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Foreword
The “2011 Report on Research Progress and Accomplishments” is the twelfth issue of
its kind. With this publication, some important ongoing research projects conducted at the
National Center for Research on Earthquake Engineering (NCREE), Taiwan are highlighted.
This year, three main categories including “seismic design, evaluation, and technology”,
“disaster mitigation, risk analysis and management”, as well as “earthquake engineering
experiment and simulation technique service” were emphasized while an integrated project
“ establishment of multidisciplinary research platform on bridge safety monitoring” was
also conducted between several centers from the National Applied Research Laboratories
(NARL). To cover a broad spectrum of research efforts made in the year 2011, totally 27
selected articles are contained in this report. Some underlined topics encompassed are
listed follows:
●

Research on seismic performance assessment and retrofit techniques of existing
buildings

●

Research on seismic evaluation and retrofit service of school building in Taiwan

●

Early damage estimation of water pipeline systems for earthquake emergency
Response

●

Development of Sloped Rolling-Type Isolation Devices for Seismic Protection of
Important Equipment and Facilities

●

Implementation of bridge early warning system considering mutli-hazards

●

Development of Web-GIS Systems for seismic disaster precaution and response

●

Earthquake source parameters of active faults for seismic potential assessment of
Chianan region in Taiwan

●

Earthquake source parameters and micro-tremor site characteristics study-geochemical
monitoring

It is our sincere hope that through the continuous publication of such progress reports, the
energetic annual research efforts at NCREE could be evaluated and recognized by the
earthquake engineering community. We look forward that this information will create more
opportunities for exchange of research findings as well as make contributions to the national
coordination and international collaboration on earthquake engineering.
The full version of each research included in the progress report can be requested from
the corresponding authors. The electronic version (in PDF format) of the report can be also
downloaded from NCREE’s official web site (http://www.ncree.org).

Kuo-Chun Chang, Director
June 1, 2012
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Newly Development of Performance-Based Seismic Design of
Bridges in Taiwan
Kuo-Chun Chang1, I-Chaou Tsai2, Cheng-Hsing Chen3, Yu-Chi Sung4,
Qiang Xue5, Kuang-Yen Liu6, Hsiao-Hui Hung7 and Jiunn-Shyang Choiu8
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Abstract

This study presents the “Draft of the Performance-Based of Seismic Design
Specification for Highway Bridges”. This draft specification includes:: General
requirement, Seismic performance requirement, Seismic hazard and demand, The
first-stage design, The second-stage verification of seismic performance, Ductile design of
reinforcement concrete structure, Ductile design of steel structure, Foundation and
abutment, Isolation and energy dissipation, and Other consideration. Compared to the
current Seismic Design Specification for Highway Bridges (2009), this draft specification
precisely defines a performance matrix, and allows the engineer to have more flexibility
when conducting preliminary design.However, it emphasizes more on the performance
evaluation to satisfy the basic requirement of structural safety, service ability and
reparability.
Keywords: Performance-Based Design, Highway bridge

Introduction

Specification for Highway Bridges” in 2011 granted
by the Taiwan Area National Expressway Engineering
Bureau (TANEEB),

Since 2008, Public Construction Commission
Executive Yuan has been started to promote the
concept of performance-based design, and recently
(i.e.in 2011) requested the Department of
Transportation to propose a pilot specification about
the infrastructure. The current Seismic Design
Specification for Highway Bridges (2009 edition) is a
force-based design code and easy to operate for a long
time. However, the implementation from the Seismic
Retrofitting Manual for Highway Bridges (2009
edition) to the current code can provide a straight
insight to verify the structural performance in the
displacement point of view. Therefore, NCREE has
drafted the “Performance-Based Seismic Design

General Requirement
The draft specification is suitable for regular new
bridge which is no longer than 150m. The bridge
should provide sufficient strength and displacement
capacity, in order to satisfy the performance
requirements corresponding to three specified seismic
demand levels. The analysis unit of the bridge is
chosen from the expansion joint to the expansion joint.
It is urged to simulate and analyze the bridge as real as
possible, depended upon the performance level and
complexity of the bridge. Though design force can be
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determined either as recommended or by user-defined
methods, ductile design to detailing the RC or steel
substructure should be satisfied. Compared to the
conventional seismic resistance design, seismic
isolation or energy dissipation device is also
encouraged to install on the bridge.

Table 3. Seismic performance of important bridges

Seismic Performance Requirement
Bridge Classification
Bridges are divided into two groups depending on
their importance, as shown in Table 1. Bridges for
national highways, urban and designated expressways,
bridges for regional disaster prevention plans, traffic
strategy etc., are categorized as important bridges. The
importance factor (I) for important bridges is set as 1.2.
Whereas, bridges outside this group are categorized as
ordinary bridges with an importance factor (I) of 1.0.

Table 4. Seismic performance matrix

The different sets of allowable displacement as a
fraction of the displacement capacity are provided in
Table 5, so that to identify and distinguish the
acceptance points at point A, B, and C, as shown in
Figs. 1~2. Therefore, the structural capacity is
predetermined, take pushover analysis for example,
and the goal is to verify the bridge behavior at
multiple performance points.

Table 1. Classification of bridges

Seismic Performance of Bridges
The draft specification aimed to ensure that: (a)
For Level I earthquake ground motion, the structure
remains elastic without any structural damage; (b) For
Level II earthquake ground motion, the repaired
structure is usable and will not put lives at risk; and (c)
For Level III earthquake ground motion, the structure
does not collapse (collapse prevention). Therefore, in
addition to modifying the requirements for the
conventional force-based design related to infrequent
earthquakes, this draft specification defines three
earthquake ground motion levels in order to confirm
that the bridge is non-yielding under the frequent
small earthquakes and guarantees the safety of lives
under design and the maximum considered
earthquakes. Table 2~3 describes the seismic
performance requirements for ordinary and important
bridges in terms of the performance level PLA, PLB,
and PLC, respectively, according to bridge importance,
safety, serviceability, and reparability. The
performance object is shown in Table 4.

Table 5. Allowable inelastic displacement compared
to the entire inelastic displacement

From Figs. 1~2, the designer has to make sure
the displacement demand ( Ӕ I, Ӕ II, and Ӕ III)
determined by the assessment methods is smaller
than the displacement capacity (Ӕ A,Ӕ B, andӔ C)
under earthquake ground motion Level I, II, and III,
respectively. Since the bridge is expected to behave
from elastic to inelastic stage, designers can select
proper methods to evaluate the bridge and retrieve
the structural responses according to the performance
level, regularity and computing efficiency. One of
the features of this draft specification is to propose a
revised capacity spectrum method (CSM). Based on
the effective peak ground acceleration (EPGA) and
spectrum displacement (Sd) relationship, the
displacement demand can be determined in the
EPGA-Sd curve, or called “performance curve”,
without iteration process, compared to the
conventional CSM in ATC-40. Given the pushover
curve and specified acceleration response spectrum,
the EPGA-Sd curve is calculated by either so called
R  P  T method or equivalent damping ratio method,
as shown in Fig. 3. Basically, for a bridge without
installing any isolators or energy dissipation devices,
it is recommended to use R  P  T method to generate
EPGA-Sd curve, otherwise, by using equivalent
damping ratio method as an alternative for the
bridges which need to consider the energy
dissipation.

Table 2. Seismic performance of ordinary bridges

2
2

Sa

Though the concept is acceptable, it is due to the
basin effects, the duration that the ground shakes will
be for longer period in the Taipei Basin as compare
within any other region. Accordingly, the number of
the cyclic loads imposed on the structures is likely to
be greater during an earthquake. Therefore, even
given same important bridge, the ratio is reduced
from 1/2 to 1/4 and from 2/3 to 1/2. Besides,
deformation criteria for local member ductility
should also be verified. Table 6 provides the upper
limit of displacement ductility for any wall-type pier
or single column. Though this draft specification sets
no lower limit of displacement ductility, for example
ȝc t3 in CALTRANS Seismic Design Criteria V1.6,
it has been confirmed that if the design details of
lateral reinforcements obey the requirements , the
RC column can exhibit saturated hysteresis loop and
satisfy the minimum requirement of 3, based on the
experience of RC column tests in NCREE.
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Fig.1. Seismic object and verification for bridges at
general sites
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Fig.2. Seismic object and verification for bridges at
Taipei Basin
EPGA

(3) Criterion for Level III Earthquake
Stability criterion is only applied to check P-ǻ effect
of each column and pile member under level III
earthquake ground motion. Not like strength or
deformation criterion, which focuses on the global
behavior at particular displacement ǻI, ǻII, and ǻIII,
the stability criterion emphasizes on the local
member behavior. For each member belongs to
substructure and foundation, the local displacement
demand įIII can not exceed the factor of 0.25 times
the ultimate moment divided by the static gravity
axial load. It is believed if the bridge can satisfy the
stability criterion, there is no need to recheck the
local displacement demand įII under level II
earthquake ground motion.

EPGA

0.4 SIII ,S

0.4 SIII ,S

0.4 S II,S

0.4 S II,S

0.4 S I,S

0.4 S I,S
ӔI
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ӔIII
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ӔII

ӔIII

Ӕu

Sd

(a)R-ȝ-T method (Left)
(b)Equivalent damping ratio method (Right)
Fig.3. Demonstration of finding displacement
demand from EPGA-Sd curve
Seismic Verification Criteria
(1) Criterion for Level I Earthquake
The strength criterion is used to verify bridge
performance under Level I earthquake ground
motion. Displacement demand ǻI should be smaller
than displacement capacity ǻA i.e. ǻIЉǻA. As shown
in Fig. 1, take one ordinary bridge located at the
general site for example, performance state A
represents the yielding point on the capacity
spectrum curve, and it is the maximum allowable
displacement for performance level PLA. Within
PLA, the bridge does not exceed the elastic range.
For important bridge, the displacement capacity ǻA
is 83% (1/I=1/1.2) of the yielding placement for
conservative concern.

Table 6. Limitation of the displacement ductility of
single member

Seismic Hazard Levels
Based on the uniform hazard analysis, the mapped
design 5%-damped spectral response acceleration at
short period and at 1 second have been tabulated. For
the sake of simplicity, only four levels for both the
10/50 and the 2/50 hazard levels as shown in Table 7
for each municipal unit of village, town or city level,
and the distribution is shown in Fig.4.

(2) Criterion for Level II Earthquake
In most cases, bridges are expected to perform
ductile and have no obvious strength degradation.
Similar to performance state A, performance state B
and C is assigned to limit the maximum displacement
corresponding to performance level PLB and PLC,
under Level II and level III earthquake ground
motion, respectively, i.e. ǻIIЉǻB and ǻIIIЉǻC. From
Table 5, for any important bridge, the ratio of
allowable inelastic displacement compared to the
entire inelastic deformation capacity is only 1/2 and
2/3 for performance state B and C, respectively.

Table 7. Values of mapped spectral response
acceleration parameters

3
3

Performance curve from capacity spectrum
The structural performance is expressed by a
spectrum displacement and peak ground acceleration
curve, or “performance curve” for simplicity. In
general, for a structure with ductile behavior, the
capacity curve can be simplified as a bilinear curve.
Based on the “equal energy principle” and “equal
displacement principle”, the expected inelastic
displacement can be derived as a function of
fundamental period, force reduction factor and
displacement ductility, so called R-P-T relationship.
On the contrary, for a bridge which is expected to
dissipate energy by seismic isolators or dampers, it is
suitable to adapt the equivalent damping method.

Fig.4. Distribution of the mapped spectral response
acceleration parametersʳfor both 10%/50year and
2%/50year hazard levels

The First-stage Design
Three dimensional numerical models with the
appropriate simulation of geometry, mass, section
property and foundation must be established. At this
stage, foundations can generally be simulated by
using a fixed-base model or an equivalent linear
spring model. Methods for elastic analysis are
employed. Dynamic analysis, which can be elastic
time history analysis or elastic response spectrum
analysis, is suggested to come up with a design
lateral force distribution for irregular structures. But
for regular bridges, static analysis can be adopted.
Three typical approaches are described in the
commentary of the draft specification to estimate the
design lateral force if the method for static analysis
is used. Flexibility is given for engineers to choose
one of these three approaches or another appropriate
approach.
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The Second-stage Verification of Seismic
Performance

Fig.6. Pushover curve

Capacity curve from pushover analysis

Summary

Modeling detail for the member of the bridge,
including
superstructure,
bearing
system,
substructure, and the foundation, especially the
plastic hinge properties of bridge columns, as well as
the soil spring model for spread footings, pile
foundations and caissons are introduced. The draft
specification provides a user-friendly program to
obtain the proposed plastic hinges for RC column
with respect to the failure modes, as shown in Fig. 5.
When establishing the pushover curve of a new
construction bridge, as shown in Fig. 6, it is
recommended to apply the Mander’s model for
confined concrete and bilinear model of reinforcing
steel. Fig. 7 shows the capacity spectrum transferred
from the capacity curve, as recommend in the
ATC-40. However, instead of repeatedly finding a
performance point, the draft specification proposes a
revised ATC-40 procedure without dealing with
iteration and converge problem. Meanwhile,
considering the orientation of the bridge when
conducting the pushover analysis, a revised modal
pushover is also recommended to transfer the
capacity spectrum to performance curve, based on
the capacity curve, modal participation factor, and
effective modal mass from each substructure in the
analysis unit.

A
new
draft
is
proposed
for
the
“Performance-Based Seismic Design Specification
for Highway Bridges”. This draft specification
suggests a stage-one design and stage-two verification
procedure. Given the Level I, II, and III ground
motion hazards, for stage-one design, either one of the
recommended approaches or any rational theory are
allowed to determine the design force, but the bridge
performance should be satisfied with the performance
matrics,
considering
the
structural
safety,
serviceability, and repair-ability, through seismic
verification in the second stage. The displacement
demands, determined by revised the capacity spectrum
method, should not exceed allowable displacement
capacity from pushover analysis, both global system
and local single member.

(input)
Lateral displacement

Target displacement demand

displacement

Fig.7. Performance curve
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Scaling of Earthquake Ground Motion Records for
Bi-directional Response-history Analyses
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Abstract

Most building structures are 3D in nature and stiffness or mass asymmetries in
conjunction with directivity of the earthquake signal with respect to the principal axes of
the structure can result in very complex 3-dimensional responses that make the dynamic
behavior largely unpredictable. It has been found that there was no one ground motion
scaling method properly incorporating the higher-mode effects ever developed for the
bi-directional RHA of building structures. In this study, a multi-mode scaling (MMS)
procedures incorporating the higher-mode effects for 3-D frames’ bi-directional RHA is
developed. This study is to evaluate the effectiveness of the proposed MMS in reducing the
scatter in estimated peak seismic demands for the 3-D building structures. The MMS
analysis results are compared with those obtained from using other ground motion scaling
methods.
Keywords: Ground motion scaling, Bi-directional response-history analysis, Design spectra

Introduction

with a given period T or a range of periods. Selecting
adequately T and the reference level for Sa(T) are two
important aspects of the seismic assessment.

The non-linear dynamic analysis is becoming a
more frequently used procedure for the seismic
assessment of structures, it is increasingly important to
develop a ground motion scaling method that
effectively reduces the scatter in the seismic demand
estimates. When earthquake records are used for
dynamic response analyses (especially in the
non-linear range), lot of efforts should be made to find
ground motions having appropriate values in both
time and frequency domains. Recent researches have
demonstrated that for a particular seismic design
approach, certain ground motion scaling methods can
introduce large scatter in the estimated seismic
demand (Shome and Cornell 1998; Kurama and
Farrow 2003). According to the similar procedures for
selecting and scaling ground motions, the PEER
Ground Motions Selection and Modification (GMSM)
Program has identified and categorized a lot of ground
motion selecting and scaling methods developed by
several researchers and practitioners (Haselton 2009).
Commonly, the historical earthquake records are
scaled to fit a target spectral acceleration Sa associated

Current codified procedures for response-history
analysis (RHA) of buildings subjected to uni-axial
earthquake ground accelerations often involve scaling
ground motions to match a target spectrum. For
response-history analysis of buildings subjected to the
bi-directional earthquake load effects, it is
recommended to scale the amplitude of the pairs of
ground accelerations using one single scaling factor
(ASCE 2006). After applying the scale factor, the
square root of the sum of the squares (SRSS) of the
associated 5% damped spectral ordinates at each
period point is not less than 0.9 of 1.3 times the
corresponding ordinate of the 5% damped target
spectrum for periods from 0.2T1 to 1.5T1 , where T1 is
the first mode period of the structure. In addition,
within the aforementioned period range the average of
these SRSS values must be no less than the average of
the target response spectrum. In practical application,
fulfilling this condition in such a wide range of
periods proved to be impropriate (Haselton 2009,
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Weng et al. 2010).

The response spectral analysis (RSA) to 3D
buildings under bi-directional seismic ground motions
is stated as follows:

Shome et al. (1998) proposed to analyze a
ground-motion scaling method for a suite of ground
accelerations to compute the median response of
nonlinear structures that involved scaling ground
motions to a selected spectral acceleration at the
linear-elastic fundamental period of the building
(Sa(T1)). This method is termed Sa(T1) scaling method
herein. The Sa(T1) method implicitly assumed that the
structural response, and the spectral values of the
periods other than T1 are of minor importance. This
should be true when the response of the structure is
elastic and is controlled by the first mode of vibration.
When building’s high mode effects are pronounced,
this method may not be suitable (Kurama and Farrow
2003; Weng et al. 2010). Nevertheless, these common
GMSM methods often consider the effects of each
period of interest are equal. If a ground acceleration
record is scaled without properly incorporating the
design spectral accelerations at the significant periods
of a building, it could seriously overestimate or
underestimate the seismic demand as defined in the
target response spectrum. The resulting seismic
demand may be biased (Baker 2007, Weng et al.
2010), leading to a design with unknown margins of
safety. In addition, the number of tall buildings built
or planned in seismic regions has substantially
increased in recent years. The seismic inter-story drift
response at high floors in a tall building can be much
more influenced by higher modes. In order to take the
high mode effects into account, a multi-mode ground
motion scaling (MMS) method has been proposed and
verified (Weng et al. 2009 and 2010). It should also be
noted that the majority of the researches on ground
motion scaling methods have been for the RHA of
planar frames. However, most building structures are
3D in nature and stiffness or mass asymmetries in
conjunction with directivity of the earthquake signal
with respect to the principal axes of the structure can
result in very complex 3-dimensional responses that
make the dynamic behavior largely unpredictable
(Thanoon et al. 2004). It has been found that there was
no one ground motion scaling method properly
incorporating the higher-mode effects ever developed
for the bi-directional RHA of building structures.

The equation of motion for a typical 3D N-story
building under bi-directional seismic ground motions
with each floor represented as a rigid diaphragm with
three DOFs is
  Cu  Ku
Mu

3N

n 1

n 1

(1)

 gX t  ML Yu
 gY t
 ML X u

 gX t  ¦ s Ynu
 gY t
 ¦ s Xnu

3N

3N

n 1

n 1

gX t  ¦ * Yn MInu
gY t
 ¦ * XnMInu

3N

gX  * Ynu
 gY MIn
 ¦ * Xnu
n 1

The displacement vector u, mode shape In,, mass
matrix M and stiffness matrix K are
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respectively, where 1 and 0 are N × 1 column
vectors with all elements equal to one and zero,
respectively. The mX, mY and I0 are the N × N
X- directional mass matrix, Y-directional mass matrix
and the mass moment of inertia matrix, respectively.
T

0T

0T

T

T

In an elastic state, the displacement vector, u, can
be assembled by the modal coordinate, Y(t), as
follows :

ut

>I @3Nu3N ^Y t `3Nu1

(3)

The *Xn and *Yn are the nth modal participating factor
in the X- and Y-direction, respectively, equal to

* Xn

In this study, the first objective is to develop the
procedures of a multi-mode scaling (MMS)
incorporating the higher-mode effects for 3-D frames’
bi-directional RHA. The second objective of this study
is to evaluate the effectiveness of the proposed MMS
in reducing the scatter in estimated peak seismic
demands for the 3-D building structures. The MMS
analysis results are compared with other developed
ground motion scaling methods.

^I `nT ML X
^I `nT M^I `n

L Xn ,
* Yn
Mn

^I `nT ML Y
^I `nT M^I `n

L Yn (4)
Mn

Since *Xn and *Yn are usually unequal to each
otherand cannot be eliminated from both sides of
Equation (1) by using accustomed definition.
Equation (1) can be decomposed into 3N equations,
each equation representing an SDOF modal equation
of motion, as follows :

^I`Tn M >I @^Y t ` ^I`Tn C>I @^Y t ` ^I`Tn K >I @^Y t `
T
T
peff t ^I`n ML X ugX t  ^I`n MLY ugY t
M nYn t  CnYn t  K nYn t

Bi-directional Multi-Mode Ground
Motion Scaling Procedures

(5)

LXnugX t  LYnugY t

n 1~ 3N

where Mn ^I `nT M^I `n , L Xn ^I `nT ML X , L Yn ^I `nT ML Y .
Using Duhamel’s integral to solve Equation (5), as

z Bi-directional Response Spectral Analysis
6
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p eff t

3N

Estimation of peak base shear

follows :
Yn t
#

Substituting equation (8) into equation (10) and
replacing regarded notations, equations (11) and (12)
for estimation of peak base shears can be established.
The peak base shears, VD,CQC and VEQ,CQC can be
computed from two acceleration response spectra
Sa,des (the smoothed design spectrum) and Sa,EQ
(obtained
from
the
historical
earthquake
accelerations), respectively as:

(6)

t
LXn t
L
ugX W e[nZn tW sinZnd t W dW  Yn ³ ugY W e[nZn tW sinZnd t W dW
MnZnd ³0
MnZnd 0

LXn 1
L 1
SVX,n  Yn SVY,n *XnSDX,n  *YnSDY,n
Mn Zn
Mn Zn

The nth modal equivalent seismic force can be
expressed as follows:
^ f s t `n

K ^I `n Yn t

Z n2 M ^I `n Yn t

* Xn S aX ,n M ^I `n  * Yn S aY ,n M ^I `n

(7)

Z n2 M ^I `n * Xn S DX ,n  * Yn S DY ,n

th

The the n modal elastic base shear in the X- and
Y-direction, respectively, equal to
L2Xn
L L
SaX,n  Xn Yn SaY,n
Mn
Mn

VnX L TX ^ fs t `n *XnSaX,nL TX M^I`n  *YnSaY,nL TX M^I`n
VnY LYT ^ fs t `n *XnSaX,nLYT M^I`n  *YnSaY,nLYT ^I`n

(8)

LXnLYn
L2
SaX,n  Yn SaY,n
Mn
Mn

th

The n modal elastic rood displacement in the Xand Y-direction, respectively, equal to
uroof ,nX

InX ,roof

InX ,roof *XnSDX ,n  *YnSDY,n
1

Zn2

u roof ,nY

I nY ,roof

* XnSaX ,n  *YnSaY ,n

InY ,roof * Xn S DX ,n  * Yn S DY ,n
1

Z n2

(9a)

(9b)

* Xn S aX ,n  * Yn S aY ,n

Y directions, respectively.

According to the response spectrum analysis (RSA)
procedure, the peak seismic responses can be
estimated by applying the complete quadratic
combination (CQC) rules. If rio is the peak values of
the ith mode’s contribution ri(t), and rjo is the jth
mode’s contribution rj(t) to the total response r(t), then
the peak total response ro can be estimated based on
the CQC rule (Der Kiureghian, 1981; Chopra 2003)
as:

ij io jo

VEQX,CQC

¦¦U * L S

VEQY,CQC

¦¦U * L S

(error )

N N

ij

i1j1

Xi Yi aX,desi

*YiLYi SaY,desi *XjLYj SaX,des j *YjLYj SaY,des j (11b)

N N

ij Xi Xi aX,EQi

i1j1

N N

i1j 1

ij Xi Yi aX,EQi

*XiLYi SaY,EQi *XjLXj SaX,EQ j *XjLYj SaY,EQ j (12a)

*YiLYi SaY,EQi *XjLYj SaX,EQj *YjLYj SaY,EQ j (12b)

2

ª W W S
ij , X
ij ,Y ai ,des .S aj ,des
«
¦¦
«
i 1 j 1  SF .
Wij , X S ai ,EQX .S aj ,EQX . Wij ,Y S ai ,EQY .S aj ,EQY
¬«
N

N

º
»
»
¼»

2

(13)

where SF is the ground motion scaling factor and
Wij,X and Wij,Y are the ijth element of the modal
correlation weighting factor matrices in the X and Y
directions respectively, to be introduced in the next
paragraph. The minimum error is achieved when the
partial derivative of (error)2 with respect to the
scaling factor SF becomes zero:

N

i 1 j 1

¦¦U * L S

(11a)

*XiLYi SaY,desi *XjLXj SaX,des j *XjLYj SaY,des j

S

Xi Xi aX,desi

In the present study, the MMS methods are
developed to minimize the first few modal
participating differences. The least square error
fitting method is utilized to minimize the weighted
sum of the square errors among the spectral
responses of a given pair of scaled ground motions
and those of the smoothed design response spectrum
at the periods of interest. Therefore, the sum of the
square differences (error)2 can be expressed as:

z Computing the elastic peak responses by
using the elastic acceleration response
spectra

N

VDY,CQC

ij

i1j1

z Computation of scaling factors for MMS
methods

mode shape components at the roof level in the X and

¦¦ U r r

¦¦U * L

where Sai,des or Saj,des is the spectral accelerations in
the smoothed design spectrum, Sai,EQ or Saj,EQ is the
spectral accelerations in the spectrum obtained from
the historical earthquake accelerations. The
subscripts X and Y in these parameters indicate the
direction of the applied earthquake.

In the above equation, InX,roof and InY,roof are the nth

ro |

N N

VDX,CQC

(10)

where N is the number of modes included. When the
RSA procedure is adopted, it has been suggested that
the number of modes be determined to include at
least 90% of the total building effective mass (ICBO
2006). Lopez and Cruz (1996) also proposed some
empirical formulae to determine the minimum
number of modes for seismic response computations.

w (error ) 2
w ( SF )

0

(14)

By taking the derivative of equation (13) as
illustrated in equation (14), the scaling factors SF
can be computed from using equation (15) and the
modal correlation weighting factors:
7
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Experiments on Reinforced Concrete Frames with
Brick Infill
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and Fu-Pei Hsiao5
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Abstract

Brick walls constrained by a reinforced concrete (RC) frame on all four sides are quite
often used in low-rise RC buildings. According to earthquake reconnaissance, a brick
infilled wall is one of the major resistances of preventing building collapse. Therefore,
understanding the seismic behavior of a brick infilled wall is essential in evaluating the
seismic resistance of existing low-rise RC buildings. This research is aimed at examining
the seismic behavior of brick infilled walls. Four full-scale reinforced concrete (RC) frames
with 1B-width brick walls were tested under cyclic loading. The main variables were the
brick infilled walls with and without an inner-tied column, and the compression strength of
mortar. The test results indicated that the boundary columns and the inner-tied column of
RC frame with brick infill were in shear failure. As well as, the ultimate lateral strength of
brick infilled walls with an inner-tied column is 1.7 times of that of brick infilled wall
without an inner-tied column. The increased compression strength of mortar is also
beneficial to the seismic behavior of brick infilled walls. Test results showed that the RC
frame can still have a mild negative slope of strength degradation for its post-strength
behavior.
Keywords: Brick wall, Masonry, Seismic evaluation, Seismic retrofit, Reinforced concrete.

Introduction

building collapse (Figure 1 (a)).

Brick walls constrained by a reinforced concrete
(RC) frame on all four sides are quite often used in
low-rise RC buildings in the world such as China
(Hori et al. 2006), India (Sivarama Sarma et al. 2003),
Mexico (Tena-Colunga et al. 2009), Chile (Gent
Franch et al. 2008), and Taiwan (Tu et al. 2010).
Typical low-rise RC school buildings and arcade
buildings in Taiwan have a common structural system,
where adjacent classrooms or arcade buildings are
divided by fully brick infilled wall partitions and the
elevations normal to the partitions are opened with
doors and windows. For this reason, these school
buildings and arcade buildings have strong seismic
capacity along the partition direction. Thus, a brick
wall is one of the major resistances of preventing

According to earthquake reconnaissance (Figure 1
(b)), the major failure mode of a brick infill wall is
horizontal slips in the centric part of the brick wall and
inclined diagonal shear cracks in the side part of the
brick wall. These shear cracks also extend into the
boundary column as well as induce shear failure at
the bottom of the column. That is to say, the
uncracked part of the brick wall can restrain the
columns of RC frame and induce short effective
length of the column.
Seismic assessments for an RC frame with a brick
infill are complicated because they combine the
behaviors of RC frame, masonry panel, and the
interactions between frame and panel. Nowadays,
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practical guidance for the seismic evaluation of RC
buildings with brick infill can be found in FEMA 356
(FEMA 2000), and Chung et al. (2009), where a brick
infill panel can be considered as an equivalent
compressive strut. However, these methods cannot
simulate the phenomenon of shear failure in boundary
columns as shown in Figure 1 (b). This research is
aimed at examining the seismic behavior of RC frame
with brick infill.

Brick Wall

cm × 60 cm. The detailing of columns is non-ductile
detailing with longitudinal steel ratio of 1.64%~1.79%,
and a lateral steel of D10 @ 25 cm with 90 degree
hoop. (Figure 2)
Of the two specimens of brick in-filled frame
without an inner-tied column, according to the design
compression strength of mortar, these two specimens
are named as b1fmc100 and b1fmc200 respectively.
For the same reason, the other two specimens of brick
in-filled frame with an inner-tied column are named as
b2fmc100 and b2fmc200 respectively. (Table 1)

Classroom

2. Test setup and instrumentation
The cyclic loading tests were carried out in the
laboratory of National Centre for Research on
Earthquake Engineering (NCREE). Figure 3 (a) and 3
(b) show the cyclic loading test setup and lateral
support system. The test wall was fixed on the strong
floor by post tension rods. The RC beam of test wall
was also constrained by two steel beams using post
tension rods then the two steel beams were connected
to two actuators, which mounted on the reaction wall.
Two sets of lateral support frame can prevent the out
of plane deformation. The cyclic loading procedure
was shown in Figure 3 (c). The procedure was
controlled by the displacement measured at the center
of the steel beam. The procedure began with a drift
ratio of 0.125%, 0.175%, up to 4%. Three cycles were
tested for each drift ratio. The test would be
terminated while the residual strength less than 80%
of ultimate strength.

Corridor
(a) Typical plane

(b) Seismic failure of partition

Table 1 Testing parameters of the experiment.
Brick
Compression strength of mortar
in-filled
(kgf/cm2)
frame
100
200

Figure 1 Seismic failure of partition in school
building in Taiwan.

Experimental Program

Without
an
inner-tied
column

1. Test specimens
Two types of partitions for school buildings are
used in Taiwan. The one is a brick wall constrained by
an RC frame on all four sides and without an
inner-tied column in the middle part. The height-width
ratio (H/W) is usually less than 0.5 for this kind of
brick wall. The other one is a brick wall with an
inner-tied column in the middle part, so that the
height-width ratio (H/W) is usually greater than 0.5
such as shown in Figure 1 (b). Therefore, brick wall
with and without an inner-tied column is one of the
main testing variables. In order to study the mortar
effect on lateral strength of brick wall, the other
variable is the compression strength of mortar.

With an
inner-tied
column

This study plans four full-scale walls according to
the testing variables as shown in Table 1. The
dimensions and detailing of RC frame with brick infill
are adopted from a typical elementary school building
in Taiwan. The dimension for each wall is 900 cm
width by 384 cm height. The sections of boundary
columns and inner-tied column are 35 cm × 40 cm and
24 cm × 40 cm respectively. For beam section is 35

b1fmc200

b2fmc100

b2fmc200

Figure 2 Dimensions and details of the test walls.
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b1fmc100

(Figure 5 (a)). This test was terminated at 2.0% drift
while the residual strength was 45% of ultimate
strength.
(2) Specimen b1fmc200
Figure 4 (b) shows the hysteretic loop of loadingdeformation of the specimen b1fmc200. The ultimate
lateral strength was 668kN at the fist drift of 0.125%,
while the major failure patterns were horizontal slips
in the centric-upper part of the brick wall. The lateral
strength decreased rapidly to 57% of ultimate strength
at 1% drift, meanwhile the tops and bottoms of both
boundary columns occurred diagonal shear failure.
However, the strength remained about 60% at 2%
even a little increased at 3% drifts. This test was
terminated at the third cycle of 4.0% drift while the
residual strength was 30% of ultimate strength.

(a) Cyclic loading test setup

(b) Test setup of lateral
(c) Cyclic loading
support system
procedure
Figure 3 Test plan.

(3) Specimen b2fmc100

Experimental Results

Figure 4 (c) shows the hysteretic loop of loadingdeformation of the specimen b2fmc100. The ultimate
lateral strength was 1177kN, while the drift ratio was
at -0.5% in pulling direction. At this stage, the major
failure patterns were inclined diagonal shear cracks in
the both brick walls. The bottoms of both boundary
columns and the middle of the inner-tied column also
occurred diagonal shear failure at 0.75% drift (Figure
5 (c)). This test was terminated at 2.0% drift while the
residual strength was 42% of ultimate strength.

1. Material property
Table 2 shows the material testing results. The
testing results of compressing strength of concrete are
257kgf/cm2, 277 kgf/cm2, 301 kgf/cm2, and
283kgf/cm2 respectively; The original design
compressing strength of mortar is 100 kgf/cm2 and
200 kgf/cm2 but the testing results are 72kgf/cm2, 135
kgf/cm2, 72 kgf/cm2, and 107 kgf/cm2 respectively;
For the compression strength of solid brick is 387
kgf/cm2, and the tension yield strength of steels are
3556 kgf/cm2 and 4202 kgf/cm2 for D10 and D19
respectively.

(4) Specimen b2fmc200
Figure 4 (d) shows the hysteretic loop of loadingdeformation of the specimen b2fmc200. The ultimate
lateral strength was 1327kN, while the drift ratio was
at 0.5%. At this stage, the major failure patterns were
inclined diagonal shear cracks in the both brick walls.
The bottoms of both boundary columns and the
middle of the inner-tied column also occurred
diagonal shear failure at 0.75% drift (Figure 5 (d)).
This test was terminated at 3.0% drift while the
residual strength was 18.8% of ultimate strength.

2. Loading-deformation curves and crack patterns
(1) Specimen b1fmc100
Figure 4 (a) shows the hysteretic loop of loadingdeformation of the specimen b1fmc100. The ultimate
lateral strength was 668kN, while the drift ratio was at
0.75%. In this stage, the major failure patterns were
horizontal slips in the centric part of the brick wall and
inclined diagonal shear cracks in the side part of the
brick wall. The bottoms of both boundary columns
also occurred diagonal shear failure at 1.0% drift

Table 2 Test results.
Specimen
b1fmc100
b1fmc200
b2fmc100
b2fmc200
1
2
3
4

f cc ,1

c ,2
f mc

f bcc ,3

kgf/cm2

kgf/cm2

kgf/cm2

257
277
301
283

72
135
72
107

387
387
387
387

fy
kgf/cm2
#3
3556
3556
3556
3556

#6
4202
4202
4202
4202

Vpeak
kN

Ӕ̃˸˴˾ʳ
̀̀

668
847
1177
1327

21.46
3.35
-14.2
14.2

f cc = compressive strength of concrete of beam and column members.
c = compressive strength of mortar.
f mc
f bcc = compressive strength of solid clay brick.

D.R.
peak

4

%

0.75
0.125
-0.5
0.5

D.R. peak = drift ratio at peak point.
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Conclusions
The study carried out four full-scale RC frames
with brick infill. Two testing variables, including
brick with and without inner-tied column, and
compression strength of mortar, were studied on
seismic behavior of RC frames with brick infill. The
following conclusions can be drawn.

(a) b1fmc100 (
2

c = 72
f mc

kgf/cm )

(c) b2fmc100 (

c = 72
f mc

(b) b1fmc200 (

c = 135
f mc

2

kgf/cm )

The brick walls with an inner-tied column, H/W
> 0.5, occurred more inclined diagonal cracks and
got the higher lateral strength.

(C)

The compression strength of mortar obviously
contributes to the lateral strength of the brick walls,
especially for the brick walls with an inner-tied
column is sensitive.
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(a) b1fmc100 (D.R.= 1%)

(b) b1fmc200 (D.R.= 1%)

(c) b2fmc100 (D.R.= 0.75%)

(d) b2fmc200 (D.R.= 0.75%)
Figure 5 Crack patterns (D.R.= Drift Ratio).
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(B)

References
c
(d) b2fmc200 ( f mc = 107 Chung L.L., Yeh Y.K., et al. 2009. Technology

kgf/cm2)
kgf/cm )
Figure 4 Relation of lateral loading and
displacement.
2

(A) Testing results indicated that the columns of RC
frame with brick infill are shear failure since that
uncracked part of brick wall can restrain the
columns of RC frame and induce short effective
length of column.
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Abstract

Experimental investigations have developed the adopted CFRP anchors in CFRP
wrapping or jacketing. It has been proved that the mechanical anchorage can provide
confinement and improve square jacketing behaviors as well as prevent premature
debonding with design recommendations base on adhesive anchors and natural properties
of materials CFRP anchors made from. In this paper, the anchoring bond performance and
design theorems are discussed and tested in practical experiments with a total of forty six
specimens. Test programs for the fiber bolt and spread tails, the components of CFRP
anchors, were carried out under tensile loading. From the observations, failure modes
involved concrete cone failure, adhesive debonding, and the combined failure were the key
factors related to pullout strength of fiber bolts. For the spread tails, the anchoring strength
was restricted due to the break at corner. As a result, the design criteria were improved and
made suitable to be applicable.
Keywords: CFRP, CFRP Anchor, Anchorage

Introduction

Design Criteria

CFRP (carbon fiber reinforced plastic)
wrapping or jacketing combined with CFRP
anchor, a promising technique, has established
the effectiveness. For column with rectangular
cross-section, it was verified that the pullout
strength provided by installed anchors enable
confining resistances of arching on column side
and dispersed the effect of stress concentration on
square corner [1,2,3]. For retrofitted RC beams
with CFRP, the anchorage prevented generally
premature debonding on interface, increased the
deflection ductility simultaneously [4]. Above
experimental studies speculated design guideline
of CFRP anchors based on metallic anchors
theorems with adhesive bond [5] and the natural
properties of composite materials. Therefore,
anchoring performance related to the fiber bolt
and the spread tail, the components of a CFRP
anchor as shown in Fig.1, discussed with
practical bonding tests in this paper are required.

Fiber bolt

1
2
3
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Fig. 2 shows the details of a CFRP anchor
which was made of a smooth-surface steel bar
rolled with a specific size of unidirectional
CFRP fabric with firmly epoxy bundling and
molding. The spread tails are the evenly
expanding fabric anchoring with an adhesive
interface. CFRP anchors are post-installed
anchors with chemical bound, the pullout
strength (Fb) can be designed as:

Fb

SDa Laua

Fb d t0 Dr E f H fu

(1)
(2)

Where Da and La are the cross-diameter and the
length on a fiber bolt, Dr and t0 are the width
and thickness of the CFRP fabric, ua is the
bound stress with a purposed 0.6Ĳep, Ef and İfu
are the Young’s modulus of CFRP is the
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properties of steel bars, epoxy and the
unidirectional CFRP fabric are listed in table.1
The test on the fiber bolt was to install the
anchor specimen named as DxLy into prepared
RC block where Dx means the cross-diameter
of anchor is x cm with a bonding length y cm.
Specimens for spread tails were named as
DxSy where Sy is the mean of the spreading
radius with a complete circle-shape. In the test
programs, in order to compare with difference
spreading modes, two spread tail specimens with
a semicircle (noted as SC) and two specimens
with a quarter-circle (noted as QC) were
constructed. Fig. 3-a~Fig. 3-d illustrate the
anchor specimens as well as details of RC blocks.
Each specimen is listed with an expected
evaluation in Table 2.

ultimate tensile strain of CFRP, respectively.
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Fig.1 Illustration of a CFRP anchor

Spread tail
Spread tail provides the mechanical
anchorage to deliver the pullout strength with an
adhesive interface on CFRP wrapping or
jacketing. The anchoring strength can be
expressed as:

Fs

SDa LrW ep

Table.1 Material properties used in this study
Yield stress
Ultimate stress
#3Core bar
492.8(MPa)
726.6(MPa)
Yield stress
Ultimate stress
#5Core bar
482.9(MPa)
690.5(MPa)
Shear resistant stress
Epoxy
11.2(MPa)
Tensile Modulus Ultimate strain
CFRP
253.8 (GPa)
1.81 (%)

(3)

where Lr is the spreading radius, Ĳep is resistant
stress of adhesive interface which can be
obtained from the shear property of the used
epoxy. Based on the load-transfer mechanism
with pullout strength of an installed fiber bolt,
the spreading radius is:

Lr t

Fb
SDaW ep

(4)

Table.2 Instruction of the tested specimens
Design
Type
Specimen
Amounts
Strength
(kN)
D15L4
12.4
3
D15L5
15.6
3
D15L7.5
23.3
3
D15L10
31.1
3
D20L4
16.6
3
Fiber Bolt
D20L5
20.7
3
D20L7.5
31.1
2
D20L10
41.5
3
D23L3
14.3
2
D23L5
23.8
2
D15S3
15.6
3
D15S5
25.9
1
D15S7.5
38.9
3
D15S7.5QC
38.9
2
Spread D15S7.5SC
38.9
2
Tail
D23S2
15.9
1
D23S3
23.8
2
D23S5
39.7
2
D23S7.5
59.6
2
D23S10
79.5
1

Fig.2 Details of a CFRP anchor

Test Program
In this study, the test programs were
separated to test on the installed fiber bolt and
the spread tail. The cross-diameter (Da) of
CFRP anchor depends on the length of CFRP
fabric sheet and is an important parameter to
design evaluations. The #3 and #5 corrugated
bars with a polished front were arranged to be
used to the core bars of anchor specimens.
Specimens
with
15mm
and
20mm
cross-diameter were made from CFRP fabric
sheet with a width of 25cm and 50 cm, rolled
by #3 and #5 core bars, respectively.
Specimens with a 23mm diameter were made
from CFRP fabric with a width 50cm and
rolled with the #5 core bars. The experimental
14
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Test Setup

and Fig. 6-e.

All the specimens were tested on a tension
testing device in Nation Taipei University of
Technology. The test system contains a cannular
plate placed between loading platen and
concrete block to enable a concrete cone
development on RC block. The core bar of
specimens had a clamped fixing on the reaction
frame. The loading device is as shown in Fig. 4.
The maximum allowed capacity of the tension
test device is 1000kN. Tensile loadings were not
ceased until the strength of the specimen became
lower than 60% of its peak strength during test.
The loading data was recorded with a
corresponding tensile deformation..

Fig.3-a Illustration of specimen for fiber bolt

Test Results

Fig.3-b Illustration of specimen for spread tail

In test programs, ten groups of fiber bolts
with cross-diameters 15mm (D15), 20mm (D20)
and 23mm (D23) had variations on installed
bond length. Tension testing results showed the
bonding failure modes involved concrete cone
failure, adhesive debonding were the key factors
related to pullout performances. The conoid
concrete extraction occurred on the specimens
with a bonded length equal to or smaller than
the thickness of cover concrete displayed. The
failure mode of adhesive debonding occurred on
specimens D15L10 while the other specimens
performed a combined failure as shown in Fig. 5.
A comparison of test pullout strength with
design curve is plotted in Fig. 6-a,~Fig. 6-c. The
average tension stress for each specimen
9.22(MPa) and the tension stress obtained from
least-squares-fit method as 10.03 (MPa) were all
similar to the value 9.07 (MPa) proposed in the
literature [6]. The design curve expressed a
consistent tendency and conservative values
compared to test results.
The tension test results indicated that the
anchoring strength was restricted due to the
break at corner. Interface debonding failure
occurred only on specimens D23S2, D23S3 with
2cm, 3cm spreading radius. Considering this
restrained condition on design theorem, the
permissible strain of CFRP concerned with a
proposed strain of 0.004 to the anchoring
strength can be expressed as:

Fs d t0 Dr E f H fd

(5)

Test results of spread tails versus the
modified design curve are plotted in Fig. 6-d

C.C=3cm
4-#5
20cm

5cm

#3@5cm
9cm

17cm

Fig.3-c Details of RC block for fiber bolt

Fig.3-d Details of RC block for spread tail

Fig.4 Tension test device

Conclusion
Bonding performances and the pullout
resistance have been tested in this paper. More
analytical investigations will proceed in order to
improve the reliability and applicability of
design
recommendations
with
accurate
analytical model.
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Fig.6-a Design versus test (Da=15mm)
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Fig.6-b Design versus test (Da=20mm)
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Fig.6-c Design versus test (Da=23mm)
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Fig.6-d Design versus test (Da=15mm)
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Fig.5 Failure modes of test specimens
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The Study for the Single Modal Pushover Analysis of Space
Frame Structures
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Abstract

The detailed seismic evaluation is used to evaluate the seismic capability of structures.
Presently, the most popular analysis method is the nonlinear pushover analysis. The
nonlinear pushover analysis introduced by ATC-40 is based on the planar frames. If the
pushover analysis is applied on the space frames, the method must be modified. In this
study, the single modal pushover analysis and simple pushover analysis of space frames
were discussed. The restrictions of single modal pushover analysis were also specified. For
the pushover analysis of space frames the simple pushover analysis based on the planar
frames is proposed to establish the capacity curve and capacity spectrum and can
reasonably evaluate the seismic capability of buildings.
Keywords: Detailed seismic evaluation, Modal pushover analysis, ETABS, Capacity curve,
Capacity spectrum.

Introduction
With the ageing of buildings and its seismic risk
potential due to hazard, the seismic evaluation needs
to re-evaluate. The seismic evaluation has two steps: (i)
Preliminary seismic evaluation which does not need
structural analysis and only uses empirical formulas
and structure geometry data. The preliminary
evaluation is more conservative and can easily
evaluate the seismic capability of buildings. If the
seismic capability of a building is doubtful, the
detailed seismic evaluation is needed to verify the
seismic capability. (ii) Detailed seismic evaluation
which needs to examine the strength of materials and
geometry of structures to establish the analytical
models and to perform the structural analysis.
The detailed seismic evaluation needs use the
structural analysis process to compare the seismic
demands and seismic capacities of structures. If the
seismic demand is higher than the seismic capacity of
a structure, it means the seismic capability of this
structure is not enough. The nonlinear static analysis
considers the nonlinear deformation of the structure.
The seismic forces in static form are lateral applied at

each floor of a structure. The seismic demands are
presented by the strength and deformation of the
whole structure and the nonlinear deformation of each
member. In this study the pushover analysis used for
space frames will be discussed.
The detailed seismic evaluation methods
commonly used in Taiwan are “Seismic Evaluation of
Reinforced Concrete Structure with Pushover
Analysis” developed by NCREE and “Seismic
Evaluation System for Reinforced Concrete Buildings
(SERCB)” developed by the team of Professor Tsai
I-C. Both these methods are based on the Capacity
Spectrum Method of ATC-40 and adopt the nonlinear
pushover analysis of planar frames. The actual
structures almost belong to space frames and the
associate pushover analysis needs to be modified. If
the building belongs to unsymmetrical or high-rise
structures, a single mode can not present the seismic
behavior of the structure and the detailed seismic
evaluation needs to consider the modified modal
pushover analysis or the simple pushover analysis. In
this study the simple pushover analysis will be
discussed.
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Nonlinear Pushover Analysis of Planar
Frames and Capacity Spectrum Method

At any time t, with the equivalent static story
lateral force applied at this multi-degree of freedom
system the corresponding displacement should be
equal to the calculated displacement u ĳ1q(t ) of
the dynamic analysis and the base shear V of the
equivalent static analysis can be stated as:

The capacity spectrum method is based on the
nonlinear pushover analysis of planar frames to
establish the capacity curve and the corresponding
capacity spectrum of the equivalent single degree of
freedom system. Then according to the performance
requirement the performance objective ground
acceleration is decided. If this acceleration value is
smaller than the design site acceleration of the
475-year return period earthquake, this building does
not have enough seismic capacity and need to be
retrofitted.

V

M1ug (t )

Sa

(1)

D1

Vj

ĳ1T Mĳ1

 PF1Mĳ1ug (t )

¦m I

i i1

¦

(3)

where, N is the total number of floors; Ii1 is the
amplitude of the i’th story in the first mode. The
equation of motion of the single degree of freedom
system is stated as:

N

i i1 )

i 1

N

¦m ¦

2

(8)

miIi21

i 1

m jI j1

(9)

N

¦m I

 PF1ug (t )

u roof
PF1I roof ,1

uroof

Sd = uroof /(PF1×ĳroof,1)

Į1W/g

F=Į1WSa

V

(4)

V

V=F

Fig. 1 The transformation between the
multi-degree of freedom system and the
single degree of freedom system

(5)
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V



where, Z1 and [1 are the frequency and damping
ratio of the first mode respectively. The spectral
displacement S d is defined as:
max(q(t ))
PF1

¦m I

The transformation of capacity spectrum is shown
in Figure 1. The multi-degree of freedom system is
transformed to the single degree of freedom system.
With the nonlinear pushover analysis the capacity
curve of the structure is established under a specific
lateral load distribution. The capacity curve is defined
as the relation curve of the roof displacement and the
base shear. Then the capacity spectrum that is the
relation curve of the spectral displacement and the
spectral acceleration is transformed from the capacity
curve.

(2)

i 1

Sd

N

i i1

miIi21

q(t )  2[1Z1q (t )  Z12 q (t )

PF1ĳ T M1
M

(

i 1

N

PF1

(7)

According to the definition of the equivalent lateral
force R Ku Z12 Mĳ1q (t ) , the lateral force
subjected to each story is defined as:

where, PF1 is the modal participation factor of the
first mode,

i 1
N

V

D1  W

i

force p eff (t ) is defined as:

ĳ1T M1

V M
W  PF1ĳT M1

i 1

With the first mode ĳ1 the multi-degree of
freedom system can be transformed to a single degree
of freedom system, let u ĳ1q(t ) , it means at the
roof
story
the
maximum
displacement
u roof I roof ,1 max(q (t )) ; and the equivalent seismic

M1ug (t )

Z12 S d g

where, g is the gravity acceleration; W and M are the
weight and mass of the structure respectively; D1 is
the modal mass coefficient of the first mode defined
as:

where, M is the diagonal mass matrix composed of
each story’s mass mi ; u is the story lateral
displacement vector composed of each story’s lateral
displacement ui ; C and K are the damping and
stiffness matrixes respectively; and 1 is unit vector
composed of number 1.

p eff (t )

(6)

From equation (6) the relation between the spectral
acceleration S a and base shear V can be stated as:

Consider a multi-degree of freedom planar frame
model subjected to earthquake ground acceleration as
shown by the equation of motion
  Cu  Ku
Mu

R T 1 Z12 qĳ T M1 Z12 S d PF1ĳ T M1

The structure model used in the nonlinear
pushover analysis needs to allow the occurring of the
nonlinear deformation. The nonlinear deformation is
concentrated in the nonlinear hinges of members of
the structure. The lateral load is applied at each floor’s
mass center and the controlled roof displacement is
increasing to the state that the structure loses its
vertical loading capability.

N

i i , xn

PFxn

Vx



u x, roof

(13)

PFxnI roof , xn

(14)

Z n2 S d PFxn ĳTn M1 x

From equation (14) the relation between the spectral
acceleration S a and the x-component of base shear
V x can be stated as:
Sa

Vx
D xn  W

(15)

D xn is the x-direction modal mass coefficient of the

n’th mode defined as:
(

D xn

N

N

¦m ¦
i

i 1

Consider a multi-degree of freedom space frame
model subjected to earthquake ground acceleration as
shown by the equation of motion

N

¦m I

i i , xn )

2

(16)

i 1

(miIi2,xn

 miIi2,yn



I 0iIi2,T n )

i 1

The single modal pushover analysis of space
frames uses a single dominated mode to transform the
multi-degree of freedom system into the equivalent
single degree of freedom system. This dominated
mode must have the ability to represent the original
system. So in the FEMA356 report it is recommended
that the modal mass coefficient D xn of the
dominated mode must be greater than 75%. Otherwise,
the multi-modal pushover analysis should be applied
and the sum of all modal mass coefficients should be
greater than 90%.

(10)

where, M is the 3N-order diagonal mass matrix
composed of three N-order sub-matrix that are having
x-direction translation inertia matrix m , y-direction
translation inertia matrix m , and torsional inertia
matrix I 0 . With the n’th mode ĳ n the multi-degree
of freedom system can be transformed to a single
degree of freedom system, let u ĳ n q(t ) , it means at
the roof story the maximum displacement
u x ,roof I roof , xn max(q (t )) ; and the equivalent

There are several different points between the
pushover analyses of space frames and planar frames:
(1) The numbers of degree freedom of each story are
different; (2) the directions of seismic forces are
different; (3) the distributions of lateral forces are
different; and (4) the parameters of modal
transformations are different.

seismic force p eff (t ) is defined as:
 PFxn Mĳ n ugx (t )

(12)
I 0iIi2,T n )

At any time t, with the equivalent static story
lateral force R Ku Z n2 Mĳ n q (t ) applied at this
multi-degree of freedom system the corresponding
displacement should be equal to the calculated
displacement of the dynamic analysis and the
x-component of base shear V x of the equivalent
static analysis can be stated as:

As the statement of the foregoing chapter the
Capacity Spectrum Method shown in ATC-40 uses the
pushover analysis that is based on a planar frame
model. However, the actual building structures almost
belong to space frames. So the engineers whoever use
commercial programs to do the analysis must realize
the basic differences between the analyses of planar
and space frames.

M1 x ugx (t )

 miIi2,yn

max(q (t ))
PFxn

Sd

Nonlinear Pushover Analysis of Space
Frames

p eff (t )

¦

(miIi2,xn

The spectral displacement S d is defined as:

There are two important parameters that are the
sources of the analytical error in the nonlinear
pushover analysis. One is the lateral load distribution
at each story and another is the reference mode for
establishing the capacity spectrum. In the ATC-40
report the unchanged lateral load distribution is
suggested and its reference mode can be the first mode
or inverse triangular shape. The reference mode used
for the capacity spectrum is the vector composed of
the lateral displacement of each story.

M1 x ugx (t )

N

i 1

i 1

Any points at the capacity spectrum can be treated
as the response of the single degree of freedom system
under various seismic levels. The performance point is
defined as a point of the capacity spectrum under the
required seismic level and the associate structural
response is evaluated.

  Cu  Ku
Mu

¦m I

(11)

where, PFxn is the x-direction modal participation
factor of the n’th mode,
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Simple Pushover Analysis of Space
Frames

space frames is discussed and the problems associated
with the single-mode pushover analysis are also
specified. The simple pushover analysis developed by
Prof. Peter Fajfar maybe is the solution of seismic
evaluation of space frames.

The pushover analysis for the space frame may
need several modes to represent the system and the
calculations become too complex. If the
approximation of the nonlinear pushover analysis is
realized, a more simple solution should be provided.
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The N2 nonlinear pushover analysis method
proposed by Peter Fajfar was originally developed for
planar frames and latterly for the space frames the
extended N2 nonlinear pushover analysis method was
provided. But for the capacity spectrum the
procedures are same with the original N2 method that
can be treated as a simple nonlinear pushover analysis
method used for space frames.
For a N-story space frame a planar frame model is
established. For the three degrees of freedom of each
story only one degree of freedom that is along the
direction of pushover is kept. Assuming the
displacement vector u keeps its shape ĳ during
the earthquake is the major assumption of the N2
nonlinear pushover analysis method. So the
displacement vector u can be expressed as:
u

(17)

ĳDt

If the distribution of lateral static force also exists
a fixed shape, the lateral force vector can be expressed
as:
P

(18)

pMĳ

The equation of motion of the equivalent single degree
of freedom system can be expressed as:
 *  F *
m* D

m*ug (t )

(19)

where, m* is the equivalent mass,
m*

ĳ T M1

N

¦m M

i i

(20)

i 1

D*

Dt
*

F*

V
*

(21)

Sd

(22)

m* g S a

constant * is the transformation parameter as shown
by the equation
*

ĳ T M1
ĳT Mĳ

m*
N

¦
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miM i2
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Conclusions
In this study, the nonlinear pushover analysis of
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Application of an Innovative Precise Integration Method in
Solving Structural Dynamics, Phase (I): Linear Systems
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Abstract

A very popular approach to conduct structural dynamic response analysis is to first
formulate its dynamic equilibrium equations of motion, and then employ a step-by-step
time integration scheme to solve the equations such that dynamic equilibrium is satisfied at
discretized time instants. The selection of time step size depends on the features of the time
integration approach, and should consider its numerical stability, desired accuracy,
predominant frequencies of the analyzed structure as well as the major characteristics of
the external loadings. In case of high dominant structural frequencies or large loading
variation, a sufficiently small time step is usually favored in order to achieve satisfactory
numerical accuracy. The authors conduct two major case studies of employing both force
and momentum equations of motion together with a so-called “Precise Integration Method
(PIM)” to solve for dynamic structural response. The proposed method is insensitive to
the selection of time step size in case of large loading variation and is able to keep superior
numerical stability and accuracy characteristics of the original PIM.
Keywords: Precise integration method; Numerical stability; Numerical accuracy;
High-frequency dissipation, Transfer function; Spurious resonance

Introduction

dominant frequency of the structural system being
analyzed. Such a small time step is usually set to
satisfy the requirement of numerical stability with a
tradeoff of increasing computational efforts. In
addition, the calculated fundamental periods and
vibration modes highly depend on the selected
structural model that is used to describe a real
structural system. In some cases, the higher vibration
modes may not represent the real response of the
original structural system, and will reduce the
computational accuracy, and inevitably affect the
confidence in interpreting numerical results obtained.
As such, it is a common concern of many researchers
how to develop a reliable integration algorithm for
solving simultaneous ODEs and having the
capability of dissipating fictitious high frequency
response at the same time.

It is well known that governing equations
describing dynamic engineering problems basically
take the form of partial differential equations. To
solve the equations, most numerical solution
methods (e.g., finite element method, finite
difference method, etc.) start with a set of
simultaneous ordinary differential equations (ODE)
through discretized spatial coordinate, and employ a
direct integration method to obtain the final solution.
In the field of structural dynamics, for instance, the
original Newmark’s, Wilson- T , and Houbolt
methods are very popular methods that can be
categorized as implicit methods; on the other hand,
the modified Newmark’s and central difference
methods belongs to the group of explicit methods. In
either way, the time step size should be carefully
selected in integration to ensure numerical stability
as well as accuracy. Taking explicit methods for
example, the selection of the time step size is more
rigorous and usually depends on the highest
1
2

In order to solve simultaneous ODEs in a more
efficient manner, Zhong and Williams (1994)
proposed the High Precision Direct-L (HPD-L)
method,
which
expressed
the
analytical

Associate Professor, Department of Civil Engineering, Chung-Yuan Christian University
Associate Researcher, National Center for Research on Earthquake Engineering, clwu@ncree.narl.org.tw

21
21

homogeneous solution of the simultaneous ODEs in
a fourth order Taylor series expansion to be
integrated using the famous power-of-two algorithm,
and in the meantime the external loading force was
represented by a segmented piecewise-linear force
history, in which the time step size was mainly
determined by the degree of nonlinearity of the
external force history, while the influence of the
natural periods of the analyzed structure on solution
accuracy was found insignificant. Lin et al. (1995)
adopted the same concept with the loading force
history represented in the form of the famous Fourier
series expansion and this approach was usually
referred to as High Precision Direct-F (HPD-F)
method in the literature, which oftentimes was
implemented through parallel computing techniques
to solve dynamic structural problems.

AW

term e c can be approximated by the fourth order
Taylor series expansion with satisfactory precision:
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w

³ x dt

(8)


w

³ x dt

(9)


w

³ x dt

(10)

J

³ Fdt

(11)

After rearranging the above equation into the state
space form, one obtains:

(3)

*
w

Ac w*  Ec J

(12)

 @T , the PIM
If we let the state vector w * >w w
procedure can be directly applied to solve momentum
equations of motion following exactly the same
procedure aforementioned.

(4)

where W

't / m . If m is selected as an integer
power of 2 (i.e., m 2 N ) and a fairly large N value

Numerical Stability, Accuracy and
High-Frequency Dissipating Capability

is used (e.g., N=20), then ͛ will be extremely
small such that truncation error from higher order
terms of Taylor series approximation becomes
negligible. With a very small ͛, the exponential

Fig. 1 shows the relation between spectral radius
͙ and Ӕ t/T using the fourth-order Taylor series
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I  Ta

If the force equilibrium equation of motion is
integrated into the momentum form of a linear
structural system, the following can be obtained:

The exponential matrix T is calculated in a smaller
time step Ĳ using the power-of-two algorithm:

T

(5)

Momentum Equilibrium Equation of
Motion

in which, v >x x @ is the state vector; Ac is the
time-independent system matrix; Ec is the input
distribution matrix that is assumed to be
time-independent in this study; F is the external
force (or input) vector. The solution can be obtained
by solving Equation (2) with initial conditions and
expressed as:

v n+1

/ 4!

matrix I during calculation of the exponential matrix.
The algorithm given above is called the precise
computation of the exponential matrix as the separate
storage of I and Ta during the computation process
can enhance the resulting numerical accuracy.

(2)

Ac tn1  s

4

(6)
In the above equation, there are N matrix
multiplications of the (I+Ta)2 term, in which
2Ta  Ta 2 shall be stored separately from the identity

where, M is the system mass matrix; C is the system
damping matrix; K is the system stiffness matrix; F
is the external force or input vector applied to the
system; x is the unknown displacement vector;
overdot indicates time derivative. The governing
equation can be rewritten in the well known state
equation of a linear elastic discrete structural system,
which consists of a set of the first order simultaneous
linear ODEs:

tn1

/ 3! AcW

as compared to the identity matrix I. Substitution of
Equation (5) back into Equation (4) gives:

(1)

v = Ac v + Ec F

3

where I is the identity matrix. It is noted that the
elements in the additional matrix Ta are very small

Most structural dynamic problems of civil
engineering interest, after spatial discretization, can
be expressed in the following second order
differential equation of motion:

F

/ 2! AcW

I  Ta

Force Equilibrium Equation of Motion

  Cx  Kx
Mx

2

approximations in case of an undamped SDoF
oscillator under free vibration. It can be seen that
when N value increases, the range ofӔt/T satisfying
numerical stability becomes wider. It is noted that
N=0 indicates that the power-of-two algorithm is not
activated.

for ̴t/T= 0í0.5. It is noted that N=0 corresponds to
the ordinary integration algorithm using higher order
Taylor series expansion integrated in one single time
step, which yields minimal algorithmic damping ratio
and relative period error only for Ӕt/Tɩ0.1

Fig. 3 Relation between T  T / T and 't / T
using the fourth order Taylor series approximation
with different N values assigned in PIM.

Fig. 1 Relation between spectral radius ȡ and
't / T using the fourth order Taylor series
approximation.

It is well recognized that the accuracy of natural
period and mode shape estimates largely depends on
the analytical model used for dynamic response
analyses; however, even the best estimates of natural
periods and mode shapes obtained from a
sophisticated structural model may be still slightly
deviated from its real life counterpart. As such, often a
numerical model can only well represent the first few
vibration modes of the real structure but has larger
relative period errors in higher modes; the high
frequency responses from a numerical model are most
likely spurious, and more or less reduce the accuracy
of numerical response analyses. Besides, the spurious
high frequency responses may cause numerical
instability. As the spurious high frequency response is
undesirable and requires to be removed, a
modification is proposed here to enable PIM to get rid
of the influence from fictitious high frequency
response, and keeps only the most trustworthy
response from the first few predominant modes. To
reach this goal, an additional damping coefficient
matrix Ca that is linearly proportional to system
stiffness matrix K and time step size 't is
incorporated into PIM as follows:

Fig. 2 Relation between [ and ̴t/T using the
fourth order Taylor series approximation with
different N values assigned in PIM.
In general, the numerical accuracy of an
integration method can be evaluated by its relative
period error T  T / T and fictitious decay of
vibration amplitude. The latter can be represented by
the so-called algorithmic damping ratio [ . The
influence of both factors depends on the numerical
accuracy of eigenvalues of the amplification matrix
obtained from the structural model. It can be seen
from Fig. 2 that the algorithmic damping ratio
decreases with an increasing N value. When N4, [
is approximately zero for all selection of ̴t/T values.
It can be seen from Fig. 3 that when N increases, the
relative period error decreases substantially; when
N1, the relative period error is approximately zero

C c C  Ca

C  2DK 't

(13)

where C' is the modified system damping coefficient
matrix; C is the original system damping coefficient
matrix; ͉ is the damping modification factor. An
appropriate value is specified for damping
modification factor ͉ to dissipate undesirable
spurious high frequency response. The modified
system damping ratio after incorporating Equation (13)
thus takes the following form:
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[*

C  2D K 't
2M Z

[  2DS

't
T

the numerical transfer function normalized with
respect to that of the exact transfer function denoted

(14)

by H x / H x* can be employed to evaluate numerical

The ө - Ӕ t- ӹ relation can be analytically
expressed as follows:

D



ln U

Z't

2

accuracy and spurious resonance for PIM. It can be
seen from Fig. 5 that spurious resonance does not exist
in PIM, but the overall numerical accuracy degrades
as forcing frequency increases. As a result, extra
caution should be exercised in the selection of time
step size in solving dynamic forced vibration
problems if the analyzed system and/or the external
loading are of high frequency nature according to the
findings in this study.

(15)

Equation (14) is graphically plotted as solid lines in
Fig. 4 whereas the dashed lines represent the modified
damping ratio of the system has been changed to
become critically or overly damped by the additional
numerical damping, and therefore no longer represents
a vibratory system; as such, this mistake is not
acceptable and should be avoided.

Conclusions
A new explicit time integration method capable of
dissipating spurious high frequency responses is
proposed in the study, which is a modified version of
the original PIM. From numerical stability and
accuracy analyses, it is found that when the N value
reaches a certain threshold (e.g., N20) and the
fourth-order Taylor series approximation is employed,
PIM becomes almost unconditionally stable over a
wide range of frequencies and its accuracy is better
than most commonly used integration methods in the
engineering community.
The power-of-two algorithm and Taylor series
expansion are both well known mathematical concept
in textbooks, so the authors foresee that the end users
will be able to get familiar with the approach more
easily compared with other state-of-the-art methods
having been proposed in the literature, while PIM still
provides competitively excellent numerical stability
and accuracy. The next mission of the study is to go a
step further to investigate the possibility of extending
the Phase I accomplishments to material nonlinear
systems and carefully evaluate its numerical
performance.

Fig. 4 Relation between ȡ and 't / T
corresponding to different ө values using the
fourthorder Taylor series approximation with
N=20 in PIM.
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Issue of Spurious Resonance under Forced
Vibrations
If a forcing-to-system frequency ratio Ȟ is defined
as the external harmonic excitation frequency ȍ
divided by the system frequency Ȧ, then the norm of
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Coupled Tuned Mass Dampers for the Seismic Control of
Asymmetrical Buildings
Jui-Liang Lin 1, Keh-Chyuan Tsai 2 and Yi-Jer Yu 3
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Abstract

This study proposes bi-directional coupled tuned mass dampers (BiCTMDs) for the
seismic response control of two-way asymmetric-plan buildings when subjected to
bi-directional ground motions. The proposed BiCTMD was developed from the
three-degree-of-freedom (3DOF) modal system, which represents the vibration mode of a
two-way asymmetric-plan building. The performance of the proposed BiCTMD for the
seismic response control of elastic two-way asymmetric-plan buildings was verified by
investigating the reductions of the amplitudes of the associated frequency response
functions. This confirms that the BiCTMD is an effective approach for the seismic
response control of elastic two-way asymmetric-plan buildings.
Keywords: tuned mass dampers; asymmetric-plan buildings; modal control

Introduction
Theoretically, Tuned mass dampers (TMDs) are
commonly recognized as an effective approach for
reducing the seismic responses of elastic buildings
(Tsai and Lin 1993). Moreover, Rana and Soong
(1998) showed that a TMD can be effectively
designed for controlling the selected vibration mode
of an elastic multi-story symmetrical building. Due to
the modal contamination problem, the multiple TMD
(MTMD) is not recommended for the simultaneous
control of several vibration modes of an elastic
multi-story building (Rana and Soong 1998).
In fact, due to their architectural and functional
requirements, most real buildings are plan-asymmetric.
Keeping in mind that the vibration modes of
asymmetric buildings are translation-rotation coupled,
using a single translation-only TMD is therefore not a
very effective approach for the modal control of
asymmetric-plan buildings. In order to control the
coupled vibration of asymmetric-plan buildings by
using conventional TMDs, the typical approach is to
adopt the MTMD (Jangid and Datta, 1997). Compared
with the design of a single TMD, the design of the
MTMD is potentially much more complicated for a

practicing engineer. For example, there are additional
parameters, such as the number of TMDs, the spacing
between the TMDs, the frequency ranges of the TMDs,
the eccentricity between the TMDs and the building,
and others. All of these parameters must be optimized
when the MTMD is selected to control an
asymmetric-plan building. Furthermore, the most
realistic type of building is the two-way
asymmetric-plan building subjected to bi-directional
ground motions. If the MTMD is used to control the
seismic responses of a two-way asymmetric-plan
building, it is inevitable that a set of MTMDs in each
horizontal direction must be used. In addition, the
interaction between those two sets of MTMDs through
the coupled vibration should be considered, thereby
further increasing the complications in the design and
construction of the MTMD. This study investigated
the bi-directional coupled TMD, hereafter referred to
as BiCTMD in this paper, as an approach for the
modal control of two-way asymmetric-plan buildings
subjected to bi-directional ground motions. The
BiCTMD can simultaneously translate in the two
horizontal directions as well as rotate in the floor plan.
The effectiveness of the proposed BiCTMD for elastic
two-way asymmetric-plan buildings was investigated.
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Properties of the BiCTMD

for the BiCTMD; ugx and ugz are the ground

The two horizontal axes of the coordinate system
used in this paper are the X- and the Z-axes. The
direction of the Y-axis is opposite to the direction of
gravity. The subscripts x, z and T used in the
following equations represent the associated
quantities related to the X- and Z-translational and
Y-rotational components, respectively. When the
BiCTMD
is
used
to
control
the
three-degree-of-freedom (3DOF) model (Fig. 1),
representing the nth coupled vibration mode of a
two-way asymmetric-plan building (Lin and Tsai
2008), then the equation of motion for this
BiCTMD-3DOF model system is:

accelerations in the two horizontal directions; *xn and
*zn are the X- and Z-directional modal participation
factors for the nth vibration mode; 1 is the influence
vector equal to [1 1 1] and 0 is a 3u3 zero matrix. In
Eq. 3, ĳ xn , ĳ zn and ĳTn are the Nu1 sub-vectors of
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» «  »  « 
M an ¼ ¬D an ¼ ¬ C an

the nth mode
asymmetric-plan
T
xn

ĳ Tzn

ĳTTn

@

T

original
i.e.

, and m, c and k with various
subscripts are the NuN sub-matrices of the mass,
damping and stiffness matrices of the original
asymmetric-plan building. The properties of the
BiCTMD are set proportional to the corresponding
properties of the 3DOF model. That is,
ĳn

 º
 C an º ª D
n
»«  »
C an ¼ ¬D an ¼
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>ĳ

shape ĳ n of the
building,

M an

PM n , C an

EC n , K an

fK n

(4)

where P, E and f are the mass ratio, the damping ratio,
and the frequency ratio, respectively. The value of
the mass ratio P is selected by the designer and is
usually around 0.05. The optimum values of f and E
for the BiCTMD are:

(1)

in which Man, Can and Kan are the mass, damping and
stiffness matrices, respectively, of the BiCTMD,
expressed as:

f

Pf 02n , E

Pf 0 n

[ an
[n

(5)

where f0n and [an are the optimum values of the
frequency
ratio and the damping ratio of the
c axTn º
0
0 º
0
ªmaxn
ªc axxn
corresponding conventional TMD controlling a
«
»
«
»
mazn 0 », C an « 0
c azzn c azTn », single-degree-of-freedom (SDOF) main system with
M an « 0
«¬ 0
«¬c aTxn c aTzn c aTTn »¼ damping ratio [n and mass ratio P. The detailed
I an »¼
0
derivation of Eq. 5 is shown in Lin et al. (2011). The
k axTn º
0
ª k axxn
optimum values of f0n and [an are available in other
»
«
k azzn k azTn »
K an « 0
(2) research (Tsai and Lin 1993). Since Mn, Cn and Kn
«¬k aTxn k aTzn k aTTn »¼
are known (Eq. 3), the value of P is selected and the
optimum values of f and E are computed from Eq. 5,
and Mn, Cn and Kn are the mass, damping and then Man, Can and Kan can be obtained.
When the BiCTMD for controlling the nth
stiffness matrices of the 3DOF model (Lin and Tsai
vibration
mode is placed on the jth floor of an actual
2008) :
N-story two-way asymmetric-plan building, then the
mass, damping, and stiffness matrices of the
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s
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Dn is the nth modal coordinate of the building and is
expressed as D n >D xn D zn DTn @T ; Dan is the
3u1 column vector representing the degrees of
freedom in the X- and Z-translations and Y-rotation
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where maxn, mazn, Ian, caxxn, caxTn, caTxn, cazzn, cazTn, caTzn,
caTTn, kaxxn, kaxTn, kaTxn, kazzn, kazTn, kaTzn and kaTTn are
defined in Eq. 2; Ixn,j, Izn,j and ITn,j are the jth
components of the nth mode shape in the
translational and rotational directions, respectively.
Compared with Eq. 2, the added superscript s shown
in Eq. 6 denotes that the associated quantities are for
controlling the actual N-storey building rather than
for controlling the 3DOF modal system considered in
the conceptual modal level. The justification of the
properties of the BiCTMD (Eq. 6) is shown in Lin et
al. (2011).
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Fig. 1 The 3DOF model

building. The mass ratio P was chosen as 0.05. From
other research results (Tsai and Lin 1993), the
optimum values of f0n and [an are equal to 0.9636 and
0.1366, respectively, for the conventional TMD as [n
= 0.02 and P 0.05. Thus, from Eq. 5, the optimum
values of f and E for the BiCTMD were found to be
equal to 0.046 and 0.329, respectively. The seismic
responses of the example building with and without
BiCTMDs were obtained using the step-by-step
numerical integration procedure. The two components
of the ground motion recorded for the 1940 El Centro
earthquake and the 1989 Loma Prieta earthquake,
denoted as LA03/LA04 and LA23/LA24, respectively,
in the SAC steel research project (Krawinkler 2000),
were used in this study.
The peak ground
accelerations of these scaled ground motion records
are 0.39g/0.49g for LA03/LA04 and 0.42g/0.47g for
LA23/LA24.
The frequency response functions, which are
general transfer functions and are independent of the
characteristics of the ground motion records, were
used to investigate the effectiveness of the proposed
BiCTMD for the elastic seismic response control of
the example building. The amplitudes of the roof
translational and rotational frequency response
functions, respectively denoted as Hx, Hz and HT, of
the example building without the BiCTMD are
shown in Fig. 2. Recognizing from Fig. 2 that the 2nd
vibration mode makes a substantial contribution to
the roof X- and Z-translations as well as the roof
rotation, the BiCTMD was designed to control the
2nd vibration mode of the example building. The
properties of the BiCTMD computed from Eq. 6 are
shown in Table 1. The amplitudes of the three
frequency response functions, Hx, Hz and HT, of the
example building with the BiCTMD are also shown
in Fig. 2. Figure 2 indicates that the amplitudes of Hx,
Hz and HT for the example building with the
BiCTMD are substantially reduced compared with
those for the example building without a damper.
Thus, the effectiveness of the proposed BiCTMD for
simultaneously reducing the X- and Z-translational
and the rotational seismic responses of the elastic
two-way asymmetric-plan example building was
validated.
Table 1. The properties of the BiCTMD (units: ton,
kN, m, rad, sec)

Validation of the effectiveness of the
BiCTMD

s
M an

In this study, a 20-story two-way asymmetric-plan
building, which is a torsionally-similarly-stiff type of
structure varied from the 20-story symmetric-plan
building used in the SAC steel research project
(Krawinkler 2000), was investigated. The details of
the example building can be found in Lin et al. (2011)
and the original report (Krawinkler 2000). The
BiCTMD is placed on the roof of this 20-story
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Fig. 2 The roof translational and rotational frequency
response functions, Hx, Hz and HT, of the example
building with and without BiCTMD.
Figure 3 shows the X- and Z-directional peak floor
edge translations on the flexible side (FS) and the stiff
side (SS) of the example building with and without the
BiCTMD. Figure 3 clearly indicates that the proposed
BiCTMD is effective in reducing the peak floor edge
translations of the two-way asymmetric-plan building.
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Figure 3. The peak edge translations of each floor of
the example building with and without BiCTMD, for
the (a) X- and (b) Z-directions under the 1940 El
Centro earthquake, and the (c) X- and (d) Z-directions
under the 1989 Loma Prieta earthquake.

Conclusions
Realizing that using MTMDs in both horizontal
directions for controlling the seismic response of
two-way
asymmetric-plan
buildings
under
bi-directional ground excitations is complicated, this
study proposed an alternative approach, the BiCTMD,
for dealing with this issue. The basic concept of the
BiCTMD is based on the 3DOF modal system, which
28
28

explicitly presents the properties of the vibration mode
of a two-way asymmetric-plan building in three
directions. It was found that the optimum parameters
of the BiCTMD for controlling a 3DOF modal system
can be effectively obtained in terms of the available
optimum parameters of the conventional TMD for
controlling a SDOF main system. This advantage of
the proposed BiCTMD is very likely to be attractive to
practicing engineers. When the BiCTMD is placed on
the jth floor for controlling the nth vibration mode of
an actual two-way asymmetric-plan building, the
corresponding properties of the BiCTMD are obtained.
In this study, the seismic response of the 20-storey
two-way asymmetric-plan building with and without
the BiCTMD was investigated. The substantial
reduction of the amplitudes of the frequency response
functions confirmed the effectiveness of the BiCTMD
in controlling the seismic responses of elastic two-way
asymmetric-plan buildings. The investigation results
also showed that the BiCTMD is effective in reducing
the
peak
edge
translations
of
two-way
asymmetric-plan buildings.

Taiwan School Retrofitting Project
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Abstract

Recent reconnaissance reports revealed that elementary and high school buildings are
the particularly vulnerable structures in Taiwan. Therefore, enhancements to the seismic
capacities of the school buildings through retrofitting are urgently required. The National
Center for Research on Earthquake Engineering (NCREE) assisted the Ministry of
Education with the organization of a program to accelerate the retrofitting and rebuilding of
elementary school, junior high school, senior high school and vocational school buildings,
as part of the Economic Recovery Act. Currently, the program plans to spend 18.27 billion
NTD between 2009 and 2012, and has proceeded with the seismic evaluation and
retrofitting of these school buildings in Taiwan. In addition, the NCREE established a
Project Office for this program to ensure that the work would be carried out in the most
economic and effective manner. The purpose of the office is to provide administrative and
technical support, and to hold training programs and workshops for school administrators
and professional engineers. Taiwan’s plans for school building seismic evaluation and
retrofitting have been carried out smoothly. The current task is to continue the work
effectively, and examine it to improve quality. In future, the government should actively
invest more funds and extend this successful program to ensure the safety of higher-risk
school buildings.
Keywords: School buildings, Seismic evaluation, Seismic retrofitting

Introduction
The 1999 Chi-Chi earthquake demonstrated that
the safety of school buildings in Taiwan is of great
importance. During this earthquake, over half of the
school buildings in Nantou County were either
partially or fully destroyed (Fig. 1). Therefore, it is
without doubt that the seismic capacity of the school
buildings in Taiwan should be a cause for concern,
and needs to be urgently improved through retrofitting.
However, there are 3,646 public elementary, junior
and senior high schools (including vocational schools)
in Taiwan, and over 23,000 school buildings. Such a
large number of buildings would easily exhaust
available funds if no economically viable method
existed, and completing the project within budget
would be hard to achieve.

allocated
a
budget
of
NT$17.6
billion
(1USD=30TWD) as part of the ongoing economic
revival plan to upgrade the seismic capacity of public
elementary, junior and senior high school buildings.
The progress of the planned work and the budget for
each year are shown in Tables 1 and 2 respectively.
The National Center for Research on Earthquake
Engineering (NCREE), at the request of the Ministry
of Education, established the Project Office for the
seismic upgrading of school buildings to provide
technical and administrative assistance to the project.
In terms of technical assistance, the NCREE provided
methods for the school buildings seismic evaluation
and retrofitting. In terms of administrative assistance,
the Project Office established operation specifications,
gave seminars, popularized good retrofitting examples,
and established a data bank.

Due to the importance of the safety of school
buildings, from 2009 to 2011, the government
1
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retrofitting design stages then undergo reviews to
ensure the quality of the analysis and the design, and
the retrofitting would then be inspected by engineers
to ensure the quality of construction. The results for
each stage are submitted into the Taiwan School
Buildings Seismic Performance Data Bank. By
analyzing this data, it is possible to monitor the
progress of the project, the quality and specific
characteristics of the operations and to provide
information for references in decision making.

Simple
Survey

Fig. 1 Collapsed school buildings after the
Chi-Chi earthquake.

Preliminary
Evaluation

Table 1 Taiwan school retrofitting project budgets
(in millions of TWD).

Detailed
Evaluation

Year
Preliminary
Evaluation
Detailed
Evaluation
Retrofit Design
Retrofit
Implementation

2009

2010

2011

SUM

36

ʊ

ʊ

36

589

306

320

1,215

171

242

139

552

5,800

6,120

3,854

15,780

2009

2010

2011

SUM

6,000

ʊ

ʊ

6,000

1,560
450

850
650

888
311

3,298
1,411

423

620

368

1,411
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inspection
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evaluation

Safe

Peer
review

Retrofitting
Demolish
and
Design and Reconstruction
Construction

Retrofitting
design

Peer
review

Retrofitting
construction

Inspection

Maintenance

Fig. 2 Strategy for school building upgrading in
Taiwan.

Accomplishment
By the end of this year (2011), the three-year
project on seismic upgrading of existing school
buildings for primary and secondary education will be
finished. By March 7, 2012, 9,801 school buildings
had their preliminary seismic evaluations completed,
4,992 buildings had detailed seismic evaluations,
3,363 buildings had seismic retrofit designs and 1,738
buildings had seismic retrofitting work carried out.
The rates of completion of the stages of the
preliminary evaluation, the detailed evaluation, the
retrofit design and retrofit work are 163%, 151%,
238% and 123%, respectively, compared to the project
schedules (Fig. 3). Before the project was launched,
there are 275 thousand students and teachers who
were exposed to a high risk of earthquake disaster in
those 1,738 school buildings. After the school
buildings were seismically upgraded, the safety of
those students and teachers has been secured.

Strategy
Fig. 2 shows the strategy for upgrading the seismic
capacity of the school buildings in Taiwan (Hwang
2005). The strategy is divided into four stages: a
simple survey, a preliminary evaluation, a detailed
evaluation, and retrofitting design and construction
(Chung 2009). The first three stages are useful for
determining the retrofitting priority of each building.
These procedures identify school buildings with
inadequate seismic durability, and by using seismic
performance indices, the retrofitting priority for each
building is determined. The detailed evaluation and
30
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Preliminary
evaluation

Exit

Table 2 Number of school buildings in the various
project stages.

Year
Preliminary
Evaluation
Detailed Evaluation
Retrofit Design
Retrofit
Implementation

Simple survey

Taiwan School Buildings’ Seismic Performance Data Bank

Taiwan’s plan for the seismic evaluation and
retrofitting of school buildings has been carried out
smoothly. The current task is to continue the work
effectively, and examine the plan in order to improve
quality. The most important task is to quickly finish
the assessment of the basic seismic durability data for
all public elementary and high schools, so that the
requirements for improving the seismic durability of
all school buildings can be accomplished.

12,000
8,000
6,000

6,000

4,992
3,363

3,298

4,000

1,411

2,000
0

resistance and implementing measures for improved
enforcement of building codes and land use plans.
Table 3 shows the retrofitting and reconstruction work
lying within the scope of the ISMEP.

9,801

10,000

preliminary
evaluation
proposal
6,000
progress
9,801

detailed
evaluation
3,298
4,992

retrofit
design
1,411
3,363

Table 3 Retrofitting and reconstruction work in
ISMEP.

1,411 1,738
retrofit
work
1,411
1,738

Fig. 3 Progress of seismic upgrades of school
buildings.

Type
Schools
Hospitals
Administrative
Buildings

Retrofitting
Projects
310
10

Reconstruction
Projects
44
4

Executive
Ratio
20%
3%

68

1

ʊ

1.5%

.

After the 2008 Wenchuan earthquake, the Japanese
government began upgrading the seismic resistance
capacities of all school buildings. From 2008 to 2010,
around 290 billion NTD were invested in seismic
evaluations and retrofitting of 131,819 public school
buildings. Table 4 shows the ratio of evaluated school
buildings to total buildings.

All of the results from the four stages (simple
survey, preliminary evaluation, detailed evaluation,
and retrofit design and construction) have to be
summarized and submitted by the practicing engineers
to the database established and maintained by the
NCREE. The data bank has collected the results of
the preliminary evaluations, detailed evaluations,
retrofit designs and construction of 11,091, 4,992,
3,363, and 1,738 buildings, respectively (Fig. 4). From
statistical analysis of the data, the magnitude of the
problem of seismic deficiencies in school buildings
can be determined. The priority for a school building
to move from one upgrade stage to the next is based
on the results of a screening process, so that the
seismic risks to school buildings can be systematically
minimized sequentially. The statistical analysis results
also help in the decision making for allocating budget
for the seismic upgrading of school buildings.

Preliminary evaluation
(11,091 buildings)

Number of
Buildings
1,783
549

Table 4 The ratio of evaluated school buildings.
Result of Evaluations
In Need of Retrofitting
Buildings at Risk of
Collapse in Earthquakes
of Magnitude 7

Number of
Buildings
45,850

34.8%

10,000

7.3%

Ratio

Compared with Turkey and Japan, Taiwan’s
school retrofitting project has advantages in terms of
the number of buildings, the cost, and the execution
capability. Therefore the Taiwanese government
should invest in this project continuously to achieve
its objective.
According to Prof. Shunsuke Otani’s statistical
research into RC buildings damaged by big
earthquakes, collapsed buildings made up 10% of the
total number (Otani 1999). Heavily damaged
buildings, including collapsed buildings, accounted
for 20~30% of the total number, as shown in Fig. 5.
By the end of this project, we should have retrofitted
mostly high-risk school buildings. In the future, the
NCREE will continue collaborating with the Ministry
of Education and receive more funds from the
government. We plan to raise the retrofitting ratio to
over 30%, and upgrade and secure more school
buildings before the next severe earthquake, as shown
in Fig. 6.

Detailed evaluation
(4,992 buildings)

Fig. 4 Distribution of school buildings in the
database.

Future Prospects
From 2006 to 2010, the Istanbul Seismic Risk
Mitigation Project (ISMEP) in Turkey has made a
significant attempt to implement some essential
principles of comprehensive disaster management, and
has been financed by the World Bank and the
European Investment Bank (Tuzun et al., 2009). Its
main objectives are: to improve the city of Istanbul’s
preparedness for a potential earthquake through
enhancing the institutional and technical capacity for
disaster management and emergency responses;
strengthening critical public facilities for earthquake
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J. and Sun, C. S. (2009), “Technology Handbook
for Seismic Evaluation and Retrofit of School
Buildings – Second Edition,” NCREE Report,
NCREE-09-023, Taipei, Taiwan. (In Chinese)
Tuzun, C., Zulfikar, C., Yenidogan, C., Hancilar, U.,
Akdogan, M.E., and Erdik, M. (2009),
“Parametric Evaluation of Seismic Retrofitting
Techniques Applied to the Public School
Buildings in Istanbul”, ATC & SEI 2009
Conference
on
Improving
the
Seismic
Performance of Existing Buildings and Other
Structures, San Francisco, USA., pp.307-318.
Otani S.(1999), “RC building damage statistics and
SDF response with design seismic forces”,
Earthquake Spectra, vol. 15, no. 3, pp.485-501.

Fig. 5 Statistics of RC buildings damaged by
major earthquakes. (Prof. Shunsuke Otani, 1999)
.

Fig. 6 Distribution with contour lines of final slip
on the fault plane

Conclusions
Taiwan’s plan for school building seismic
evaluation and retrofitting has been carried out
smoothly. The current task is to continue the work
effectively, and should be evaluated to improve the
quality. The most important task is to quickly finish
the census of the basic seismic capacity data for all of
the public elementary and high schools so that the
requirements for improving the seismic capacity of all
school buildings can be accomplished.
It is hoped that, by seismic evaluation and
retrofitting of school buildings, the general public of
Taiwan would understand the importance of seismic
retrofitting. This work may be continued and extended
to other existing buildings in order to create a more
secure homeland.
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Abstract

A significant number of researchers are convinced that the structural response could be
reduced appropriately by installing damper devices. However, the damper deployed on
buildings or bridges are generally designed only for the specific structural system under
specific loading conditions. As a result, several researchers have developed the adjustable
passive damper in recent years. Electro rheological dampers (ER dampers) and magneto
rheological dampers (MR dampers) are well known adjustable damper systems, but the
durability and the stability of the external power supply needed for ER and MR dampers
are questionable for the long-term application during structure service life. Consequently, a
new material, shear thickening fluids (STF), which changes its properties according to
different loading rate without external power needed, is considered to be a good filled
material for innovative damper devices. In this paper it will be shown that applying STF
materials on a conventional viscous damper device by using a simplified piston device and
changing the concentration of STF filled can develop an innovative viscous damper which
behaves like the MR damper. In this study, STF samples composed of three different sizes
of silica nanoparticles (12, 16 and 40 nm) suspended in three types of solvent
(polypropylene glycol, PPG) were fabricated in the laboratory. The shear properties of STF
samples under the steady state and the oscillatory state were tested separately by using a
rheometer. Furthermore, a prototype STF damper was developed and tested with
preliminary performance experiments. Besides, hysteretic loops of the STF damper
developed under various loading conditions were observed. The result shows the smart STF
damper proposed in this paper might have a good potential in practical engineering
applications.
Keywords: Fumed silica nanoparticle, Shear thickening/thinning fluid, Smart viscous damper

Introduction

the external power supply needed for MR and ER
dampers are questionable for the long-term application
during structure service life. Consequently, a new
material, shear thickening fluids (STF), which changes
its properties according to different loading rate
without external power needed, is considered to be a
good filling material for innovative damper devices
[Zhang et al., 2008]. Lee et al. (2002) applied STF to
develop the liquid body armor which is bullet proof
with flexibility. Fisher et al. (2006) focused on the
feasibility of integrating STFs into a composite
sandwich structure which can lead simultaneously to
changes in stiffness and damping under dynamic

It is well known that the structural response could
be reduced appropriately by installing damper devices.
However, the damper deployed on buildings or
bridges are generally designed only for the specific
structural system under specific loading conditions.
As a result, several researchers have developed the
adjustable passive damper in recent years [Wereley et
al., 2004; Dimock et al. 2002]. Electro rheological
dampers (ER dampers) and magneto rheological
dampers (MR dampers) are well known adjustable
damper systems, but the durability and the stability of
1
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loading as the strain and/or frequency are varied.
This paper studies the feasibility of applying STF
materials on a conventional viscous damper device by
using a simplified piston device and changing the
concentration of STF filled to develop an innovative
passive damper which behaviors like the MR damper.
In this study, STF samples which were composed of
nanosize fumed silica particles suspended in a solvent
polypropylene glycol (PPG) were fabricated in the
laboratory. The shear properties of STF samples under
the steady state and the oscillatory state were tested
separately by using a rheometer. Furthermore, a
prototype STF damper was developed and tested with
preliminary performance experiments. Besides,
hysteretic loops of the STF damper developed under
various loading conditions were observed. The result
shows the feasibility of the STF damper proposed in
this paper and indicates that it might have a good
potential in practical engineering applications.

Fig. 2 Blender
Rheological Tests and Results
As for rheological property tests, rheological
measurements were performed on a stress-controlled
Rheometrics Scientific AR2000ex rheometer (Fig.
3a). Varied dynamic frequency tests were conducted
by using a 40 mm diameter cone-plate tool (Fig. 3b)
with a cone angle of 4 degree and a gap of 0.4 mm
between the plate and the twitter. Figure 4 shows the
experimental result of relationship between the
viscosity and the shear rate of the carrier fluid
applied under steady state. It shows that the
polypropylene glycol matrix is a Newtonian fluid
whose viscosity keeps at constant value under
different shear rate.

Preliminary Performance Experiments
Preparation of STF Materials
This paper used the STF materials which contain
three types of fumed silica nanoparticles, including: (1)
OX50 with a primary spherical particle size 40 nm
and a specific surface area approximately 50 m2/g, (2)
R972 with a primary spherical particle size of 16 nm
and a specific surface area approximately 110 m2/g
and (3) R974 with a primary spherical particle size of
12 nm and a specific surface area approximately 170
m2/g for performance experiments. The carrier fluid is
polypropylene glycol (H[OCH(CH3)CH2]nOH) with
three different average molecular weight 400 g/mol,
1000 g/mol and 3000 g/mol (Fig. 1). In each of the
experimental study cases, the carrier fluid was mixed
with fumed silica particles by using a blender (Fig. 2)
to mechanically stir the two components into uniform
distribution. In order to get a good dispersion of STF
fluid, the suspensions after the stirring procedure were
conducted to pass three-roll mill six times. A
three-roll mill is a mechanical tool that utilizes the
shear force created by three horizontally positioned
rolls rotating in opposite directions and at different
speeds relative to each other to mix, refine, disperse,
or homogenize viscous materials fed into it. Finally,
the fully mixed STFs were placed in a vacuum
chamber to eliminate bubbles inside the STF. The
concentrations of the STF conducted in this study are
7.5%, 10%, and 12.5 %w/w.

Fig. 1 Carrier fluids and nanoparticles

Fig.4. Viscosity as a function of shear rate for PPG
Figure 5 shows the experimental result of the
relationship between the dynamic viscosity and the
shear rate of STF material applied under 10%
concentrations. The results show that STF fluids
have high nonlinear behavior, and perform from low
to high amplitude strains at different shear angular
frequencies of 20, 40, 60, 80 and 100 rad s-1,
respectively. The STF exhibits strain thickening at
high strain amplitudes, with its complex viscosity
showing an abrupt jump to higher levels at particular
strains for different shear frequencies. The data in
behavior occurs at smaller strains as the frequency of
the deformation is increased.

Fig.5. Dynamic strain sweeps at different
angular frequencies for 10% (w/w) STF
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Fig. 3 (a) rheometer, (b) cone and plate

According to the experimental data, figure 6
gives the response of the 10% (w/w) STF for a
critical shear strain Ȗc and the strain at the end of the
transition, Ȗm, as a function of Ȧ. This figure could
be used to predict whether the STF was in the low
viscosity state, in the transition state or in the shear
thickened state.
250

(a) 7.5%

(c) 12.5%

Fig. 9 Rheological curve of STF for different
concentration STFs (3000 g/mol PPG with R974
nanoparticles)

͋d
͋n

200
Shear rate (1/s)

(b) 10%

Performance Test of STF Damper

150

The mechanism of STF damper developed is
similar to a conventional single-tube damper which
consists of a piston, one flow tunnel and a cylinder.
It consists of 4 parts elements including cylinder,
piston head, oil seal and fluid. The photo of
experimental layout of dynamic performance tests is
shown in Figure 10.
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Fig. 6 Ȗc and Ȗm as a function of angular frequency

Parametric Study on Rheology of STF
In this paper, the STF materials which contain
three types of fumed silica nanoparticles (OX50, R972
and R974) and three different average molecular
weight (400 g/mol, 1000 g/mol and 3000 g/mol) of
carrier fluid PPG for parametric study. The
concentrations of the STF conducted in this study are
7.5%, 10%, and 12.5 %w/w.

Fig. 10 Layout of STF damper performance test
In this paper, the 10% w/w STF damper was
tested under two conditions of harmonic excitation.
Firstly with different frequencies at fixed stoke, the
range of test frequency is from 0.1 Hz, 0.3 Hz, 0.5
Hz, 1 Hz, to 3 Hz according with the constant stroke
of 1 mm, 5 mm, 10 mm, and 15 mm. Secondly with
different stokes at fixed frequency, the range of test
stroke is from 1 mm, 5 mm, 10 mm, to 15 mm
according with the constant frequency of 0.1 Hz, 0.3
Hz, 1 Hz, and 3 Hz.

The results of parametric study are shown in Fig.
7~9. Figure 7 shows the rheological curve of 10%
w/w STF for different carrier fluids with R974
nanoparticles. The results show that the viscosity of
STF and amplitude of shear thickening increase as the
molecular weight of carrier fluid increases. Figure 8
shows the rheological curve of 12.5% w/w STF for
different fumed silica nanoparticles combined with
400 g/mol PPG carrier fluid. The results show that the
viscosity of STF and amplitude of shear thickening
increase as the specific surface area of nanoparticle
increases. Figure 9 shows the rheological curve of
different concentrations of STF with R974
nanoparticles in 3000 g/mol PPG carrier fluid. The
results show that the viscosity of STF and amplitude
of shear thickening increase as the concentration of
STF increases.

(a) PPG400

(b) PPG1000

The experimental results in terms of damping
force versus displacement at different frequencies are
shown in figure 11 and 12. For each test, 6 cycles
were repeated, and average values were taken to
obtain the stabilized hysteresis loops. As can be seen
from figure 11 and 12, the shape of the displacement
damping force loop is strongly dependent on the
loading frequency. For example, the peak damping
force shows an increasing trend with frequency. In
the low frequency range, such as 1 Hz, the STF
presents a Newtonian fluid character. The area of the
hysteretic loop per cycle denotes the energy
dissipation capability. As the excitation frequency
increases, the slope of the low velocity hysteresis
loop increases. The damper works in the low
viscosity state, in the transition state and in the shear
thickened state when the excitation frequency is at 3
and 5 Hz, respectively. The hysteresis loop changes
significantly as the excitation frequency passes 1 Hz.

(c) PPG3000

Fig. 7 Rheological curve of STF for different carrier
fluids (10% w/w STF with R974 nanoparticles)

(a) OX50

(b) R972

(c) R974

Fig. 8 Rheological curve of STF for different
nanoparticles (400 g/mol PPG and 12.5% w/w STF)
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Summary and Discussion

(a) 1 mm stroke

(b) 5 mm stroke

(c) 10 mm stroke

(d) 15 mm stroke

This study has indicated that the STF material,
which is composed of nanosize fumed silica particles
suspended in a solvent, can be used as damping
elements to fill in the viscous damper device.
Preliminary experimental test results have shown that
the STF damper developed can lead simultaneously to
changes in damping under dynamic loading with
varied frequencies or stroke. The result also points
that the velocity of dynamic loading has a significant
influence on the fluid viscous properties, which has a
large influence on the energy absorption response
during the working of the damper. And it can be said
that STF damper could be considered as an innovative
passive damper device for structural applications in
the future.

Fig. 11 Hysteretic loop of 10% (w/w) STF damper
(Frequencies 0.1 Hz ~ 3 Hz)

(a) 0.1 Hz

(b) 0.3 Hz

(c) 1.0 Hz

(d) 3.0 Hz

Moreover, there are few topics which will be
further studied in the future. Firstly, the settlement of
fumed silica particle in STF, if the Brownian
movement of nanoparticles is larger than itself in
weight, the probability of settlement is quite rare. In
order to study this phenomenon, the STF fluid will be
placed for six months and the rheological properties
will be compared with new-made STF. Secondly, in
order to develop a design method of STF damper for
engineering application, it is important to build the
database of STF fluid and to simulate the dynamics
behavior STF-filled traditional viscous damper. It can
be predicted the STF-filled traditional viscous damper
performance by CFD program.

Fig. 12 Hysteretic loop of 10% (w/w) STF damper
(1 mm~5 mm stroke)
Furthermore, the results of performance test
under various excitation frequencies and strokes are
shown in table 1 and 2, it is clear that the STF-filled
damper device has varied kind of damping
coefficient with different loading frequencies. By
applying such behavior characteristic, the developed
device might be used for structural semi-passive
control applications under different loading criteria.
As a result, the preliminary experiment has proved
the feasibility of STF-filled damper device.
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Table 1 Damping coefficient and index of 10% (w/w)
STF damper under various excitation frequencies
Stroke Frequency Maximum force
(mm)
(Hz)
(kN)
10
0.1
5.738
10
0.3
7.484
10
1.0
10.627
10
3.0
16.289

Damping
coefficient
ө

(kN s/mm)
3.857
3.603
0.870
1.266

Damping
index
(ө)
0.187
0.228
0.598
0.494

Table 2 Damping coefficient and index of 10% (w/w)
STF damper under various strokes
Stroke Frequency
(mm)
(Hz)
1
3.0
5
3.0
10
3.0
15
3.0

Maximum
force
(kN)
4.546
13.199
16.289
18.597

Damping
coefficient
(kN s/mm)ө
4.555
1.161
1.266
1.118

Damping
index
(ө)
0.136
0.591
0.494
0.521
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Effect of Debris Forces on the Stability of
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Abstract

The purpose of present study is to investigate the stability of cross-river bridges
subjected to hydraulic loads and debris accumulations under extreme flood events. Steep
riverbed and rapid flow are the common characteristics of Taiwan’s rivers. The heavy rain
brought by Typhoon often induces local scouring around bridge foundations, and make the
exposure of foundations more serious. According to past reconnaissance reports on
typhoons or floods, the collapse of many bridges can be contributed to debris accumulation.
The debris not only increases the effective area of substructure components, but also
reduces the flow area and cause backwater upstream and increased velocities through the
bridge opening. However, this effect of debris accumulation is not included in the current
bridge design code in Taiwan. In order to have better understanding of bridge behavior in
an extreme flood event, the hydraulic loads have to be calculated precisely, especially the
hydraulic loads under the condition of debris accumulation. Therefore, a stability analysis
of a cross-river bridge under flood water and debris loads was conducted using the
pushover analysis procedure. The inelastic behavior of its substructures and piles under
flowing water with high velocity was also discussed.
Keywords: Debris accumulation, Debris forces, Stream forces, Pile foundation bridges, Scour depth

Introduction

of debris forces, increased area of the pier that is
subjected to pressure and the reduced foundation
resistance is highly likely to affect the stability of the
bridges. For instance, Typhoon Morakot on August
8th, 2009 destroyed many bridges in Taiwan. By
observing these bridges after the typhoon, there was a
lot of debris, including the floating tree and dump,
accumulating in some of the bridge piers. Therefore,
many experts believe that one of the reasons for the
large number of bridge failure during this typhoon is
the combination effect of scouring and flow discharge
loss blocked by debris accumulation.

The rivers in Taiwan have the common
characteristics of steep riverbed and rapid flow. The
heavy rain brought by Typhoon often induces local
scouring around bridge foundations, and make the
exposure of foundations more serious. In addition, the
high velocity water flow and drifting woods also
induce large lateral forces acting on the bridge piers
and the exposed foundations, jeopardizing the safety
and stability of the bridges. According to past
reconnaissance reports on typhoons or floods, the
collapse of many bridges can be contributed to debris
accumulation. The debris not only increases the
effective area of substructure components, but also
increases floodwater elevations, stream velocities, and
the potential for scour. For the bridge sites where
foundation soil and sediments are susceptible to scour,
the resistance of bridges to lateral loads can be
reduced by exposure of foundations. The combination
1
2

Debris is an important factor for the stability of
cross-river bridges. There are many types of debris.
However, to calculate the debris force is not easy.
These forces depend on many factors such as the flow
condition, site condition, debris size, etc. The
NCHRPReport 445 written by Parola et al. (2000) and
a report published by FHWA (2005) provided some
general procedures for estimating the volume of
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floating debris at upstream of a bridge site, and
guidelines for analyzing and modeling the hydraulic
loads acting on the structure due to debris
accumulations. Both reports also indicated that the
accumulation of debris on piers and superstructures
can create significant forces. However, this effect of
debris accumulation is not included in the current
bridge design code in Taiwan. In order to gain better
understanding of bridge behavior in an extreme flood
event, the hydraulic loads have to be calculated
precisely, especially the hydraulic loads under the
condition of debris accumulation. Therefore, a
parametric study of the stability of a cross-river bridge
under flood water and debris loads will be conducted.
The studies are performed by pushover analysis.
Pushover analysis is a nonlinear analysis procedure
that was born for seismic evaluation of structures. In
this study, a similar procedure was used to simulate
the stream forces acting on the foundation to
investigate the capacity of a continuous bridge with
group pile foundation. The factors considered include
water velocity, level of scour and debris accumulation
of different width. The inelastic behavior of its
substructure and pile was also taken into account.

Fh

The total resultant force due to debris
accumulation is computed as the summation of the
hydrodynamic drag force and the hydrostatic force. As
for the area where no debris accumulates, the water
load applied is calculated according to the stream
pressure regulated in AASHTO LRFD Bridge Design
Specifications (2007). According to its design
specification, the pressure of flowing water p acting in
the longitudinal direction of substructures shall be
taken as,
p

As mentioned previously, the main objective of
this study is to investigate the stability of bridges
subject to hydraulic loads and debris accumulations
under extreme flood events. Thus, the calculation of
debris forces and stream forces are introduced briefly.

C D wAD

Vr
2g

(3)

In order to investigate the effect of debris
accumulation, water velocity and foundation scouring
on the stability of bridges, a three-span continuous
bridge was studied (Fig. 1). The bridge has four piers
of the same height 8.64 m and span length of 30.6 m.
The total length of the bridge is 3@30.6 mʳ=ʳ91.8 m.
Its bearing system is hinge support at the intermediate
piers and roller support at expansion joints. The piers
of the bridge is semicircular-nosed RC piers with a
width of 1.6 m for the face perpendicular to the flow
direction. The foundations are group pile foundations
with 6 piles per pier. The piles are all 40 m in length
with a diameter of 0.9 m in the first 10 m and a
diameter of 0.76 m for the other 30 m.

(1)

acting on the
the hydrostatic
upstream and
and can be

In the current study, the parametric studies on the
capacity of the bridge were carried out by pushover
analysis using Sap 2000N. Superstructures were
simulated by elastic beam elements, and piers and
piles were modeled by column elements, while pile
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Bridge Description and Modeling

where CD is the drag coefficient related to the
blockage ratio and Froude number and was; w is the
specific weight of water; AD is the area of wetted
debris based on the upstream water surface elevation
projected normal to the flow direction; Vr is the
reference velocity and g is the acceleration of gravity.
The resultant drag force is acting through the centroid
of the projected profile area. For an assumed
rectangular profile area, the resultant force acts
through the center of the accumulation.
The total hydrostatic forces Fh
structure due to debris is caused by
pressure difference between the
downstream side of the bridge
approximated as:

CD

This formula is the same to that adopted by Taiwan’s
design code for highway bridges. In Eq. (3), V is the
velocity of water; CD is the drag coefficient for the
pier. The value of CD depends on the geometry of the
pier. For instance, CD = 0.7 for semicircular-nosed
pier. The total longitudinal drag force due to stream
pressure shall be taken as the product of longitudinal
stream pressure and the projected surface exposed
thereto.

According to NCHRP Report 445, the debris
forces include the hydrodynamic drag forces FD
caused by debris that have accumulated on piers, and
the hydrostatic forces Fh caused by the effects of flow
contraction. The hydrodynamic drag force FD is based
on the general form of the drag equation and can be
written as:
FD

(2)

where Ahu and Ahd are the vertically projected areas ,
submerged portion of the debris accumulation below
the upstream and downstream water surface,
respectively; hcu and hcd are the vertical distance from
the upstream water surface to the centroid of area Ahu,
and the vertical distance from the downstream water
surface to the centroid of area Ahd, respectively. For
an assumed rectangular profile area, the resultant
hydrostatic force on the upstream side of the
accumulation would occur at a distance of two-thirds
the depth of the accumulation measured from the
upstream water surface. The location of the resultant
hydrostatic force on the downstream side is similar.

Debris Forces and Stream Forces

2

w hcu Ahu  hcd Ahd

heads were modeled by rigid elements. The
soil-structure interaction effect between the
surrounding soils and piles was modeled by springs
provided at the piles in both lateral and vertical
directions. When the foundation of the bridge is
scoured to a certain depth, the springs above the
riverbed will be removed. The analysis model of the
whole bridge system and the springs assigned on the
piles are given in Fig.2 and Fig.3, respectively. In Fig.
3, the stiffness of the axial spring KVP and horizontal
spring kH were calculated based on the standard
penetration test N value of the surrounding soils. For
simplicity, we assume N value = 15 throughout the
soils for the case study. In order to consider the
inelastic deformation of the substructures and piles
under flowing water with high velocity, the nonlinear
behavior of the piers and piles was modeled by
nonlinear concentrated hinges assigned on the proper
locations. For non-scoured bridges, the plastic hinges
were assigned at the bottom of the pier, the top of the
piles and at the depth of 10m where the cross section
changes. For soured bridges, addition hinges at the
mud line level were assigned. The hinge locations are
illustrated in Fig.4.

mechanism and sequence of structures. Therefore has
become a typical tool for engineers to evaluate seismic
performance of structures in recent year. In the
pushover analysis for seismic evaluation, the lateral
forces represent the inertial forces sustained by the
structures due to the excitation of the earthquake. In
this study, however, the lateral forces for the pushover
analysis stand for the debris force and stream forces
acting on the structure due to the movement of water
flow instead.
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Fig. 5 Relation between resultant lateral forces
and water velocity

Analysis Results and Discussions

Water pressures on debris accumulations and the
resulting debris forces transmitted to the bridge piers
and exposed foundation shall be considered in
addition to the direct water pressure forces. Such
pressures and forces shall be determined with
consideration of site conditions and of the expected
modes of debris accumulation. In this study, the
elevation of water surface was assumed to be 6 m
above the foundation and the accumulation of debris
force was assumed to be extended from the water
surface to 2 m above the foundation. To investigate
the effect of debris accumulation level and scour level,
the width of debris W considered includes W= 0 m,
4m and 8m, and the level of scour considered varies
from scour of 0 m to 13 m. In which, the case of W =
0 m represents a case with no debris accumulation.
Based on these assumptions, the debris forces and
stream forces for different water velocities that are
applied on the piers and piles were calculated
according to the formula mentioned previously.
Thereafter by summing up all the forces, the relation
between resultant lateral forces and water velocity
under different widths of debris and different level of
scour was established and given in Fig. 5

For the parametric studies on the stability and
capacity of the bridge considered, the drag forces
applied on the debris recommended in NCHRP report
445 and stream forces specified in design code were
adopted to investigate the performance of the
considered bridge under different level of debris
accumulation and scour. The capacity of bridge under
different situations was studied using pushover
analysis. Pushover analysis is a nonlinear analysis
procedure that has the ability to predict the failure

To investigate the capacity of the bridge under the
presence of flood water with different velocities, a
pushover analysis was performed afterward. As the
dead load was held constant, the bridge was subjected
to a monotonically increasing lateral force with an
invariant spatial distribution corresponding to the load
pattern of debris forces and stream forces at a certain
water velocity. The lateral forces continued to increase
until a pre-determined target displacement at deck was
reached. Then the pushover curve that records the

Fig. A schematic of The
bridge

Fig. 2 bridge model in Sap
2000N

Fig. 3 Analytical model
for pile foundations

Fig. 4 A schematic of hinge
location and pushover loads
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relation between lateral displacement at the deck and
the total base shear were obtained and given in Fig.6.
20000

accumulation. An increase in debris accumulation
profile area not only affects the area over which the
water pressure forces are applied, but also affects the
pressure by increasing stream-flow velocity and
creating larger hydrostatic forces. As a result, the
effect of the debris accumulation in a real situation
would be even larger than that observed in Fig. 7.
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Fig. 6 shows the pushover curves for the cases of
different levels of scours and different widths of
debris accumulation. As can be observed, the increase
of scour depth leads to a significant loss of lateral
force resistance of the bridges. For instance, as the
scour depth increases from 0 m to 13 m, the lateral
force corresponding to the ultimate collapse point of
the bridge decreases from a value around 20,000 kN to
a low value around 1000 kN. On the contrary, the
effect of debris width W on the the pushover curves is
not much. This is because the variation of debris
accumulation level doen’t change the structural
system of the bridge, and then the resistance of the
bridge to the lateral forces is almost the same.
However, the increase of the lateral force in the
pushover curve actually represents the increase of
water velocity. Based on the relation between the
resultant lateral forces and water velocity for different
cases given in Fig. 5, the pushover curves related to
lateral force and deck displacement can be
transformed to the performance curves related to water
velocity and deck displacement as given in Fig. 7.
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Fig. 6 Pushover curves for the cases with different
levels of scour and different widths of debris

scour=0m
scour=3m
scour=6m
scour=9m
scour=13m

0
0

10

20

30

40

50

deck displacement (cm)

60

70

Fig.7 Performance curves for the cases with
different levels of scour and different widths of
debris

Conclusions
In this study, a stability analysis of a cross-river
bridge under stream forces and debris forces was
conducted using the pushover analysis procedure.
From the analysis results, the detrimental effect of
debris accumulation combined with scouring on the
performance of cross-river brides is confirmed. Scour
combined with debris and water load can seriously
damage the bridge foundation. Therefore the design
for the new bridges and performance evaluation for
the existing bridges should account for the potential
debris problems.
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It can be observed in Fig. 7, not only the increase
of scour depth can lower the water velocity that the
bridge can resist, the increase of debris width W also
have the same effect. For instance, for the cases with
scour depth = 6 m, the water velocity corresponding to
the yield point is 6 m/s for the case with no debris
accumulation (W = 0), whereas the water velocity
corresponding to the yield point for the case with
debris width W = 8 m reduces to 4 m/s. This result
confirms the significant effect of the debris
accumulation on the performance of bridges under
floodwater loads. In addition, by comparing the results
with different scour depths, the detrimental effect of
the souring on the performance of bridges can also be
confirmed.
It should be noted that the calculation of each
curve in Fig. 7 is based on the assumption that the
scour depth and width of debris remain constant as the
water velocity increases. However, the debris forces
are highly sensitive to the area of the debris
40
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Analysis of the Vehicle-Track-Bridge Interaction by Using
Vector Form Intrinsic Finite Element
Ren-Zuo Wang 1
ЦϘ 1
Abstract

The main object of this research is to apply the vector form intrinsic finite element
(VFIFE, V-5) method to calculate the nonlinear dynamic response of bridge under the
vehicle. The VFIFE method is used to simulate the vehicle, the track and the bridge. The
VFIFE method can be used to compute the motion of rigid body and deformable body of
the vehicle. In addition, it does not require any iteration or change of parameters during
computation for solving the problems. In this paper, the VFIFE method provided an
effective numerical method for the vehicle-track-bridge interaction behaviors and a train
derailment.
Keywords: vehicle-track-bridge interaction, vector form intrinsic finite element, derailed

carriage

Introduction

media was proposed by Ting et al. (2004). This
method has been successfully applied to the dynamic
analysis of the 2D elastic frame (Wu et al. 2006), the
dynamic stability analysis of the space truss structure
(Wang et al. 2006), and the elastic-plastic analysis of
a space truss structure (Wang et al. 2005). The
extremely
large
displacement
analysis
of
elastic-plastic 2D structures using the VFIFE method
has been introduced (Wang et al. 2011). Using VFIFE
method to do analysis of elastic beam subjected to
moving dynamic Loads was studied (Wang et al.
2011). In this study, using VFIFE method to compute
the
nonlinear
dynamic
response
of
3D
vehicle-track-bridge interaction (VTBI) is presented.

The high speed railway projects have become the
priority of the traffic constructions, not only it shorten
the distance between the urban and rural area, but also
accelerate the developments of both the economy and
societies. From the civil engineer’s point of view, the
structural vibration caused by the passage of train is
one of the main concerns for safe structure design.
The primary direction of the research has so far relied
upon analytical solutions simulating load of moving
body on the bridges.. Ayre and Jacobsen (1950) and
Ting et al. (1974) modeled the train or fleet of
vehicles by set of functions to simulate the moving
loads permitting the analytical solutions for moving
loads pass through different types of bridges. Using
the finite element formulations, Olsson (1991) studied
the dynamic response of elastic beam under high
speed moving loads. Wu et al. (2000) simulated the
moving loads at different positions on the three
dimension frame with traditional finite element
analysis. Traditional finite element methods are
constrained to satisfy the energy equation, it needs
displacement and boundary conditions and are
difficult to model and analyze the moving mass on the
structure, which has undergone motions of large
deformation, for example like the derailed train or
cable cars.

Fundamentals of the VFIFE
Recently, the computational tools have been
greatly advanced. A large number of parameters can
be computed using convenient and fast computation
method with an advantage that numerical results are
accurate. In this section, structure model of VFIFE
method is described. The corresponding equation of
motions and internal forces are introduced. There are
two requirements in a mechanics theory: The first
requirement is how to properly describe the position,
geometry, and property of structural element. The
second requirement is how to establish a governing
principle to describe changes of position and geometry,
as the member is subjected to applied forces. Each
particle of mass mĮ and mass moment of inertia IĮ has

Recently, an approach named the vector form
intrinsic finite element (VFIFE) method for the elastic
analysis of large geometrical changes in continuous
1
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its own motion trajectory and satisfies the following
equations of motion within each path element (ta-tb).
mD dD

FDext  FDint

ID șD

MDext  MDint

FDexti

(1)
(2)

MDexti

FDinti

MDinti

,
,
and
are the external
Where
and internal forces and moments applied on the
particle Į. For the particle Į, the resultant force
vector and moment vector are calculated as
following:
3
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(b) eight mass points, twelve frame elements and
twelve bracings
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In the following, we will present the way of
developing the structural element model of VFIFE
method to calculate the internal force applied to the
connecting mass particle. According to virtual work,
the internal forces can be derived as follows:.
fˆ fˆ  'fˆ
(5)

(c) nine mass points, twelve frame elements and
eight bracings

a
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T
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'mˆ z2

`

T
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The other six total forces can be obtained from the
equilibrium equations.

(d) all mass points, frame elements and bracings in
VMFE.
Fig.1 VMFE in VFIFE

Numerical Model of the
Vehicle-Track-Bridge

In order to simulate the rigid body motion of the
vehicle in VMFE, the high stiffness and bracing
(frame element in VFIFE) are adopted. In addition,
VMFE can be used to simulate the motion for
deformable body of the vehicle. Firstly, by adding
twelve bracing onto the six surface of the vehicle
model is shown in Fig. 1(b). Secondly, adding mass
point (number 9) and eight bracing into the vehicle
model as shown in Fig. 1(c). Finally, the VMFE is
composed of nine mass points, twelve frame
elements and twenty bracings as shown in Fig. 1(d).

In this study, in order to simulate the motion of the
vehicle, two basic assumptions are adopted: (1)
frame elements are used to simulate geometric
appearance of the vehicle, (2) concept of the
equivalent mass is used to compute the vehicle mass.
For modeling geometric appearance of the vehicle,
the vehicle model is composed of frame elements as
shown in Fig. 1(a). This vehicle model is called
vehicle model using frame elements (VMFE).

M v , J vx , J vy , J vz

uz

Tz
Tx
(a) eight mass points and frame elements

uy

Ty

Fig.2 The rigid body for vehicle model (VMRB)
In traditional method, the rigid body assumption (see
Fig. 2) in motion is usually used to simulate the
motion of the vehicle. In this paper, the vehicle
model using rigid body is called VMRB. There are
five degrees of freedom in VMRB. Three degrees of
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freedom are rotational degrees of freedom (șx, șx, șx)
along the local coordinates x, y, z. the other two
degrees of freedom are translational degrees of
freedom (uy, uz) along the local coordinates y, z. The
Jvx, Jvy and Jvz are moments of inertia in directions of
the x, y and z axes. The Mv is the total vehicle mass.
In this study, the concept of using equivalent mass is
to set total mass of VMRB to be equal to the total
mass of VMFE. If sizes (a, b and h) and total mass of
VMRB (see Fig. 2) are equal to sizes ( ac , bc and
cc ) and total mass of VMFE, then, the same
responses of motion for the rigid body in VMRB and
VMFE can be computed. The key point is how to set
the equivalent density for vehicle model. The
equivalent mass for VMFE can be derived by two
steps: (1) computing mass points from number 1 to
number 8, (2) computing mass point for number 1.
For example, the equivalent mass at mass point 1 can
be computed from bracings (from number b1 to
number b4) and frame elements (F1, F5 and F9) as
shown in Fig. 3. The mass points (from number 1 to
number 8) are calculated by following equations.
1
Mj
a  h  b  a 2  h2  a 2  b2
2
(8)
1 2
·
( j 1 ~ 8)
a  b2  h2 ¸ U
 b2  h2 
2
¹

the interaction between the vehicle system and rail
system. In this study, the main steps within the
analysis procedure of 3D VTBI problem are: (1)
computes the moving loads applied on the tracks, (2)
computes the positions along 3D frame element
which connect the moving vehicle element, (3)
computes the spring and damper forces.

Fig.4

A 3D vehicle-track-bridge interaction model

P

Fig.5 Numerical model of the vehicle for VMRB

Fig.3 Equivalent mass for mass point 1
Secondly, the mass point 9 is connected by four
bracings (from bracing b4 to b 11) as shown in Fig.
1(c). The mass point 9 is calculated by following
equation.
1§1 2
·
(9)
M9
a  b2  c2 ¸ U u 8
¨
2©2
¹
Mv is the total mass of the vehicle. Setting Mv is
equivalent masses from mass point 1 to mass point 9.
M v M1  M 2  M 3  M 4  M 5  M 6  M 7  M 8  M 9
(10)
Substituting equations (8) and (9) into equation (10),
the equivalent density for frame element can be
computed.
VFIFE method to model the 3D vehicle-track-bridge
interaction (VTBI) model is shown in Fig. 4. The 3D
frame elements in VFIFE are used to construct a
vehicle, two rails and a bridge structure. The
interaction behavior between the track and bridge
structure is considered through a distributed spring of
constant kp and a distributed dash pot of constant cp.
Four springs kw and dampers cw are adopted to model

Fig.6 The response of the vehicle

Numerical Examples
Example 1: Verified the accuracy of the responses
of motion for VMFE and VMRB
The vehicle model for VMRB is shown in Fig.
5. Four springs are added by four bottom corners of
the vehicle. The centroid of the vehicle is subjected
to external force P=40N. The length, width and hight
of the vehicle are a=2.5, b=1.45, h=0.6. The total
mass of the vehicle is Mv=1000 kg . Each vertical
stiffness is kw =1595000 N/m. Moments of inertia for
the vehicle are Jvx=201.602083, Jvy=201.602083 and
Jvz =692.4354167kg/m2. Using VMFE to compute
the equivalent density of frame element in VFIFE
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method is adopted. In this case, the equivalent
density of frame element is ȡ=21.54kg/m3. The
elastic modulus is E=2×108N/m2. The area of cross
section of frame is A=1×1m2. Moments of inertia of
the frame element is I=0.0833m4. The response of
the vehicle shows in Fig. 6.

to study the VTBI problems with multiple deformable
bodies having rigid-body modes and discrete states.
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Fig.7 Motion analysis of a derailed carriage.
Example 2: Motion of a derailed carriage
In order to demonstrate the capability of the VFIFE
method of conducting the motion analysis with large
translation and rotation, Motion of a derailed
carriage is computed as shown in Fig. 7. A carriage
modeled using twelve frames and four contact
springs moves with a speed of 27.78m/s to the end of
two rails with different slop angles. Each vertical
stiffness is kw =108 N/m. Figure 8 shows the motion
of this carriage with translation and rotation. In this
case, It shown that the VFIFE method can be used to
compute the motion of a derailed carriage. In
addition, it is without any interaction matrix in
computing procedure.

Fig.9 Trajectory of a derailed carriage in space

Conclusions
In this study, a novel computational scheme to
analyze the 3D vehicle-track-bridge interaction (VTBI)
problem by the vector form intrinsic finite element
method is presented. The numerical simulation model
of the vehicle system in VFIFE method is relatively
easy and can be compared with the conventional
analysis methods for the VTBI problems. Numerical
examples demonstrate the accuracy of this
computational scheme. Furthermore, it is also capable
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Observing the Impact of Environmental Temperature and
Traffic Loads on Cable-Stayed Bridges
Zheng-Kuan Lee 1
ࡹቨ 1
Abstract

Within their service life, bridges regularly bear external loads such as the weight of
vehicles, temperature changes, wind, earthquakes, and the impact from river water.
Although vehicle weight, temperature changes, and wind loads are exerted daily, they
generally pose no immediate danger. Therefore, research on the daily behavior of bridges is
significantly less common than research on the impact of earthquakes on bridges. Despite
this difference in popularity, researching the daily load and behavior of bridges has a broad
range of significance. First, the “standard” settings or “limits of safety” of a bridge can
only be determined by measuring and statistically analyzing a bridge’s daily load and
behavior. Second, detection instrument can automatically detect bridge changes anytime,
allowing bridge managers to recognize the safety condition when an earthquake or flood
may occur. Detection instruments can provide bridge safety surveillance, thereby
protecting road users. Constant detection is the cornerstone of bridge safety surveillance.
Based on this concept of bridge detection and safety, this study created a fiber optical
elevation meter, which measures the change in a bridge’s girder elevation when under the
dual load of temperature changes and vehicle weight. Then, we used the recorded data and
analysis to simultaneously verify the theory and observation capabilities.
Keywords: Cable-stayed bridge, Optic-fiber meter sensor, Traffic loads, Temperature

Fiber Optic Elevation Meter Introduction
“Fiber optic elevation meter” is a sensor device
used to measure the change in elevation between
points by combining the connected pipe principle, the
buoyancy principle, and Hooke's Law (Fiber Bragg
Grating). To introduce this device, the “connected
pipe principle,” the “buoyancy principle,” and the
“Fiber Bragg Grating Hooke's law” must first be
explained (please consult Ref. 1 and Ref. 2).

Figure 1. Connected pipe principle

1. Connected Pipe Principle: When fluid is poured
into various containers connected by a pipe, once the
fluid comes to rest, the surface level of the fluid in
each container is always identical because the fluid
flows from areas of high pressure to low pressure until
the pressure balanced (Fig. 1).

1

2. Buoyancy Principle: “An object in fluid is
buoyed up by force equal to the weight of the fluid
displaced by the object.”
This is called the
Archimedes’ principle.

Associate Researcher, National Center for Research on Earthquake Engineering, zklee@ncree.narl.org.tw
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On-Site Cable-Stay Bridge Observation
The fiber optic elevation meter developed in this
study was placed in the girder of Nantou County’s
Chilu cable-stayed bridge (Fig. 5). The elevation of
the observed girder varied with the temperature
changes between night and day and with the change in
traffic load. As shown in Fig. 5, P3 and P4 were
located at the intersection between the girder and the
pylon, serving as unique reference points for the
beams. Beginning at noon November 1, 2011, and
ending at noon November 2, 2011, the beam elevation
was continually monitored for 24 h (Fig. 6). As shown
in Fig. 6, at 5:00 pm, the bridge temperature peaked,
the steel cables lengthened, and the P2 and P5
elevations decreased, whereas between 3:00 am and
8:00 am, the bridge temperature was the lowest, the
steel cables contracted, and P2 and P5 elevation
increased. Furthermore, Fig. 6 demonstrates that the
change in bridge elevation occurred asymmetrically
with the pylons. We can infer that after bridge
reconstruction, the Chichi end and the Lugu end
differed on boundary condition.

Figure 2. Buoyancy principle
3. Fiber Bragg Grating Material’s Hooke’s law:
For Fiber Bragg Grating in constant temperature, the
change in the wave length of the reflected light wave
is proportional to the Fiber Bragg grating strain and
the Fiber Bragg grating stress (Fig. 3). The
corresponding equation is expressed as follows:

'OB v 'H v 'V

ȴɸ, ȴ ʍ

ȴʄB

ȴɸ, ȴ ʍ



Unit: m

Fiber optic
level meter

Figure 3. The wave length of the reflected light is
subjected to the strain (stress)
4. These physical laws were applied to create a
fiber optic elevation meter (Fig. 4).

˚˼˺˼

P1 P2

ˣ̌˿̂́

Side-Bent

P3

P5 P6

P4

˟̈˾̈

Figure 5. Fiber optic elevation meter installed in the
girder of Nantou County’s Chilu cable-stayed bridge

Figure 6. 24-h continuous observation of elevation
changes
Furthermore, the static displacement DC signal can
be removed through signal treatment to observe the
change in elevation caused by traffic weight (Fig. 7).
As shown in Fig. 7, two gravel trucks drive on the

Figure 4. Fiber optic elevation meter (for details,
see Ref. 2)
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cable-stayed bridge at different times. The gravel
truck that first arrived at the bridge had driven from
Chichi; thus, P1 and P2 simultaneously dropped and
P5 and P6 simultaneously rose. When the gravel truck
passed the pylon and crossed over onto the Lugu end
of the bridge, P1 and P2 increased to their original
positions and P5 and P6 dropped simultaneously.
When the gravel truck left the bridge, the girder
returned to its original stable high altitude.
Approximately 200 s later, the second gravel truck
drove over the bridge from Lugu. The change in the
girder’s elevation was similar to that under the first
gravel truck, only the order and timing of the dropping
and rising was reversed.

Figure 7. Cable-stayed bridge vertical
displacement response to two gravel trucks

Conclusions
This study introduced the principles and
constructed a fiber optic elevation meter, and then
installing it inside the girder of the Chilu cable-stayed
bridge. The temperature and traffic load observation
results agree with the structural theoretical behavior of
the bridge. The results also showed that fiber optic
elevation meter can be used to measure changes in
bridge elevation with a high degree of sensitivity.
Fiber optic elevation meters have substantial potential
for bridge safety surveillance in the future.
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Development of Sloped Rolling-Type Isolation Devices for
Seismic Protection of Important Equipment and Facilities
Shiang-Jung Wang1, Jia-Yi Hsiao2, Chung-Han Yu3, Jenn-Shin Hwang4 and Kuo-Chun Chang5
؋ӛᄪ 1ǵᑵ٫ 2ǵෞ۸ᑣ 3ǵᑫ 4ǵ୯ᙼ 5
Abstract

In this study, the dynamic behavior and design requirements of the multi-roller isolation
devices with an inbuilt sliding friction damping mechanism are theoretically investigated.
In addition to having a good potential to control the acceleration response transmitted to
the protected object as a steady level, the multi-roller isolation device has a better stability
performance and better re-centering capability than the conventional single-roller isolation
device. Moreover, the inbuilt sliding friction damping mechanism facilitates to effectively
suppress excessive displacement responses and to promptly stop rolling motion after
earthquakes. Based on the analytical result, a simplified twin-flag hysteretic model is
proposed to represent the hysteresis loop of the multi-roller isolation device.
Keywords: Sloped rolling-type isolation device, Multi-roller, Inbuilt damping mechanism,
Steady acceleration, Re-centering, Simplified twin-flag hysteretic model

Introduction
It is emphasized in the performance-based design
concept that the seismic performance of some specific
buildings depends not only on the seismic-resistant
capabilities of their structural components but also on
the functionality of their contents, i.e. even structural
elements can remain intact during or after earthquakes,
the desired performance of the buildings may still not
be achieved due to malfunction or even damage of the
housed vibration-sensitive equipment or facilities.
This phenomenon has occurred commonly during or
after many historical earthquakes (Hwang et al., 2004).
For instance, (1) computers, servers, data storage
equipment, networks and telecommunications in
high-tech industries, telecom industries, banks,
emergency-response centers and data centers cannot
remain operational; (2) high-precision equipment,
power generators and medical instruments in
high-tech factories, nuclear power plants and hospitals
cannot remain functional; and (3) valuable antiques,
arts and exhibits in museums and history research
institutes suffered serious damage. The past lessons

have caused awareness of enhancement of seismic
performance for the critical equipment and facilities in
the relevant industries and organizations.
In order to mitigate seismic risks posed to
vibration-sensitive equipment or facilities inside an
existing building structure without employing any
modern structural control technologies, the
implementation of seismic isolation technologies to
the equipment or facilities may be one of the most
practical and effective methods. If a whole region at
which equipment vulnerable to earthquakes is located
needs to be protected, it is more systematic and more
economical to incorporate seismic isolation bearings
into to a raised floor system, i.e. the isolated raised
floor system.
The rolling-based isolation device (Tsai et al.,
2007; Lee et al., 2010) employing rolling motion of
cylindrical rollers between two opposite bearing plates
with a constant sloping surface is capable of
transmitting a steady acceleration response to the
protected object no matter what excitations are
undergone. Three important features for such an
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isolation device can be summarized as follows: (1) the
isolation device can offer maximum horizontal
decoupling between the protected object and input
excitations, since it does not have a fixed natural
period; (2) the horizontal seismic force transmitted to
the protected object can be reduced significantly, since
the rolling friction force and the restoring force due to
gravity of the isolation device are much smaller than
the input horizontal seismic force; (3) the horizontal
peak transmitted acceleration response can remain as a
steady level regardless of any input motion; and (4)
the isolation device has a gravity-based self-centering
capability after earthquakes.

dynamic behavior of the multi-roller isolation devices
are theoretically investigated adopting the following
varied design parameters: (1) rollers move between
two V-shaped sloping surfaces, denoted as Type A
isolation device hereafter; (2) rollers move between a
V-shaped sloping surface and a flat surface, denoted
as Type B isolation device hereafter; (3) energy
dissipation is only contributed by rolling friction; and
(4) in addition to rolling friction, the adjustable linear
spring modules embedded in the side plates can
generate required normal forces to supply sliding
friction forces between the side plates and bearing
plates of the isolation device, as shown in Figure 1.

The dynamic behavior and seismic performance of
the multi-roller isolation device, as shown in Figure 1,
which is composed of three bearing plates (denoted as
upper, intermediate and lower bearing plates from the
top to the bottom hereafter) and equipped with two
pairs of mutually orthogonal cylindrical rollers, is
focused in this study. Through the rolling motions of
two pairs of mutually orthogonal rollers, the in-plane
seismic isolation functionality can be realized
effectively. It is worth noting that the multi-roller
mechanism can make possible synchronous movement
for the rollers, and can effectively prevent sliding
motions between rollers and bearing plates. Most
importantly, it has a better stability performance and a
better self-centering capability compared to the
conventional single-roller mechanism.

The basic assumptions are made to facilitate the
following derivation: (1) rollers and bearing plates are
ideally in pure rolling motion; (2) the motions of
single roller between two opposite bearing plates
(denoted as superior and inferior bearing plates
hereafter) are derived, as shown in the simplified
models of Figures 2(a) and 3(a), considering the
rolling motions of a pair of rollers or single roller
along two principle horizontal directions are identical
if assumption (1) holds; (3) the inferior bearing plate
is fixed; and (4) rigid-plastic hysteretic models are
used to represent the force-displacement relationships
of rolling and sliding friction behavior.
Figure 2(a) illustrates the free body diagram of
single roller sandwiched between two opposite
bearing plates that have V-shaped surfaces with a
sloping angle of T in one principle horizontal
direction, i.e. Type A isolation device. When the roller
moves apart from the fixed curvature range between
two inclines of the V-shaped surface, two opposite
rolling motion directions when the superior bearing
plate (or the roller) is rightward and leftward relative
to the inferior bearing plate are considered in the
derivation, as shown in Figure 2(b), in which xg and

Upper bearing plate (Type B)
(Flat surface)

Upper bearing plate (Type A)
(Dual V-shaped sloping surface)

Intermediate bearing plate
(Dual V-shaped sloping surface)

Side plate
Cylindrical roller

(with thin rods at both ends)

Lower bearing plate (Type B)
(Flat surface)

Linear spring module
Lower bearing plate (Type A)

zg = the horizontal and vertical acceleration

Friction surface

(Dual V-shaped sloping surface)

Fig. 1 Schematic view of multi-roller bearing
isolation devices

excitations; M, m1 and m2 = the seismic reactive
masses of the protected object, superior bearing plate
and roller, respectively; g = the acceleration of gravity;
x1 ʳ ( z1 ) , x1 ʳ ( z1 ) and 
x1 ʳ ( 
z1 ) = the horizontal

Mechanical Features and Dynamic Behavior
of Multi-roller Isolation Devices

(vertical) displacement, velocity and acceleration
responses of the protected object and superior bearing
plate relative to the origin O, respectively; x2 ʳ ( z2 ) ,

In the multi-roller isolation device as shown in
Figure 1, both surfaces of the intermediate bearing
plate are dual V-shaped sloping, while the upper and
lower bearing plates can have dual V-shaped sloping
or flat surfaces in contact with the cylindrical rollers.
In order to prevent undesired instant collision when
the roller passes through the valley of the V-shaped
surface, an arched range with a fixed curvature radius
which is much larger than the radius of the roller is
proposed to be reserved between two inclines of the
V-shaped surface of the bearing plate. Moreover, due
to the limited energy dissipation capability contributed
by rolling friction, additional sliding friction dampers
can be appropriately inbuilt in the isolation device.
Therefore, learning from Tsai’s and Lee’s studies, the

x2 ʳ ( z2 ) and 
x2 ʳ ( 
z2 ) = the horizontal (vertical)

displacement, velocity and acceleration responses of
the roller relative to the origin O, respectively; D =
the angular acceleration of the roller; f1 and f 2 =

the nominal rolling forces acting between the superior
bearing plate and roller and between the roller and
inferior bearing plate, respectively; N1 and N 2 =

the normal forces acting between the superior bearing
plate and roller and between the roller and inferior
bearing plate, respectively; Fr1 Pr N1 and Fr2 Pr N2
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= the predicted rolling friction forces acting between
the superior bearing plate and roller and between the
roller and inferior bearing plate, respectively, in which
Pr = the ratio of the rolling resistant coefficient ( G ) to

the radius of the roller (r) (Shames, 1996); and FD =
the sliding friction force provided by the supplemental
energy dissipation devices inbuilt between the side
plates and bearing plates. Taking the dynamic force
equilibrium of M + m1 and m2 along x and z

the transmitted horizontal acceleration responses
are inversely proportional to R. Moreover, without
considering 
x g , Pr N and FD , the transmitted
vertical acceleration
attributed to 
zg .


z1  
zg


zg 

2R

x1 

responses

are

mainly

3. When the roller moves apart from the fixed
curvature range and Pr N and FD are not
considered, the dynamic behavior of Type A
isolation device with a sloping angle of T should
be mathematically identical to that of Type B
isolation device with a sloping angle of 2T .

in which R is the fixed curvature radius in the range
between two inclines of the V-shaped surface of the
bearing plate. Therefore, the transmitted horizontal
and vertical acceleration responses for Type A
isolation device when the roller moves within the
fixed curvature range can be expressed as
g  
z g sgn x1

1

xg sgn x1 x1
4R

(Pr N  FD
sgn x1
M  m1

2. When the roller moves within the fixed curvature
range, without considering 
z g , Pr N and FD ,

When the roller moves within the fixed curvature
range between two inclines of the V-shaped surface, it
is rational to assume that cosT |1 and sinT | x1 / 2R




zg 

x1 

responses can behave as an ideally constant level
which is simply bounded by T . Besides, since T
is not significant in general, the transmitted
vertical acceleration responses are mainly
attributed to 
zg .

P N  FD
1
cosT sgn x1
z g sin2T sgn x1  r
 g  
2
M  m1
P N  FD
1

z g  
x sin2T sgn x1  r
sinT sgn x1
M  m1
2 g


x1  
xg


z1  
zg

4R

1. When the roller moves apart from the fixed
curvature range, without considering 
z g , Pr N
and FD , the transmitted horizontal acceleration

assuming cos 2T | 1 and sin 2T | 0 , the transmitted
horizontal and vertical acceleration responses for Type
A isolation device when the roller moves apart from
the fixed curvature range are obtained as


z1  
zg



Further discussions are described as follows:

directions together with the dynamic moment
equilibrium of m2 , neglecting m2 ˂ ʻ M + m1 ʼ , and


x1  
xg

g  
z g sgn x1


x1  
xg

(Pr N  FD
sgn x1
M  m1

4. When the roller moves within the fixed curvature
range and Pr N and FD are not considered, the
dynamic behavior of Type A isolation device with
a curvature radius of 2R should be mathematically
identical to that of Type B isolation device with a
curvature radius of R.

P N  FD ) º
1 ª
xg sgn x1  r
« 
» x1
M  m1 ¼
2R ¬

Figure 3 illustrates the free body diagram of single
roller sandwiched between a flat surface and a
V-shaped surface with a sloping angle of T in one
principle horizontal direction, i.e. Type B isolation
device. The notation definitions in Figures 2 and 3 are
identical. Similar to the above derivation for Type A

5. All the equations excluding FD can represent the
dynamic behavior of the isolation devices without
supplement sliding friction capabilities.

isolation device, and assuming cos 2 (T / 2) | 1 ,

sin 2 (T / 2) | 0 and sin 2T | 0 , the transmitted
horizontal and vertical acceleration responses for Type
B isolation device when the roller moves apart from
the fixed curvature range can be written as

x1  
xg

z1  
zg

(a) Static condition
M ʻ 
x1  
xg ʼ

P N  FD
1
sgn x1
g  
z g sinT sgn x1  r
2
M  m1
P N  FD
1
T

tan sgn x1
z g  
xg sinT sgn x1  r
2
2
M  m1

m1ʻ 
x1  
xg ʼ



f1

FD sgn( x1 )

FD sgn( x1 )


zg

The transmitted horizontal and vertical
acceleration responses for Type B isolation device
when the roller moves within the fixed curvature
range can be expressed as

f1
m2
m2 ʻ 
x2  
xg ʼ
m2 g
f2
m2 ʻ 
z2  
zg ʼ N2

z

T

xg

N1

D

f2

O

M Mg

M ʻ z1  z g ʼ

m1

m1g
m1ʻ 
z1  
zg ʼ

T

FD sgn( x2 )

FD sgn( x1 )

FD sgn( x2 )

FD sgn( x1 )

x

(b) The roller moves apart the fixed curvature range
Fig. 2 Free body diagram of Type A isolation device
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the roller moves within the fixed curvature range,
the first slops of “MultiLinear Elastic” Models for
Type A and Type B isolation devices are assigned
to be M  m1 g / 2 R and M  m1 g / 4 R ,

(a) Static condition
M ʻ 
x1  
xg ʼ

m1 ʻ 
x1  
xg ʼ

FD sgn( x1 )

f1

N1

f1

FDsgn( x1 )

zg

f2
m2 ʻ 
z2  
zg ʼ

z
T

xg

m2

m2 ʻ 
x2  
xg ʼ

f2

O

respectively. When the roller moves apart from the
fixed curvature range, the second slops of
“MultiLinear Elastic” Models for Type A and
Type B isolation devices are perfectly plastic with
constant levels of
M  m1 gsin2T ˂ 2 and

Mg

M ʻ z1  z g ʼ

D
m2 g

N2

M
m1

m1g
m1 ʻ 
z1  
zg ʼ

FD sgn( x2 )

FDsgn( x1 )

FDsgn( x2 )

FDsgn( x1 )

M  m1 gsinT ˂ 2 , respectively. No matter

when the roller moves within or apart from the
fixed curvature range, the characteristic strengths
of “Plastic (Wen)” models for Type A and Type B
isolation devices are simplified to be equal to
Pr N  FD (or Pr N without sliding friction) in

x

(b) The roller moves apart the fixed curvature range
Fig. 3 Free body diagram of Type B isolation device

which N can be further simplified to be M + m1 .

Detailed Design Requirements

Force

1. In order to have the desired self-centering
performance, the restoring force due to gravity
should be at least larger than the characteristic
strength attributed to rolling and supplemental
sliding friction forces. Therefore,

1

when the roller moves within the fixed curvature
range,

Pr N  FD 

2R
M  m1 g  
zg
4R

for Type A isolation device

for Type B isolation device

2. To ensure the rollers always in contact with the
bearing plates during rolling motions, the normal
forces N (or N1 and N 2 ) should be larger

- (Pr N  FD )

Plastic (Wen) Model

Displacement

Displacement

Fixed curvature range
Twin-Flag Hysteretic Model

Conclusions
The sloped rolling-type isolation device equipped
with two pairs of mutually orthogonal rollers, i.e. the
multi-roller isolation device, is focused in this study.
Based on the theoretical analysis results, the design
requirements are further discussed, and a simplified
twin-flag hysteretic model is proposed to represent the
hysteretic behavior of the isolation device.
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for both the isolation devices

3. The static sliding friction coefficient may be
approximated by tan I in which I is the
sloping angle of an inclined surface on which a
body can start sliding. To prevent a body from
sliding on an inclined surface, one can obtain
tanI  P s

in which P s is the nominal static sliding friction
coefficient.
4. The hysteretic behavior of the isolation device
subjected to horizontal excitations can be
simulated by a simplified twin-flag hysteretic
model consisting of “MultiLinear Elastic” Model
and “Plastic (Wen)” Model (Wen, 1976) in SAP or
ETABS program, as illustrated in Figure 4. When
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Pr N  FD

References

than zero. Therefore, further simplification leads to

zg !  g

Force

Figure 4 Simplified twin-flag hysteretic model
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Abstract

Isolation system can cut off the transmission of earthquake energy from the ground to
the superstructure but may result in excessive isolation displacement. Therefore, damping
plays an important role in isolation system. The performance of an isolation system is
worse when the damping is either too large or too small. In this study, damping of isolation
system is investigated. Under white-noise excitation, the isolation damping ratio is
optimized such that the mean square of the structural absolute acceleration is minimized.
Following the optimization procedures, the optimal isolation damping ratio can be easily
obtained by solving a fourth degree polynomial equation. The feasibility of the proposed
method is illustrated by an isolated structure subjected to 2002 Hualien earthquake.
Because the real earthquake acceleration is not white noise, the performance of the
isolation system designed from the proposed optimization process is not the best one but
very close to the best one in acceleration response. Therefore, the proposed method may be
adopted for the preliminary design of the structural isolation system.
Keywords: Isolation, Optimization, Damping

Introduction

studied the role of isolation damping for the two
reinforced concrete buildings infilled with brick
walls. In the presence of damping, resonance could
be avoided. If the excitation was dominantly
distributed in the high-frequency range, the required
isolation damping was smaller.
This study proposes an optimization procedure of
damping ratio for a structural isolation system.
Considering a damped Single-Degree-Of-Freedom
(SDOF) for the superstructure, it becomes a
Two-Degree-Of-Freedom (2DOF) system. The
damping ratio of the isolation system is optimized by
minimizing the mean-square structural absolute
acceleration subjected to white-noise ground
acceleration. Optimal isolation damping ratio is
computed by solving a polynomial equation. In
addition to the general case, two special cases are
also considered. They are the rigid-body
superstructure and the undamped superstructure. In
these two special cases, design formulas are

In passive structural control, the optimal design
of tuned mass damper is well developed (Chung et
al., 2011) but it is still developing for the structural
isolation system. Under the simplification that the
superstructure was undamped and the isolation
platform was massless, design formula for the
damping of the isolation system was developed such
that the mean-square structural absolute acceleration
is minimized (Derbyand and Calcaterra, 1970). The
effect of damping to the isolation system was studied
by random vibration and time-history analysis
(Inaudi and Kelly, 1992). In random vibration
analysis, peak structural absolute acceleration was
estimated from the statistical moments of structural
absolute acceleration under broad-band white-noise
excitation. In time-history analysis, ground
accelerations from real earthquake are used. The
required isolation damping ratio increased with the
structural damping ratio. Thakkar and Jain (2004)
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developed. Finally, the feasibility of the proposed
method is illustrated by an isolated structure
subjected to the 2002 Hualien earthquake.

structural absolute acceleration and ground excitation
in auto power spectral density function is:
2
2
(3)
S AA ( f ) H aw ( f ) SWW ( f ) H aw ( f ) SWW

Minimization of Mean-Square Structural
Absolute Acceleration

By integrating the auto power spectral density
function with respect to the excitation frequency,
mean square of the structural absolute acceleration is
obtained as:

After isolation, a single-degree-of-freedom
structure becomes a two-degree-of-freedom system.
Subjected to ground excitation, the motion equation
of the system is expressed as:
(1)
Mx(t )  Cx (t )  Kx (t )  M1 w(t )
ª xs (t ) º
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the stiffness matrix, ks is the structural stiffness,

Rf

isolation frequency,
frequency;
C

ª cs
« c
¬ s

ki m 2S is the

fs fi is the structural

ª R R]
2m(2S f i ) « m f s
¬  Rm Rf ] s

cs º
cs  ci »¼

cs / 2 ms ks

]i

ci 2 mki is

1

>1 1@

T

is

the

vector

of

where r

4 Rf2 (4] s2  1)] i3  4 Rf ] s (4] s2  Rf2  1)] i2 ½
°
°
Sf i SWW Rf ® (4] s2  4] s2 Rf2  Rf2 Rm  1)] i
¾
°
°
2
2



R
R
R
]
]
(
4
)
s
f
m
¯ f s
¿
4] s Rf2] i3  Rf (4] s2  4] s2 Rf2  Rf2 Rm )] i2 ½
°
°
2® ] s (4] s2 Rf2  Rf4  2 Rf2  2 Rf2 Rm  1)] i ¾
°
°
2
¯ ] s Rf Rm
¿

8 Rf3] s [16] s4  4( Rf2  2 Rm  2)] s2  ( Rf2  Rm  2)] ;

B2

Rf2 [64] s6  16( Rf2  5 Rm  6)] s4

2 Rf2] s [16 ( Rf2  Rm  1)] s4  4 Rf2 ( Rf2  Rm  1)] s2

 Rf2 ( Rf4  3Rf2 Rm  2 Rf2  Rm2  2 Rm  1)].
Given the structural mass ratio, structural frequency
ratio and structural damping ratio, the optimization,
eq. (6), becomes a fourth degree
polynomial
equation in isolation damping ratio. The optimal
isolation damping ratio can be solved by using the
command ‘solve’ in Matlab. Taking the frequency
ratio Rf 4.0 as an example, the variation of the

ground

optimal isolation damping ratio with the structural
mass ratio and the structural damping ratio is shown
in Fig. 1.
If there is no damping in the structure, ] s 0 , eq.
(6) can be reduced to a second degree polynomial
equation and the optimal isolation damping ratio is
solved as:
1
(7a)
] i,opt 0.5 Rm  2
Rf
If
the
structure
is
a
rigid
body,
Rf o f and Rm o 1 , the optimal isolation damping
ratio becomes:
(7b)
] i,opt 0.5 50 %

 4] s] i Rf r 2  j2 Rf (] s  ] i Rf )r  Rf2 (2)
(1  Rm )r 4  j2(] s Rf  ] i )r 3 ½
°
°
2
2
® ( Rf  4 Rf ] s] i  1)r
¾
°
°
2
¯ j2 Rf (] s  ] i Rf )r  Rf
¿
f f i is the excitation frequency ratio;

j
1 . Assume that the ground excitation is white
noise where its auto power spectral density function
is constant, SWW ( f ) SWW . The relationship between
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2

f

and
B0 ] s2 [16 Rf2] s4  4(2 Rf4  2 Rf2 Rm  2 Rf2  Rm  1)] s2

excitation.
Taking Fourier transformation to eq. (1) gives the
displacement response functions from which the
structural absolute acceleration frequency can be
derived as:

H as w ( r )

f

f i SWW ³ H aw ( r ) dr

 Rf2 Rm ( Rf2  Rm )];

 Rm Rf ] s º
Rm Rf ] s  ] i »¼

isolation damping ratio;

location

2

H aw ( f ) SWW ( f )df

B3

B1

is the structural damping ratio,
the

f

f

 4( Rf4  4 Rf2  2)] s2  Rm ( Rf2 Rm  1)];

is the damping matrix, cs is the structural damping
coefficient, ci is the isolation damping coefficient,

]s

³

where
B4 4 Rf4 [16] s4  4 Rm] s2  Rm ] ;

ks ms 2S is the structural

frequency ratio, f s

S AA ( f )df

(5)
The mean square of the structural absolute
acceleration is minimized by taking its derivative
with respect to the isolation damping ratio. It gives:
(6)
B4] i,4opt  B3] i,3opt  B2] i,2opt  B1] i,opt  B0 0

K

ki is the isolation stiffness, f i

f

f

(4)
From integration table (Newland, 1993), the mean
square of the structural absolute acceleration is:

xs (t ) is the structural displacement, xi (t ) is the
isolation displacement;
0º
0 º
ªm
ªR
m« m
M « s
»
» is the mass matrix,
¬ 0 mi ¼
¬ 0 1  Rm ¼
ms is the structural mass, mi is the isolation mass,

m ms  mi
Rm ms m

³

E{ A2 }

Case Study

acceleration ratio resulted from the optimization
procedures may not be guaranteed to be the
minimum one.

A structure is reduced to a single degree of
freedom with natural frequency f s 1.6 Hz and
damping ratio ] s 2% . When an isolation system
with frequency f i 0.4 Hz is implemented, the
structural mass ratio is Rm 0.7 and the structural
frequency ratio is Rf 1.6 0.4 4.0 . If the ground
acceleration is assumed to be white noise, solved
from eq. (6), the optimal isolation damping ratio
is ] i,opt 0.4432 . After isolation, it becomes a

Conclusions
Subjected to white-noise ground excitation,
optimal isolation damping ratio is successfully
derived such that the mean-square structural absolute
acceleration is minimized. If the structure is a rigid
body, the optimal isolation damping ratio is 0.5. If
the structure is an elastic body with no damping,
closed-form formula is derived for the optimal
isolation damping ratio. For the damped structure, a
fourth degree polynomial equation in optimal
isolation damping ratio is achieved. Given mass ratio,
frequency ratio and damping ratio of the isolated
structure, the only real root from the polynomial
equation is the solution of the optimal isolation
damping ratio.
The feasibility of the proposed optimal design of
isolation damping ratio is illustrated by an isolated
structure subjected to 2002 Haulien earthquake.
Since the real ground excitation is not a white noise
signal, the structural absolute acceleration increases
by 6% but the isolation displacement decreases by
25% when compared with the design with minimum
mean-square structural absolute acceleration for that
the ground acceleration in 2002 Hualien earthquake.
The white noise ground excitation is uniformly
distributed in the frequency domain. Thus, the
proposed optimal design of the isolation system is so
generic to be applicable for earthquakes with
different frequency contents. Moreover, the
assumption of white noise ground excitation makes
the derivation of optimal isolation damping ratio
simple. However, real earthquakes are not white
noise. Therefore, the suppression in structural
acceleration for the isolation system designed by the
propose optimization procedure may not be as good
as that designed for a specific ground excitation.

two-degree-of-freedom
system.
From
the
characteristics analysis of the mass matrix M and
the stiffness matrix K , the first and second modal
frequencies are 0.391 Hz and 2.99 Hz, respectively,
and the corresponding mode shapes are

>1

0.941@ and >1 2.48@ . Since the damping
T

T

matrix is not proportional, characteristics analysis is
further conducted in the state space to get the first
and second modal damping ratios 0.4213 and 0.1804,
respectively.
The ground acceleration recorded at Station
TAP097 in March 31, 2002 Hualien earthquake (Fig.
2) is scaled to peak ground acceleration
wpeak 3.14 m s 2
and
root
mean
square
wrms 0.397 m s 2 . Before isolation, the peak
structural
absolute
acceleration
is
2
as,peak 14.06 m s
and
root
mean
square
as,rms

2.146 m s 2 (Fig. 3). The peak structural

displacement is xs,peak
square xs,rms

0.139 m and root mean

0.0212 m (Fig. 4). After isolation with

optimal
damping
ratio,
the
peak
and
root-mean-square structural absolute accelerations
are as,peak 1.731m s 2 and as,rms 0.253m s 2 which
are 12.23% and 11.79 % of those without isolation
(Fig. 3). The peak and root-mean-square structural
relative
displacements
are,
respectively,
( xs  xi ) peak 0.017 m and ( xs  xi ) rms 0.0025 m ,
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Phase Control for Semi-active Tuned Mass Damper
Lap-Loi Chung1 , Lai-Yun Wu2 , Yong-An Lai3, Kuan-Hua Lien4
ᗛҥٰ 1ǵֆᒘ 2ǵᒘ߿Ӽ 3ǵೱ߷ 4
Abstract

The present study aims at proposing the phase control for semi-active tuned mass
damper (SATMD). At first, the phase control algorithm is developed. The principle of
phase control is to apply the control force at specific moments to slow down the mass block
velocity and bring the TMD back to the 90° phase lag (-90° phase deviation). Thus, the
SATMD has the maximum power flow to reduce the structural vibration. Then the SATMD
and optimal passive tuned mass damper (PTMD) are, respectively, implemented on the
structure of Taipei 101 which is simplified to single degree of freedom structure subjected
to the sinusoidal wind force and design wind force. The numerical simulation results shows
that by the phase control, the SATMD can bring the mass block movement back to close to
90° phase lag under excitations of different frequencies. The SATMD with phase control
not only has better performance than the optimal PTMD, but also improves the robustness.
Therefore, even though the SATMD is off-tuned to the structure, it has well performance to
suppress the structural vibration.
Keywords: Tuned mass damper, Semi-active, Structural control, Phase control

Introduction

(PTMD). At first, the phase control algorithm is
proposed. The principle of phase control is to apply
the control force at specific moments such that the
applied control force can slow down the mass block
velocity to bring the TMD back to the 90° phase lag.
The magnitude and opportunity of control force
application are presented in the algorithm. After the
numerical simulation of sinusoidal wind force is
studied, the frequency response functions of the
SATMD are totally smaller than the PTMD. The
structure subjected to the design wind force is also
simulated. It is verified that the phase control principle
works under the real wind force and has better
performance than the optimal TMD. In the end, the
sensitivity analysis is studied. From the result of the
sensitivity analysis, the SATMD with phase control is
less sensitive to the TMD frequency ratio. Thus, the
off-tuned effect can be minimized.

According to the power flow theory (Soong and
Dargush, 1997), the tuned mass damper (TMD) has
the best performance to suppress the vibration when
the TMD has 90° phase lag (-90° phase deviation) to
the structure. Therefore, the authors develop an
algorithm to control the phase of TMD. To make the
TMD mass block movement with 90° phase lag to the
structure, control force is applied to slow down the
TMD mass block velocity. The effectiveness of the
proposed control algorithm is observed.
In this study, the device for semi-active tuned mass
damper (SATMD) is assumed to be the friction device
with variable normal force to slow down the mass
block velocity. The friction device is like a brake
mechanism. The control force is applied by the
friction force to make the mass block movement with
90° phase lag to the structure. The Taipei 101
structure is turned into a single-degreed-of-freedom
(SDOF) structure implemented with the SATMD and
compared to the optimal passive tuned mass damper
1
2

Motion Equation
After a SATMD is attached to a SDOF structure,

Research fellow, National Center for Research on Earthquake Engineering, chung@ncree.narl.org.tw

Emeritus Professor, National Taiwan University
3
Ph.D. student, Department of Civil Engineering, National Taiwan University
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as
shown
in
Fig.
1,
it
becomes
a
two-degreed-of-freedom (2DOF) system. The
equation of motion of the system can be expressed as:

ªm
M « d
¬0

0º
»
ms ¼

Bd

is the mass matrix of the system,

ªc
C « d
¬c d

c d º
»
c d  cs ¼

When the external force is in resonance to the
structure, the TMD has the best performance and just
90° phase lag to the structure. In this case, the
following characteristic is observed: when the
displacement of the structure is 0, the relative
displacement (stroke) of the TMD is the maximum
(the relative velocity of the TMD is 0). Once the
external force is not in resonance to the structure, the
TMD loses its efficacy. In this case, the phase
deviation of the TMD to the structure is no longer -90°.
When the frequency of the external sinusoidal force is
lower than the structural natural frequency, the phase
deviation is between 0° and -90° (phase leading).
When the frequency of external force is higher than
the structural nature frequency, the phase deviation is
between -90° and -180° (phase lagging). Therefore,
the control strategy for the SATMD to bring the mass
block back to 90° phase lag is proposed for the cases
of “phase leading” and “phase lagging” as follows:

is the damping matrix of the

system, cd is the TMD damping coefficient, cs is
the
SDOF
structural
damping
coefficient;
K

kd

ª kd
«
¬ k d

k d º
»
k d  ks ¼

is the stiffness matrix of the system,

is the TMD stiffness and ks is the SDOF
ª x (t ) º

structural stiffness; x(t ) « d » is the displacement
¬ xs (t ) ¼
vector of the system, xd (t ) and xs (t ) are,
respectively, the TMD displacement and the SDOF
structural displacement; u (t ) is the semi-active
control force;

ª1º
« 1»
¬ ¼

b

is the control force location

vector; w(t ) is external disturbances;

ª0 º
« »
¬1 ¼

e

is the

wind force location vector.
xd (t )




xs (t )

 

u1 (t )

cd 

md



1. When the external frequency is 0.95 times of the
structural frequency, the responses of TMD relative
displacement and structural displacement are shown in
Fig. 2a. At specific moments (a) and (b) in Fig. 2a, the
TMD relative displacement xs  xd is the maximum
(the TMD relative velocity xs  xd is 0) and the
structural displacement xs is still decreasing but not
0. At these moments, the phase of TMD to the
structure is between 0° and -90° (phase leading), not
just 90° phase lag. Therefore, control force is applied
to stop the TMD motion at these moments in order to
keep the TMD relative velocity 0 until the structural
displacement xs is 0. Thus, the TMD will be back to
90° phase lag to the structure.







kd

cs







w(t )

ms



ks





Fig. 1 Model of SDOF structure with attached TMD
The motion equation can be expressed as
state-space form:
z (t )

where
A

z (t )

ª x(t ) º
« x (t ) »
¬
¼

I º
ª 0
«
1
1 »

M
K

M
C¼»
¬«

(2)

Az (t )  Bu (t )  Ew(t )

is

the

state

is the system matrix;

2. When the external frequency is 1.05 times of the
structural frequency, the responses of TMD relative
displacement and structural displacement are shown in
Fig. 2b. At specific moments (c) and (d) in Fig. 2b, the
structural displacement xs is 0, but the TMD relative
displacement xs  xd is still increasing (the TMD
relative velocity xs  xd is decreasing, but not 0). The
phase of TMD to structure is between -90° and -180°
(phase lagging). Thus, the control force is applied to
stop the TMD motion at these moments in order to
decrease the TMD relative velocity to 0. Therefore,
TMD will turn around and back to 90° phase lag to the
structure.

vector;
B

ª 0 º
« 1 »
¬«M b ¼»

is the state-space control force location vector;
E

ª 0 º
« 1 »
¬«M e ¼»

is the state-space wind force location

vector.
Assume that the semi-active control force u (t )
and the external disturbances w(t ) in one sampling
period 't both are piecewise constant. The
discrete-time state-space equation can be expressed as:
z[k  1] A d z[k ]  Bd u[ k ]  Ed w[k ]

Therefore, no matter the TMD is “phase leading”
or “phase lagging”, control force is applied to slow
down the TMD relative velocity to 0 at specific

(3)
58

58

is the discrete-time control force

Phase Control Algorithm for SATMD

md is the TMD mass, ms is the SDOF structural

mass;

A 1 ( A d  I ) B

location vector; Ed A 1 ( Ad  I)E is the discrete-time
wind force location vector.

(1)

(t )  Cx (t )  Kx(t ) bu (t )  ew(t )
Mx

where

where Ad eA't is the discrete-time system matrix;

moments. To determine whether control force is
applied at the current step k or not, the states of the
next step zˆ[k  1] are estimated by neglecting the
external disturbances as:
zˆ[k  1]

A d z[ k ]

Therefore, the procedures for phase control of the
TMD are: to anticipate the responses of next step by
eq. (4), to compute the sign convention G by eq. (5),
to estimate the control force by eq. (7), to determine
the control force by eq. (8), and to calculate the states
of the next step by eq. (3). The procedures are
repeated to complete the time-history analysis.

(4)

time (sec)

1
{1  sgn( xˆs [k  1]) u sgn( xˆd [ k  1]  xˆs [ k  1])} u
2
(5)
1
{1  sgn( xˆs [k  1]) u sgn( xˆd [k  1]  xˆs [k  1])}
2

(a) The external frequency is 0.95 times of the
structural frequency

When G 1 , the control force is applied to stop the
TMD movement ( u[k ] z 0 ). When G 0 , no control
force is applied ( u[k ] 0 ).
After the control force uˆ[k ] is applied at the k-th
step, the TMD relative velocity at the ( k+1)-th step is
0:
d1z[ k  1] 0

where d1 [0 0
location vector.

1 1]

time (sec)

(b) The external frequency is 1.05 times of the
structural frequency

(6)

Fig. 2 TMD relative displacement (stroke) and
structural displacement time history

is the TMD relative velocity

Numerical Verification

Substituting eq. (3) to eq. (6), the control force
is estimated by neglecting the external
disturbances term as:
uˆ[k ]

uˆ[k ] (d1B d )1d1 ( A d z[ k ])

The Taipei 101 is turned into a SDOF structure
with the structural frequency fs 0.1425 Hz and
structural damping ratio ] s 0.02. Subjected to the
sinusoidal wind force and design wind force,
structural responses are investigated for three cases: (1)
with linear optimal PTMD, (2) with SATMD and (3)
w/o TMD.

(7)

The estimated control force uˆ[k ] is assumed to
stop the TMD movement in one sampling period 't .
Therefore, the estimated friction force may be very
huge. The semi-active device output power may not
achieve the estimated control force. For this reason,
the actual outputs of the semi-active friction force
have to be limited.

The linear optimal PTMD with mass ratio Rm
1.25% is designed according to the optimal design
formulae to minimize the mean square of the
structural acceleration. The optimal PTMD frequency
ratio ( Rf )opt
is 0.9987 and the optimal PTMD
PTMD
damping ratio (] d )opt
PTMD is 0.0507.

If the estimated control force uˆ[k ] is over the
maximum output force umax of the semi-active
device, then the actual output control force
u[k ] sgn(uˆ[k ])umax . If the estimated control force
uˆ[k ] is under the maximum output force umax , then
the actual output control force u[k ] uˆ[k ] . In the end,
the sign convention G and the estimated control force
uˆ[k ] can be simplified as one equation to compute the
control force u[k ] as:
1
u[k ] G ® uˆ[k ] u ª¬1  sgn(umax  uˆ[k ] ) º¼ 
¯2
1
½
sgn(uˆ[k ])umax u ¬ª1  sgn( uˆ[ k ]  umax ) ¼º ¾
2
¿

Structure
TMD

Displacement (m)

G

Structure
TMD

Displacement (m)

When the signs of structural displacement and the
TMD relative velocity are opposite and the signs of
the structural velocity and the TMD relative
displacement are opposite too, it is the moment to
apply the control force to bring the TMD back to 90°
phase lag. To determine the control force is applied or
not, sign convention G is introduced as:

The mass ratio of SATMD Rm is also 1.25%.
Since the frequency ratio of TMD is very close to 1,
the frequency ratio of SATMD is assigned as 1. With
semi-active device, no extra damping is needed and
small inherit damping ratio 0.005 is assigned to the
SATMD. The maximum output of the control force
umax is limited to be the 1/100 times of the weight of
the TMD mass block.

(8)

Sinusoidal wind force vibration
The Taipei 101 structure is subjected to the
external sinusoidal wind force with amplitude 20 tonf
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and sampling period 't 0.05 sec. For simulation, the
external sinusoidal force frequency ranges from 0.8
and 1.2 times of the structural frequency. The
structural displacement and acceleration frequency
response functions are plotted by dividing the
corresponding maximum responses by the amplitude
of the external sinusoidal force at different frequencies
for the cases w/o TMD, with optimal PTMD and with
SATMD.

When the TMD damping ratio ] d is unchanged but
the frequency ratio Rf varies beyond r10% , the
PTMD performance is not effective. However, the
SATMD is still effective when the frequency ratio
varies in the range r30% . The SATMD is not
sensitive with the frequency ratio. Even off-tuned to
the structural frequency, the SATMD has well
performance to suppress structural vibration.

Fig. 3 shows the structural displacement frequency
response function and Fig. 4 shows the structural
acceleration frequency response function. The
frequency response of the SATMD is always smaller
than the optimal PTMD and the peak of frequency
response of the SATMD is almost half of the optimal
PTMD. The optimal PTMD is effective only in the
range from 0.95 to 1.05 times of structural frequency.
Like MTMD (Multiple Tuned Mass Dampers), the
effective range of SATMD is broadened to the range
from 0.90 to 1.10 times of structural frequency.

Table 1. Taipei 101 structural responses
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Fig. 4 Acceleration frequency response function
Design wind force vibration
The Taipei 101 is subjected to the design wind
force with return period of half a year. Without
implementing the TMD, the peak of structural
acceleration is 6.53 cm/sec2, over 5 cm/sec2 (gal), and
the requirement of comfort is not satisfied.

37.75
w/o TMD
PTMD
SATMD

0.06
0.05
0.04
0.03
0.6

0.7

0.8

0.9

1
Rf

1.1

1.2

1.3

1.4

In this study, the phase control for SATMD is
presented. To observe the effectiveness of phase
control, the SATMD is tested by numerical
simulations. According to the results of the numerical
simulations, the effectiveness of phase controlled
SATMD has well performance and some conclusions
are drawn as follows:
1. The frequency response functions of the SATMD
with phase control are smaller than the optimal PTMD
and the peak of frequency response functions of the
SATMD are only half of that of the optimal PTMD.
Therefore, the SATMD is more effective than the
PTMD in suppressing the structural vibration.
Moreover, compared with the optimal PTMD, the
effective frequency range of SATMD is broadened
under phase control like the MTMD.

After implementing the optimal PTMD, under the
design wind force, the peak of structural acceleration
is 4.47 cm/sec2, about 68.5% of the one w/o the TMD.
The peak of structural displacement is 5.87 cm, about
74.8% of the one w/o the TMD.

2. According to the sensitivity study, the SATMD
with phase control can improve the weakness of
PTMD which is sensitive to the frequency ratio. Thus,
the off-tuned effect can be eliminated.

For the structure implemented with the SATMD,
under the design wind force, the peak of structural
acceleration is 3.96 cm/sec2, about 60.6% of the one
w/o the TMD. The peak of structural displacement is
4.61 cm, about 58.7% of the one w/o the TMD. After
implementing the SATMD, the Taipei 101 structural
peak acceleration is less than 5 cm/sec2 (gal) and the
effectiveness to suppress the structural vibration is
better than the optimal PTMD (Table 1).
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The sensitivity of frequency ratio is shown in Fig.5.
60
60

27.05

Conclusion

2

0.85

—

Fig. 5 Sensitivity analysis of frequency ratio

w/o TMD
PTMD
SATMD

0
0.8

4.61

0.07

1.2

-3

3

5.87

stroke (cm)

x 10

4

7.85

TMD maximum

Fig. 3 Displacement frequency response function
5

3.96

Structural peak

2

0.85

4.47

displacement (cm)

1.5
0
0.8

6.53

SATMD

(cm/sec2)

w/o TMD
PTMD
SATMD

3

PTMD

acceleration

x 10

4.5

optimal

Structural peak

-3

6

w/o
TMD

Optimum Frequency Ratio and Damping Ratio for
Tuned Mass Damper in Seismic Force
Lap-Loi Chung1, Ting-Yu Ku2, Yong-An Lai2, and Lai-Yun Wu3
ᗛҥٰ 1ǵ៝ᆶ 2ǵᒘ߿Ӽ 2ǵֆᒘ 3
Abstract

The effect of the installation of tuned mass damper (TMD) to reduce building vibration
due to wind force has been affirmed. However, the application due to seismic force is still
in development. Whether the TMD can achieve the proper effect is dependent on its design
parameters, the frequency ratio and TMD damping ratio. For this reason, this article aims
to obtain the optimal TMD parameters for the damped structure subjected to the white
noise earthquake to minimize the mean square of the structural absolute acceleration.
However, for the damped structure, the closed-form solution of the optimal design
parameters cannot be obtained. Therefore, an iteration method to solve two nonlinear
equations for the optimal design parameters is proposed.
Keywords: Tuned mass damper, Seismic force, Mean square minimization, Frequency ratio,
TMD damping ratio, Optimum design

Introduction

verify that this optimal design method is feasible.

The vibration reduction effect of tuned mass
damper (TMD) depends on its design parameters,
frequency ratio and TMD damping ratio. The TMD
effectiveness is quite sensitive to the design
parameters, especially to the frequency ratio (Chung,
et al. 2011). If the TMD is poorly designed, not only
the effectiveness is greatly reduced but also the TMD
becomes an additional burden to the structure.

Motion Equation
A TMD is installed on a SDOF structure, and it
becomes a two-degree-of-freedom sysytem (Fig. 1).
Under ground acceleration w(t) due to seismic
excitation, the motion equation of the system is
(t )  Cx (t )  Kx(t )
Mx

In this study, the TMD is installed in
single-degree-of-freedom (SDOF) structure under
white noise ground acceleration. The mean-square of
structural absolute acceleration can be derived from its
frequency response function. Then the mean square of
structural absolute acceleration is taken partial
differentiation with respect to frequency ratio and
TMD damping ratio. The mean square of the
structural absolute acceleration is minimized to get the
optimal design parameters. For the damped structure,
there is no closed-form solution to obtain the optimal
design parameters. Therefore, iterative method is
proposed to obtain the optimal design parameters.
Finally, the responses under white noise ground
acceleration and El Centro earthquake are simulated to
1
2
3

(1)

Mw(t )

ª x (t ) º

where x(t ) « d » is the displacement vector of the
¬ xs (t ) ¼
system, xd(t) and xs(t) are, respectively, the TMD
displacement and the structural displacement;
M

ª md
«
¬ 0

0º
»
ms ¼

ªR
ms « m
¬ 0

0º
» is the mass matrix of the
1¼

system, md is the TMD mass, ms is the structural mass,
Rm = md / ms is the mass ratio of TMD and structure;
K

ª kd
«
¬ k d

k d º
»
kd  ks ¼

ms 2S f s

2ª

R m Rf2
«
«¬  R m Rf2

 R m Rf2 º
»
R m Rf2  1»¼

is the stiffness matrix of the system, kd is the TMD
stiffness and ks is the structural stiffness,
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Graduate Student, Department of Civil Engineering, National Taiwan University
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ks ms 2S is the structural natural frequency,

fs

E{ As2 }

Rf = fd / fs is the frequency ratio of TMD and structure,
fd
kd md 2S is the TMD natural frequency;
C

ª cd
« c
¬ d

cd º
cd  cs »¼

ªR R]
2ms (2S fs ) « m f d
¬  Rm Rf ] d

³

f

E{ As2 }

is the TMD damping ratio, ] s cs 2 ms ks is the
T
>1 1@ is the location

C ( Rf , ] d )

A(r )

r 4  jr 3 2 Rm Rf ] d  2] s  2 Rf ] d

2

2

H as w ( f ) SWW

S ww f s

(5b)

S (4[ s 2  1)
2[ s

(6)

F6 Rf 6  F5 Rf 5  F4 Rf 4  F3 Rf 3  F2 Rf 2  F1Rf  F0
G4] d 4  G3] d 3  G2] d 2  G1] d  G0

0

0

(7a)
(7b)

where the coefficients F6, F5, F4, F3, F2, F1, F0, G4, G3,
G2, G1 and G0 are listed in Table 1.

(3)

Once the structural damping ratio ȗs and TMD
mass ratio Rm are known, the optimal TMD frequency
ratio Rf,opt and damping ratio ȗd,opt can be solved by the
simultaneous eqs. (7a) and (7b). However, eqs. (7a)
and (7b) are nonlinear equations so that iteration
method is proposed for practicing engineers to find the
optimal design parameters of TMD.

where S As As ( f ) is the auto power spectral density
function of the structural absolute acceleration, and
H as w ( f ) is the frequency response function of
structural absolute acceleration.
After this function is taken integration of the
ground acceleration frequencies, the mean square of
the structural absolute acceleration E{As2} can be
obtained as:
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2

The mean square of structural absolute
acceleration E{As2} (eq.5) is taken partial
differentiation with respect to the frequency ratio Rf
(eq.7a) and the TMD damping ratio ȗd (eq.7b),
respectively, and both set to be zero in order to find
the optimal design parameters for the TMD.

(2b)

Suppose the ground acceleration w(t) is white
noise so that the frequency content is uniformly
distributed. Therefore, the auto power spectral density
function of the ground acceleration is constant, that is
SWW(f) = SWW . Using the ground acceleration as input
and the structural absolute acceleration as output, the
relationship between two auto power spectral density
functions is
1  H xs w ( f ) SWW ( f )

(5)

If the TMD is not installed on the structure, that is
RmШ0, RfШ0 and ȗdШ0, the system becomes a SDOF
structure. Therefore, the mean square of structural
absolute acceleration E{As2} (eq.5) can be simplified
as:

 jr 2 Rf ] d  2 Rf2] s  Rf2

S As As ( f )

ʌf s SWW D ( Rf , ] d )
C ( Rf , ] d )

2 Rm  1 ] d] s Rf 4

E{ As2 }w/o TMD

 r 2 Rm Rf2  1  4 Rf ] d] s  Rf2

(4)

 2(4] s 2  Rm )] d 2 Rf  2] d] s

(2a)

1

2

H as w (r ) dr

 4(2 Rm] d 2  2] s 2  2] d 2  1)] d] s Rf 2

where

 r 2  Rm Rf2  Rf2 , j

f

 2( Rm  4] d 2  4 Rm] d 2 )] s 2 Rf 3

(2)

r 4  jr 3 2 Rm Rf ] d  2 Rf ] d

f

ª Rm  1 2  4] s 2 Rm  1 º ] d Rf 4
¬
¼
2
2
 ª¬ Rm  4] d Rm  1  4] s Rm  4] d 2 º¼ ] s Rf 3
(5a)
 ª¬ 4] d 2 Rm  1  4] s 2 4] s 2  4] d 2  1  Rm  2 º¼ ] d Rf 2
 (16] s 2  4)] d 2] s Rf  4] d] s 2  ] d

s

B (r )

³

D ( Rf , ] d )

Taking the Fourier transformation of the eq. (1),
the relationship between the acceleration vector and
the ground acceleration in the frequency domain can
be obtained. To simplify the expression, the frequency
of ground acceleration is normalized by the frequency
ratio r which is the ratio of the ground acceleration
frequency and the structural frequency, that is r = f / fs.
The frequency response function of structural
acceleration H x w (r ) is
H xs w (r )

fs SWW

where

vector of the seismic force which affect on both the
TMD and the structure.

B (r )
A(r )

S As As ( f )df

After substituting eq. (2) into the above equation
and expanding by the integral table (Newland, 1993),
the mean square of structural absolute acceleration can
be obtained as:

 Rm Rf ] d º
Rm Rf ] d  ] s »¼

is damping matrix, cd is TMD damping coefficient and
cs is structural damping coefficient, ] d cd 2 md kd
structural damping ratio; 

f

Table 1. Coefficients of eq. (7a) and eq. (7b)
8] d Rm 2] s 4 ( Rm  1)

F6
F5

F4

xd (t )

xs (t )

2
4 Rm] d 2] s ª Rm  1  16] s 4 Rm  1  8] s 2 Rm  1 º
¬
¼

w(t )

] d 2 Rm  1 ª3 Rm  1  16] s 4  16] s 2 º ½
¬
¼°
°
2 Rm] d ®
¾
2
2
2
2
ª
º
°¯] s ¬ Rm  16] d ] s Rm  4] s ¼
°¿

cd 






md



kd




ms



ks
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º
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Fig. 1 Model of SDOF structure with attached TMD

F3

F2

ª 4] d 2 Rm  1  32] s 4 2] d 2  1
2 Rm] d 3 «
« 8] s 2 2] d 2  1  Rm  2
¬

º
»
»
¼

A three-story benchmark steel frame in the
National Center for Research on Earthquake
Engineering is simplified as a SDOF structure with
first modal mass ms =10.6853 ton, first modal stiffness
ks =453.4618 kN/m, damping coefficient cs =2.7745
kN-sec/m, natural frequency fs =1.0368 Hz and
damping ratio ȗs =0.0199.

F1

Numerical Verification

4 Rm] d 2] s 16] d 2] s 2  1
F0

2 Rm] d 3 4] s 2  1

8 Rf 2 ª« Rm  1  4] s 2 4] s 2  1 º»
¬
¼
G3 16 Rf ] s ª« Rf 2 Rm  1  4] s 2 4 Rf 2] s 2  2 Rf 2  1 º»
¬
¼
2
4ª
4
2
º
G2 2 Rf «  Rm  1  16] s 2 Rm  4] s  3 »
¬
¼
G4

The TMD is installed in the structure, and the mass
ratio is Rm =0.01. The optimal TMD design is
conducted by iteration. The optimal frequency ratio
Rf,opt = 0.9916 and TMD damping ratio ȗd,opt = 0.0498
(Table 4).

 2 Rf 2 ª« Rm  2  8] s 2 4] s 2  1 º»  8] s 2  2
¬
¼
G1 4 Rf 3 Rm] s 16 Rf 2] s 4  4] s 2  1
G0

Random signal is generated as ground acceleration
by using the Matlab command called ‘randn’
(MATLAB, 2010). It lasts for 600 seconds, the peak
and the root-mean-square (RMS) are respectively
apeak 4.1173 m/sec2 and arms 1.0830 m/sec2.

2 Rf 4 Rm] s 2 ª 4 Rf 2] s 2 Rm  1  1º
¬
¼

Iteration

Before the TMD is installed on the SDOF structure,
the peak of structural absolute acceleration as,peak =
7.2179 m/sec2, and RMS of structural absolute
acceleration as,rms = 2.1586 m/sec2 (Table 4). The
optimal designed TMD is installed in the SDOF
structure and these becomes a two-degree-of-freedom
system. The peak of structural absolute acceleration
as,peak is reduced to 5.0486 m/sec2, which is 69.95% of
the structure without TMD, and the RMS of structural
absolute acceleration as,rms is reduced to 1.5165 m/sec2,
which is 70.25% of the structure without TMD (Table
4).
The structure is also excited by the El Centro
earthquake. Without installing the TMD, the peak of
structural absolute acceleration as,peak = 7.0929 m/sec2,
and RMS is as,rms =1.6744 m/sec2 (Table 4). After
installing the TMD, the peak structural absolute
acceleration as,peak is reduced to 5.8608 m/sec2, which
is 82.63 % of the structure without TMD, and the
RMS of structural absolute acceleration as,rms is
reduced to 1.1612 m/sec2, which is 69.35 % of the
structure without TMD (Table 4).

Generally, the TMD frequency is tuning to the
natural frequency of structure. Therefore, the optimum
frequency ratio is close to 1, that is Rf,optЍ1. The
iterative process is as follows:
(1) Set iteration step i=0, the initial guess of optimal
frequency ratio Rf,opt(i) =1.
(2) Substituting Rf,opt(i) into eq. (7b), the optimal TMD
damping ratio ȗd,opt(i) can be solved.
(3) Substituting ȗd,opt(i) into eq. (7a), the optimal
frequency ratio Rf,opt(i+1) can be solved.
(4) Substituting Rf,opt(i+1) into eq. (7b), the optimal
TMD damping ratio ȗd,opt(i+1) can be solved.
(5)

 

cs



If

1)
Rf,(i opt
 Rf,(i )opt

Rf,(i )opt  H f

and

1)
] d,(i opt
 ] d,(i )opt ] d,(i )opt  H ] , then stop.

(6) If not, let i = i +1 and go to step (3).
where İf and İȗ are the acceptable range.

Under white noise ground acceleration and El
Centro earthquake, the feasibility of the proposed
optimal design method is illustrated (Fig. 2 and 3) by
the structure implemented with TMD. The results can
be found that the optimal frequency ratio and TMD
damping ratio are very close to the actual optimal
design values.

After the above process, some results are archived
to Tables 2 and 3. It can be found that the optimal
frequency ratio and TMD damping ratio are more
sensitive to the change of the mass ratio Rm than to the
change of the structural damping ratio ȗs.
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Application of Operational Modal Analysis on Structural
Health Monitoring
Chi-Hao Chen1

Tzu-Kang Lin2

Abstract

Structural health monitoring (SHM) is an interdisciplinary research which has been
developed on aerospace, mechanical engineering dramatically. However, due to the
unsolvable limitations and difficulties on most of the existing methods, the Natural Excitation
Technique – Eigen system Realization Algorithm (NExT-ERA) of operational modal analysis
(OMA) is used to replace the traditional modal analysis methods in this study. Furthermore,
the performance of the proposed SHM system is enhanced by introducing the Wavelet Packet
Decomposition (WPD) on the acceleration data recorded. The performance of the developed
algorithm was verified by the shake table database from National Center for Research on
Earthquake Engineering (NCREE).
Keyword: Structural Health Monitoring, Operational Modal Analysis, Wavelet Packet
Decomposition

Introduction

and modes. [3]. The basic theory of NExT-ERA is
described as follows:

Nowadays, most of the traditional SHM method
is conducted based on experiment modal analysis,
which has difficulties on time and manpower
consuming to do real-time structural condition
assessment in practical application. As a result, the
main purpose of this study is to create a novel SHM
system with real-time and reliable characteristics for
practical application.

A linear multi-degree-of-freedom
system can be expressed as

Mx(t )  Cx (t )  Kx(t )

rewritten as

 (W )  CR (W )  KR (W ) 0
MR
xxi
xxi
xxi

The proposed SHM algorithm

(2)

As the solution of R in equation 2 is the
correlation function, the purpose of the NExT
process is to obtain the correlation function
from the raw data. The correlation function is
then processed by the ERA method to build the
Hankel Matrix as shown in figure 1.

Operational Modal Analysis
OMA is a method processing the ambient
vibration data of structural output only with more
efficiency and reliability than traditional methods
[1][2].
In this study, the two-stage NExT-ERA method
is used for operational modal analysis; first analyzing
the acceleration data for its corresponding functions
by NExT then obtaining the structural frequencies

2

(1)

Where M, C, K respectively represents the mass,
damping and stiffness matrix. X’’, X’ and X
represent acceleration, velocity and displacement of
the structure. The displacement and velocity in
equation 1 can be expressed by using the
acceleration data. Furthermore, by calculating the
expect value of each term, equation 1 can be

To solve this problem, the OMA is used as the
theoretical foundation to analyze the vibration signal
collected with the support of WPD to filter out the
most proper data range for diagnosis algorithm of the
proposed SHM system. Verification of the system
was then conducted by the experimental data from
NCREE.

1

f (t )

(MDOF)

Undergraduate Student, Department of Civil Engineering, National Taiwan University
Researcher, National Center for Research on Earthquake Engineering
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As shown in figure 2, the vibration data are
divided into 2n signals when the process runs to the
nth level. The energy of every single signal can be
obtain as
Figure 1

To extract the mode shape and frequency of the
structure, the Hankel matrix is decomposed by
applying Singular Value Decomposition (SVD) as
shown in equation 3. Then the decomposed matrix is
transposed by the state-space matrix as shown in
equations 4 to 6

H (0) PDQT
Aˆ Dn1/ 2 PNT H (1)Qn Dn1/ 2
Cˆ E T P D 1/ 2
n

ˆ
* Ĉ)
where

n

n

f

f

f ji (t ) 2 dt

(9)!

Every signal is ranked by the energy value, and
the top m signals are selected to recompose the
acceleration time history as

f (t )

m

¦f
i 1

(3)

i
j

(t )

(10)!

By applying Equation 10, the noise can be
filtered out, and the reliable signal is selected [4]/

(4)
(5)

Experimental Verification

(6)

A series of ambient vibration experiment was
conducted on the scaled-down six-floor specimen at
NCREE shown in figure 3 to verify the SHM theory.
Each floor in the scaled down structure was deployed
by a partition with different thickness to simulate
different damage cases as shown in table 1.

is the characteristic vector matrix of

state space matrix .
The characteristic function composed of the
modal characteristic and eigenvector can be shown
as
( K  O j M )I j 0
(7)!
where

³

E ij

The Hankel Matrix

denoted as the Eigen value of modal

matrix, and

is the Eigenvector of modal matrix.

The structural stiffness matrix can be finally
obtained herein

K

'1/

(8)

Figure 3 The six-story specimen

Wavelet theory!
The WPD in this research is used as a filter to
deal with the raw data with high pass filter and low
pass filter.
Figure 2 Wavelet packet decomposition
flowchart
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Figure 5 Detection result of case 3

Table1 Damage case and the corresponding location
Floor\Case

1

2

3

4

5

6

7

8

6F

B3

B3

B3

B3

B3

B3

B1

B3

5F

B3

B3

B3

B3

B3

B3

B3

B3

4F

B3

B3

B3

B3

B3

R

R

R

3F

B3

B3

B3

B2

B3

B3

B3

B3

2F

B3

B3

B2

B1

B3

B3

B3

B3

1F

B3

B2

B1

R

B3

R

R

B3

!

Figure 6 Detection result of case 4

In table 1, case 1 and case 5 indicate no damage
where B3 represents the cross section area of
100mm*10mm. The cross section area of B2 is set as
100mm*5mm and B1 as 100mm*3mm to simulate
the damage condition. Moreover, the symbol R
means that the floor does not have any partition on it.
The specimen was excited by white noise with peak
ground acceleration (PGA) value 100gal, and the
structural response was recorded under sampling
ratio of 200Hz. The time history period is set to 133
sec.

Figure 7 Detection result of case 5

Experimental Results
The stiffness of each damage cases was
compared with the undamaged case1 by shifting each
damage stiffness with the case1 stiffness. The value
obtained was then divided by case1 stiffness to
estimate the loss percentage on structural stiffness as
shown in figures 4 to figure 10.

Figure 8 Detection result of case 6

Figure 4 Detection result of case 2

Figure 9 Detection result of case 7

67
67

of Structural Engineering Volume 130, Issue 7,
pages 1055-1062.

Figure 10 Detection result of case 8
Figures 4 to figure 10 indicate that the stiffness
loss in each floor can be identified by the proposed
SHM system. Comparison the between the
undamaged case1 and case5 shown in figure7) also
proved that this method is reliable. The structural
damage detection can be observed by the structural
stiffness loss percentage. The results clearly indicate
the floors with stiffness loss percentage more than
50%, which are case4 shown in figure 6, case6 in
figure8, case7 in figure9, and case8 in figure10. This
demonstrates that the system can not only detect the
structural damage location but can also identify the
damage level by the structural stiffness loss.

Conclusions
In this research, OMA is used to develop a new
SHM system. The correlation functions is first
obtained and transferred into model parameters using
singular value decomposition and matrix transform.
Finally the stiffness value can be computed by least
square method. The developed system can detect
both the damage location and the damage level.
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A Study on Program for the Spring Element and the
Parameters of Soil Spring Model on the Buried Pipeline
Ren-Zuo Wang 1, Bing-Chang Lin2, Xin-Han You3
ЦϘ 1ǵ݅ࣂܱ 2ǵЀߞᑣ 3
Abstract

In this project, the main object of this study is to add the numerical codes into the
multi-physics coupling simulation platform (MPCSP) in NCREE. Adding codes in MPCSP
include the spring element by using the vector form intrinsic finite element (VFIFE) method
and ASCE (1984) soil spring model of the buried pipeline. In ASCE (1984) soil spring, two soil
parameters such as the soil cohesion and friction angle need to be determined. In this study, in
order to easy to use soil spring model, the standard penetration test and empirical formula from
experimental data can be used to compute two soil parameters. In addition, the applicability of
empirical formula, the results of the geological drilling data from NCREE are compared to the
results of the empirical formula.
Keywords: Vector form intrinsic finite element, Spring element, ASCE(1984) soil spring model,
Standard penetration test.

Introduction

model was usually adopted to
deformation of the soil in the world.

The purpose of this study is to develope a
numerical simulation program of the buried pipeline.
This program can be used to compute the large
deformation and to analyze the failure behavior of the
buried pipeline through the fault. During this year, the
multi-physics coupling simulation platform (MPSCP)
was developed in NCREE. It combines the vector
form intrinsic finite element (VFIFE) method and
discrete element method (DEM) in this platform. In
this project, the spring element and ASCE (1984) soil
spring are coded in MPSCP. The spring element is
using VFIFE method. The advantage of the VFIFE
method is easy to simulate the failure behavior of the
buried pipeline. The VFIFE method can be used to
calculate the deformations and the motions of the
buried pipeline from the continuous state to the
discontinuous state.

2
3

the

Estimated Soil Spring
In Fig. 2, the ASCE (1984) soil spring model
has three components such as axial, lateral and
vertical springs in X, Y, Z directions. In addition, the
stiffness of the vertical spring along the +Z direction
is different from –Z direction (see Fig. 2). The unit
of soil spring is force per length.

Figure 1 shows the numerical model of the buried
pipeline. These soil springs (Fig. 1) are used to model
the deformation of the soil and to simulate the
interaction effect between the pipe and soil. Each soil
spring is connected to the nodes of the element.
According to study, the ASCE (1987) soil spring
1

simulate

Figure 1 Numerical model of the buried pipeline
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f ( N / m)
 zu

fu
zu z ( m )

p( N / m )
pu
 xu

 fu

Axial spring

q( N / m )
 yd

xu x ( m )

yu y ( m )

SpringElement

Vertical spring

ExplicitFunction

ElementContainer
EFSoilSpringASCEVerticalBearing

(a) Axial spring class

(b) Lateral spring class

(c) Vertical spring class
(+Z)

(d) Vertical spring class
(-Z)

(2) Yield force pu verse yield displacement xu of the
lateral spring

(1)

(2)

10mm for soft clay

In Eq. (1) and (2), the parameters (K0 and G ' PI )
can be found by their own corresponding methods as
shown in Fig. 4(a). For example, the method of static
earth pressure coefficient (K0) is the Coefficient Of
Earth Pressure At Rest(). The method of the interface
friction angle ( G ' PI ) between soil and buried
pipeline is TheInterfaceOfSoilAndPipeFrictionAngle().
The method of the Adhesion factor (Į) is Adhesion
Factor(). The method of the yield force fu verse yield
displacement zu of the axial spring are Force() and
Displacement() as shown in Fig. 4(a).
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1 *

Figure 4. Spring parameters in Class diagram of
ASCE(1984) soil spring model

3mm for dense sand
5mm for loose sand
8mm for stiff clay

* 1

Material

Figure 3. Class diagrams of the spring element and
ASCE (1984) soil spring model in MPSCP

(1)Yield force fu verse yield displacement zu of the
axial spring

zu

1 *

1
*
Point EFSoilSpringASCEVerticalUplift

The soil spring can be connected to the different
element nodes such as shell, frame and solid element
to simulate the deformation of soil. The numerical
programs of the spring element and ASEC (1984) soil
spring model are coded by using C++. In addition,
these codes are added into MPSCP. Figure 3 shows
the class diagrams of their codes. The spring element
class is connected on abstract class of the element.
The class name of the spring element class is
SpringElement. The class of ASCE (1984) soil spring
model is connected on the abstract class of the
ExplicitFunction. It is concluded by four soil classes.
The first class name is EFSoilSpringASCEAxial. The
second class name is EFSoilSpringASCELateral.
Third
class
name
is
EFSoilSpringASCEVerticalBearing. Fourth class
name is EFSoilSpringASCEVerticalUplift. In Fig. 3,
the vertical spring has two stiffness. Each class has
their properties and methods as shown in Fig. 4. The
soil cohesion c , the friction angle I , the pipeline
depth H and the soil unit weight J s are not unknown.
(see Fig. 1).

S D / 2 u J s H 1  K 0 tan G ' S DD c

Section
1
*
Element

Figure 2. ASCE(1984) soil spring models

fu

EFSoilSpringASCELateral

qu

 qd

 pu

Lateral spring

EFSoilSpringASCEAxial

pu

N ch cD  N qhJ s HD

(3)

xu

0.04 H  D 2 d 0.01D to 0.02 D

(4)

In Eq. (3) and (4), the parameters (Nqh and Nqh) can be
found by the methods corresponding to their ones in
Fig. 4(b). For example, the method of lateral bearing
factor of the sand (Nqh) is SandFactor(). The method
of lateral bearing factor of the clay (Nqh) is
ClayFactor(). The methods of the yield force pu verse
yield displacement xu of the lateral spring in class are
Force() and Displacement().
(3) Yield force qu verse yield displacement yu along +Z
direction of the vertical spring

qu

N cv cD  N qv J s HD

(5)

yu

0.01H to 0.02 H
°( dense to loose sands  0.1D)
°
®
°0.1H to 0.2 H
°¯( stiff to soft clay  0.2 D)

(6)

angle I . These two key parameters can be computed
by the soil test. In this project, in order to easy to use
the soil spring model, the empirical formula from
experimental data has been suggested using standard
penetration value N to compute two parameters as
following (see Fig. 5):
The standard penetration value N verse the soil
cohesion C is:
C 0.6 N (t/m2)
(9)
(less than 60% sand on soil)
C 0.25 N (Ksf)
(10)
(for clay)
C 0.2 N (Ksf)
(11)
(for silty clay)
The standard penetration value N verse the friction
angle I is:

In Eq. (5) and (6), these parameters (Nqv and Ncv) can
be found their methods corresponding to their ones in
Fig. 4(c). For example, the method of lateral bearing
factor of the sand (Nqv) is SandFactor(). The method
of lateral bearing factor of the clay (Ncv) is
ClayFactor().The methods of the yield force qu verse
yield displacement yu of the lateral spring are Force()
and Displacement().
(4) Yield force qu verse yield displacement yu along –Z
direction of the vertical spring
qd

N c cD  N q J s HD  N r J s D 2 2

(7)

yd

0.1D for granular soils
®
¯0.2 D for cohesive soils

(8)

In Eq. (7) and (8), these parameters (Nc, Nq, Nr) can be
found their methods corresponding to their ones in Fig.
4(d). For example, the methods of vertical bearing
factor along –Z direction of the sand (Nc, Nq, Nr) are
VerticalBearingFactor_Nc(),
VerticalBearingFactor_Nq()
and
VerticalBearingFactor_Nr(). The method of the yield
forceqd verse yield displacement yd along –Z
direction of the vertical spring are Force() and
Displacement().

I

20 N  15 (reference to Xin-Zhong Fang) (12)

I

15 N  15 (reference to Xin-Zhong Fang) (13)

In order to know the applicability and reasonable of
the empirical formula for the friction angle and the
soil cohesion verse standard penetration value N, the
experimental data of both void ratio and standard
penetration value N from paper () are compared to the
experimental data of the NCREE in Fig. 6. It shows
the NCREE experimental data that can be on the
upper and lower range of the experimental regression
formula. The standard penetration value N to
compute the soil cohesion and the friction angle, it is
reasonable value for engineering.

Void ratio (e), Relative density of soil (Dr)

Standard penetration value N

Soil cohesion C and friction angle

Figure 6. The empirical formula and NCREE
experimental data

I

Numerical Examples

Figure 5. Soil cohesion c and friction angle I

Example 1: ASCE(1984) soil spring model
In order to prove the proper use of the ASCE
(1984) soil spring model, an example from
IITK-GSDMA Guidelines for Seismic Design of

Computed parameters of the soil
The two key parameters in ASCE (1984) soil
spring model are the soil cohesion c and the friction
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Buried Pipelines report in Indian Institute of
Technology Kanpur was adopted. In this example,
the deformation of the buried pipeline through the
fault was considered. The pipeline type is API-52.
The outer diameter of the pipe is D=0.6 m. The pipe
thick t=0.0064 m. The Poisson’s ratio is v=0.3. The
pipeline depth is H=1.2 m. The soil type is medium
sand. The soil cohesion and friction angle are C=30
kPa and I =30°. The soil unit weight is J s =18
kN/m3. The soil springs of the IITK-GSDMA and
present study in three directions are shown in Table 1.
Table 1. The soil spring of the IITK-GSDMA and
present study in three directions
Soil
site
Maxim
um soil
resistan
ce
(kN/m)

Direction of
movement

pipe

Axial
Lateral
Vertical

Uplift

Vertical

Bearing

IITKGSD
MA

Figure 9. F/(rHDL) verse Z/D in H/D=8 and ĳ=360

This
study

69.0

68.1

193.4

193.5

89.7

89.7

831.6

839.9

Figure 10. F/(rHDL) verse Z/D in H/D=8 and ĳ=440
Example 2: Compared with ASCE(1984) spring
model and regression curve from experimental data
In order to demonstrate the accurate of the ASCE
(1984) soil spring model, the regression curve and
bilinear curve from experimental data (Trautmann et
al., 1985) are compared to the soil spring model in Fig.
7 to Fig. 10. The Yield force qu from experimental
data of the soil force are very close to soil spring
model, but the yield displacements yu of the soil spring
model are not close to experimental data.

Figure 7. F/(rHDL) verse Z/D in H/D=4 and ĳ=310

Conclusions
In the present project, the class of the soil spring
element using VFIFE method and ASCE (1984) soil
spring model was added into the multi-physics
coupling simulation platform (MPCSP) in NCREE. In
the future, it can be used to simulate the large
deformation and failure behavior of the buried
pipeline through the fault.
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Numerical Studies of A Damage Detection Method for
Beam Structures Based on Local Flexibility and
Modal Macro-Strain
Ting-Yu Hsu1, Wen-Yi Liao2
Abstract

The vibration-based global damage detection methods try to extract modal parameters
from vibration signals as the main structural features and then apply these features to
perform damage diagnosis. For a beam structure, the vibration signals are usually lateral
acceleration, velocity or displacement. As a result, the extracted mode shapes are “lateral
displacement” mode shapes. In this study, the “rotatory displacement” mode shapes were
extracted from the macro-strain vibration signals. These rotatory displacement mode shapes
were employed to detect damage of a beam structure utilizing the local flexibility method.
The proposed method was verified by numerical studies of a simply supported beam. The
finite element model was constructed using the ANSYS software with solid elements. The
exact mode shapes and natural frequencies of the intact and damaged cases were obtained
from modal analysis of the finite element model. The effects of the number of modes,
damage locations and noise in the modal parameters on damage detection results were
discussed in the numerical studies. The results illustrate potential feasibility of the
proposed idea and the potential advantage of utilizing macro-strain mode shapes over the
lateral displacement mode shapes in noisy conditions. However, further experimental
research is necessary to verify the applicability of the proposed approach to real structures.
Keywords:Local flexibility method, Macro-strain, Damage detection, Flexibility matrix

Introduction
Due to the increasing demand of maintaining
performance, reliability, and cost-effectiveness in civil,
mechanical, and aerospace communities, the ability to
promptly and accurately detect, localize, and quantify
structural damage has become an important factor.
The vibration-based technique which detects damage
in a structure from changes in global dynamic
properties is one of the promising fields in structural
damage detection. Variety of structural damage
detection techniques have been developed and have
received wide attention in recent years..
Recently, Abdo and Hori (2002) demonstrated the
usefulness of the rotatory mode shape as a more
sensitive diagnostic parameter than the displacement
mode shape for damage localization in flexural
structures. However, the application of the rotation of
mode shape is only theoretical and numerical. In
addition, Li and Wu (2007) illustrated the feasibility
1
2

of damage detection algorithms on the basis of
dynamic macro-strain measurements from long-gauge
FBG sensors. Because the rotary mode shapes can be
obtained from the macro-strain mode shapes, the
experimental application of the rotary mode shapes for
damage detection seems possible.
On the other hand, Toksoy and Aktan(1994) first
tried to detect damage locations based on structural
flexibility matrices of a beam structure. Although
the damage detection algorithms based on flexibility
matrices initially lacked a solid theoretical background
until the damage location vector method which can
locate damage was developed by Bernal (2002).
Reynders and De Roeck (2010) further developed the
local flexibility method with a robust theoretical
background to not only detect damage locations but
also damage extents. The local flexibility method
utilizes flexibility matrices of a beam structure before
and after damage constructed by lateral displacement
mode shapes. Combined with corresponding load
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configurations which cause strain and stress fields
within a local region of the beam structure, the
damage extent of the local region can be estimated.

ΔK is constant within  p .

Methodology
The local flexibility method which not only
localizes but also quantifies the damage of a structure
has been developed by Reynders and De Roeck (2010).
Consider a structure with volume  and boundary
 which is subjected to the Dirichlet boundary
conditions x  x along part of the boundary. A first
load system f 1 is applied at a limited number of l
DOFs where response can be measured. The first load
system is chosen such that the induced stress field σ1 :
(1) can be calculated from the loading without
knowledge of the structure’s stiffness and (2) consists
of nonzero stresses in a small volume  p only. The
stiffness within  p is assumed constant.



 bT  xd    tT  xd    σ T  εd 




(1)

where b  
is the vector with body forces,
t   61 the vector with applied tractions, σ   61
the corresponding stress vector,  x   31 a virtual
displacement field that obeys the Dirichlet boundary
conditions and  ε   61 the corresponding virtual
strain vector. If the virtual displacement field is
chosen as the one that is induced by the first load
system f 1 and the forces and the stresses are due to
the second load system f 2 which obeys the
boundary condition of the system, one has that
l

j 1

x   (σ 2 )T ε1d  p

2 1
j
j

x1j  x1j 1   M 2
p

x1j  x1j 1
x1j d  x1j 1,d

l

j 1

2 1
j
j

x

is calculated

before and after damage has occurred, one has
l

f
j 1
l

f
j 1

2 1
j
j

x

2 1
j
jd

x

σ
d p
K  ΔK
K


1
K
σ
2 T
 p (σ ) K  dΔK d  p



p

(σ 2 )T



EI  ΔEI
EI

(5)

The displacement vector x1 under the first load
system f 1 can be obtained using the following
equation

1

(3)

x1  Hf 1

(6)

where H is the flexibility matrix. The flexibility
matrix can be derived from the relationship between
stiffness matrix K and flexibility matrix as

where ΔK is the change in the stiffness
parameter in  p due to damage. It is assumed that
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(4)

It should be noted that for isostatic beams, as an
alternative to the load configuration f 1 of Figure 1,
the force configuration of Figure 2 can be applied. The
proof is trivial since for isostatic structures, it is not
necessary that the relative rotation between points j
and j  1 be zero in order to have nonzero stress
between theses points only.

linear elastic and that σ1 is proportional to ε1 with

f

M1
d p
EI

It follows from (3) that

where x1j is the displacement at DOF j
corresponding to the first load system. This equation
shows that x1 is only dependent on the stress-strain
relationship inside  p . Assume that the structure is
stiffness constant K . If

(3)The relative rotation between points j  1
and j  2 , due to the force configuration, is zero.

Following Eq. (2), with applying load
configuration f 1 as shown in Figure 1 and applying
load configuration f 2 as shown in Figure 2, one has
that

(2)

p

(2) The resulting moment of all forces of Figure 1
at points j  1 and j  2 is zero.

The second load configuration can be chosen as
any configuration that obeys the boundary conditions,
like for example the configuration of Figure 2.

31

f

(1)The vector sum of all forces of Figure 1 is zero;

Checking the first two conditions is trivial. The
third condition can also be easily checked by means of
the virtual work principle with applying a virtual unit
moment pair at points j  1 and j  2 .

Based on the virtual work principle:



Consider a beam structure under the load
configuration f 1 as shown in Figure 1. Other than the
lateral force, the momental force is applied to the
beam. If shear deformation can be neglected and EI is
constant between equidistant points j  1 and j  2 ,
the force configuration of Figure 1 causes nonzero
stresses between points j  1 and j  2 only,
whatever the beam is isostatic or hyperstatic. This can
be proved if

N

H  K 1  Φω 2 ΦT   Φ i ωi 2Φ iT

1

(7)

1

i 1

Where Φ is the matrix of mass-normalized mode
shape, ω is the diagonal matrix of eigenfrequencies
and N is the total number of modes. If only the first
n modes are available, then the flexibility matrix is
truncated. Note that the contribution of the modes in
the flexibility is proportional to ωi 2 , the influence of
the higher modes is much smaller than the one of
lower modes. As a result, the number of truncated
modes needed to approximate a non-truncated
flexibility matrix is much smaller than the ones
needed to approximate a non-truncated stiffness
matrix. This benefits the practical cases where only
lower modes can be identified with good accuracy.

Figure 2: A beam structure with possible second
load configuration.

Numerical Studies
A numerical simply supported beam was
constructed via ANSYS software to verify the
proposed idea. The dimension of the beam is 0.03m×
0.01m×1.5m, and the number of mesh is 6, 4 and 300
along these dimensions respectively. The element type
is 3D elastic solid element with 8 nodes. The elastic
modulus, the Poisson ratio and the density of the finite
element model are 2.0×1011 N/m2, 0.33 and 7.8×103
kg/m3, respectively. It is assumed that 10 long-gauge
FBG sensors were installed on the bottom of the beam
to monitor the beam segments labeled as S1 to S10 as
shown in Figure 3. Therefore, the longitudinal mode
shape displacement at the ends of each sensor on the
bottom of the beam is utilized to calculate the macro
strain mode shapes.

Because the momental force is utilized in this
paper, the mode shapes of corresponding rotary
displacement needed to be measured in order to
construct the flexibility matrix. This can be achieved
by employing the macro-strain mode shapes proposed
by Li & Wu (2007). By attaching a long-gauge FBG
sensor onto the surface of a beam element between
DOF j and DOF j  1 , the macro-strain measured
by an FBG sensor of gauge length l can be
expressed as
ε

h
(θ j   j 1 )
l

Four different damage cases were considered in
this study as shown in Figure 3. Damage Case 1 is a
symmetrical single location damage case where the
width of the beam within S5 and S6 sensor range is
reduced to 20mm. Damage Case 2 is an
unsymmetrical single damage case where the width
within S3 range is reduced to 20mm. Damage Case
3 is a multi-damage-locations case mixed by the first 2
damage cases. Damage Case 4 is a continuous damage
case where the width within S1 to S8 range is reduced
to 20mm.

(8)

where h is the distance between the inertia axis of
the FBG sensor and inertia axis of the beam;  j is
the rotary displacement at DOF j . Therefore, the
difference of the rotary displacement between any two
DOFs can be obtained if the macro-strain between
these two DOFs is measured. Similarly, the difference
of the mode shape of rotary displacement can be
obtained if the macro-strain mode shapes are
identified from the measured macro-strain signals.
The mode shape of rotary displacement can be finally
obtained if enough boundary conditions of the rotary
displacement or the lateral displacement are known.
For instance, the rotary displacement of the fixed end
is zero for a cantilever beam, hence the
rotary-displacement mode shapes at every DOF can be
calculated. Similarly, for a simple support beam, the
relative lateral displacement of the two supports is
zero if no settlement of these two supports is taken
place.

1

1/ 2

The flexibility matrices of different cases were
calculated utilizing the rotary mode shapes and the
natural frequencies obtained from the numerical
model. Practically, the number of qualified
fundamental modes identified from measured
vibration signals is limited. Therefore in this study, the
numbers of the lowest fundamental modes n
considered are 1, 2, 3, 5 and 10 in order to see the
effects on damage detection results caused by
truncation of modes when constructing the flexibility
matrices. For each segment, the force configuration of
Figure 2 was utilized as both the first load
configuration f 1 and the second load configuration
f 2 . In general, the flexural rigidity ratios estimated
utilizing the first few modes can not only locate the
damage locations but also quantify the damage with
acceptable accuracy. It is worth to be noted that even
if only the first mode was utilized, the flexural rigidity
ratios within the damage zones were estimated quite
close to the real value. Furthermore, the methodology
seems effective for either symmetrical/unsymmetrical
damage or single/multiple/continuous damage cases.

1

1/ 2

Fig. 1: A beam structure with load configuration
that causes virtual stresses and strains
around one particular element only.

The

natural

frequencies

and

mode

shapes
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identified from measured vibration signals may
contain errors, and the flexibility matrix is constructed
utilizing these modal parameters. Therefore, the
estimated flexural rigidity ratio could be altered by
these errors in the identified mode shapes. In this
study, the noise effect of the modal parameters was
investigated. Random noise with noise level 2%, 5%
and 10% (in standard deviation) was added directly to
the natural frequencies and macro-strain mode shapes
both for intact and damaged cases. The first 3 lowest
fundamental modes were utilized to construct the
flexibility matrix, i.e. n =3, which is practical for
most of the real cases. The flexural rigidity ratio was
estimated 1000 times for each noise level and then the
mean and standard deviation of the estimated flexural
rigidity ratio were calculated. Figures 4(a) to 4(c)
illustrate the estimated flexural rigidity ratio of
Damage Case 2 considering different noise levels. It
can be observed that higher noise level induced higher
estimation error both biased and in standard deviation.
The error in modal parameters with noise level higher
than 10% caused the damage localization and
quantification not possible in Damage Case 2 where
the real flexural rigidity ratio of S3 equaled to 2/3.
Similar phenomena were observed in other damage
cases which are not shown in this paper.

noisy conditions. However, further experimental
research is necessary to verify the applicability of the
proposed approach to real structures.
Unit: mm
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Fig. 3: A Simply supported beam model.
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In addition, random noise with noise level 2% was
added directly to the natural frequencies and lateral
displacement mode shapes both for intact and
damaged cases. The lateral displacement mode shapes
were assumed measured at the 11 nodes as shown in
Figure 3. Utilizing corresponding load configuration
(-1/2 at j-1 node, 1 at j node and -1/2 at j+1 node) as
both the first and second load configurations, the
flexural rigidity ratio was estimated utilizing the first 3
lowest fundamental modes with 1000 times. The mean
and standard deviation of the estimated flexural
rigidity ratio at the jth node were calculated and
shown in Figure 4(d). It is obviously that the damage
localization and quantification become not possible
even with only 2% noise level in the lateral
displacement mode shapes. Similar phenomena were
observed in other damage cases which are not shown
in this paper. Note that in real application, the noise
level of macro-strain mode shapes and lateral
displacement mode shapes depends on the
measurement conditions.
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Fig. 4: Estimated flexural rigidity ratio of Damage
Case 2 utilizing 3 modes for noise level of
modal parameters equals to (a) 2%; (b) 5%;
(c) 10%; (d) 2% but utilizing lateral
displacement mode shapes.
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Conclusions
In this study, the idea to utilize macro-strain
measurement via the local flexibility method to
perform damage localization and quantification of a
beam structure is proposed. Numerical studies
considering practical issues including the limited
number of structural modes and noise effect in the
modal parameters were investigated. The results
illustrate potential feasibility of the proposed idea and
the potential advantage of utilizing macro-strain mode
shapes over the lateral displacement mode shapes in
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Influence of Flexural Nonlinearity on the Response of a
Laterally Loaded Pile
Jiunn-Shyang Chiou1, Chang-Liang Lin2, Chia-Han Chen3

ߋߪ๔ 1ǵܱ݅ ؼ2ǵഋৎᅇ 3

Abstract

To investigate the pile response as well as soil reaction due to the flexural yielding of a
pile, two successive lateral load tests on an aluminum model pile in sand were conducted
for this study. In the first test, the pile was subjected to a small lateral pile-head
displacement, a displacement under which the pile remained elastic. In the second test, the
pile was loaded to a much larger lateral pile-head displacement, a displacement under
which some of the pile sections yielded and thus the pile had inelastic flexural deformation.
Comparison of the results of both tests shows that before the pile yielded, the depth of
maximum moment increased with increasing load due to soil nonlinearity; after the pile
yielded, the depth of maximum moment varied less and the region of plasticity expanded
upward and downward around this depth with increasing pile displacement. In addition, in
developing the p-y responses for the pile-soil system, a correct nonlinear flexural rigidity
of the pile section is essential to retrieve rational ones.
Keywords: Piles; Lateral loads; Model tests; Sands.

Introduction

lateral response of ductile piles, this study conducted
lateral load testing on an aluminum model pile in sand.
The pile was loaded to yield. For reducing the
uncertainty of estimating the flexural property of the
pile section, a bending test was performed to
determine the actual nonlinear moment-curvature
relationship of the pile section. Then the pile
responses, including the moment distributions and the
development of plasticity, were analyzed based on the
measured strain data to investigate the influence of
pile yielding as well as soil nonlinearity. Additionally,
the p-y curves obtained using linear and nonlinear
sectional flexural properties were compared to
examine the influence of flexural yielding of the pile.

Piles are commonly used as foundations of
structures to support vertical and horizontal loads
transmitted from the structures. As compared to
vertical loading, piles are vulnerable to lateral loading
because of their low sectional flexural strength. When
piles are subjected to large lateral loading, for
example, the piles are easily damaged due to high
bending stresses induced in them. This situation is
common for piles under seismic loading and
sometimes cannot be avoided. In such a condition, it is
practical to adopt ductile pile design that allows piles
to yield and therefore the post-yield pile response
would be an important concern of design. When a pile
yields, its post-yield structural behavior may be
changed and the interaction between pile and soil is
also influenced. However, the associated experimental
research is limited. To improve understanding of the

Pushover Tests of a Model Pile-soil System
The model pile-soil system consisted of a model
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pile embedded in a sand layer, as shown in Fig. 1. The
model pile was an aluminum pipe of outer diameter
101.6 mm, thickness 3 mm and length 1.6 m. Vietnam
sand was used. The 1.27 m-thick sand layer was
prepared by the wet sedimentation method to be fully
saturated in a rigid box with an inner dimension of
2.64mu2.64mu1.52m. The relative density of the soil
layer was about 73.1%, which can be categorized as
dense sand. The tip of the pile was bolted on the
bottom of the box. A fixture was welded onto the top
of the pile for mounting the actuators on the pile. The
layout of sensors is shown in Fig. 2. Strain gauges
were attached onto the pile at elevations of 0.01, 0.25,
0.4, 0.55, 0.7, 0.85, 1.00, 1.15, 1.30, and 1.45 m from
the bottom, each with four gauges orthogonally on the
four sides of the pile. Two successive lateral load tests
were conducted. An actuator was mounted on a fixture
welded onto the top of the pile. The actuator was
controlled with specified displacement increments to
push the pile. For reducing the influence of the prior
shaking table testing, the loading direction of the
lateral load tests was orthogonal to that of the shaking
table testing. As shown in Fig. 2, Tests X-1 and X-2
were for X-dir loading with maximum pile-head
displacements of 5 mm and 70 mm, respectively. In
Test X-1, the pile was loaded in +X and –X directions
and remained elastic upon a small lateral displacement.
In Test X-2, the pile was monotonically loaded
beyond the yield point of flexure upon a large lateral
displacement.

nonlinearity. During the loading, the bending strains
along the pile were measured by the strain gauges on
the pile and further transformed to curvatures.
Comparing the pile curvatures with the yield curvature
of the pile section, it is found that in Test X-1, the pile
had not yielded and the hysteretic loop was formed
due to soil nonlinearity; in Test X-2, the pile started to
yield when the pile head displacement reached about
40 mm, as noted in Fig. 5.
The moments in the pile were further computed
based on the experimental moment-curvature
relationship from the bending test above. Fig. 6
displays the moment distributions of the pile for Test
X-1. The trend of the moment distributions varied
with the loading phases. In Phase I when the lateral
pile-head displacement was increased from 0 mm to 5
mm, the moments of all the depths were positive and
increased
with
increasing
lateral
pile-head
displacement. The depth of maximum moment was
located at a depth of 0.2-0.3 m below the soil surface
and increased with increasing pile-head displacement.
In Phase II when the pile-head displacement was
decreased from 5 mm to 1 mm, the moments above
the depth of maximum moment decreased
significantly, but the moments blow the depth of
maximum moment decreased less, even at the same
pile-head displacement showing greater moments than
in Phase I. The depth of maximum moment increased
significantly with decreasing pile-head displacement.
In Phase III when the pile-head displacement was
reversely increased from -1 mm to -5 mm, the
moments in the pile turned to be negative due to the
reverse loading. Similar to Phase I, the depth of
maximum moment was located at the depths 0.1-0.3m,
increasing with increasing pile-head displacement. In
Phase IV when the reverse pile-head displacement
was varied from -5 mm to -1 mm, the depth of
maximum moment moved downwards.
Test X-1
5 mm (Cyclic)
Load

Test X-2
70 mm (Monotonic)

95

Fig. 1. Model pile pushover test
Fig. 4 shows the relationships of moment versus
curvature constructed from the strain gauges at
positions A, B, C, D, and E. These curves were close
and showed nonlinear flexural responses. These
moment-curvature curves indicated that the initial
flexural rigidity of the pile section was about 75 kNm2,
and the yield curvature Iy was about 0.04 m-1 and the
corresponding yield moment My was about 3kNm.

x
z

Strain gauge
Unit: mm

Results of the Lateral Loading Test

Bottom of the test box

Fig. 5 shows the load-deflection curves of Tests
X-1 and X-2. It can be seen that the curve of Test X-1
was nonlinear and showed a loop of hysteresis while
the curve of Test X-2 showed a higher degree of

Fig. 2. Layout of instruments
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Sand
Surface

lateral displacement was increased to exceed the
displacement range of Test X-1, the position of
maximum moment significantly deepened due to soil
nonlinearity and the pile started to yield at a depth of
about 0.5 m when the lateral pile-head displacement
reached about 40 mm. With an increasing lateral
pile-head displacement, the region of yielding
continued to increase, but the depth of maximum
moment varied less, at a depth of about 0.55 m. At the
maximum pile-head displacement of 70 mm, the range
of the plastic zone was about 0.99 m, ranging from
depth 0.6 m to 1.15 m below the soil surface. The
upper part of the plastic zone above the depth of
maximum moment was larger than the lower part. The
range of the plastic zone was large, about 8.9 times of
pile diameter.

Fig. 3. Loading setup of bending test
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Fig. 5. Load-displacement curves of Tests X-1
and X-2

After the load testing, the pile was taken out and
was found to have an obvious irrecoverable
displacement. Figure 8 shows the upright view of the
pile taken after the testing. Through comparison with
the undeformed shape of the pile, the lower bound of
the plastic zone was at a height of about 17.2 cm
above the bottom, as marked in Fig. 8, which is
consistent with that identified from the moment
profile at the pile-head displacement of 70 mm in Fig.
7(c).

Fig. 7 displays the moment distributions of the pile
for Test X-2. The lateral pile-head displacement was
monotonically increased from 0 mm to 70 mm. The
moment increased with increasing pile-head
displacement. When the pile-head displacement was
increased from 0 mm to 5 mm, the variation of the
maximum moment depth was not obvious, possibly
because the lateral displacement was within the
displacement range of the previous test (Test X-1).
Both the pile and soil were inside the yield surface
created in Test X-1 and thus kept elastic. When the
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Fig. 11. Comparison of p-y curves for Test X-2
using nonlinear EI and constant EI

For investigating the influence of the pile section
yielding, we further adopted a constant flexural
rigidity to construct new moment profiles based on the
measured strain data and re-developed the p-y curves
for a comparison with those using nonlinear flexural
rigidity. Figure 11 displays the p-y curves at depths 0,
0.1, 0.2 and 0.4 m based on nonlinear and constant EI.
The p-y curves obtained using nonlinear EI showed a
gradual variation in soil reaction with lateral
displacement, but those obtained using constant EI
showed a sudden change in the trend of p-y curves
after the pile yielded. For example, for the p-y curves
using constant EI, the soil reaction at the depth 0 m
abruptly reduced but, at the depth 0.4 m, it turned to
increase from an original trend of decay. This
comparison indicates that the correct pile section
flexural rigidity is essential to the development of
rational p-y curves.

Conclusions
The depth of maximum moment of the pile is
significantly influenced by the soil nonlinearity and
pile plasticity. Before yielding of the pile, the depth of
maximum moment would increase with increasing soil
nonlinearity; however, after the pile yielded, the depth
of maximum moment varied little because the flexural
damage was concentrated. With increasing lateral
loading, the region of yielding expanded upward and
downward.
The p-y responses of a pile are significantly
influenced by the set pile flexural property. From this
study, it is clearly seen that an incorrect pile flexural
property may overestimate or underestimate the soil
reactions. The degrees of overestimation or
underestimation of soil reactions for different depths
are not the same.
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With the moment data, the distributions of soil
reaction p and pile displacement y were computed
based on the beam theory. Collecting p and y
distributions gave the p-y curves for Tests X-1 and
X-2. Figs. 9 and 10 plot the p-y curves of the Tests
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Evaluation on Flood Resistant Capacity of Scoured Bridges
- A Case Study of the Shuang-Yuan Bridge
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Abstract

In Taiwan, several failures of highway bridges which had suffered foundation scour
occurred in recent years. One of the most representative cases is the Shuang-Yuan Bridge,
which was partially demolished in a flood caused by Typhoon Morakot in 2009. A case study
on the failure of Shuang-Yuan Bridge was performed considering various flood and scour
conditions to demonstrate the procedures of a nonlinear quasi-static analysis for the evaluation
on the flood resistant capacity of scoured bridges with pile foundations under flow-induced
loads. Regarding the modeling of the soil-foundation system, the Winkler beam model is
adopted. The distributed hinge model is introduced to represent the possible flexural failure of
the piles. The soil springs with nonlinear p-y curves are used to represent the nonlinearity of the
supporting soil. According to the analysis results, the possible scenario for the collapse of the
Shuang-Yuan Bridge can be speculated, and the method utilized can thus be proved to give a
reasonable assessment of the flood resistant capacity of bridges with scoured pile foundations.
Keywords: Bridge scour, Flood resistant capacity, Winkler beam model, Distributed hinge model

Introduction
In Taiwan, several major highway bridge failures
have occurred during floods in recent years. Most of
them had suffered the scour of their pier foundations,
which significantly reduced the foundation bearing
capacity. Especially in 2009, Typhoon Morakot hit
Taiwan and brought record-breaking rainfalls to
middle and southern Taiwan, causing major flood in
the affected area. For the watershed of Kao-Ping River,
several bridges experienced severe scour and were
destroyed in the over 200-year recurrence flood. The
most representative among them was the failure of the
Shuang-Yuan Bridge, of which the piers P2~P16 were
demolished, as shown in Fig. 1. The initiation of its
failure was possibly due to the severe exposure of its
pile foundations and was thus damaged under the
action of the flow-induced loads.
All these disasters led to major property losses and
even considerable casualties, yet they can be
prevented or reduced if the insufficient capacity of the
scoured foundation can be recognized or the warning
and critical levels of foundation exposure with respect
1
2
3

to the foundation stability can be specified in advance.
Therefore, the failure of the Shuang-Yuan Bridge is
introduced here for case study to demonstrate the
procedures to estimate the performance of scoured
bridges during flood. Also, the results will help to
clarify the failure mode of the foundation, the pier
position of the initial damage, and the scour depth at
the moment when the damage initiated.
Firstly, the soil-structure model of the bridge is
established. For the modeling of the pile-soil system,
the Winkler beam model is adopted. The distributed
hinge model is adopted to represent the possible
flexural failure of the piles. The nonlinear p-y curves
are utilized for the soil springs to characterize the
nonlinearity of soil. Using the flow-induced loads as
the driving forces, a nonlinear quasi-static analysis can
be performed for the flood resistant capacity of
bridges. Using above procedures, the performance of
the Shuang-Yuan Bridge will be evaluated considering
various scour levels. The results of the analysis are
helpful for the speculation of the possible scenario for
the failure of the Shuang-Yuan Bridge.
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Associate Researcher, National Center for Research on Earthquake Engineering, jschiou@ncree.narl.org.tw
Ph. D. Candidate, Department of Civil Engineering, National Taiwan University, d95521012@ntu.edu.tw

81
81

the structural analysis of bridges. However, in order to
take the P-' effect of the structure as well as the
possible buckling of the exposed piles into account,
the vertical load from the superstructure (including the
adjacent units) should be appropriately considered.

P1

P16

Kao-Ping
River

P1

P16

2.

Shuang-Yuan Bridge

The Winkler beam model is used for the modeling
of the pile-soil system. The piles are simulated by
beam elements, and the soil reactions are simulated by
spring elements (see Fig. 2(a)). The pile exposure is
represented by removing the soil springs.

Slope
Elevation
Mileage

Fig. 1 Failure status of the Shuang-Yuan Bridge and
the location of the target units for analysis..

For the modeling of flexural failure of the pile, the
plastic hinge method is utilized. However, difficulties
arise in predicting the location of the plastic zone
when a pile is embedded in soil since the location of
the maximum moment along the pile may vary with
the development of soil nonlinearity around the pile.
To solve this problem, the distributed hinge model is
adopted here, which was used by Chiou et al. (2009)
in the nonlinear pushover analysis of a pile subjected
to a lateral load for its lateral resistant capacity and
responses. In contrast to the concentrated hinge model,
in which the total plastic flexural deformation within a
plastic zone is represented by a point hinge, the
distributed plastic hinge model inserts many plastic
hinges along the expected plastic zone of a structural
member, and the yielding plastic hinges define an
actual plastic zone. Thus, the difficulty of locating the
concentrated plastic hinge in advance is eliminated.

Analysis Model of Shuang-Yuang Bridge
The Shuang-Yuan Bridge consisted of two parallel
I-type pre-stress RC bridges; each was composed of
3-span continuous units with a span length of 30.6 m.
The foundation type was the group-pile foundation
with an original design depth of 33~44m. Due to
suffering the foundation scour, a retrofit work had
been accomplished on the scoured foundations by
adding 50m-long piles and enlarging the pile cap.
During Typhoon Morakot, the main channel of the
Kao-Ping River was shifted toward the right river
bank, which possibly caused the torrent concentrated
and attacked the portion from pier P10 to pier P16 (see
Fig. 1). Therefore, the failure could possibly initiate
here, and caused sequential damages that propagated
to P2 because of its 3-span continuous structural type.
Since the scour depth was larger from pier P10 to pier
P13 (this will be explained later), unit P10~P13 was
chosen as the target of interest in this study. The
soil-structure model of the bridge unit considering the
nonlinearity of the pile-soil system was established
according to its design, the soil profile according to
available investigation data, and the possible scour
condition of the river bed, as shown in Fig. 2. The
details of the analysis model are given as follows.
V(z)
HL(x)

In defining the properties of the flexural plastic
hinge, the moment-curvature curve with the form as
Fig. 3 is often utilized (ATC, 1996). Consequently,
based on the development of the plastic hinges, the
performance of the structure can be represented. For
the flood resistant capacity of scoured bridges, the
focus is on the performance of the pile foundation.
Since the residual strength of piles is usually less
reliable than other structural members, here the point
“D” in Fig.3 is regarded as the complete failure state
for plastic hinges on piles.

P10

The foundations of the four piers of unit P10~P13
of the Shuang-Yuan Bridge had been retrofitted.
According to the design, the moment-curvature curves
for all the representative cross-sections of the piles were
obtained. The moment-curvature envelopes can be
simplified into bilinear curves by the equal-area method,
and thus the properties of the flexural plastic hinges are
specified accordingly.

P13

HT(y)

Pmax

P10

P13



Fig. 2 (a) Pier-soil system under flow-induced load;
(b) Analysis model of unit P10~P13.
1.

Modeling of superstructure and piers

Since the focus in the flood resistant capacity of
soured bridges is on the stability of the exposed
foundation under flow-induced loads, the modeling of
the superstructure and piers is generally similar as in

Fig. 3 Moment-curvature curve of flexural hinge.
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Modeling of group-pile foundation

3.

Soil profile and p-y curves

30m from the Shuang-Yuan Bridge to the upper river
side can be approximately estimated according to the
thickness of the post-flood sediments (maximum value
was about 16m). This distribution can be regarded as
the lower bound (LB) of the scour depth at P10~P16.

The available geology data include the boring logs
from the geology investigation in 1972 in the as-built
drawings of the first phase of the Shuang-Yuan Bridge,
and the geology investigation report of the re-built
project of the New Shuang-Yuan Bridge in 2010. The
soil properties of this site can be deduced accordingly.
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Fig. 4 Site soil profile (a) based on geology data in
1972; (b) based on geology data in 2010.
In addition, according to the electrical resistivity
tomography (ERT) investigations performed after the
failure, it was presumed that the piles foundations of
piers P4~P12 were all washed away, and the scour
depth here might be up to 30m (Wang et al., 2011).
Also, the investigations indicated that the remains of
the foundation of pier P13 was located at a depth
around 15~20m. The above information is considered
the upper bound (UB) of the scour depth. Thus, a total
of 7 scour states of the river bed at P10~P16 are
specified for the analysis, as shown in Fig. 5, with a
LB value of 16m and an UB value of 30m at pier P10.

The soil profiles based on the geology data in 1972
and 2010 are generally in tolerable agreement except
the post-flood deposit zone, and the soil properties used
in this study will be estimated mainly according to the
geology investigation in 2010 for a better representation
of the real situation at the failure.
In order to simulate the nonlinearity of the
supporting soil, the nonlinear relationship between the
soil reaction (p) and the lateral displacement (y)
(nonlinear p-y curves) are utilized to represent the soil
springs. In this study, the subgrade reaction coefficient
proposed in JRA (1996) is adopted for the initial
stiffness of the p-y curves. In addition, the degradation
of the secant stiffness of the p-y curves due to large
displacement is according to AIJ (1988).
4.

259200
P10

Fig. 4(a) shows the soil profile based on the geology
data in 1972. The soil layers of this site consist mainly
of Holocene coastal deposits, including silt, clay, sands
and gravels. Generally 5 layers are distinguished, which
are (from top to bottom): (a) the silt layer; (b) the coarse
sand layer; (c) the fine sand layer; (d) the silty clay
layer, and (e) the silty sand layer.
Fig. 4(b) shows the soil profile based on the geology
data in 2010, of which the boreholes were located about
30m to the upper river side from the old Shuang-Yuan
Bridge. The soil layers also consist mainly of Holocene
coastal deposits. At the main channel of the Kao-Ping
River (near the concave bend side, the left hand side in
Fig. 4(b)), 6 layers are roughly distinguished, which are
(from the top to the bottom): (A) the silt layer; (B) the
fine sand layer; (C) the coarse sand layer with gravels;
(D) the silty fine sand layer; (E) the silty clay layer, and
(F) the silty fine sand layer. While for the convex bend
side (the right hand side in Fig. 12(b)), 5 layers are
distinguished, which are: (A’) the silt layer; (B’) the
coarse sand layer with gravels; (C’) the silty fine sand
layer; (D’) the silty clay layer, and (E’) the silty fine
sand layer. It is noted that the soil layer sequence at the
convex bend side is similar to the one based on the data
in 1972. However, the soil layers (B) and (C) at the
concave bend side are different, and therefore it is
presumed that these two layers are the post-flood
deposits brought by Typhoon Morakot, not the original
soil layers before the typhoon.

259000

5.

Input loads

The flow-induced load applied on the pier and the
piles are estimate according to the suggestions in
AASHTO (2002). The average pressure acting on the
bridge pier due to flowing water is defined as:
Pavg

Scour depth

52.5 K (Vavg ) 2

(1)

where Pavg (kgf/m2) is the average stream pressure;

As mentioned in the previous section, the deposits
after Typhoon Morakot at the main channel of the
Kao-Ping River can be identified by comparing Fig.
4(a) and Fig. 4(b). Thus, the scour depth distribution
in the bridge section from P10 to P16 at a distance of

Vavg (m/s) is the average velocity of water;
K is the constant based on shape of pier. In this
case, K=0.7 for circular piers.
83
83

In Eq. (1), the flow velocity is assumed to follow
parabolic distribution. Thus, the maximum stream
flow pressure Pmax = 2 Pavg, that is, a triangular
distribution is used with Pmax located at the water table
and a pressure of zero at the river bed (see Fig. 2(a)).

that the structure remains elastic if the maximum
scour depth, which showed at pier P10, is 16m (scour
state I); if the maximum scour depth is 18m (scour
state II), the structure will be close to the yield (initial
damage) state; if the maximum scour depth is 20m
(scour state III), the structure has been beyond the
yield state; if the maximum scour depth is 22.5m
(scour state IV), the structure will be close to the
complete failure state. For the more severe scour
states, a convergent solution cannot be obtained at the
average flow velocity of 3.5 m/s, which means that the
structure has been unstable.

A water table of EL. 5.94 m is adopted (Control
Yuan, 2010), and scour depths are referred to Fig. 5.
Thus, the flow-induced pressure as the function of the
average flow velocity can be obtained using Eq. (1)
and are transformed into equivalent nodal forces.

Scour depth of river bed (m)

0

P10

P11

P12

P13

P14

P15

P16

These results imply that the scour depth at the
Shuang-Yuan Bridge could possibly be larger than
this quite high value, 22.5m, during Typhoon Morakot
because of the failure did occur then.
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Fig. 5 Scour states of the river bed for analysis.

Analysis Results and Discussions
Using the bridge unit model, the displacementcontrol nonlinear quasi-static analyses under the flowinduced load were performed at each specified scour
depth, and the relationship of the total lateral load
versus the lateral displacement at pier top were
obtained as the flood resistant capacity curve of the
bridge. Each point on the capacity curve represents a
specific average flow velocity, and the damage state
can be marked on it to evaluate the performance of the
bridge at a specified flow velocity
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Fig. 6 Flood resistant capacity curves of unit P10~P13.
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It was mentioned that each point on the capacity
curve stands for a specific flow velocity. Thus, the
equi-velocity contours can be drawn, as the dashed
lines in Fig. 6, and then it can be observed that higher
flow velocity will lead to worse damage state of the
bridge. The average flow velocity at the cross-section
of the main channel at the upper river side of the
bridge is estimated to be 3.5 m/s during the flood
according to the hydraulic analysis (CECI, 2011).
From the equi-velocity contour corresponding to the
average flow velocity of 3.5 m/s, it can be concluded
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Earthquake Source Parameters of Active Faults for
Seismic Potential Assessment in Chianan Region, Taiwan
Che-Min Lin1, Tao-Ming Chang2, Hung-Hao Hsieh3,
Yi-Zen Chang4, Chun-Hsiang Kuo5, and Kuo-Liang Wen6
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Abstract

Chiayi and Tainan (Chianan) region in southwestern Taiwan are scattered by several active
faults which have induced massive earthquakes. The seismicity in general is quite high and
widespread in this region. The potential disastrous earthquakes are expected in the near future.
The present study aims at monitoring the micro-earthquakes activityin the Chianan region for
three years. The monitoring aims are not only the active faults, but also the blind faults and
other seismogenic structures beneath the wide coastal plain. The micro-earthquakes will help us
to understand the probable fault planes and rupture mechanisms of major faults. 21
highly-sensitive broadband stations were installed to develop a regional network covering the
Chiayi County and City, Tainan City and adjacent foothills as well as adjoining major
seismogenic area. The monitoring data will provide the important information about the recent
seismicity and the source parameters of active faults that is indispensable to assess the seismic
potential for the Chianan region.
Keywords: earthquake monitoring, active fault, earthquake location, focal mechanism

Introduction
Chiayi and Tainan (Chianan) region in
southwestern Taiwan has witnessed numbers of
serious disasters induced by the massive earthquakes,
including the Meishan Earthquake in 1906, Chungpu
Earthquake in 1941, Hsinhua Earthquake in 1946,
Paiho Earthquake in 1964, Rueyli Earthquake in 1998
and Chiayi Earthquake in 1999, all occurred within
the last century. Recently, the Jiasian Earthquake
located in Kaohsiung with magnitude ML 6.7 also
caused damage to some building in the Chianan region.
According to the paleoseismological research of
National Science Council (NSC), the Meishan Fault in
Chiayi has the highest short-term probability of
experiencing the characteristic earthquake amongst all
active faults of the first category in Taiwan. The
1
2
3
4
5
6

probabilities of earthquakes with the magnitude of 7
or more within 50 and 10 years are respectively 45 %
and 9.75 %. Additionally, there are still the other four
active faults of the first category and four of the
second category rooted in the Chianan region. The
potential disastrous earthquakes in the region are
expected in the near future. It is imperative to
understand the characteristics of active faults in the
Chianan region.
This study planned to monitor micro-earthquakes
in the Chianan region for three years. The monitoring
objects are not only the active faults, but also the blind
faults and other seismogenic structures beneath the
wide coastal plain. The micro-earthquakes will help us
to understand the probable fault planes and rupture
mechanisms of major faults. The source parameters of
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characteristic earthquakes will be estimated to assess
the seismic potential for the Chianan region.

The differences in the level of seismicity on the
northern and southern parts and the possible extending
of the fault need to be probed.

Seismic Activities
Figure 1 shows the distribution of earthquakes
with magnitude larger then 3 in the Chianan region
since 1900 based on the CWB catalog. During this
period, this region was struck by two earthquakes
(Meishan Earthquake and Chungpu Earthquake) and
more than ten earthquakes of magnitude  6. It was
believed that some of the earthquakes were relative to
the ruptures of the known faults, including the
Meishan, Hsinhua and Chukou Faults, but the others
were induced by displacements on the unknown blind
faults without the signs of surface ruptures.
Furthermore, the seismicity was widely distributed
over the Chianan region. The earthquakes were not
restricted not only to the faults but occurred frequently
between the foothills of east side and the coastal plain
of west side. The western seismicity beneath the
coastal plain was thought to result from the Tectonic
Escape behavior of plate collision. However, the thick
alluvial cover on the surface limit the understanding of
the underground seismogenic structures.

Fig. 1 Historical seismic activity with magnitude
larger than three in the Chianan region based on
the CWB catalog

NCREE has carried out the micro-earthquake
monitoring on the Southern Taiwan Science Park
(STSP) from the end of 2006 to 2010. The observed
micro-earthquakes shown in Fig. 2 also exhibit a
widespread and frequent distribution within the
monitoring scope of the STSP network. In the
northern part of the region, the earthquakes
concentrated in the eastern side of Tachienshan and
Chukou Faults. In the central part, the high seismicity
is located along the Chukou, Muchiliao and Liuchia
Faults. Earthquakes occurred on both side of these
faults and were concentrated uniformly along the fault
traces. There is also alignment of the aftershocks of
the Jiasian Earthquake along a plane that cut across
the Chishan, Liukuei and Chaochou Faults and dipped
to the southeast in the south. However, the seismicity
is quiet in both areas near the Meishan and Hsinhua
Faults which were dislocated and have induced
destructive earthquakes in the past history.

Fig. 2 Double-difference locations of the
micro-earthquakes observed by the STSP network

It is noteworthy that even through the northern part
of the Chishan Fault around Kaohsiung was gauged as
an inactive fault by the Central Geological Survey
(CGS), a ML 5.2 earthquake occurred at the northern
end of this fault on March 5, 2008. SPST network
observed more than 200 foreshocks and aftershocks
around the main shock. The focal mechanism of the
main shock and the spread adjoining earthquakes
conform to the thrust type movement on the Chishan
Fault (Fig. 3). It is concluded that the tectonic stress
accumulating over long time at the north end of this
fault rupture to induce these earthquakes.
Incorporation of the seismicity of the northern
Chishan Fault becomes necessary for realistic
appraisal the seismic potential of the Chianan region.

Fig. 3 Distribution (left figure) and the cross
section (right figure) of the ML 5.2 earthquake and
its foreshocks and aftershocks around the north end
of the Chishan Fault on March 5, 2008

Establishment and Data Processing of the
Micro-Earthquake Monitoring Network
The development and planning of the
micro-earthquake monitoring network in the Chianan
region was based on the distributions of historical
earthquakes and major faults. The possibility of
co-locating the stations with the real-time strong
motion array under establishment was also considered.
21 stations were installed to develop the network in
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the second half of 2011. In addition, we collaborated
and share the network operated by the Institute of
Seismology, National Chung Cheng University
(NCCU), which aims to monitoring the seismicity
around the Chukou Fault. Joint monitoring and data
sharing greatly improved the effectiveness of research.
Figure 4 shows the distributions of all seismic stations,
including the NCREE strong motion and
micro-earthquake networks and the NCCU
micro-earthquake network, we used in this study.
Because the seismicity was widely distributed in
Chianan region, the integrated network has covered
the Chiayi County and City, Tainan City and adjacent
foothills spread by faults. The network provides the
complete ability for monitoring the seismicity to
research on the characteristics of faults and seismic
sources in Chianan region.

supply the electricity and correct the internal clock of
the seismometer. The photos in Fig. 5 show the
installation set up of a station in the field.
The traditional earthquake auto-location methods
are inadequate for many observed earthquakes due to
small magnitudes, thus data processing were based on
a program developed by NCREE for the
micro-earthquake monitoring network (Chang, 2009).
In the processing, the daily recordings were converted
to the SAC formation. Then the P- and S-wave arrival
times were distinguished and marked by different
quality symbols for every cut event. The above two
steps must be done manually. Consequently, the
earthquakes could be located. This scheme is
illustrated in Fig. 6. Because the seismometers are
highly sensitive with wide bandwidth, the HHT
(Hilbert-Huang Transform) of EMD (Empirical Mode
Decomposition) were also combined in the program to
remove the long-period background noise such as
those brought by winds or tides (Fig. 7). The
preliminary location for each earthquake was
conducted using the program HYPO 71 (Lee and Lahr,
1972) to estimate the origin time, epicenter location,
focal depth and magnitudes based on the arrival times
of P- and S-waves. The velocity model of earthquake
location is the same as that of CWB (Central Weather
Bureau). The ML is inadequate for our
micro-earthquake network due to the high-frequency
waveform and small magnitude. Instead, the Md was
estimated based on the epicentral distance and
duration time of the event at each station.

Fig. 4 The distribution of the monitoring networks in
the Chianan region
This study was benefitted by the rich experience of
the group acquired in the installations and monitoring
the micro-earthquake in the Science Parks during the
past few years. A standard operating procedure was
created to avoid the artificial noise. The station
locations were all chosen with caution, measured the
background noise beforehand if necessary, and
continues to take stock of the background noise to
ensure the data quality. Then, the seismometer set in a
bucket was buried at a depth of at least one meter. For
increasing the quality of the incident seismic waves, a
cement foundation was sat on the bottom of the bucket
and several long nails to fix the bucket on the bottom
of the hole. Otherwise, the rims of the bucket, in
which a seismometer is placed, should avoid touching
the surrounding soils of the hole to decrease the
surface noise. The moisture-proof and heat insulation
are good help to keep a stable monitoring operation.
High-sensitivity broadband seismometers (CMG-6TD,
Guralp System Ltd) were used in the network to
collect the weak seismic waves. The recording is
carried out in continuous mode with the sampling rate
of 100 points per second to avoid losing any
micro-earthquake. A set of solar energy equipment
and a GPS antenna were installed at each station to

Fig. 5 Photos of station installation
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Fig. 6 Procedures of the earthquake data processing
system developed

Fig. 8 The monthly micro-earthquake activity of the
Chianan Region

Conclusions
This
establishment
of
the
Chianan
micro-earthquake monitoring network has been
accomplished for the long-term and exquisite seismic
monitoring. Now, the network provides the ability to
detect abnormal seismicity to achieve the goals of
disaster prevention. The following works will focus on
the source parameters and activities of main
seismogenic structures to clarify the seismic potential
of the Chianan region. The results will benefit to
review the industrial planning and economic
development of this region including proper
assessments for local seismic safety.

Fig. 7 The process of EMD for a waveform

Monitoring Works
The data quality inspection and situ equipment
calibration of the Chianan micro-earthquake
monitoring network have been done during the first
two months of operation. All stations continue to
record high-quality ground motion data now. Every
two months, the data are processed to estimate the
position of the observed micro-earthquakes. The
monthly activities of micro-earthquakes, as shown in
Fig. 8, will be compared with the recent CWB seismic
catalog to assess the current status and variation of
seismicity in the Chianan region.
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The accurate earthquake location of Hypo DD and
the focal mechanism solution will be studied to depict
the source characteristics of the faults and
seismogenic structures by accumulating mass data of
micro-earthquake data. In addition, this study will use
the monitoring data to research on QP attenuation
factor change. The seismogenic processes change the
tectonic stress and result in the alteration of formation
properties. The feasibility of the QP as a probable
parameter of earthquake precursors will be evaluated.
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Abstract

Seismic waves are usually amplified by local unconsolidated sediments at specific
frequencies during strong motions, that is, the so called site effect, a significant issue in
seismic hazard assessment. Dominant frequency of Horizontal to Vertical Spectral Ratio
(HVSR) of microtremor is considered caused by a resonance of trapped body and surface
waves, which are caused by various natural and artificial sources. Dominant frequencies
vary with different subsurface structures. The HVSR of microtremor is therefore an
effective tool to be used to find a local resonance frequency, thickness of sediments, etc.
Otherwise, the Engineering Geological Database for TSMIP (EGDT) is constructed by the
NCREE and CWB, including logging data, e.g. soil parameters, SPT-N, and velocity
profiles at more than 400 free-field TSMIP stations. The data from EGDT are very useful
for the approach of classifying sites into different seismic site conditions using HVSR.
After data processing, HVSR at sites of different classes were also analyzed to discuss the
correlation among dominant frequency, thickness of sediments, and S-wave velocity. An
important property of microtremor’s HVSR, falling frequency, was learned in this study to
help us discriminate different seismic site conditions. Guidelines developed here could be
further refined to define a prompt method for classifying sites into different categories
using HVSR.
Keywords: Horizontal to Vertical Spectral Ratio, microtremor, free-field strong motion
stations, S-wave velocity, site classification

Introduction

Microtremors (also called microseism, ambient
noise, or seismic noise) are caused by various natural
and artificial signals, such as winds, tides, and rains or
traffics and mechanical vibrations. Those signals
always exist and thus the time of measurements is
very short in comparison with that for earthquakes.
After Nakamura (1989) proposed the HVSR method,
microtremor became a popular tool to assess site
response, i.e., resonance frequency and amplification
factor at a specific site. Some studies (Dinesh et al.,
2010; García-Jerez et al, 2006) developed relations
between thickness of sedimental layers and resonance
frequency of microtremor, which then can be used to
estimate the thickness of sediments in whole study
region; otherwise, S-wave velocity was estimated by a

The so called site effect is study of seismic wave
amplification by local unconsolidated sediments at
specific frequencies during strong ground motions. It
is an important issue in both earthquake engineering
and seismology. The fact of different seismic site
conditions can cause varied site effects, was
recognized more than hundred years ago (Milne,
1898). It was noted that “It is an easy matter to select
two stations within 1000 feet of each other where the
average range of horizontal motion at the one station
shall be five times, and even ten times, greater than it
is at the other”. This showed the site effect could be
evident at two nearby stations.
1
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developed empirical relation with depth. The
Engineering Geological Database for TSMIP is
constructed by the NCREE and CWB, including
logging data at over 400 stations, Vs30 and site
classification of the drilled stations also have been
accomplished (Kuo et al., 2011a; 2011b; 2012)
according to the criteria of BSSC (2001). The site
classification is a pre-requisite for the present study of
developing HVSR models on different seismic site
conditions.

should be more than 20. A geometric mean horizontal
Fourier spectrum was calculated, smoothed 5 times
and then divided by the smoothed vertical Fourier
spectrum. After averaging the HVSR of each window,
the mean HVSR at stations was finally derived.

Properties of HVSR at Different Classes of
Sites
Taipei region was selected as the preliminary
research area for the noteworthy site effects in the
basin, varied site conditions in whole region, and
sufficient reference materials for cross validation.
These advantages, particularly the velocity profiles
from logging measurements are significant for the
qualitative and quantitative analyses in developing the
new models of HVSR and new method on site
assessment using microtremor.

This study focused on Taipei region at present,
because various site conditions and related studies
were of great use for developing HVSR models.
Hence 11 of class B, 20 of class C, 32 of class D, and
5 of class E sites were adopted for the development of
the HVSR model.

Measurements of Microtremor and
Procedure of Data Process

HVSR at the 59 strong motion stations were
derived (Fig. 2) following the standard data processing
steps introduced in the above section. Moreover, we
categorized these HVSR curves into class of B, C, D,
and E according to the site classification of Kuo et al.
(2011b; 2012).

Two types of instruments were used in this study,
SAMTAC-801B (recorder) and VSE311C (sensor)
manufactured by Tokyo Sokushin, and the alternative
K2 with an EpiSensor made by Kinemetrics. Sampling
rate is 200 point per second and the recording period
is 18 minutes. The appropriate location for our
microtremor measurements was on the side of stations
to ensure the geological conditions are identical. The
instrumental response was eliminated in the procedure
of HVSR. Microtremor at a number of 59 stations was
measured up to now and the distribution was shown in
Fig. 1, including 10 of class B, 17 of class C, 27 of
class D, and 5 of class E. Of cause, those stations have
Vs30 and were classified.

Stations of class B are situated on hard rocks or
sometimes covered with a thin regolith, the Vs30
range between 760 and 1500 m /s and as such the
dominant frequencies of HVSR are unremarkable or
relatively higher. The stations of class C, which are
situated on soft rocks or stiff soils, have more obvious
amplification at comparatively lower resonance
frequency than the class B. The HVSR curves of
classes D and E are amplified at relatively lower
dominant frequencies. The HVSR in these two classes,
in terms of shapes, dominant frequencies, and
amplifications, are quite similar that it often difficult
to group them into a specific class. Additionally, Fig.
3 also shows the phenomenon of “falling frequency”,
which could also be observed in many HVSR curves
of class D, class E, and several of class C.

Fig. 1 Distributions of the measured stations
(black triangles) of microtremor in Taipei
region.
Multi-windows with 8192 points of each was used
to cut the microtremor recordings, and 6% cosine
taper was implemented at both ends of each window.
The recordings must be checked and the windows
contaminated by unusual noise can be deleted in
advance; however the number of selected windows

Fig. 2 HVSR of the 59 measured TSMIP stations
at different seismic site conditions. Those stations
are also included in the EGDT so that their Vs30
are available.
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Fig. 4 Averaged HVSR of each class. Different
dominant frequencies were very clear
except for class D and E.
Fig. 4 shows the average HVSR of four classes,
the difference of shape and dominant frequency are
very clear. The dominant frequency increased with
Vs30, except for class D and E where the dominant
frequency, the double peaks, and the amplification
factors are very similar. We speculated that the
similarity is because the thickness of sediments at sites
of D and E is mostly greater than 30 meters. Since
dominant frequency is related to the thickness of
sediments rather than the variation of velocities, the
distinction in two classes are not prominently seen.
The other possible reason is the Vs30 of the 5 stations
are close to the boundary of class D and E (180 m/s),
so that the difference between the HVSR of the two
classes is not clear. The similarity on HVSR of class
D and E makes classification of soft soil site into a
suitable class more difficult.
The occurrence of “falling frequency” is another
important property of HVSR found in this study which
could also be used to distinguish site classes. The
falling frequency of microtremor’s HVSR always
occurs at a site covered with soft sediments. The
signal of microtremor tends to resonate within the
covering sedimental layer and then Rayleigh waves
are generated. The effect of Rayleigh waves in the
vertical component become larger and thus the
amplification of HVSR fall into values less than one
on those frequencies, i.e. Rayleigh waves become
dominant in microtremor on the frequency band. It
can be found in all stations of class D and E, as well as
several stations of class C in Fig. 3. Consequently, the
phenomenon of falling frequency is very clear in the
average HVSR of D and E in Fig. 4. Otherwise, the
falling frequency of class E is lower than that of class
D, possibly due to lower S-wave velocity of sediments.
Maybe this criterion can be used as an index for
distinguishing sites into classes D and E. This needs,
however, further validation.
Fig. 3 The categorized HVSR curves according to
the site classification of Kuo et al. (2012). From top
to bottom is class B, class C, class D, and class E.
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The Relation Between Dominant
Frequency and Thickness of Sediments
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The well-known empirical relation (Equation 1) of
thickness of sediments (H), S-wave velocities (Vs),
and dominant frequency (F) has been widely used in
estimations of depths of bedrocks.

H=Vs/4F

(1)

However, the empirical equation has some
divergence owing to the difference in local geology.
We used the drilling profiles of EGDT and refer to
some other velocity profiles of deep boreholes in the
Taipei Basin, estimating the relation between
resonance frequency and the depth of bedrock by
least-square method. The data (red circles) as well as
the estimated result (blue curve) are shown in Fig. 5.
S-wave velocity was larger than 600 m/s and an
obvious boundary exist above the indentified bedrock.

Fig. 5 The red circles is data points and blue curve is the
result of regression using least-square method in
Taipei region. The correlation coefficient is 0.92.

Conclusions
At present, Taipei region was selected for this
preliminary study for reasons of distinct site effects in
the Taipei Basin, various site conditions, and
sufficient reference materials. HVSR of microtremor
at sites with different seismic site conditions really
have different properties. Although the dominant
frequencies of HVSR at the sites of class D and E are
very similar to each other due to the large thicknesses
of sediments, more than 30 m. Certain difference in
the falling frequency for class D and E was found;
however, the feasibility of using this as an index of
distinguishing sites of class D and E must be further
assessed in the future. An empirical relationship
between the dominant frequency and the thickness of
sediments was developed in the Taipei region using
the velocity profiles of logging data. This relationship
would be an important foundation in the future
quantitative analysis.
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Deployment of NCREE Real-Time Seismic Network
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Abstract

In order to improve the accuracy and response time of the Earthquake Early Warning
System, the development of a Hybrid On-site and Regional Earthquake Early Warning
System is the only direction. For the research group, such a hybrid EEWS can be quickly
build in NCREE if a regional real-time seismic network can be deployed because NCREE
has already developed a On-site Earthquake Early Warning System. This study has set up a
regional real-time seismic network and can achieve stable operation.
Keywords: Earthquake early warning system

Introduction

network is available. In this project, we are using the
existing broadband seismometers and strong motion
seismometers of NCREE to build a real-time seismic
network.

Earthquake Early Warning Systems (EEWS) can
be classified into Regional EEWS, On-site EEWS,
and Hybrid EEWS (Kanamori, 2005). A Regional
EEWS is constructed around the regional seismic
network. When such a seismic network identifies
earthquake signals and locate the earthquake, a
warning message is issued. An On-site EEWS uses its
own seismometer to identify earthquake signals and to
calculate earthquake related parameters such as
magnitude, intensity scale, S-wave arriving time
independently, then warning message is issued locally.
The currently functional EEWS in Japan and Central
Weather Bureau, Taiwan are the regional type EEWS.
In recent time NCREE developed the on-site type
EEWS with a possibility to combine the earthquake
engineering semi-control system for structures to
make integrated assessment of the likely hazard
scenario. The advantages and disadvantages are:
regional type EEWS has higher precision but longer
response time, on-site type EEWS has shorter
response time but lower precision. Nowadays Japan,
Taiwan and many countries are focusing on
developing a Hybrid On-site and Regional type
Earthquake Early Warning System, to build a system
to achieve high accuracy and short response time
when earthquake strikes.

NCREE Real-Time Seismic Network
This project will spend three years to set a regional
real-time seismic network and convert it into regional
EEWS, then combined the on-site EEWS to form a
hybrid EEWS. The time-frame is suggested mainly to
develop the required software and to purchase
additional
acceleration-type
strong
motion
seismometers as an aid-on to the existing velocitytype broadband seismometer. Up to now, more than
30 FRP seismograph stations (Figure 2) has been build
in Taiwan Island, of which 18 stations are currently
connected (Figure 3), and rest 12 stations are awaiting
connections from the Chunghwa Telecom ADSL.
Most stations are on secluded hilly areas to get high
quality low-noise signals. Since station locations are
away from the town, Chunghwa Telecom requires
time to extend telephone lines for their ASDL services.
There are only four stations where seismometers are
yet to be installed. The number of total connected
seismic stations will reach 30 by the end of 2012, and
40 by the end of the year 2013.

For the past five years NCREE has developed an
On-site EEWS, therefore a hybrid EEWS can be
quickly developed if a regional real-time seismic
1
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seismometers installed will guarantee the registration
of large earthquake signals whereas information on
small seismic activity which might contribute to the
future precursory observation.
Fig. 1 The photos of strong motion seismometer (left)
and broadband seismometer (right).
The current location of the station is primarily
confined to the main island of Taiwan. Once the
hybrid EEWS is complete, then station layout works
will begin in the Lyudao, Lanyu, Penghu, Kinmen and
Matsu, Wuchiu islands. Lyudao, Lanyu Island stations,
together with Peinan, Taimali, Dawu, Juipong stations,
the Southern Taitung Rift Valley active seismic zone
can be better monitoring. Compared to the seismicity
in eastern Taiwan, the island of Taiwan, the Taiwan
Strait belongs to the region of low seismic activity.
But the 1604 Quanzhou offshore M8.0 earthquake (in
Taiwan Strait, NWW direction of Taichung City)
shows this area has potentials for a major earthquake.
If inside the Taiwan Strait an earthquake similar to the
921 earthquake size happens, say 50 km away from
Quanzhou and 100 km away from Taichung, will
produce more than 200 gals shock in Hsinchu, Miaoli,
Taichung, Changhua, Penghu. Therefore for safety
reason long term seismic monitoring should be set in
Penghu, Kinmen and Matsu, Wuchiu islands.

Fig. 3 Location map for NCREE rela-time seismic
network. The red circles are those ADSL connected
stations. Station codes are shown as numbers.
At each station, six 12V-45Ah parallel batteries
are charged every night through the timer control
transformer using commercial AC power. This
prevents the temperature to rise too high, ensures
uninterruptible power supply and activation of the
battery. In addition, one meter copper rod hammered
into ground is used to prevent lightning. Seismograph,
ADSL modem and other devices have directly from
the battery to supply power.

Fig. 2 Most stations are built on quiet site with a FRP
housing.

The seismographs are using RS232 port for
external communications, so we use MOXA 5210
dual-port serial Ethernet servers to convert the signals
sent by the seismographs into UDP packets. Through
Chunghwa Telecom's ADSL modem sent them to
NCREE seismic data processing servers.

Each NCREE real-time seismic station is installed
with both acceleration-type strong motion and
velocity-type broadband seismometers. The sampling
rate of two seismometers are 100 points per second.
The acceleration seismometer has bandwidth of
DC-100Hz, and dynamic range 0.0005gal ~ 2 g. The
broadband seismometer has bandwidth 30s-100Hz and
dynamic range 3×10-8 ~ 0.25 cm/s. Although it is not
an accurate comparison, when the strong motion
records show 20 gals earthquake signals, broadband
seismometers probably has exceeded its upper limit of
0.25cm/s. So both strong motion and broadband

The seismic station coding rules are different from
the previous names initials, but use 3-digits encoding.
This provides an intuitional quick response for staff
monitoring earthquakes locations and also facilitates
follow-up program development. The first digit of
3-digits encoding station represents the counties: 0 Taipei, 1 - Ilan, 2 – Hualien, 3 - Taitung, 4 – TaoyuanHsinchu-Miaoli, 5 – Taichung-Changhua-Nantou, 6 94
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Yunlin and Chiayi, 7 – Tainan and Kaohsiung, 8 Pingtung, 9 - offshore islands Penghu, Kinmen and
Matsu. The second digit of station code represents sub
regions, arranged from east to west, from north to
south. The third digit of station code represents the
first n (0-9) stations inside each sub regions. For
example, 400 is the first station of the Northern
Trans-Island Highway in the mountains of Taoyuan
County, 410 can be interpreted as is the most eastern
side of the Snow Mountains in Hsinchu County.

Fig. 6 Snapshot of 2012/04/19 Hwalian, Taiwan
ML5.4 earthquake. Left panel are strong motion
acceleration signals, right panel are broadband
velocity signals.

NCREE Seismic Data Processing Servers
In NCREE, two computers were used to receive
and to process seismic signals from each stations in
real-time. These two computers serve to each other's
backup system (Figure 4). Computer hardware using
the Intel core i7 2600 3.4G Hz, 4 cores 8 threads cpu,
8G DDR3-1333 DRAM, 128G Solid State Drive.
Operating system is Scientific, Linux 6.2. Because the
purpose is to develop a new hybrid EEWS which is
completely new in the world and a variety of
algorithms should be developed and tested. Therefore
it is impossible to use program (no source codes)
provided by the manufacturer of the seismograph, we
must write our own. This is a very difficult task.
Seismic data processing programs are written in C and
Fortran. The graphical interface is PGPLOT. All these
are open source free software. The two type
seismometers are made by different companies;
therefore the seismic data processing programs are
written differently for accelerograph and broadband
seismograph.

Objectives of NCREE Real-time Seismic
Network
The NCREE real-time seismic network is now in
operating. At current stage, only partial functions are
completed. Many programs have to be written and to
be tested to convert this network into a really working
“Hybrid EEWS”. Here we will briefly describe some
unfinished features and its ultimate objectives.
Two major programs NCREE_ACC NCREE_VEL
have been completed, to receive seismic signal data
from each field station. These two programs are
running in two computers at the same time. The
received data will be saved into folders in solid-state
drives every minute according to the acceleration,
velocity category. The data output format is the most
commonly used SAC format in the field of seismology.
Here the program is designed to write only one minute
data for one station every second, to avoid the surge in
CPU loading. The use of solid-state hard drive can
reduce the bottleneck of slow hard drive transfer rate.
These designs can also avoid the network UDP
packets being discarded for latency. Furthermore,
since the transmission of network packets may be
damaged due to collision, we can repair some drop
packets by comparing two data sets. From experience,
this method can repair roughly 10% of the total lost
packets. The lost packets are in the order of
one-thousandth of the total received data, mostly
caused by poor quality of Chunghwa Telecom ADSL.

Fig. 4 Two computers process real-time seismic
network data redundantly.

We are now writing the earthquake triggering
module. The algorithms are evolved from the
STA/LTA (Bear Kradolfer, 1987). However we have
made a very substantial improvement for this method.
The principle is to use multi-band signal-noise ratio to
improve seismic signal visibility and prevent
misjudgments due to different band noise. Once a
sufficient amount of statistical data acquired, the
proposed algorithm will be published.
When the trigger module identifies a possible
earthquake event, another set of algorithms are going
to locate earthquake location roughly, and to estimate
the magnitude. Generally speaking, we adopt on-site
EEWS algorithms and integrate into regional seismic
network processing. Without wait for complete data,

Fig. 5 Snapshot of P-wave of 2012/04/11 Sumatra,
Indonesia Mw8.7 earthquake. Signals are recorded
by broadband seismometers.
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use fast iterative corrections to obtain optimum
solution which save response time but with medium
accuracy. This algorithm, at home and abroad
involves a lot of team development.

system combines with the TELES earthquake losses
assessment system and earthquake engineering
structures semi-active control system the earthquake
disaster mitigation procedures will dramatically
change in public and private domains.

Whenever earthquake location, magnitude and
other information are once calculated, the message
must be passed via mobile phone short message
service to a number of key people, such as staff of
NCREE real-time seismic network, members of
earthquake loss assessment group, administrative
personnel, the key contact people in the government.
This feature is not difficult to implement, Chunghwa
Telecom SMS services provided templates for
developers as references. In fact, how to identify the
key people in the government, training them to use the
earthquake warning messages to improve the disaster
relief process is the real task.
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In addition, the earthquake information must
immediately pass to on-site EEWS stations. Therefore,
the present on-site EEWS have to develop a daemon,
to integrated on-site seismograph seismic signal and
messages coming from NCREE regional real-time
seismic network. According to customer requirements,
the daemon has to customized alarm content and
emergency response procedures.
The objective described above, require hybrid
EEWS to issue earthquake warning within one to two
seconds after the earthquake information is calculated.
Immediately after the warning issued, another module
has to be started to do more precise positioning, and
focal mechanism solution. These messages can be
used for the production of real-time earthquake shake
map. In addition, earthquake information is also
providing to the TELES systems for earthquake
damage assessment.
The above features describe the earthquake
disaster relief response from central government's
point of view when large earthquake struck. In fact,
civil society, public and private enterprises, important
national facilities also demand such inputs. Therefore,
the demand is increasing and guides the direction for
future work. NCREE will play a key role, for example,
after the hybrid EEWS and semi-active control are
combined, the earthquake disaster prevention
programs would attain new dimension.

Conclusions
This study completed a regional real-time seismic
network, and achieved a fairly stable operation. The
next phase is adding a variety of algorithms step by
step, making it a regional Earthquake Early Warning
System. Then combination of on-site EEWS and
regional EEWS can produce a Hybrid Earthquake
Early Warning System in NCREE. This hybrid EEWS
system can improve the calculation accuracy of the
existing system and shorten the response time in
issuing earthquake warning. In the future, when this
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Abstract

The present work is focused to investigate geochemical variations of soil-gas composition
at established geochemical observatories along the Hsincheng fault (HC) in Hsinchu area,
Hsinhua fault (HH) in Tainan and at Jaosi in Ilan areas of Taiwan, respectively, to determine
the influence of enhanced concentrations of soil gases to monitor the tectonic activity in the
region and to test proposed tectonic setting based model from data generated at earthquake
monitoring stations during observation period of year 2011. Based on the anomalous
signatures from particular monitoring stations we are in a state to identify the area for
impending earthquakes of magnitude  5. For selection criteria, earthquakes having local
intensity  1 at the monitoring stations with epicentral distance (R) < 150 kms having D/R
ratio  1 with focal depth < 40 kms are considered. During the observation period about 18
earthquakes of magnitude  5 were recorded in and around Taiwan. However, out of these,
few earthquakes fitted-well under the defined selection criteria and were tested for the
proposed model.
Keywords: Soil-gas, Fault, Earthquake, Tectonic, Radon, CO2

Introduction

literature are focused on radon. It has been accepted
that radon and other gases can escape towards the
surface by diffusion, advection and convection and
also by rising fluids or carrier gases. Diffusion is the
simplest mechanism, but owing to its short half-life,
radon cannot travel more than a few meters. The
second mechanism, the advection mechanism, is
mostly dominated in fault zones and fractured
systems and convection can occur when a sufficient
thermal gradient is available within the soil,
depending on many local parameters, such as
viscosity, porosity, permeability and so on. The
transport by means of a carrier gas (Yang et al., 2003,
2011) is particularly important inside a volcanic
edifice, where gases, such as, CO2, H2 SO2 and H2S
etc. are abundantly present and can be good carriers
of radon, reaching the surface at very high rates.
The skepticism, that accompany the earthquake
precursory phenomena, may be due to non-existence
of a universal model and has been a challenge for
quite some time which created lot of interest in

Soil-gas measurement has been identified as a
potential technique in scientific research to study
active faults and earthquake precursory signals.
Measurements of soil-gases have attracted
considerable attention over the past several years due
to their relationship with the seismicity. Information
carried by various gases (viz. radon, helium and
carrier gases like carbon dioxide, nitrogen, methane
etc.) with different origins in soil have been used to
trace various fault systems (Fu et al., 2005; Walia et.
al, 2009a, 2010) and earthquake precursory studies
(Kumar et al., 2009; Walia et al., 2005; Yang et al.,
2006). Outgassing process of gases in soil at a given
locale is apparently controlled by the interaction of
geological, pedological, climatic and metrological
factors. Radon concentration variations have been
established as a major contributor for seismic
surveillance for few decades. While other gases have
also been considered as possible earthquake
precursors, however, bulk of reports in the scientific
1
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scientific community to solve this problem. Some
models/empirical relations have been proposed in the
past relating radon anomalies and seismic parameters,
such as, earthquake magnitude and epicentral
distance etc. (Walia et al., 2005). Such relations can
be classified both theoretically and empirically
(Walia et al., 2005: Etiope et al., 1997). Most of the
proposed relationships or models are under debate;
however, still in agreement that episodic crustal
stress/strain is possible source mechanism for
precursory signals.
Taiwan is a product of the arc-continent
collision between Philippine Sea plate and Eurasian
plate which makes it a region of high seismicity. In
the southern part of island, the Eurasian plate is
subducting under the Philippine Sea plate while in
the northern part of the island, the Philippine Sea
plate bounded by the Ryukyu trench is subducting
beneath the Eurasian plate. Behind the Ryukyu
trench, the spreading Okinawa trough has developed.
The northern part of Taiwan Island is located at the
western extrapolation of the Okinawa trough. These
collisions are generally considered to be the main
source of tectonic stress in the region which is, thus
densely faulted and seismically active.
The present study is aimed on temporal
geochemical variations of soil-gas composition at
established geochemical observatories along the
Hsincheng fault (HC) in Hsinchu area, Hsinhua fault
(HH) in Tainan and at Jaosi (JS) in Ilan areas of
Taiwan, respectively, to determine the influence of
enhanced concentrations of soil gases to monitor the
tectonic activity in the region and to test proposed
tectonic setting based model (Walia et. al, 2009b)
from data generated at earthquake monitoring
stations during observation period of year 2011.
Detailed geology and tectonic features of the
monitoring stations are reported elsewhere (see the
previous reports).

Methodology
To carry out the investigations, temporal
soil-gases compositional variations were measured
regularly at continuous earthquake monitoring
stations using RTM2100 (SARAD) for radon and
thoron measurement following the procedure as
described in Walia et. al, 2009b.
Seismic
parameters (viz. earthquake parameters, intensity at
monitoring station etc.) and rainfall data were
obtained from Central Weather Bureau of Taiwan
(www.cwb.gov.tw).
To carry out the present investigation, temporal
soil-gases compositions variations were measured
regularly at continuous earthquake monitoring
stations using RTM2100 (SARAD) for radon and
thoron measurement (for details see previous reports).
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Results and Discussions
Based on previous year’s long term geochemical
monitoring results at the established earthquake
monitoring stations HC and HH, we proposed and
published a tectonic based model (Walia et al.,
2009b). According to that proposed model HC and
HH monitoring stations give precursory signals for
impending earthquake that happened in different
tectonic settings/zones of Taiwan (see previous
reports). It has been found that variations in soil gas
at HC are disturbed by the stress variation due to
tectonic activities along Okinawa Trough and
Ryukyu Trough which are located in north and
central eastern part of Taiwan, respectively, in
addition to local earthquakes within periphery of
about 50kms from the monitoring station. Whereas,
in the case of HH, soil-gas variations are observed to
be due to tectonic activities along the Luzon Arc and
subduction of Eurasian plate in southern part of
Taiwan. Hence, it implies that HH monitoring station
shows precursory signals for earthquakes occurring
south or south eastern part of Taiwan, whereas, for
HC most of soil-gas variation precursory signals are
recorded for the earthquakes that occurred north or
north-eastern part of Taiwan. However, both the
monitoring stations have common overlapping zone,
indicative of the fact that the earthquakes that happen
to be in this region might have precursory signal in
both the monitoring stations.
In earthquake prediction research it is extremely
important to estimate the size and shape of the
earthquake preparation zone. We calculated
effective/strain radius (D) for earthquake preparation
zone using Dobrovolsky (1979) formula:
D=100.43M
where, M is the magnitude of the earthquake.
Taiwan is one of the most active seismic regions
of the world with an average of about 20,000
earthquakes occurring every year in or around as
reported by Central Weather Bureau of Taiwan
(www.cwb.gov.tw). Therefore, it is essential to
define some selection criteria to identify threshold
earthquakes for this study. Based on the anomalous
signatures from particular monitoring stations we are
in a state to identify the area for impending
earthquakes of magnitude  5. For selection criteria,
earthquakes having local intensity  1 at the
monitoring stations with epicentral distance (R) <
150 kms having D/R ratio  1 with focal depth < 40
kms are considered.
Soil-gas variation and its correlation with
different seismic events observed at the established
monitoring stations for the observation period are
plotted in Figs. 1 to 3. Long term observations
show that the monitoring stations have different
characteristics and show different type of anomaly
pattern. HH monitoring station shows diurnal
variation whereas these types of diurnal variation are
not noticed for HC monitoring station. In general,
non occurrence of diurnal variation of soil-gas radon

concentration at HH station is identified as an
anomaly (Fig. 2), whereas, in case of HC station,
spikes are identified as anomalies.
During the observation period of 2011, about 18
earthquakes of magnitude  5 were recorded in and
around Taiwan. However, out of these, few
earthquakes fell under the defined selection criteria
and were tested for the proposed model. Those,
which did not fit in our criteria, were either deep
focus or far distant earthquakes. It was found that in
some cases a number of earthquakes occur in short
span of time, i.e, within 1-5 days. These earthquakes
can be considered as aftershocks/foreshocks of big
earthquakes or different earthquakes. In the present
study we have considered these as one seismic event.

periphery were also recorded at both the monitoring
stations (Figs. 1 and 2).

Jiaosi Monitoring Station
In addition to above mentioned monitoring
stations, we established continuous monitoring
station at Jiaosi, Ilan area at a selected point using
radon
detectors
RTM
2100
along
with
carbon-di-oxide detector. The temporal data for
soil-gas variation and its correlation with different
seismic events observed during year 2011 is plotted
in Fig 3.

Hsincheng Monitoring Station
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Fig.3. Variations of radon, thoron, carbon dioxide
and rainfall at the Jiaosi, Ilan area and their
correlation with earthquakes during 2011.

Fig.1. Variations of radon, thoron, carbon dioxide
and rainfall at Hsinchu monitoring station and their
correlation with earthquakes during 2011.

Fig.4. Distribution of events recorded at monitoring
stations along Hsincheng and Hsinhua faults
monitoring stations.
Fig.2. Variations of radon, thoron, carbon dioxide
and rainfall at Hsinhua monitoring station and their
correlation with earthquakes during 2011.
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Abstract

The technology of early seismic loss estimation (ESLE) can release the information of
likely damage and casualty immediately after earthquake occurrence. Such information
could help enhance the emergency response significantly. The aim of this study is to
introduce ESLE technology to water pipeline systems in Taiwan. The models of seismic
repair rates for various pipes and the corresponding repair costs (man-hours and monetary
losses) were employed. Under any earthquake scenario, the statistics and spatial
distribution of pipe damages and repair costs could be estimated through seismic scenario
simulation. A prototype of ESLE module consisting of a customized executable and a
seismic scenario database consisting of pipe damages and losses of a water system could be
developed. It can be triggered automatically by an earthquake e-mail report released by the
Central Weather Bureau and provide the estimation results within seconds. The water
pipeline system in Yi-lan, Taiwan has been performed for ESLE implementation.
Keywords: water pipeline systems, early seismic loss estimation, seismic scenario simulation

Background
In order to respond to an emergency state quickly
and effectively, it is very important to have an early
and comprehensive understanding of the disasters
through assessment and field reconnaissance.
However, the status of damage of a water system
following earthquakes is very difficult to assess.
Water system is usually widely spread in space, and
some of the places could be remote, making it difficult
to assess the damages within a short time. The
disruption of telecommunication may delay the speed
to collect the data from the field. Finally, water system
consists of many buried pipes and the locations of
pipe damages are difficult to detect. All these may
delay the response of emergency officers as there is
very limited information to make correct decisions
regarding dispatch of personnel and materials.
Therefore, it will be very valuable to decision-making
during the early stage of earthquake emergency
response if a technology capable of providing the
predictions of the damage of a water pipeline system
1
2
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4

immediately after the occurrence of earthquake can be
developed.
NCREE has recently developed a technology
called Early Seismic Loss Estimation (ESLE). It was
based upon the software called TELES (Taiwan
Earthquake Loss Estimation System; Yeh 2003)
specialized for the seismic scenario simulation in
Taiwan. Thereafter, the software and database system
called TELES ESLE module was created for the
implementation of early seismic loss estimation. It is
capable of being triggered by external earthquake
report, executing seismic source recognition, deciding
and releasing loss estimates within seconds after
receiving the earthquake report. The loss estimates are
attained by querying a pre-calculated database called
Seismic Scenario Database (SSD) in terms of a
comparison between the simulated shake maps and the
CWB strong motion measurements, from which
several best-fit earthquake scenarios can be decided
and the corresponding loss estimates are queried
instead of computed.
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Theory of TELES ESLE
There are two difficulties to be confronted to make
ESLE feasible. The first is to identify the source
parameters of an occurred earthquake with the limited
information available. The second is to shorten the
time required to provide valuable loss estimates to the
emergency personnel. When an earthquake occurs, the
Central Weather Bureau (CWB), MOTC can release
the earthquake report to clients. The strong motion
network in Taiwan completed under TSMIP (Taiwan
Strong Motion Instrumentation Program) consists of
more than 600 strong motion stations, among which
more than a hundred are real time stations. This
facilitates CBW with the ability to release a report 2 to
3 minutes after earthquake occurrence normally. The
point-source parameters provided in the CWB
earthquake report, namely the location of epicenter,
focal depth and magnitude of the earthquake, are
usually not sufficient for deciding the seismic source
precisely. However, the report is supplemented with
the measured peak ground accelerations at real-time
stations. They are very valuable as they reveal the
pattern of the shake map of the earthquake. In fact, the
ESLE module developed by NCREE is capable of
sorting out a listing of best-fit earthquake scenarios
from the SSD according to the measured “shake map”.
In order to accelerate to process of generating seismic
loss estimates, it is advised not to perform the
computation work for damage and loss simulation,
which is supposedly very time-consuming, but to
query the already established SSD and find the most
likely scenario and its consequence, which instead can
be completed within seconds.

issued by CWB is received by the e-mail server, it will
be forwarded to this folder and automatically trigger
the TELES ESLE module. The process of early
seismic loss estimation is then activated, and the
estimates will be placed in another specified folder for
further implementation.

Seismic Scenario Database
The SSD for early seismic loss estimation should
consist of as many earthquake scenarios as possible to
ensure the chance of a best-fit scenario close enough
to the actual event. Seismic sources considered in
TELES ESLE module can be classified into two
categories: active-fault sources and regional sources.
The former refers to those related to any of the known
active faults, which also means that the location and
orientation of the rupturing plane of such seismic
source is well specified. The later refers to those
related to none of the known active faults, which also
means that the source mechanism of such earthquake
event could be more or less arbitrary.
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Fig. 2 The 40 faults for generating scenario earthquakes of active-fault sources in Taiwan

Seismic Scenario
Database for
water system
TELES ESLE module

Fig. 1 Conceptual diagram of the implementation of
early seismic loss estimation
Fig. 1 depicts the conceptual diagram of the
implementation of ELSE technology. In order to
activate the TELES ESLE module, the TELES main
program has to be installed and kept in execution
mode on a computer which is connected with an
e-mail server through SMTP (Simple Mail Transfer
Protocol). The TELES main program will stand by
and continuously check a specified folder to see if an
earthquake report is forwarded to this folder. Once the
earthquake report in terms of an e-mail message

In order to generate scenario earthquakes of
active-fault sources, two versions of Taiwan fault
maps, namely Version 2000 and Version 2010,
released by the Central Geological Survey, MOEA
were firstly taken into account. Through a judgment
by experts at NCREE, a total of 40 faults, depicted in
Fig. 2, have been concluded and employed for the
production of discrete scenario earthquakes of this
category. For each fault, earthquakes have been
specified with magnitude ranging from 6.5 to 7.5, with
an increment of 0.1. A total of 557 scenario
earthquakes of this category are employed in SSD. All
share a common shallow focal depth of 5km to ensure
that they are capable of inducing ground failure by
fault rupturing.
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(519+308)u3=2,481 hypocenters. (5) Only discrete
earthquake magnitudes of 5.1 to 7.3 in Richter scale,
with an increment of 0.2, are considered. Due to the
fact that an earthquake of larger magnitude refers to
longer fault rupture length and the orientation of the
rupture plane has a significant influence on the
distribution of affected areas, it is necessary to
increase the options of orientation of the fault
rupturing for larger earthquakes. In TELES ESLE
SSD, 35 combinations of magnitude-orientation are
specified to each and every hypocenter. Finally, a total
of 2,481u35=86,835 scenario earthquakes of this
category are employed in SSD. They are supposedly
sufficient to resemble all earthquakes of regional
sources to occur in Taiwan.
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Fig. 3 Distributions of 519 epicenters for scenario
earthquakes of shallow regional sources

The off-shore of eastern coast is one of the most
earthquake-prone areas in Taiwan region. In this study,
the water pipeline system in Yi-lan County, one of the
three counties of eastern Taiwan, was chosen as the
test bed for the implementation of the proposed ESLE
technology. The water system in Yi-lan County is
operated by the Eighth Branch of the Taiwan Water
Corporation. The total pipe length is approximately
2,600 km. Let’s consider an earthquake occurring
off-shore Yi-lan County. The earthquake magnitude is
7.1, the epicenter locates at (121.88oE, 24.48oN), and
the focal depth is 20km. Assume that the source
mechanism is a horizontal line source of 84.2km. The
earthquake induced PGA at each CWB strong motion
station could be simulated and employed to generate a
mock CWB earthquake report, which contains
information depicted in Fig. 5. It contains point source
parameters including magnitude, time of occurrence,
time of report generation, epicenter location and focal
depth. It also contains the information from the strong
motion stations, including the “measured” PGA values.
This mock CWB earthquake E-mail report was
employ to test the ESLE module.
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Fig. 4 Distributions of 308 epicenters for scenario
earthquakes of deep regional sources
Since earthquakes of regional sources have much
higher uncertainties in terms of both the location and
orientation of the rupturing plane. A huge number of
scenario earthquakes are supposedly needed to
resemble all earthquakes of such category. In order to
take into account earthquakes of regional sources, the
following assumptions or procedures were made or
followed to ensure the creation of such scenario
earthquakes: (1) Only the region within 119-123 o east
longitude and 21-26o north latitude is considered. (2)
The region is meshed into many small grids, and the
center of each grid can be treated as the epicenter. Fig.
3 and Fig. 4 depict 519 and 308 of such grids for
shallow and deep regional sources, respectively. (3)
Horizontal line source model is employed for
earthquakes of regional sources. (4) Discrete focal
depths of 5, 15, 25km (for shallow sources) and 35, 45,
55km (for deep sources) are employed to create
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Fig. 5 Mock CWB earthquake E-mail report
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Fig. 6 depicts the first six best-fit seismic sources
attained by ESLE as well as the original (designated)
M7.1 earthquake scenario. The ESLE also produces
the estimates of pipe damage and loss of each best-fit
scenario, in terms of files in ASCII text format,
GIS-compatible tables and thematic maps. Fig. 7
depicts the generated thematic map of distribution of
pipe repair rate (number of pipe repairs per kilometer)
under the first best-fit scenario, from which the “hot
zones” of damage in water pipes can be easily
identified. As summarized in Tab. 1, the estimates of
the pipe repair number, required repair team-hours and
cost (in million NT$) under the first best-fit scenario
are 1,365, 9,677 and 46.800, respectively. The
estimates for each township are also summarized in
Tab. 1. In the future, further research efforts should be
made to make the proposed TELES ELSE module
cooperate with the utilities’ existing EMIS
(emergency management information system) to help
emergency personnel establish appropriate action
plans during earthquake disasters.

Table 1 Estimates of the number of pipe repairs,
required repair team-hours and cost of the first
best-fit scenario
Estimates from ESLE Scenario 1
Repair Cost
Township Repair No. Team- hours
(million NT$)
Dongshan
190
1,445
6.997
Yilan
187
1,373
6.616
Wujie
173
1,247
6.043
Su-ao
151
1,107
5.354
Zhuangwei
133
938
4.518
Jiaoxi
127
837
4.025
Luodong
124
768
3.740
Sanxing
99
658
3.156
Toucheng
83
621
3.054
Yuanshan
71
500
2.416
Nan-ao
24
157
0.755
Datong
4
26
0.126
Total
1,365
9,677
46.800

Conclusion
A TELES ESLE module for early seismic loss
estimation of water pipeline systems has been
proposed. A case study of the water system in Yi-lan
County has been demonstrated. After the CWB
earthquake E-mail report is issued following the
occurrence of an earthquake, the estimates of pipe
damage and loss could be provided in detail within
seconds.

Fig. 6 Seismic sources of the original M7.1 event and
the first six best-fit scenarios
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Abstract

The objective of this study is to integrate and construct a database for the highway
network system and to propose an assessment approach for transportation demand and
serviceability of the system before and after earthquakes. Based on the developed
technology of seismic scenario simulation and refer to the framework and function of the
REDARS 2 software, we intend to develop the integrated software for application in
assessments of earthquake damage and serviceability for highway systems. A highway
system comprises structure elements of roadways, bridges and tunnels. The database
construction of the highway network shall be integrated based on the earthquake damage
estimations of the structural elements. The serviceability assessment of highway systems is
highly relevant to the traffic flow, thus a prediction model of transportation demand is also
delineated in the study.
Keywords: Highway system, Serviceability, Transportation demand.

Introduction
The software of TELES (Taiwan Earthquake Loss
Estimation System) has been developed by the
National Center for Research on Earthquake
Engineering (NCREE) for many years. It is used to
assess the potential earth science hazards and possible
damage and loss induced by earthquakes (Yeh, 1999,
2002). The framework of TELES includes modules of
seismic hazard analysis, structural damage assessment,
earthquake-induced secondary disaster evaluation, and
social economic loss estimation. Traditionally, the
analysis modules for buildings, bridges, water system,
and so forth, are all integrated into the TELES
software. Each module was often divided into
sub-modules for specific research purposes or the
needs of TELES users. Subsequently, the software
became more complicated in operation, which is
somehow inconvenient for some users, even though its
performance was upgraded. Moreover, most users
made use only some parts of the functions or modules
of the TELES, the other parts were even never used by
the users before. This may reduce the willing of users
to use the TELES software since they have to spend

more time to learn how to operate all the functions and
modules of TELES.
Recently, the TELES software has been developed
with the aim of customization for the needs of users.
For example, we developed an earthquake risk
assessment (ERA) module unique to the demand of
Taiwan Residential Earthquake Insurance Fund
(TREIF). The module could provide an objective
evaluation of residential earthquake exposure in
Taiwan and calculate the insurance premium and
reference for insurance brokers. Similarly, a module
of earthquake loss assessment for water systems
(Twater) is specialized for the use by water
departments of government, which could provide
hydraulic model and post-earthquake performance
assessment of pipes for the demand of users.
With the participation in the research projects of
“A study on the planning of rescue and evacuation
routes after earthquakes in Taipei city” (Yeh, 2004),
“Seismic assessment and retrofit feasibility for
highway bridges” (Directorate General of Highways,
MOTC, 2009), “Development of early seismic loss
estimation module and database for highway bridges”
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(Liu, et al., 2010), and so forth, the TELES has now
involved totally 3957 provincial highway bridges and
the earthquake damage estimation module of highway
bridges. In order to strengthen the capacity of TELES
on the analysis of earthquake damage estimation, it is
necessary to develop an independent analysis module
for the highway systems (Thway) by including the
functions of seismic damage assessments on roadways,
bridges and tunnels, and the performance analysis of
the highway network system, as shown in Fig. 1. The
research accomplishment can be used to plan and
stimulate efforts to reduce risk from earthquakes, and
to prepare for emergency response and recovery from
an earthquake.

have to be differentiated manually instead in order to
reduce the possible occurrence of errors and missing
in the data integration and to promote the accuracy of
the seismic damage estimation of the highway
systems.

Earthquake Damage Assessment
The whole analysis software of earthquake damage
assessment of highway system includes the module of
seismic hazard analysis and the module of earthquake
damage assessments of the three structural elements
(roadways, bridges and tunnels). It makes a damage
estimation analysis of roadways, bridges and tunnels
of the system by using the results of ground shaking
and ground failure which are resulted from the module
of seismic hazard analysis. The methodology of the
earthquake damage assessments of the three structural
elements is summarized as follows:
Highway bridges: an appropriate fragility curve of
the prototype bridge of each bridge category has to be
defined first; calculate the joint probability of each
evaluation unit with various kinds of damage states for
the prototype bridge and then fine-tune the fragility
parameter for each bridge according to its structural
properties; finally, determine the damage state and
failure probability for each bridge (Liu, et al., 2010).

Fig. 1 Framework of seismic damage assessment
of highway systems

Database Construction
It is necessary to construct a relation model among
the structural databases of roadways, bridges and
tunnels in advance of applying the earthquake damage
estimations of the structural elements to the highway
network analysis. By telescoping the GIS (Graphic
Information System) map of highway bridges on the
chart of highway network, which was provided by the
Institute of Transportation, Ministry of Transportation
and Communications (MTOC), one can mark the
bridge ID and tunnel ID on the attribute database of
the corresponding roadway to construct the relations
among the structure elements. Accordingly, the results
of seismic damage estimation for roadways can be
modified through combining the seismic damage
estimations of the structural elements of the highway
system. The estimation responds the roadway damage
factor, as well as the damage effects of bridges or
tunnels across / on the roadway.
When constructing the relation model of roadways,
bridges and tunnels from the database of the highway
systems, we encountered many difficult situations to
solve. For examples, the cases with several bridges
across / on a road or a bridge spans several roads; in a
highway interchange, a bridge may locate on a road,
an overhead road or a ramp; a bridge may be shared
by a road and an overhead road simultaneously; and
so forth. All of the situations are difficult to pick out
by using computer code writing automatically. They

Roadways: a roadway segment is always damaged
due to the ground displacement rather than the ground
shaking after earthquakes. Refer to the assessment
methodology given by the technical manual of the
REDARS 2 software (Cho et al., 2006; Werner et al.,
2006), the parameter definition of fragility curves for
roadways takes only the effect of ground displacement
under consideration. The damage estimation is made
according to the seismic capacity of roadways for each
kind of road levels.
Tunnels: the definition of fragility parameters for
tunnels considers both the failure probabilities due to
ground shaking and ground displacement. However,
we have no tunnel database on hand by now, so this
type of structure element is not under consideration in
the study.
It is noticed that the earthquake damage estimation
of highway systems includes three types of highway
structures. The assessment shall combine the estimate
results of bridges, roadways (and tunnels) based on
the relation model constructed previously.

Transportation Demand Analysis
The level of service for highway systems is highly
relevant to the traffic flow. In the research area of
transportation engineering, one can estimate the traffic
flow by using the transportation demand prediction
model (Chou, 2008). Transportation demand analysis
describes the travel pattern and the decision procedure
when a trip occurs. It is applied to evaluate the traffic
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flow of highway network and public transit systems.
There are four processes in the model:
Trip generation: divide the study area into several
origin-destination zones (OD zone) and investigate the
demand of trip production and trip attraction of each
zone.
Trip distribution: evaluate the origin-destination
matrix (OD matrix) for the whole study area by using
the known trip productions and attractions. The OD
matrix describes the in-out travel state of each zone.

In practice, the ratio of volume to capacity (V/C) is
often taken as the performance index of the LOS of a
traffic system, in which the capacity is obtained from
the traffic assignment of the OD matrix. In the study,
the LOS criteria for suburbs multilane highway, as
shown in Table 1, is employed for the serviceability
assessment of the highway systems.
Table 1 LOS criteria for suburbs multilane highway
(Institute of Transportation, MOTC, 2001)

Modal split: passengers may use a different vehicle
for their trips, and each type of vehicle has distinct
occupancy. Herein two types of vehicle are considered:
one is the public transit, and the other is the private
transport. The employed type of vehicle in the in-out
travel state for each zone is allotted statistically.
Traffic assignment: according to the determined
trip distribution and modal split, the traffic flows are
assigned to the zone centroids in the highway network
system. Practically, there are three assignment rules to
be employed: the requirements of minimum distance,
minimum travel time and minimum travel cost. The
rationality of traffic flow distribution depends on the
used assignment rules and link model of the network.
In view of that the determination of OD matrix is
in the professional area of transportation engineering,
it is beyond the study. We intend to acquire the data
via an engineering consulting company or the Institute
of Transportation, MTOC for further research.

Highway Capacity and Level of Service
Evaluation of highway capacity is fundamental to
the study of traffic. It is often defined as the maximum
sustained 15 minute flow rate, expressed in passenger
cars per hour per lane, that can be accommodated by a
uniform freeway segment under prevailing traffic and
roadway conditions in one direction of flow. The
conditions of the road, traffic flow, traffic control and
automobile technology are the primary factors that
affect the highway capacity.

LOS

Density, D
(pc/km/ln)

Average travel
speed, U
(km/hr)

A
B
C
D
E
F

D d 12
12 D d18
18 D d25
25 D d33
33 D d52.5
D !52.5

U t 65
U t 63
U t 60
U t 55
U t 40
Ut0

Maximum
Service
flow rate
V/C
(pc/hr/ln)
0.371
780
0.540
1,134
0.714
1,500
0.864
1,815
1.000
2,100
Ё
Ё

Serviceability after Earthquakes
The damage state and failure probability of each
roadway segment are evaluated from the integrated
earthquake damage assessments of structural elements
and the social economic loss estimation can then be
determined from detour length, traffic volume, retrofit
cost and repair cost. These results will be further
employed for the analysis of serviceability assessment
of the highway systems after earthquakes.
Obviously, the highway capacity would decline
following an earthquake. When a bridge is damaged
completely, the associated roadway would break off
such that its capacity vanishes. Hence, the OD matrix
of the transportation demand has to be modified in
advance and then reassign to the highway network for
calculating a new traffic volume. There follows the
V/C value and the LOS of each roadway segment.

Level of service (LOS) is a qualitative measure
that describes the operating conditions within an
intersection or roadway section of traffic systems, and
the perception of those conditions by the facility’s
users. In general, the criteria of LOS range from A to
F: A is an ideal level, implying a free-flow operation;
E denotes a state in which the demand is close or
equal to the probable maximum number of vehicles
that can be accommodated by the movement; and F
represents a breakdown of vehicle flow, at the worst
level of service. The definition of LOS is mainly
based on performance indices. By taking the freeway
system for an example, the LOS can be defined
according to the performance indices of travel speed,
density and lane occupancy, in which the travel speed
is the index that most concerned with passengers.

Fig. 2 Flowchart for serviceability assessment of
highway systems after earthquakes
The aggregate serviceability assessments of the

107
107

entire highway system can be obtained by comparing
the results before and after the ground motion. The
repair states of the damaged structure elements are
estimated according to the degree of damage state and
the structure type. It would provide the evaluation of
repair states with different post-earthquake time for
the reference of government institutions and the
facility’s users. The flowchart for serviceability
assessment of highway systems after earthquakes is
shown in Fig. 2.

Conclusions
This research contains the works of database
construction, analysis model investigation and
integrated software development, in which the first
two works have been demonstrated in the previous
sections. Regarding the integrated software, we intend
to develop an analysis module (Thway) for the
practical application in the assessments of earthquake
damage and serviceability for the highway systems,
including the planning of rescue and evacuation routes
after earthquakes. Further, the research results will be
released for the reference of the headquarters of
government institutions and field personnel to enhance
their emergency response.
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Abstract

An earthquake is one of common natural disasters in Taiwan. When the earthquake
occurred, underground structures such as buried water pipeline and foundation may be
damaged. Because water supply is the public utility required day to day, when it cannot
provide services, it must cause livelihood and health problems. It might even cause secondary
disasters like fire and plague. So the damage to the pipeline caused by earthquake cannot be
ignored.
When continuous buried water pipeline is subjected to fault movement, damage is
inevitable and water supply may be affected. In order to investigate the local buckling
behavior of buried water pipelines under faulting, a sophisticated finite element method may
be adopted and the pipeline is simulated by using the shell element. However, in practice,
numerical analysis of buried pipelines under faulting with shell element is too complicated
and time consuming for engineers. Hence, a method for nonlinear pushover analysis of buried
water pipelines under faulting is proposed in this study. Nonlinear moment and axial plastic
hinges are developed for the pipelines. Described in terms of plastic hinges, the nonlinear
behavior of the pipelines can be simply simulated by using beam elements. In addition,
restoring force provided by the surrounding soil is simulated by nonlinear link. Given angle
of faulting relative to the pipeline, nonlinear pushover analysis can be conducted. From the
result of the analysis, the failure mode of the pipeline and the corresponding allowable
faulting movement can be achieved. This information is useful for the design of buried
pipelines in seismically active areas.
Keywords: Buried water pipeline, Fault movement, Local buckling, Plastic hinge, Nonlinear
pushover analysis

Introduction

longitudinal and transverse direction were taken into
account. In the two methodologies mentioned above,
only axial rigidity of the pipeline was taken into
account. To overcome the shortcoming, an
improved methodology was proposed by Wang and
Yeh (1985). Both axial and bending rigidities of
pipeline were taken into account.

To understand the behavior of pipeline subjected
to faulting, some methodology had been proposed.
Allowable fault displacements of pipeline under
different angle of faulting can be obtained by cable
model firstly proposed by Newmark and Hall (1975).
However, in cable model, the soil-pipeline
interaction is only considered in longitudinal
direction of the pipeline. Kennedy et al. (1977)
extended the methodology proposed by Newmark
and Hall. Both soil-pipeline interactions in

When buried pipeline is subjected to fault
movement, damage is inevitable and water supply
may be affected. In order to investigate the local
buckling behavior of buried water pipelines under
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faulting, a sophisticated finite element method may
be adopted and the pipeline is simulated by using
the shell element. However, in practice, numerical
analysis of buried pipelines under faulting with shell
element is too complicated and time consuming for
engineers. Hence, a method for nonlinear pushover
analysis of buried water pipelines under faulting is
proposed in this study. Nonlinear moment and axial
plastic hinges are developed for the pipelines.
Described in terms of plastic hinges, the nonlinear
behavior of the pipelines can be simply simulated
by using beam elements. In addition, restoring force
provided by the surrounding soil is simulated by
nonlinear link (ASCE, 1984). Given the angle of
faulting relative to the pipeline, nonlinear pushover
analysis can be conducted. From the result of the
analysis, the failure mode of the pipeline and the
corresponding allowable faulting movement can be
achieved. This information is useful for the design
of buried pipelines in seismically active areas.

modeled as roller and hinge respectively. For the
end at the fault, to satisfy the assumptions of one
contraflexure point is located at the fault and the
displacement of pipeline at the fault is half
displacement of fault displacement, the boundary
condition is modeled as a roller. By varying the
angle between the supporting plane of the roller and
the longitudinal axis of pipeline, behavior of
pipeline subjected to the different angle of pipeline
relative to the faulting can be analyzed. For the
other end far away from the fault, when the length
of the pipeline (L) is long enough, the transverse
deflection and bending moment of pipeline can be
negligible. Due to this reason, the end far away from
the fault is modeled as hinge.
For the length of the pipeline to be analyzed in
pushover analysis, when the length is long enough,
the axial force developed at the hinge end should be
negligible which means the axial force developed at
the fault is resisted by friction force between the soil
and pipeline. By this concept, the lower bound for
the length of the pipeline L to be analyzed would be:

Pushover analysis
In this study, the pushover analysis is aimed to
provide a simple numerical analysis to investigate
the behavior of continuous buried pipeline subjected
to strike-slip faulting. In general, the behavior of the
continuous buried pipeline is assumed to be
anti-symmetric (Wang and Yeh, 1985) as shown in
Fig. 1. Similarly, this assumption is also adopted in
this study. In addition, the following assumptions
are made:
1. The deformed shape of the pipeline
anti-symmetric as shown in Fig. 1.

L

(1)

where Pu is an ultimate axial force of pipeline which
can be obtained from the ultimate stress
of
material V u and cross section area of the pipeline
A(Pu V u A) , tu is an ultimate resisting frictional
force per unit length of the pipeline between soil
and pipeline which can be calculated from related
guidelines such as ASCE (1984).

is

In this study, incremental displacement of the
roller is monitored by displacement control and it is
equal to half of the fault displacement. Furthermore,
the load pattern is a point load applied along the
supporting plane of the roller at the roller end of the
pipeline as shown in Fig. 2. With the value of the
point load applied at the roller and displacement of
roller, a pushover curve of pipeline can be obtained.
From the result of pushover curve, useful
information such as maximum shear force and axial
force developed at the fault or allowable fault
displacement of pipeline can be obtained.

2. When the pipeline is subjected to strike-slip
faulting, one contraflexure point is located at the
fault.
3. The displacement of the pipeline at the faulting is
half of the fault displacement ǻf.
4. At the faulting, the ratio of the transverse
displacement of pipeline ǻy to the longitudinal
displacement of pipeline ǻx is constant ( tan D s ).
Based on the above assumptions, for simulation
of continuous buried pipeline subjected to strike-slip
fault, only half length of the pipeline is needed to be
analyzed. Therefore, a simplified model is shown in
Fig. 2. It can be seen that the pipeline is modeled by
beam elements and the soil-pipeline interaction is
modeled with link elements. As mentioned above,
the nonlinear behavior of the pipeline is simulated
with nonlinear plastic hinges. Additionally, the axial
and shear behavior of link element are used to
simulate the soil-pipeline interaction in transverse
and longitudinal direction of the pipeline.

Nonlinear plastic hinges of pipeline
In this study, the nonlinear flexural and axial
behavior of pipeline are simulated by beam element
with nonlinear moment and axial plastic hinges. In
general, the property of nonlinear moment plastic
hinge can be obtained from the moment-curvature
relationship of pipe section while the property of
nonlinear axial plastic hinge can be obtained simply
from the stress-strain relationship of material of
pipeline.

For the boundary conditions of the numerical
model shown in Fig. 2, two ends of the pipeline are
110
110

Pu / tu

Fig. 1 Assumed deformed shape of pipeline subjected to strike-slip faulting.

Fig. 2 Numerical model proposed in this study
Because the curvature of the model cannot be
obtained directly through the result of analysis, the
average curvature of the model is defined as the
relative rotational displacement of each end divided
by the length of the model. As the rotational
displacement applied at the end of the model
increases, the corresponding reaction moment of the
rigid plate can be obtained. With the average
curvature and reaction moment of the rigid plate, the
moment-curvature relationship with consideration
local buckling effect can be obtained.

The
moment-curvature
relationship
with
consideration of local buckling effect is so
complicated that it is usually obtained from
experimental result and numerical analysis or some
empirical equations. In this study, it is obtained by
numerical analysis. Finite element program
ABAQUS is used in this study and the pipe
member is modeled by a shell element as shown in
Fig. 4. It can be seen that each end of the finite
element model is constrained with rigid plate. To
obtain the moment-curvature relationship of the
model, equal and opposite rotational displacement is
applied at each end of the model by displacement
control. To make the analysis converge easily and
avoid overestimation of the moment capacity of the
model, initial imperfection from the buckling mode
analysis is introduced to the numerical model.

moment

For thin-walled pipe section, the typical
moment-curvature relationship can be usually
divided into three parts as shown in Fig. 3. In the
first part, the material remains elastic and the
moment-curvature relationship is linear. In the
second part, the moment and curvature of pipe
section are beyond the yielding moment My and
yielding curvature țy, and the moment-curvature
relationship of pipe section is nonlinear. The moment
of pipe section increases with the curvature till the
curvature of pipe section reaches the critical
curvature N cr . In the third part, the moment and
curvature of the pipe are beyond the critical moment
M cr and critical curvature N cr , and the moment
starts to decrease as the curvature increases due to
local buckling effect.

My,țy

Mcr,țcr

curvature

Fig. 3 Typical moment-curvature relationship of
thin-walled section.
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Conclusion

Fig. 4 Finite element model for
moment-curvature relationship

Case study
To analyze the behavior of pipeline subjected to
strike-slip fault by the nonlinear plastic hinge, the
numerical model is shown in Fig. 2. This study sets
the roller support for the numerical model in Fig. 2,
and adjusted the roller support surface to simulate
the behavior of pipeline with strike-slip fault under
the different angles. Hence, the behavior of soil was
simulated by link element. The parameter of soil
spring can be obtained from related guidelines such
as ASCE (1984). According to Fig. 2, when the angle
between pipeline and strike-slip fault is less than 90
degrees, the behavior of the pipeline is tension and
flexure controlled. Otherwise, when the angle greater
than 90 degrees, the behavior of the pipeline is
compression and flexure controlled.
The angle between the pipeline and strike-slip
fault varied from 0 to 180 degrees. The size of the
pipeline is chosen as 400 mm diameter, 7mm
thickness and 374m length. The unit weight of solid
is 20kN/m3 and the friction angle is 40 degrees. The
depth of buried pipeline is 1.2m. Considering the
second order effect, the pipeline might get local
buckling easier than the one without consideration.
The result of the analysis is shown in Fig. 5. The
figure showed the allowable fault displacement at
degree 75 is higher than that at degree 105.
0.8

allowable fault disp. ᇞ f(m)

0.7
0.6
0.5

In this study, numerical analysis is proposed to
investigate the behaviors of moment-curvature of
seven groups of D.I.P.. Comparing the results of
simulating with relative empirical formula, this study
developed the nonlinear behavior of pipeline,
nonlinear axial and nonlinear moment plastic hinges
for D.I.P., including local buckling effect. Therefore,
engineers could set a preliminary analysis for buried
pipelines. By considering the second-order effect,
when pipeline subjected compression and moment in
the process of fault movement, pipeline tended to get
local buckling. Therefore, when pipeline subjected
compression, the corresponding allowable fault
displacement is smaller than the pipeline subjected
tension and moment.
The pushover analysis proposed in this study is
only applicable to investigate the behavior of
continuous buried pipeline subjected to strike-slip
fault. However, with adequate modifications to the
model, the pushover analysis may be extended to
investigate the behavior of continuous buried
pipeline subjected to normal or reverse fault. By
considering the effect of joint in the future study, the
results of the analysis will be more useful.
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Abstract

Multi-physics coupling simulation has been widely applied in solving complex
engineering problems. However, it is not easy to integrate different numerical methods
together to deliver a complete platform. This research developed a multi-physics coupling
simulation platform based on two explicit numerical methods, the Vector Form Intrinsic
Finite Element (VFIFE) and Discrete Element Method (DEM). Object-Oriented
Programming (OOP) technique and design patterns thinking are introduced to provide
enough flexibility for customization and extension. The long-term objective of the platform
is coupling more numerical methods for the requirements of academic education, scientific
research, and engineering applications. The requirement of co-developers and general users
are also considered. Currently the prototype of the platform has been implemented and
entering the verification stage.
Keywords: Multi-physics coupling simulation, Vector form intrinsic finite element analysis,
Discrete element method, Object-oriented programming technique, Design
patterns

Introduction

efficiency in engineering.

The complexity of solving modern engineering
problems increases from simple system and often
cannot be solved with single numerical method. To
compete this, multi-physical coupling simulation
becomes alternative solution and has been widely
applied in many engineering fields. The common
choice of numerical methods involves discrete
mechanics, fluid mechanics, fracture mechanics,
piezoelectricity mechanics, solid mechanics, vibration,
and wave propagation theories for modeling the
corresponding physical phenomena of fluid, discrete
system, material failure, electromagnetic field, solid,
vibration, and wave propagation. For some problems,
the interaction between these physical factors can be
decoupled and simulated with single numerical
methods separately; otherwise, the multi-physical
coupling simulation include several numerical
methods needed for satisfying the accuracy and

Currently each numerical method as mentioned
above often has corresponding software or numerical
laboratories. However, there are relatively few
multi-physical
coupling
simulation
platforms
developed because of the difference between the
theories and assumptions of these numerical methods.
Since 2011, the National Center for Research on
Earthquake Engineering (NCREE) at Taiwan initiated
a project to develop a multi-physical coupling
simulation platform for disaster prevention purpose. In
the first year work will be done on Vector Form
Intrinsic Finite Element (VFIFE) analysis and Discrete
Element Method (DEM). These are the core theories
of the platform which provide the ability to model
from continuous to discontinuous body system. The
Computational Fluid Dynamics (CFD) will be
introduced into the platform in the second year. The
issues of the platform will cover structure collapse and
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impact analysis of fluid on solid (such as the influence
of flood, tsunami, and debris flow on structure) in the
recent future.

programming skills or understanding the design spirit.
This requirement can be fulfilled by introducing the
Object-Oriented Programming (OOP) technique and
design patterns thinking (Gamma, et al., 1995).

Core Theory

The general users involve college students,
application researchers, and engineers. They only care
about how to apply the platform on solving certain
engineering problems. Thus, the platform should
provide a friendly input/output interface, data
exchange standards, and cloud-computing service.
The requirement can be solved by designing
corresponding user interface and on-line information
center.

Vector Form Intrinsic Finite Element (VFIFE), a
novel numerical method proposed by Ting (Ting,
2004a,, 2004b, Shih, 2004), plays a major role in the
developed platform. Different from traditional Finite
Element Analysis (FEA), VFIFE deduces the dynamic
behavior of continuum media bases on the rigid-body
motion theory but not Partial Differential Equations
(PDE). All of the equations in VFIFE are written in
vector form and need no matrix calculation or
numerical iteration. These features make VFIFE
analysis more efficient and guarantee the convergence.
Furthermore, VFIFE can model the process from
continuous to discontinuous body because the
continuity is not its necessary condition. In other
words, VFIFW can model solid system with
large-scale deformation, even crack or structure
collapse.
Besides, this research also introduced the Discrete
Element Method (DEM) to enhance its ability in
discrete mechanics field. The initial purpose of DEM
is on modeling large scale movement in blocky rock
system (Cundall, 1971) and the complete theory was
built in 1980s (Williams, et al., 1985; Cundall, 1988).
Currently DEM has been widely applied in many
engineering fields. Since DEM has integrated various
interaction theories in the past few decades, it can
strengthen the completeness of the developed
platform.

Requirement Analysis
The users of the developed platform are classified
into three groups, the developer, co-developer, and
general user. The requirements of these users are
discussed as follows,
The developer is the development team at NCREE.
The developing duty of the platform should be divided
into two parts. In ideal condition, the developer should
only be thinking about the stability and efficiency of
the platform. Otherwise, the co-developers are the
researchers from different laboratories who only care
about how to add new type of elements, control points,
material properties, and failure criteria. To satisfy this
requirement, the platform should provide enough
flexibility for co-developers to add new components
into it without modifying the kernel. Furthermore, it
should allow different co-developers adding these new
components in the same time without interfering each
other. Besides, the design of the developed platform
should also consider about reducing the difficulty of
co-developers on programming, that is, the platform
should allow co-developer adding new components. In
addition, it is does not need to learn the difficult

Platform Features
Computing Engine
The framework of computing engine refers to the
Versatile Discrete Objects framework (VEDO
framework),
an
interaction-based
software
object-oriented framework for Discrete Element
Simulation (DES) proposed by the Computer-Aided
Engineering (CAE) laboratory at National Taiwan
University (NTU) (Chang and Hsieh, 2009; VEDO,
2011), was referred to? sentence not clear design the
framework of the computing engine of the developed
platform. The VEDO framework focuses on the
interaction relationship between discrete objects and
has shown its high flexibility and efficiency (Chang
and Hsieh, 2009). Extended from the VEDO
framework, the class diagram of the computing engine
of the developed platform is shown in Fig. 1.
Inheriting from the VEDO framework, the platform
also focuses on the “interaction” class and has similar
classes, GeometricShape, ContactDetector, and
InteractionSolver for dealing with various geometric
shapes of elements, various contact detect strategies,
and various interaction solving algorithms,
respectively. Besides, the developed platform also has
the classes, “Element”, “Loading”, “FailureCriterion”,
“Section”, “ExlicitFunction”, and “PointModel”, for
dealing with the extension of new type of elements,
new loading style, new failure criterion theory, new
use-defined section, and new control point model,
respectively. These classes split the codes of
computing engine into independent tiny parts and
make it easy to be extended by the co-developers for
adding new features.
Composite Pattern
For modeling the element with complex shape and
interactions between them, the platform use the
“composite pattern” (Gamma, et al., 1995) to
implement its kernel to manage the “Element” and
“Point” objects (Fig. 2). It makes the system easy to
add new contact detect algorithms without dealing
with the difference between elements and control
points in VFIFE. This design also reduces the
difficulty of co-developers on adding new elements
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and control points. In the recent future, the composite
pattern also will be used to deal with the complex

composite elements in the platform.

Fig. 1 The class diagram of the computing engine of the developed platform
on-line manual and cross reference when it releases.
The future works of the platform development will
be divided into three parts: (a) to extend the prototype
platform with new components, include the new
contact detect strategies, new interaction solving
algorithms, new type of elements, new loading style,
new failure criterion theory, new use-defined section,
and new control point model; (b) to continuously
improve the analysis accuracy and efficiency of the
platform; and (c) to set up the numerical examples
bank and on-line documentations for educational
activities and popularization.
Fig. 2 Composite pattern in the developed platform
Data Exchange Standard
For satisfying the requirement of convenience of
data exchange, eXtensible Markup Language (XML)
technique was introduced into the platform which
allows users to view and edit the input/output file. The
tree data structure representation also makes it easy to
be understood relationship in the corresponding
numerical examples (Fig. 3).
On-line Information Center
For satisfying the requirement of the developed
platform in the on-line course, information integration,
and educational activities, this research built an
official website based on the Wiki technique (Leuf
and Cunningham, 2001). This Wiki-based website can
be maintained by the members from different
laboratories in the same time and the history records
can be traced. Besides, the platform will also provide

Fig. 3 Tree data structure of VFIFE XML
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Current Status and Future Works

Acknowledgement

Currently the verification works of the platform
focuses on the particle collision behavior in DES (Fig.
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Fig. 4 Simulated results of two-particle collision
examples in DES

Fig. 5 Simulated results of a 13-members truss
system with large scale deformation in VFIFE
analysis
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Abstract

In this research, we selected one bridge on National Highway No.1 in sandy reach of
Zhuoshui River as the monitoring target. The research works included the development of
monitoring devices, the integration of the scouring sensors and the data networks, etc. In
this year, the monitoring system of bridge safety and the network database were primarily
installed. Besides, the monitoring system was also combined with the Location Based
Service (LBS) for constructing the network services of bridge safety. Furthermore, the
series integration such as the underwater tests of scouring sensors, data trasfer by wireless
networks and integration of database for the demo environments, etc. for the above network
services was established. Finally the network services were also provided for several
researchers for the related implements of scouring experiments.
KeywordsΚScour monitoring, Scouring experiments, Warning system, Location based service

Introduction
Bridge constructions are very important for a
country’s perpetual developments. The capabilities of
bridges to with-stand earthquakes and scouring
problems largely influence the development of Taiwan.
Until now, there are about twenty thousand bridges
constructed in Taiwan. The bridges in Taiwan not
only face the nature disaster problems but also need to
consider the problems of maintenance. So the suitable
planning and managements for life cycle of a bridge is
the most important mission in Taiwan. Considering
the characteristics of scouring environment in Taiwan,
making sure the bridges can maintain the original
capabilities, are usually dependent upon the
immediate monitoring and related data analysis.
According to the monitoring data of previous years,
there are some problems for the bridges such as the
aging, overloading, scouring and earthquake effects,
etc which can be easily discovered. And also, although
the bridge design and constructions were developed
better than before, the key points for the safety of

bridge always depend on the continuous monitoring
and well maintenances. So it is necessary to develop a
sustained monitoring and warning system for long
term monitoring and analysis of bridge structures.
In this research, we selected the bridge of
National Highway No.1 in sandy reach of Zhuoshui
River as the monitoring target. Many unique sensors
were applied to capture the scouring phenomena and
were combined with the wireless networks for
building a novel monitoring system. Furthermore, the
National Center for High performance Computing
(NCHC) is cooperating with us to construct a suitable
database of bridge safety. And also, the cooperation is
extended for developing the Location Based Service
(LBS) for a network platform of collaborated bridge
safety monitoring database. Finally, the above
mentioned smart sensors, monitoring data and
wireless network service were combined to connect
with the bridge structure safety evaluation system for
developing a warning system. Several experiments
including the underwater measurements, wireless data
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transports and demonstration system, etc. were
implemented for testing the capacity and reliance of
the warning system.

Construction of the Monitoring System
In this research, the Sino-Saudi Bridge of National
Highway No.1 in sandy reach of Zhuoshui River is
selected as the monitoring target. It includes the
scouring sensors and structure related smart sensors
for the monitoring system. In order to capture the
scour depth, the sensors such as video type, free type
and sensor of Micro Electro Mechanical Systems
(MEMS) were integrated to the monitoring system.
The piers numbered P17 and P18 in Sino-Saudi
Bridge were considered as highly potential with the
scouring effects, so the monitoring systems were set in
the upstream side of pile hat for piers P17 and P18.
The excavating depth in setting is 6m from each pile
hat. After excavating for the enough depth, the
monitoring units were placed into the cavity and fast
recovered the environment. There are two sides for a
monitoring system, on one side are the scouring
sensors and on the other is the monitoring box. For
each monitoring unit, there are several cables
connected for power supporting and data transferring.
The monitoring boxes and accelerometers were set on
the bridge. Fig. 1 is the diagram of power supporting
and monitoring box positions.

Fig. 1 Power supporting and positions for related
devices

Constructions of Bridge Warning System
for Multi-Disaster of Earthquake and
Flood Scouring

Service (LBS) largely applied for various fields of
expertise. The LBSs apply the original locating
techniques in mobile device to define the position of
users and provide the related services (Wang et al.,
2008). Generally speaking, the global positioning
system (GPS) and communication networks can be
considered as the implements for locating techniques.
The mobile devices can be considered as moving
clients by communication networks or GPS, and the
LBS is a kind of application of geographic
information system (GIS) for users. Fig. 2 is the
framework for the proposed LBS. So, the applications
of LBS such as the navigation, information retrieve
system, mobile commerce, emergency rescue, etc are
under intensive development.

Fig. 2 LBS framework
(2)Web-XML service
The web service is usually used for the application
of LBS implements, because LBS provided several
interface for loading and saving the information in the
network servers. The web service used the hyper text
transfer protocol (HTTP) to display the information by
the client-pull type. If the data is saved in the unified
format, the information can be provided to different
kind of sources. XML can be considered as a kind
markup language, which can mark the information in
the computer. Where, markup means the information
symbols which can be read by a computer. In this kind
of markup procedure, the data can be dealt with
between the computers. So the XML is usually used
for the data transferring format in web service.
(3)LBS for bridge location

We have technical cooperation with NCHC for
preliminary development of the monitoring database
system and it is extended for the related networks for
the LBS to construct the unified network service. The
details are listed in the following sections.
(1) Location based service
Recently, mobile devices like smart phones or
tablet PC have become easily accessible in the world
such as the iphone of the Apple Inc. and Android
system based cell phone by Google Inc., etc. There is
an advanced technique called the Location Based

The mobile interface for demonstration was
combined with the GIS to develop the Android
monitoring system which was based on MVC
framework. As shown in Fig. 3, the implements can be
discriminated into three parts; the first part is
developments of LBS-GIS, the second part is the
demonstration on the Android based system and the
other part is the module developments for the GPS.
The module design is shown in Fig. 4. Fig. 5 describes
the framework of proposed system, the signal of flood
depth and scouring depth are obtained from the unit
sensors in each pier. After automatic analysis, the
immediate monitoring data and predicted data are sent
to the mobile devices.
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Those Android Google API frameworks combined
with Google Map to obtain the LBS and related
monitoring services. The browser in the mobile
devices majorly displays the geographical information,
and the background service collects the monitoring
data and prediction from the LBS data center with
regular time interval. As shown in Fig. 6, users can
easily understand event information which is
displayed by contents. And also, users can search
further details from other monitoring locations.

Fig. 3: Integrated framework for GIS on Android
based system

Fig. 6 Immediate monitoring and demonstration
system
Fig. 4 Modules for the GIS

Hydraulic Experiments

Fig. 5 LBS framework for the immediate
monitoring
(4)Dynamic event response module
Database of LBS data center was designed to easily
share information by XML format for providing the
data to all of the network services. Users not only can
use website to search the predictions, but also can use
the mobile devices with GPS to obtain the LBS. The
GPS is used for obtaining the space location and use
that location to acquire the immediate monitoring data
and related predictions near the position. Finally, the
monitoring data displays forecast information
combined with the Geo View Module and Google
Map.

In this research, the sensors were developed in
bridge piers with reduced scale to test the LBS for
monitoring and warning system. We designed
hydraulic experiments for obtaining scouring
characteristics and testing the reliability of proposed
LBS. For one run of the hydraulic experiment, the
bridge deck settles firstly (Fig. 7), and then the bridge
breaks by trip phenomena (Fig. 8). The experiment
was terminated with the bridge breaking. The signal
will transport by the proposed wireless network
system, then users can use the LBS to obtain
immediate scouring characteristics by mobile devices,
and finally the system will automatically publish the
warning message about when the bridge is going to
trip. The scouring characteristics such as the scouring
depth, water depth and flow velocity, etc can be
displayed correctly on the website and mobile devices.
When the scouring depth surpasses the critical state,
the system will publish the warning massage for
implementation of closure of the bridge.

(5)Mobile geographical information browser
The Android system and related Android Google
application programming interface (API) such as
location manager, resource manager, activity manager,
content provider and view manager, etc were selected
for implements of the LBS (Reinhold et al., 2010).
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Fig. 7 Bridge deck settlement

Fig. 8 Bridge failures

Future Works
For responding to the global warming and climate
changes, it is necessary to develop a multi-disaster
monitoring technique. As above mentioned
monitoring technique, it is expected to level up for
several kinds of monitoring techniques and help
reduce the hazards of bridges. Until now, National
Center for Research on Earthquake Engineering was
focused on developing many kinds of sensors to
obtain the scouring characteristics in libratory and
field. The further works will focus on the continuous
monitoring and maintaining of related systems such as
monitoring system, wireless networks, the LBS and
warning system, etc for safety of bridges.
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Development of Web-GIS Systems for Seismic Disaster
Precaution and Response
Kuang-Wu Chou 1, Chih-Hsin Chen 2, and Chin-Hsun Yeh3
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Abstract

Within the seismic zone of the Pacific Ocean, Taiwan faces threaten by earthquakes that
may devastate cities, cause casualties and economic losses. For the government and
non-government agencies to prevent a seismic disaster and timely carry out disaster relief,
necessary are seismic risk management, disaster relief resource preparation, and rescue
plans. To help people implement the three important tasks, three web-GIS systems were
developed. Taiwan Seismic Scenario Database could simulate earthquakes in Taiwan and
estimate the corresponding damage loss. Before earthquakes arrive, this estimation may be
employed to prepare resource or excise rescue for relieving seismic disaster. Taiwan Early
Seismic Loss Estimation is to estimate seismic loss under an earthquake. This estimation
could help the government or non-government agencies understand what disasters the
earthquake would cause and help them save people as soon as possible. Earthquake
Disaster Upload System provides a platform of collecting structure damage descriptions,
which could be applied for earthquake disaster determination and even would bring out an
improved structure seismic design.
Keywords: Earthquake disaster, Seismic scenario, Earthquake loss estimation, Early seismic
loss estimation, Taiwan earthquake loss estimation system

Introduction
National Center for Research on Earthquake
Engineering (NCREE) has constructed databases that
support seismic disaster precaution and response.
NCREE has also developed seismic loss estimation
technologies, which provide a variety of seismic
scenario simulations. In this study, all above are
embodied by two web-GIS systems: Taiwan Seismic
Scenario Database and Taiwan Early Seismic Loss
Estimation System. Both are anticipated to help
dissemination of the earthquake information NCREE
collects, and offer reasonable seismic scenario
simulation and seismic loss prediction.

System. This system is also required to report disaster
and offer statistics on disaster so that how the disaster
affects people could be determined.

Taiwan Seismic Scenario Database

In contrast to the above two web-GIS systems that
are employed to predit seismic loss, another web-GIS
system is created to collect and organize the
information of structure damages under or after
earthquakes. That is Earthquake Disaster Upload

Fig. 1 shows the web interface of Taiwan Seismic
Scenario Database. This database is integrated with
the seismic scenario simulation technology of
TELES, i.e. Taiwan Earthquake Loss Estimation
System (Yeh 2009). With the support of TELES, this
database provides prediction of possible damages
and damage distribution over regions.
This database let the user define three types of
seismic source: active fault, shallow earthquake, and
deep earthquake. Fig. 2 shows their distributions in
Taiwan. Given a seismic source’s type, location,
depth, magnitude, and fault rupture direction, this
database will generate a disaster assessment on the
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seismic source as follow: (1) Results of potential
earth science hazards analysis, including peak
ground acceleration (PGA), spectral acceleration,
liquefaction susceptibility and probability, and
liquefaction-induced ground settlement. (2) Damage
assessment of buildings, bridges, and highways. (3)
The number of casualties. (4) Evaluated risk
exposures of the population, buildings, and bridges
with respect to different seismic intensities. (5) Basic
information: the totals of bridges, buildings, floor
areas, population, and households in an
administrative region.

TELES’s early seismic loss estimation (ESLE)
technology (Yeh 2009; Lin and Yeh 2010).
This study develops a website applying the ESLE
technology of TELES (See Fig. 3). Through this
website, the relief workers could get a disaster loss
estimation, and by referring to the estimation, prepare
resources for disaster relief.



The user may select an item from the estimated
result list (for example, PGA or the number of
casualties) and then create a thematic map. As shown
in Fig. 1, such a map may be overlapped with a map
of the traffic network.

Fig. 3 Taiwan Early Seismic Loss Estimation System
Disaster estimation information this website
provides is similar to what Taiwan Seismic Scenario
Database does. This information is also classified into
the assessment result, risk exposure information, and
basic information, as mentioned in section Taiwan
Seismic Scenario Database.
This website provides two stages of estimation.
The first, as aforementioned, estimates loss online
according to what TELES receives from CWB. The
second is not so responsive and might be unavailable.
It depends on if NCREE could collect more details of
the earthquake (fault plane solution, for example) and
then complete more advanced loss estimation. If
NCREE could, the website will show the estimation of
the second stage (See Fig. 4).

Fig. 1 Taiwan Seismic Scenario Database

Fig. 2 Distribution of active faults (the left block),
shallow earthquakes (middle), and deep
earthquakes (right) in Taiwan

Taiwan Early Seismic Loss Estimation
System
Once an earthquake occurs, TELES will receive
from Central Weather Bureau (CWB) an email that
reports the earthquake event. Such an email carries
seismic source information and the peak ground
acceleration that CWB measures by using a network
of real-time digital accelerographs. According to the
above information, TELES could quickly estimate the
ground vibration strength, the building damages, the
number of casualties, and the economical loss. It is

Fig. 4 The second stage of early seismic loss
estimation

Earthquake Disaster Upload System
As shown in Fig. 5, Earthquake Disaster Upload
System is to help the user collect and organize disaster
information. People may inform this system of a
seismic disaster; professionals may upload the
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outcome of their disaster investigation to this system.
In fact, all the above disaster information is
maintained by a database of the upload system. This
database allows the user to carry out queries and
statistical analysis on disaster information.

Fig. 5 Earthquake Disaster Upload System
Right after a strong earthquake, this system will
predict the disaster severity according to TELES’s
early seismic loss estimation. Then the system creates
an event of seismic disaster survey and initiates this
survey event. This event will lead the disaster
surveyor to upload basic information and damage
description of buildings to this system. Once
procuring the above imformations from the surveyor,
the system carries out statistical analysis and renders
thematic maps to elaborate the disaster (See Fig. 6).

system can represent. (1) Basic maps of traffic
networks, administrative regions, tags, hydrology, and
bridges. (2) Image maps from aero snapshot and
satellite Formosa-2. (3) Earthquake-related maps:
active fault maps and the historical earthquake catalog
on GIS. (4) Maps of civil systems including water
pipelines and gas pipelines. (5) Maps of electric power
systems including transmission towers and electrical
substations. (6) Geography-related maps: topographic
maps and geologic maps. (7) Maps of important
infrastructures such as elementary or high school
buildings. (8) External maps from Google Maps and
Google Earth.
In addition to developing the GIS system to aid the
user with maps, this study integrates it with several
Google services including Google Maps, Google
Earth, and Google Latitude. How the GIS system
cooperates with these Google services will be shown
in later description.
The GIS system can render thematic maps that
help users inspect how a data item in the statistics or
the estimation result is distributed over regions. These
regions may show different colors, each standing for a
value range of the data item. Besides, a thematic map
may export a KML (Keyhole Markup Language) file.
The map described by this file may be overlapped
with map layers in any KML-compatible GIS system
such as Google Earth, as shown in the right side of Fig.
7.
In the GIS system, the user may use two views to
compare different maps and different disaster loss
estimations. Any two views are synchronized so that
both could refer to the same region (See Fig. 8).
Such “double-view” is integrated with Google
Maps. This function supports the user with abundant
geographical information that might help them carry
out more detailed comparison between maps. As
shown in Fig. 9, Google Maps is on the right side of
two views. The double-view function is also
integrated with Google Earth. In addition to 2D
review of satellite images, Google Earth provides 3D
satellite image review, helping the user get a nearly
real inspection (See Fig. 10).

Fig. 6 Seismic disaster statistics on buildings

GIS Development and Resource
Integration
Data visualization by maps could help the disaster
relief workers seize where require their efforts and the
geographical space where they are working. Many
geographic information systems (GIS) as Google can
create excellent maps that prove helpful in daily life.
That is why GIS is chosen to creae maps and on these
maps, visualize analysis in all the aforementioned
systems.
This study develops a GIS system that supports the
aforementioned systems. This GIS system helps the
user combine different maps to solve their problems.
What follow are several types of maps this GIS

!
Fig. 7 A thematic map and its KML export’s map
that is overlapped with an image of Google Earth

123
123

The GIS system provides several functions that
support statistics. These are table sorting, statistics
chart export, and excel chart export. Besides, there are
some essential GIS operations implemented in this
system: (1) Layer control by opening, closing, or
sorting layers. (2) GIS buffering. (3) Length
measurement of irregular lines or curves. (4) Tagging
with specific geometric figures including points, lines,
and triangles. (5) Point-to-point path planning.
Moreover, the user may query this system for Google
street views. Also, the user can obtain from this
system the geolocations of tags, addresses, and
crossroads.

considered. Finally, the analysis of refuge requirement
will be incorporated into these systems to help the
user deploy relief resources of the helping people,
materials, and medical treatments.
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Fig. 8 The double-view for map comparison

Conclusions
Three web-based systems are developed to support
disaster precaution or relief: Taiwan Seismic Scenario
Database, Taiwan Early Seismic Loss Estimation
System, and Earthquake Disaster Upload System. All
of these systems provide disaster information, GIS
map services, and statistical analysis to support the
relief workers. Before earthquakes, Taiwan Seismic
Scenario Database may help them prepare for possible
disaster. Under an earthquake, they could deploy relief
resource and carry out relief work according to
immediate disaster predictions from Taiwan Early
Seismic Loss Estimation System. Disaster surveyors
may use Earthquake Disaster Upload System to
collect and organize their efforts, after earthquakes.

Fig. 9 The double-view integrated with Google Maps

Nevertheless, what these systems provide never
suffice to the relief work that would not stop calling
for better working efficiency. These systems need
more maps that facilitate disaster investigation, and
also require a database of basic information of
buildings to raise the precision of seismic loss
estimation.
In addition to seismic loss estimation, the loss
estimation on the tsunamis caused by earthquake will
be considered in the development of these systems.
Apart from bridges and buildings, several types of
structure, non-structure, and infrastructure will be
included: school building, traffic network, water
pipeline, gas pipeline, and electric power
infrastructure. On risk exposure analysis, the water
resources including river and reservoir will be further
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Fig. 10 The double-view integrated with Google Earth

A Study on Seismic Evaluation and Strengthening
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Abstract

Based on the experiences learned from the 1999 Chi-Chi Taiwan Earthquake, it is
recognized that the earthquake resisting capacity of the responsibility hospitals with acute
services should be upgraded. These hospitals to provide emergency services after major
earthquakes should remain functional for their engineering structures, medical facilities,
electricity and water supply, and information services. However, in Taiwan, neither the
building structures of major hospitals have been completely evaluated and retrofitted, nor
the medical equipment and supporting facilities have been carefully inspected and
seismically upgraded. Therefore, in order to facilitate the governmental political issuing
and practical engineering services regarding the seismic upgrading of hospitals, a 3-year
project with the objective to develop a draft of “Seismic Evaluation and Strengthening
Guidelines for Hospital Buildings” was organized by NCREE. As proposed, this guideline
will consist of three major parts: (1) the upgrading strategy for seismic performance of
hospitals, (2) the seismic evaluation and strengthening guidelines for hospital building
structures, and (3) the seismic evaluation and strengthening guidelines for critical medical
equipment and nonstructural components in hospitals.
Keywords: hospital building structures; critical nonstructural components; medical equipment;
seismic evaluation; seismic strengthening design.

Introduction
For a designated responsibility hospital with acute
services, it is necessary to maintain its emergency
medical function all day long. In addition, because of
the possible interruption of traffic after disaster
earthquakes, it is necessary that medical equipment
and medicine supplies of the responsibility hospital
within the affected area should be self-sufficient for at
least 72 hours. However, from the experiences of the
Hanshin-Awaji earthquake in Japan (1995) and the
Chi-Chi Earthquake in Taiwan (1999), not only the
hospital building structures but also the inside medical
1
2
3
4
5
6
7
8

equipment were damaged seriously, and hence it
resulted in significant shortage of emergency medical
capacities of hospitals. It implies that the earthquake
resisting capacity of the designated responsibility
hospitals for emergency treatment should be upgraded
to remain functional for the engineering structures,
medical facilities, electricity and water supply, and
information services after major earthquakes.
Nevertheless, in Taiwan, neither the building
structures of major hospitals have been completely
evaluated and retrofitted, nor the medical equipment
and supporting facilities have been carefully inspected
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and seismically upgraded. Currently, most of the
Department of Health (DOH) hospitals in Taiwan
have completed the simplified evaluation of seismic
capacity of building structures and the electrical and
mechanical systems, some DOH hospitals have
finished the detailed seismic evaluation of building
structures, but the specific seismic capacity of medical
equipment and piping systems has not been
considered. Therefore, in order to facilitate the
governmental political issuing and practical
engineering services regarding the seismic upgrading
of hospitals, a 3-year project with the objective to
develop a draft of “Seismic Evaluation and
Strengthening Guidelines for Hospital Buildings” was
organized by NCREE. As proposed, this guideline
will consist of three major parts: (1) the upgrading
strategy for seismic performance of hospitals,
including the classification of building structures and
nonstructural components of hospitals, and the
associated seismic rehabilitation objectives; (2) the
seismic evaluation and strengthening guidelines for
hospital building structures, and (3) the seismic
evaluation and strengthening guidelines for critical
medical equipment and nonstructural components in
hospitals.

Upgrading Strategy for Seismic
Performance of Hospitals
In Taiwan, the designated responsibility hospitals
with acute service, DOH or university hospitals, and
those having essential facilities required for
emergency treatment are defined as the Seismic
Category I building with important factor I=1.5, and
other hospitals not classified as Seismic Category I
are defined as the Seismic Category III building with
important factor I=1.25. In addition, the designated
responsibility hospitals with acute services are
classified into three levels as ‘severe’, ‘moderate’,
and ‘general’ in consistence with their assigned
capability for particular emergency treatment.
On the other hand, for the nonstructural
components in a hospital, the critical care areas and
the supporting mechanical and electrical systems will
be identified first according to the SB1953 (2001)
and the Hospital Safety Index developed by WHO.
Then, inside the identified critical care areas, the
architectural components for performance level of
life safety and the critical medical equipment with
higher seismic vulnerability will be chosen from
criterion stated in ASCE7-05 (2005) and the survey
questionnaire answered by head nurses and facility
managers.
The rehabilitation objective will be defined for
the hospital to meet the specified rehabilitation goals.
Each goal shall consist of a target performance level
and an earthquake hazard level. There are three
earthquake hazard levels EQL-1, EQL-2 and EQL-3
to be considered for the seismic evaluation of

hospitals. Herein, EQL-1 is the frequently occurring
small earthquake, EQL-2 is the design earthquake
level with a return period of 475 years (10%
probability of exceedance within 50 years), and
EQL-3 is the maximum considered earthquake (MCE)
level with a hazard of 2%/50 years. The seismic
demands (e.g. EPA) for the three earthquake hazard
levels can be determined as specified by the Seismic
Design Code for Buildings in Taiwan.
The target structural performance level of a
hospital shall be selected from three discrete
performance levels SPL-A, SPL-B and SPL-C, and
the description of each structural performance level
is listed in Table 1. On the other hand, referred to
SB1953, the target nonstructural performance level
of a hospital shall be selected from 5 discrete
performance levels NPL1, NPL2, NPL3, NPL4 and
NPL5, and the description of each nonstructural
performance level is listed in Table 2.
Based on the specified Seismic Category (I=1.0,
1.25 or 1.5) and the designated acute level (severe,
moderate, or general) of an interested hospital, the
rehabilitation objective can be determined by the
performance matrix as shown in Table 3. It is noted
that, for a hospital not designated to be the
responsibility hospital with acute service, the target
nonstructural performance level at a specified
earthquake hazard level can be recognized as that
determined for responsibility hospital with general
acute level.
For the interested hospital, the performance curve
of the structure can be determined on the basis of the
nonlinear static analysis (push-over analysis) or other
analysis procedures. Then, the limit point for each
performance level can be defined according to the
specified Seismic Category. On the other hand, based
on the seismic design code for buildings in Taiwan,
the site-specific EPA= 0.4SMS, 0.4SDS and 0.4SDS/4.2
can be determined at the earthquake hazard levels
EQL-3, EQL-2 and EQL-1, respectively, and then,
the associated performance points can be determined.
Based on the comparison of the performance point at
each earthquake hazard level and the associated limit
point of specified structural performance level, the
evaluation criteria for hospital building structure can
be defined to meet the rehabilitation objective with
triple rehabilitation goals.
For each nonstructural performance level, the
associated nonstructural components that should be
braced and anchored can be selected according to the
description as specified in Table 2. The seismic
capacity of the brace or anchorage system of these
selected components shall be determined, and then
compared with the seismic demands determined at
the specified earthquake hazard levels to check the
rehabilitation objective with triple rehabilitation
goals as define by Table 3 is satisfied or not.
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Seismic Evaluation and Retrofit for
Hospital Building Structures
The seismic evaluation of the building structure,
including rehabilitation measures, shall be conducted
to determine the forces and deformations induced in
structural components of the building by ground
motions according to the selected earthquake hazard
levels. Based on the seismic design code for new
buildings in Taiwan, either the static analysis or the
dynamic analysis can be adopted according to the
specific condition of building height and configuration
regularity. In general, the static analysis can be
applied to the row-rise and regular buildings, and
dynamic analysis is valid for high-rise and irregular
buildings with significant higher mode effect and
amplification due to inherent torsion. The linear
procedures uses a traditional linear stress-strain
relationship, but incorporate adjustments to overall
building deformations and acceptance criteria to
permit better consideration of the probable nonlinear
characteristics of seismic response. The nonlinear
static analysis (pushover analysis) uses simplified
nonlinear techniques to estimate seismic structural
deformations. The nonlinear time history analysis
requires considerable judgment and experience to
perform, and may be used only within some specific
limitations. The scope, general requirement and
specific limitation of linear static analysis, linear
dynamic analysis (response spectrum analysis),
nonlinear static analysis (pushover analysis) and
nonlinear dynamic analysis (nonlinear time history
analysis) are specified in this guideline.
The retrofit methods for structural components and
elements can be classified into two categories: to
increase the structural strength and to improve the
ductility capacity. In the preliminary design stage of
seismic rehabilitation, the retrofit for structural
strength should be considered as the primary approach,
and the retrofit for structural ductility capacity is
recognized as the additional value. The procedures of
seismic rehabilitation design include: (1) detailed
seismic evaluation of the existing building structure,
(2) calculation of seismic demand according to the
specific earthquake level (e.g. EPA, base shear, and
displacement demand), (3) determination of the
required amount of retrofitting elements to meet the
rehabilitation goals, (4) schematization and drawing of
the rehabilitation design, and (5) detailed seismic
evaluation of the retrofitted building structure.
The methods to increase the strength of structural
components proposed in this guideline are focused on
the traditional retrofit methods, including the
additional RC shear walls and wing-walls, enlarged
RC columns, and the method of composite wrapping.
The application scope of each retrofit method and its
efficiency and detailing requirements will be
described in this guideline. In addition, the condition
to retrofit the structural foundation as well as the

retrofit method and its validness is also specified in
this guideline. Alternatively, the retrofit method to
improve the seismic performance of structural system
can be also adopted. The auxiliary energy dissipation
components and system, external frame connected to
the hospital building by energy dissipation devices,
and seismic isolated bearings are proposed in this
guideline, and the application scope, modeling, and
general requirements will be specified. In addition, the
standards of pear review and acceptance criteria are
also specified for the case to strengthen the building
by improving the seismic performance of whole
structural system.

Seismic Evaluation and Retrofit for
Nonstructural Components
Referred to FEMA 356 (2000), this guideline will
set forth requirements for the seismic rehabilitation of
existing architectural, mechanical and electrical
components and systems, and medical equipment that
are permanently installed in, or are an integral part of,
a building system. It will provide the general
requirements for condition assessment, component
evaluation,
rehabilitation
objectives,
and
structural-nonstructural interaction. In addition, the
nonstructural components are classified into
acceleration and deformation sensitive components,
and the associated procedures for determining seismic
forces and deformations on nonstructural components
are specified. Furthermore, the general rehabilitation
methods will be identified, and the seismic behavior,
evaluation and acceptance criteria for architectural
components, mechanical and electrical components
and systems, and other medical equipment.
In general, the installation types for nonstructural
items are considered to meet the operational
requirement. For seismic consideration, it is required
to improve the seismic capacity of installation devices
for nonstructural components, and meanwhile not
obstruct the functionality of nonstructural components
and equipment. Based on the Seismic Design Code for
Buildings in Taiwan and other references, the seismic
demand on attachments of nonstructural components
and medical equipment can be automatically
calculated by MS Excel software. In addition, a
simplified seismic design form for post-installed
anchorage was presented according to the appendix D
of ACI 318-02 (2002). Based on the determined
design parameters (e.g. number of anchors at each
support, anchor size, and embedded depth), the
attachments of equipment can be designed to satisfy
the specified seismic demands. However, the support
of medical equipment may not be designed with bolt
holes in advance and it may be impractical to drill
holes in the shell of equipment. In this situation,
additional non-destructive seismic restraint devices
should be considered, and hence simplified seismic
design forms for such devices for medical equipment
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Table 1. Structural performance levels of a hospital
Performance
Level
SPL-A
SPL-B
SPL-C

Safety

Serviceability

Structure remains
elastic
Limited and
repairable residual
deformation

Keep the same as
prior to earthquake
Return to the original
after repair in short
time

Collapse prevention

People exit safely

Reparability
Short period
Long period
Simply repaired
Emergency repair or
replace of damaged
members
Additional vertical
supporting

NA
Partially repaired
or retrofitted
Partially rebuilt or
retrofitted

Table 2. Nonstructural performance levels of a hospital
Performance
Level

Description

NPL5

Self-sufficient for at least 72 hoursɡ The building meets the criteria for NPL4, and further, on-site supplies
of water and holding tanks for wastewater, sufficient for 72 hours emergency operations, are integrated into
the building plumbing systems. An on-site emergency system is incorporated into the building electrical
system for critical care areas. Additionally, the system shall provide for radiological service and an onsite
fuel supply for 72 hours of acute care operation.

NPL4

Operationalɡ The building meets the criteria for NPL3, and further, all architectural, mechanical, electrical
systems, components and equipment, and hospital equipment meet the bracing and anchorage requirements

NPL3

Immediate Occupancyɡ The building meets the criteria for NPL2, and further, the critical components and
equipment in critical care areas meet the bracing and anchorage requirements.
z critical care areas: including clinical laboratory service spaces, pharmaceutical service spaces,
radiological service spaces, and central and sterile supply areas
z critical components: including elevator, communications systems, piping systems and tanks and vessel
related to medical service; medical equipment; and potential falling or overturning architecture
components.

NPL2

Life Safetyɡ the equipment related to emergency exit access are braced or anchored (e.g. communications
systems, emergency power supply, bulk medical gas systems, fire alarm systems; and emergency lighting
equipment and signs in the means of egress)

NPL1

Buildings with equipment and systems not meeting the bracing and anchorage requirements.

Table 3. Rehabilitation objective of a hospital
Earthquake
Level
EQL-1
EQL-2
EQL-3

Responsibility Hospital with acute service (I=1.5)
severe
moderate
general
PLA** + NPL5
PLA** + NPL5
PLA** + NPL4
PLB** + NPL5
PLB** + NPL4
PLB** + NPL3
**
**
PLC + NPL5
PLC + NPL3
PLC** + NPL2
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Other Hospitals
with I=1.5
PLA** + NPL4
PLB** + NPL3
PLC** + NPL2

Hospitals with
I=1.25
PLA* + NPL4
PLB* + NPL3
PLC* + NPL2

