Mander et al. in
1998 are displayed in Fig. 2. It can consider the effects
of different stirrup arrangements on the stress-strain
relationship of concrete.
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Section Property of Pile
The pile type discussed in this study is reinforced
concrete pile (RC pile). The RC section is composed
of unconfined concrete, confined concrete, and
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Fig. 3 Relationship of moment and curvature
Assuming decay coefficient of n=-0.5, Fig. 4
compares the measured capacity curve of B2 pile with
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The underestimation may be due to the stiffer
subgrade coefficient of soils. Fig. 5 shows the trials
using various subgrade coefficient curves deduced
from different decay curves to compute the capacity
curves. Comparing those with the measured curve
shows that when decay coefficient n=-0.65, the
predicted curve fits better with the measured one.
Figures 6 and 7 display the displacement and moment
distributions of B2 pile for n=-0.65. They fit well
globally with the measured data except some moment
values at depths of 3-5m are somewhat overestimated.

0
0

0

Depth (m)

the capacity curves by using different plastic hinge
curves deduced from two linearization methods. This
figure shows that tri-linearization can be more suitable
in describing the behavior of B2 pile, however, it still
underestimates the actual pile-head displacements.
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This section uses a practical design example to
show the differences of various base conditions. Two
base conditions were compared: (1) rigid base and (2)
flexible pile. In comparison with the rigid base,
flexible pile model considers the soil-structure
interaction effect of the pile (SSI).
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2

To study ancient earthquakes, a trench on
Chelungpu fault was dug in Chu-shan, Nantou. The
trench shows the reverse fault and fault fold, and the
records of the four ancient earthquakes. To preserve
the trench area, the Ministry of Education of Taiwan
plans to build Earthquake and Ecology Park at
Chu-Shan. The whole “Earthquake and Ecology Park”
is divided into the trench area and service area. The
buildings for this park will be composed of a series of
cubic diamond. To avoid damages caused by the slip
of the fault, the structures for the trench area will be
three independent structures. This study used one of
these three independent structures to be built in the
trench area (see Fig. 8).
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In order to investigate the effects of SSI on the
design of structure and foundation, four foundation
models were set for pushover analysis (Fig. 9). The
first model is for rigid base. The other three models
are for flexible pile model.

Fig. 8 Earthquake and Ecology Park

Cases III and IV models with modified design, the
capacity curves obtained from pushover analysis has
improved greatly (Fig. 11).
From the results of pushover analyses described
above, it can be seen that the effects of SSI plays an
important role on the design of foundation. While the
total displacement is increased due to SSI, the relative
displacement (deformation) of structure is not
proportionally increased and the corresponding
distribution of the yielding points became closer to the
real situation, thus, it elucidates the significance of
SSI. It is very important to consider the foundation
flexibility in structural analysis.
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Fig. 10 Capacity curves for Cases I and II
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(c) Case III — flexible pile
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Fig. 9 Structural models for pushover analysis
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Seismic Performance Evaluation
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The performance of a structure can be evaluated
with capacity spectrum method suggested by ATC-40,
and be classified into three levels, namely, Immediate
Occupancy (IO), Life Safety (LS), and Collapse
Prevention (CP). According to the “Seismic Design
Guide for Buildings” of Taiwan, three levels of
earthquake corresponding to return periods of 30, 475,
and 2500 years, respectively, are considered.
The push-over curves for cases I and II are shown
in Fig. 10. It can be clearly seen that the horizontal
displacement predicted from Case I rigid-base model
is much smaller than Case II. Although the
performance requirement of Case I model is satisfied
for both earthquake cases with return periods of 475
and 2500 years, it is based only on rigid-base
assumption, which is probably too ideal for the real
ground situation. When the flexibility of soil is
considered as shown in the Case II model, the
horizontal displacement obtained from pushover
analysis is much larger, even though the pile
foundation in adopted in the stiff site condition. The
performance requirement seems to be okay from the
structural point of view, but the total horizontal
displacement obtained is too large to be acceptable.
The design is therefore better to be modified. For the
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Fig. 11 Capacity curves for Cases III and IV

Conclusions
This study proposes an adequate single-pile
push-over model.
The subsequent study may
consider various loading conditions and pile-head
conditions. Besides, the design example mentioned in
this study shows that the soil-structure effect
significantly influences the seismic performance of
structures.
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Preparation of a Large Mailiao Silty Sand Specimen for
Shaking Table Tests
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Abstract
Sample preparation method of the Mailiao silty sand specimen in a large scale laminar
shear box (1.880 m × 1.880 m ×1.520 m) was evaluated for the study of the behavior of
saturated silty sand in shaking table tests. The silty sand specimen inside the shear box was
prepared by the staged sedimentation method from a specially made pluviation device. The
uniformity, density and saturation of the sand were checked by the thin-walled tube
sampling and P-wave velocity measurements. The results showed that uniformity and
saturation of the specimen were satisfactory by the preparation method used in this study.
A series of shaking table tests with various acceleration amplitudes, frequencies, durations,
and shaking directions were performed on the saturated Mailiao silty sand inside the large
laminar shear box at National Center for Research on Earthquake Engineering (NCREE).
Pore water pressures and accelerations within the soil, and displacements and accelerations
of the frames of various depths were measured during tests under both one- and
two-dimensional shaking. It is found that the behavior of the silty sand under shaking,
including pore water pressure generation and dissipation, surface settlement, and
liquefaction, is quite different from that of the clean sand.
Keywords: Silty sand, sample preparation method, shaking table test, liquefaction, pore water
pressure

Introduction
In the past, the studies on the undrained
stress-strain behavior and seismic behavior of clean
sand have been tested in the laboratory. However,
natural sandy soils usually contain some amount of
fines and have different mechanical behaviors from
clean sand. At present, most studies on the seismic
behaviors of silty sand, such as strain-stress
relationship and liquefaction, are tested in the
laboratory by using triaxial compression apparatus,
simple shear devices, and torsional shear apparatus
under regular or irregular dynamic loads (e.g.,
Yamauro & Lade, 1997; Thevanayagam et al., 2000;
Amini & Oi, 2000; Huang et al., 2005). The stress
conditions and deformations in the soil elements in
these types of tests are significantly affected by the
boundary condition, and the loading conditions are
1
2

3

generally not the true field situations due to the
limitations of the loading devices and the size of the
specimens. A large-scale laminar biaxial shear box on
the 5 m × 5 m shaking table at the National Center for
Research on Earthquake Engineering (NCREE) in
Taiwan has thus been developed to test a large soil
specimen under one- and two-dimensional
(multidirectional) earthquake shakings. The related
studies on sample preparation of large sand specimen
with a certain amount of fines are very limited (e.g.,
Ko, 2003; Huang et al., 2005). Thus, the main
objective in this study is to develop a suitable way for
preparing a large specimen of Mailiao silty sand in the
large scale biaxial laminar shear box for the study of
liquefaction and soil-structure interaction in a level
ground.
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Assistant Research Fellow, National Center for Research on Earthquake Engineering, chiaham@ncree.org.tw, Tel:
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Properties of Mailiao Silty Sand
Mailiao silty sand, a typical soil of the western
coastal area in Taiwan, was used in this study. The
grain shape of the Mailiao silty sand is mainly
sub-angular and flaky. The sand is more compressible
and less dilatable than silica sand. The basic properties
of the Mailiao silty sand are given in Table 1. The
maximum and minimum void ratio of this sand are
0.586 and 1.162, respectively, according to ASTM
D4253 Method 1B (wet method) and ASTM D4254
Method C. The fines content was obtained according
to ASTM1140 because of the crumbly characteristic
of Mailiao silty sand. The representative grain size
distribution of the sand is also shown in Figure 2.

difference of fines content at other depths of the sand
specimen. Thus, the staged sedimentation method was
adopted in this study.
A special pluviator with insernal dimensions of
1600 mm × 1600 mm × 600 mm was designed for
preparing the Mailiao silty sand specimen inside the
large shear box. The pluviator, as shown in Figure 3,
is composed of:

Table 1. Properties of Mialiao silty sand
Gs

D50 (mm)

Cu

emax

emin

FC (%)

2.71

0.20

2.66

1.162

0.586

6.49

z

A container houses the needed volume of sand to
fill the shear box. The bottom of the container is
consisted of eight vanes, which can support the
mass of the sand and rotate to open rapidly when
the hooks are released.

z

Two transmission shafts consisted of two rods and
sixteen hooks to control the vanes to open
simultaneously to dump the sand into the shear
box.
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Fig. 3 The picture of the pluviator
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Fig. 2 Grain size distribution of Mailiao silty sand

Preparation of a Large Silty Sand
Specimen
Sample preparation methods, such as dry
deposition method, moist tamping method and
sedimentation method, are commonly used to prepare
the reconstituted samples (Ishihara, 1993). Preparation
methods for a large saturation specimen of clean sand,
such as sedimentation method, to control the
uniformity and saturation of the specimen have been
reported by many researchers (e.g., Chang, 2002;
Ueng et al., 2003). However, very little information is
available for preparing large saturated specimens of
silty sand to obtain the desired uniformity and density.
In order to evaluate the preparation method for a large
saturated specimen using the moist Mailiao silty sand
in the laminar box, a series of experiments in a smaller
glass container were conducted using various
preparation methods, including wet sedimentation
method using dry and moist sand, staged
sedimentation method and pre-mixture filled method.
It was found that the staged sedimentation method is
the best among these methods tested in the small glass
container (Tsou, 2006). Except a top thin layer of sand
with a higher fines content there is no significant

The moist Mailiao silty sand with a mass of 1.0
Mg and an average water content of 7.22% were
dumped down into the laminar box filled with water to
a pre-calculated depth at first. After an interval of
about 30 minutes, the laminar box was then filled with
water slowly to the calculated depth based on the
measurements of water level and elevation of the sand
specimen after the first step. The two steps above were
so-called one stage in the staged sedimentation
method. It took seven stages to complete a Mailiao
silty sand specimen of about 1.350 m in height. The
saturation of the specimen prepared by this method
was verified by measuring P-wave velocity across the
specimen horizontally at a given depth. A small steel
ball hit the sand specimen at the 20-mm gaps between
the frames and the arrival times of the P-wave were
measured using the accelerometers close to the hitting
point and across the specimen. Figure 4 shows the
results of P-wave velocity measurements at various
depths in two vertical sections of the sand specimen. It
can be seen that the sand was well saturated with the
P-wave velocities between 1450 m/s and 1566 m/s at
various depths including the water above the sand
surface. In order to directly measure the density, fines
content and uniformity of the large sand specimen,
short thin-walled tube samples (≈ 150 mm in length
and 73 mm in diameter) were taken at various
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locations and depths inside the shear box. These
thin-walled tubes were pushed into the sand at various
elevations during the excavation of the sand from the
shear box, and the samples were taken by carefully
removing the surrounding soil. Figure 5 shows the dry
densities and fines contents of the sand specimen at
different depths immediately after specimen
preparation. The results indicated that the uniformity
of density and fines content of the sample was
acceptable.
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A series of shaking table tests have been
conducted on the Mailiao silty sand specimen in the
biaxial laminar shear box at NCREE in May 2006.
Various one- and multi-directional input motions were
imposed by the shaking table. The input motions
included sinusoidal (1Hz, 2Hz, 4Hz and 8Hz)
accelerations, with amplitudes (Amax) from 0.03g to
0.2g in X and/or Y directions. In the two-dimensional
(multidirectional) shaking, there is a 90° phase
difference between the input acceleration in X and Y
directions, i.e., a circular or ellipse motion was applied.
The acceleration time history recorded at She-Tou
seismograph station in Chi-Chi Earthquake were also
imposed in X and Y directions.
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Fig. 4 P-wave velocities of sand specimen after
preparation
1.5

1.5

Sand surface

Fig. 6 Mailiao silty sand specimen in the shear box on
the shaking table
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Liquefaction phenomenon
Sand boil is a well-known feature on the ground
surface after liquefaction owing to the expelled water
carrying sand particles with it to the surface through
volcano-like vents. It is rarely seen in the uniform
saturated specimen of clean sand under any kind of
shakings due to its high permeability. Figure 7 shows
that sand boils occurred on the surface of the Mailiao
silty sand specimen after liquefaction. The thin layer
of sand with a high fines content on the top of the sand
specimen might be one of the reasons for this
phenomenon.
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Fig. 5 Density and fines content of Mailiao silty sand
after preparation

Shaking Table Tests
Transducers for displacement and acceleration
measurements were placed at various locations and
depths on the outside rigid walls, the outer frames for
X-direction motions, and the inner frames for
Y-direction motions. In addition, mini-piezometers
and mini-accelerometers were installed inside the box
for pore water pressure and acceleration
measurements at different locations and depths before
placing the sand into the shear box. Two settlement
plates were also installed to measure the surface
settlements during shaking tests. The height of the
sand surface was also measured manually after each
shaking test so that the settlement of the sand
specimen can be calculated. Figure 6 shows Mailiao
silty sand specimen on the shaking table.

Fig. 7 Sand boils on the sand surface of the specimen

Pore water pressure changes,
settlement and volumetric strain
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five different depths in the specimen of Vietnam silica
sand and Mailiao silty sand during one-dimensional
sinusoidal shaking with an amplitude of Amax = 0.1g is
shown in Figure 8. It is found that the excess pore
water pressure in Mailiao silty sand takes a longer
time to dissipate than that in Vietnam sand due to the
lower permeability of Mailiao silty sand. In addition,
it can also be observed that the rate of the settlement
after shaking is related to the rate of excess pore water
pressure dissipation according to measurements of the
settlement plate. The depth of the liquefied sand is
determined based on the measurements of
mini-piezometers and accelerometers on the inner
frames (Ueng et al., 2006). With consideration of
depth of the liquefied sand, the volumetric strain
induced by liquefaction is 0.83% for Vietnam sand
and 1.28% for Mailiao silty sand, respectively. The
greater volumetric strain of Mailiao silty sand is
probably due to its higher compressibility.
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Figure 8. Water pressure changes during 1D shaking

Conclusions
A large laminar shear box with a specimen size of
1880 mm × 1880 mm × 1520 mm at NCREE was used
to study the dynamic response of sand specimen with
fines. A special pluviator was also designed to prepare
the Mailiao silty sand specimen by staged
sedimentation method. The uniformity, density, fines
content and saturation were checked by directly
sampling and P-wave velocity measurements. The

performance of the sample preparation method on the
Mailiao silty sand in the large shear box was found
satisfactory. A series of one- and multi-directional
shaking table tests were performed on saturated
Mailiao silty sand in the shear box. The preliminary
results show that the relatively low permeability layer
of the Mailiao silty sand resulted in longer duration of
dissipation of generated pore water pressure and
surface settlement compared with those of the clean
Vietnam silica sand. The sand boils were observed
when there was liquefaction of the Mailiao silty sand.
Further analyses of the test results and more shaking
table test are under way.
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