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Dominant Waves in Vertical Ground Motion in Taiwan
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Abstract

This study aims to compile information about the arrival times of P-waves and S-waves,
peak occurrence times of ground motion, and structural responses for the ground motion records
observed in Taiwan. From these, we evaluate the percentages of the vertical peak ground motions
and structural vertical peak responses that occur in P-wave and S-wave windows. We observe that
most vertical ground motions and structural vertical peak responses occur in S-wave windows,
especially the vertical peak responses of long-period structures. Given the nonlinear hysteretic
behavior of soil under large shear strain induced by S-waves, this observation provides a physical
basis for the observed nonlinear site effect of vertical ground motion in Taiwan.

Keywords: vertical ground motion, nonlinear site effect, P-wave and S-wave arrival times.

Introduction

Vertical ground motion significantly affects the
seismic behavior of structures such as isolated
buildings and bridges, pipes, and equipment. Several
studies have focused on the evaluation of vertical
ground-motion characteristics and developed vertical
ground-motion prediction equations (GMPE). Five
research teams that worked in the Enhancement of
Next Generation Attenuation Relationships for
Western US (NGA-West2) project held by the Pacific
Earthquake Engineering Research (PEER) Center
have proposed five horizontal GMPEs and four
vertical GMPEs (Bozorgnia and Campbell, 2016;

Giilerce etal., 2017; Stewart et al., 2016; PEER, 2014).

Unlike these proposed horizontal GMPEs, the vertical
GMPEs derived from the observation and regression
analysis of the vertical ground-motion records either
do not consider or consider an insignificant nonlinear
site effect term. This could be attributed to that the
vertical ground motion in NGA-West2 database is
dominated by the pressure wave (P-wave), implying
that the observed peak ground motion and peak
structural response occur in the P-wave window before
the arrival of the shear wave (S-wave). In general, the
behavior of the soil layer under constrained pressure
strain is almost linear with no hysteresis. As a result,
the nonlinear site effect will not be observed in vertical

ground motion.

Chao et al. (2019, 2020) proposed horizontal and
vertical GMPEs that are applicable for crustal and
subduction earthquakes in Taiwan; we call these the
NCREE19 horizontal and vertical GMPEs in this study.
In contrast to the observations from the four vertical
GMPEs in the NGA-West 2 project, Chao et al.
proposed that the nonlinear site effect can be observed
from the vertical ground motion in Taiwan, with its
level similar to that of the nonlinear site effect
observed from the horizontal ground motion. The
nonlinear site effects of horizontal and vertical
components are highly correlated. This means that we
can observe the nonlinear site effect in the horizontal
component as well as the vertical component of the
same ground motion record. Hence, the observations
from the NCREE19 vertical GMPE and the four
vertical GMPEs in the NGA-West 2 project are not
consistent. It is necessary to evaluate the possible
cause of nonlinear site effects observed in vertical
ground motion in Taiwan because the vertical ground
motion in Taiwan may be dominated by the S-wave,
implying that the observed peak ground motion and
structural response occur in the S-wave window after
the arrival of the S-wave. Moreover, the behavior of
the soil layer under shear strain is nonlinear with a
significant hysteresis. Under this premise, the
nonlinear site effect can also be observed in the
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vertical component of ground motion in Taiwan.

In this study, we aim to compile information
about the arrival times of P-waves and S-waves, peak
occurrence times of ground motion, and structural
responses for the ground motion records observed in
Taiwan, and we evaluate the percentages of the
vertical peak ground motions and structural vertical
peak responses that occur in P-wave and S-wave
windows. We observe that most vertical peak ground
motions and structural vertical peak responses occur in
S-wave windows, especially those of long-period
structures. Given the nonlinear hysteretic behavior of
soil under large shear strain, likely induced by S-
waves, this observation provides a physical basis for
the observed nonlinear site effect of vertical ground
motion in Taiwan from the NCREE19 vertical GMPE.

Definition of Dominating Waves

Seismic waves can be classified as either body
waves, which travel inside the earth, or surface waves,
which travel along the surface of the earth. Body
waves include primary or pressure waves (P-waves)
and shear waves (S-waves). The velocity of P-waves
is higher than that of S-waves. As a result, the S-wave
arrives at a target site later than the P-wave. In general,
the amplitude of horizontal ground motion induced by
the S-wave is higher than that of vertical ground
motion. By contrast, the amplitude of vertical ground
motion induced by the P-wave is generally higher than
that of horizontal ground motion, but their difference
is not significant. In this study, we will denote the
ground motion record as P-dominated when the peak
occurs in the P-wave window before the arrival of the
S-wave and as S-dominated when the peak occurs in
the S-wave window after the arrival of the S-wave. It
should be noted that the peak of S-dominated records
may be induced by not only S-waves but also surface
waves.

Nonlinear Site Amplification

The levels of site amplification for soil sites will
decrease for large input ground motions. This
phenomenon is due to the hysteresis of the soil layer
under large shear strain induced by the S-wave with
large input ground motion. Generally, because the
horizontal ground motion is S-dominated, the
nonlinear site amplification has been observed in
several horizontal ground motion datasets and has
been considered in several published horizontal
GMPEs.

From the analysis of the NCREE19 horizontal
GMPE, the nonlinear site amplification of the
horizontal component can also be observed from the
ground motion records in Taiwan. Figure 1(a) shows
the site amplification of horizontal peak ground
acceleration (PGA) with respect to (w.rt) the

reference site condition of Vs = 760 m/s versus the
PGA predicted by the NCREE19 horizontal GMPE for
the reference site condition by using ground motion
records with Vs30 from 120 m/s to 200 m/s. This plot
clearly shows the nonlinear site amplification for the
horizontal PGA.

Horizontal PGA, Vs30 120 ~ 200 m/s

Amp. w.r.t. Vs30 760 m/s

GM Records
NCREE19
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Fig. 1. Site amplification w.r.t. the reference site
condition of Vs = 760 m/s versus predicted PGA
by the NCREE19 GMPE for the reference site
condition using ground motion records with Vs30
from 120 m/s to 200 m/s. (a) Horizontal PGA and
(b) vertical PGA.

In addition to the NCREE19 horizontal GMPE,
the NCREE vertical GMPE, which is applicable for
crustal and subduction earthquakes in Taiwan, has also
been developed in parallel by using the same ground
motion records and the functional form. Figure 1(b)
shows the site amplification of the vertical PGA w.r.t.
the reference site condition versus the PGA predicted
by the NCREE19 vertical GMPE for the reference site
condition by using ground motion records with Vs30
from 120 m/s to 200 m/s. Nonlinear site amplification
can be clearly observed for the vertical PGA. The level
of nonlinear site amplification of the vertical
component is similar to that of the horizontal
component. This is not consistent with some published
vertical GMPEs that indicate non-significant nonlinear
site amplification of vertical ground motion, which
could be attributed to that the vertical ground motion
in the used database is mostly P-dominated, and the



soil layer behavior under pressure strain to be linear
with no hysteresis.

Arrival Times of P-Waves and S-Waves

The observation of nonlinear site amplification in
the NCREE19 vertical GMPE can be attributed to the
possibility that the vertical ground motion in Taiwan is
S-dominated, meaning that the observed peak ground
motion and peak structural responses occur in the S-
wave window after the arrival of the S-wave. The
behavior of the soil layer under shear strain is
nonlinear with a significant hysteresis. Given this, the
nonlinear site effect can also be observed in vertical
ground motion in Taiwan.

Based on this assumption, we try to compile the
arrival time information of ground motion records in
Taiwan. A total of 37,888 ground motion records from
both crustal and subduction earthquakes observed in
Taiwan with available arrival times of P-waves and S-
waves are manually selected. The magnitude versus
distance plot for these ground motion records is shown
in Figure 2.

37888 Records with Useful Arrival Times of P&S Waves
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Fig. 2. Magnitude versus distance plot for the
ground motion records with available arrival
times of P-waves and S-waves from manual
selection.

The occurrence times of the peak ground motion
and structural peak response can be also evaluated
from the time histories of the ground motion records
and dynamic analysis of a single-degree-of-freedom
system. First, we calculate the vector sum of two
horizontal components present in one ground motion
record; then, we determine the occurrence time of the
peak in the vector sum of two horizontal components
as the occurrence time of peak horizontal ground
motion or horizontal structural response.

Based on the arrival time information and the
occurrence times of the peak ground motions and
structural peak responses, we can identify each ground
motion record as P-dominated or S-dominated for each
ground motion intensity measurement. For example, if
a ground motion record had a vertical PGA that

occurred after the arrival of the S-wave, then it is
identified as a record with S-dominated vertical PGA.
In contrast, if the vertical PGA occurred before the
arrival of the S-wave, then it is identified as a record
with P-dominated vertical PGA.

Figure 3 shows the three-axis acceleration time
histories of two ground motion records observed
during the March 31, 2002, earthquake in Taiwan from
the TUCO024 station, which is a record with an S-
dominated vertical PGA, and from the TAP017 station,
which is a record with a P-dominated vertical PGA.
Note that one record can be identified as both a P-
dominated vertical PGA and an S-dominated
horizontal PGA. For example, both records in Figure
3 are identified as S-dominated horizontal PGA
records as well.
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Fig. 3. Three-axis acceleration time histories of
two ground motion records observed in the
03/31/2002 earthquake in Taiwan from the
TUCO024 (S-dominated vertical PGA) and the
TAPO017 (P-dominated vertical PGA) stations. The
green and red lines indicate the arrival times of P-
waves and S-waves, respectively.

P

Percentages of P-Dominated and S-
Dominated Records

As described above, the percentage of P-
dominated and S-dominated records will be related to
the used ground motion intensity measurements. For
vertical PGA as an example, a total of 27,830 S-
dominated vertical PGA records and 10,058 P-
dominated vertical PGA records exist. Most ground
motion records with vertical PGA observed in Taiwan
are S-dominated, accounting for a percentage of
approximately 73%. This result is consistent with the
assumption made previously that most of the vertical
ground motion in Taiwan is dominated by S-waves.

The blue and red markers shown in Figure 2
represent the S-dominated and P-dominated vertical
PGA records, respectively. The vertical PGA of
ground motion records observed in the Mw 7.6 Chi-
Chi earthquake from the stations within a 40 km
distance are all S-dominated. This may be because the



Chi-Chi earthquake was caused by the activity of a
reverse fault with a large magnitude. For other
earthquakes with small to middle magnitudes, some
records with a P-dominated vertical PGA can be
observed in a near-source region. The mechanism for
the occurrence of a P-dominated vertical PGA is still
not clear based on current collected data and
observation.
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Fig. 4. Record numbers and percentages of S- and
P-dominated records for (a) horizontal SA and (b)
vertical SA.

In addition to PGA, we also evaluate the
occurrence time of spectral acceleration (SA), which
is the peak structural acceleration response. If a ground
motion record has the vertical SA occurring after the
arrival of the S-wave, then it is identified as a record
with S-dominated vertical SA. In contrast, if the
vertical SA occurred before the arrival of the S-wave,
then it is identified as a record with P-dominated
vertical SA. All the ground motion records used in this
study are high-pass filtered for baseline correction. We
only consider the ground motion records with 1.25
times the cut-off frequency of the high-pass filter,
which is lower than the structural frequency of SA, to
evaluate the occurrence time of SA in this study. For a
lower structural frequency or a longer structural period
SA, the number of ground motion used records will be
fewer.

Figures 4(a) and (b) show the record numbers and
percentages of S-dominated and P-dominated records
with horizontal and vertical SA, respectively. Almost
all horizontal SA is dominated by S-waves. The
percentage of S-dominated vertical SA records

depends on the structural period. However, the
percentage of S-dominated records is higher than 50%
for all structural periods of vertical SA. The
percentage of P-dominated records is the highest for a
structural period of 0.075 s; it is higher for shorter
periods and lower for longer structural periods. This
may be due to the frequency content of P-waves being
higher than that of S-waves.

Conclusions

In this study, we compiled information about the
arrival times of P-waves and S-waves, peak
occurrence times of ground motion, and structural
responses for ground motion records observed in
Taiwan. Based on this information, we evaluated the
percentages of the vertical peak ground motions and
structural vertical peak responses that occurred in P-
wave and S-wave windows. We found that the vertical
PGA and SA of ground motion records in Taiwan are
significantly dominated by S-waves. It provides a
physical basis for the analysis of the nonlinear site
effect of vertical ground motion in Taiwan from the
NCREE19 vertical GMPE.
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Abstract

Time-dependent probability model are considered because studies of paleoseismic records
on well-studied faults in Taiwan have found them to be technically defensible characterizations
of the timing of earthquakes. If the behavior of earthquake recurrence is credible evidence of
recurrence behavior, then a time-dependent recurrence model for describing the probability of
earthquake occurrence must be part of the uncertainty in the hazard assessment. A relative hazard
factor that is used to consider the time-dependent hazard estimation is the Equivalent Poisson
Ratio (EPR). It is expressed as an effective Conditional Probability ratio of the time-dependent to
the time-independent hazard estimate. That is, a seismic hazard ground motion map relative the
particular periods near the faults can be estimated in the principles of probabilistic seismic hazard
analysis (PSHA). The conditional probability in the next subsequent time windows (7))
corresponds to a renewal model with the coefficient of variation of the recurrence interval. The
time-dependent seismic microzonation map of near for the 25 major faults area in Taiwan is
developed in this study.

Keywords: Probabilistic Seismic Hazard Analysis, Time-dependent, Equivalent Poisson Ratio

Introduction

According to the principles of probabilistic
seismic hazard analysis (PSHA), Probabilistic
seismic hazard analysis (PSHA) requires technically
accurate models of fault behavior. The model most
commonly used in the PSHA for -earthquake
occurrence, the Poisson process, assumes that
earthquakes occur randomly in time when viewed over
a long interval; This method assumes memory lessness
in which time, size and location of preceding events
are independent.

In reality, there is increasing evidence showing
that the behavior of earthquake occurrence, which is
related to individual fault sources, follows an inherent
time model. During repeated rupture episodes on an
individual fault (or fault system), some characteristics
remain approximately constant over a long timescale.
This means that characterization of recurrent ruptures
of an earthquake does not match the assumption used

in the Poisson process. It is important to properly
consider the variability in recurrence rates caused by
multiple-segment ruptures that change from event to
event due to fault interactions.

The frequency of large earthquake occurrence
forms the basis for seismic hazard assessments, and
the concept of stress-driven earthquake renewal has
inspired time-dependent earthquake probability
calculations. The U.S. Geological Survey’s Working
Group on California Earthquake Probabilities
(WGCEP, 2003) considered time-dependent hazard
analysis in a study of the San Francisco Bay region
using the probability models for the major Bay Area
faults. In this study, the group performed time-
dependent probability calculations for the next 30
years using historic earthquake data from the
segmentation of active faults.

The concept of time-dependent earthquake
occurrence in PSHA applies to fault-specific seismic
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sources. Given the prominence of the Poisson model
for earthquake occurrence in PSHA, most computer
codes for hazard estimation have, until recently,
assumed the Poisson model. The recognition that
earthquake occurrence may be time-dependent has
created interest in establishing methods to use current
PSHA calculations even to model time-dependent
sources in hazard codes. The equivalent Poisson’s ratio
(EPR) estimates are the relative adjustments to time-
independent rupture rates that are necessary to produce
the equivalent time-dependent rupture rate. The EPR
formulation can be applied in hazard codes as a
constant multiplier for time-independent hazards.
Unknown parameters that affect the hazard estimate,
such as earthquake recurrence interval and the
coefficient of variation (CV) for recurrence are
included as geologically bounded ranges.

The Fault Model

An active fault is defined as one that has moved
repeatedly in recent geological time and has the
potential to cause earthquakes in the future. The
Taiwan Central Geological Survey (CGS) has had a
project for active fault research since 1997. Until 2010,
thirty-three active fault locations in Taiwan were
published by CGS (https://www.moeacgs.gov.tw/).
The study congregates relevant seismic, geological,
and geophysical data of the faults to develop the
database for the CGS version. On the other hand,
thirty-eight on-land active seismogenic structures
were identified by Shyu et al. (2016). The model
combined information from pre-existing databases and
a digitized three-dimensional seismogenic structure
map for Taiwan. The fault parameters in both the
databases include fault geometry, slip rate, the time of
the most recent earthquake, etc. Specifically, some
active faults consisting of the same geometry
characteristic are combined in both the models.

In this study, the parameters relating to the
geometry and activity of the twenty-five on-land
active faults in Taiwan have been summarized using
the CGS and Shyu et al. (2016) studies. Although time-
independent  earthquake  occurrence  behavior
characterization requires only an assessment of the
mean recurrence interval (7,) for a given magnitude,
this study considers the elapsed time since the previous
earthquake (7,) in a time-dependent probability model
for these major faults. Time-dependence can be
incorporated into PSHA using alternative models to
account for the active fault rupture cyclic
characteristics from the present time up to a particular
lifetime. The conditional probability in the next
subsequent time windows (7,) corresponds to a
renewal model with a coefficient of variation for the
recurrence interval.

Conditional Probability in 7}, years

Let £ (&) denote a probability density function of

the recurrence interval for the fault rupture that causes
an earthquake. If the elapsed time of a time-dependent
active fault is given as 7, the hazard analysis involves
an estimation of the occurrence probability of the fault
during the subsequent 7),-year. For most structures, the
earthquake design is estimated on the basis of the
structural lifetime. In this case, 7, is set as the
structural lifetime, and the seismic hazard due to the
active fault can be estimated using engineering
reliability theory. Given a condition that the fault has
survived during [0, 7.], the probability of causing a
fault rupture during [7e, Te+7}] is called the posterior
failure probability (or recurrence probability):

o 1.1 I, f@-de (1)

B =Q.(T+T,|T) == ===
Q.T] L, £(E)-dé

The probability Q«(T.+7,|T.) represents the
conditional probability (P..qs) in the subsequent time
period. Fig. 1 shows the comparison of five probability
models used to estimate the conditional probabilities
of an earthquake during the subsequent 50-year period
(Tp = 50 years) using Eq.(1). All models have a mean
recurrence interval of 100 years and a CV of 0.5. The
conditional probability of the renewal model is
consistent with the Poisson model when CV is large.

_ Conditional Probability —

go _| (a) T=100-year, CV=0.5 —

Lognormal
PT

1/ | Exponential

20 - (Poisson)

— . — Gamma
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,  Next 50-year Occurrence Probability, %

Fig. 1 Comparison of the five probability models used
to estimate the conditional probability for earthquake
occurrence during the next 50-year period (7, = 50).
All models have a mean recurrence interval of 100
years and CV =0.5.

Sensitivity Analysis with Respect to CV of
the Renewal Model

Most faults do not have sufficient fault-crossing
trenching to constrain the history of past events. A
time-dependent model properly considers the
variability in recurrence rates caused ruptures in
multiple segments that may change from event to
event due to fault interactions. The occurrence
probability sensitivity analysis for CV indicates that
the occurrence probability depends on the different CV
values used in the renewal model. The width
parameter of the time-dependent probability density
function (PDF) governs the regularity of earthquake
occurrence on the fault.



As with the recurrence interval, a best possible
estimation is unavailable. However, an informed range
can be adopted from the following references:

® In Taiwan, a high confidence, CV = 0.35, was
estimated from the high-quality paleoseismic
data of the Chelungpu Fault, which is a reverse
fault.

® A range was observed at high-quality
paleoseismic sites on strike-slip faults in
California in the Western United States. The
range expresses the greatest confidence for CV
values between 0.5 and 0.8 and a low confidence
for CV < 0.5, which represents a more random
recurrence (Pacific Gas & Electric (PG&E),
2015).

® WGCEP (1995) assumed renewal processes
with a larger CV of 0.5 + 0.2 for the most active
fault segments in the San Francisco Bay area.

For the above studies, a conservative CV of 0.5 is
an reasonable value for a fault that has limited
information on the active behavior. Similarly, a CV
value of 0.7-0.8 is acceptable for a fault for which only
the location information is known. The locations and
geometries of most faults in Taiwan can be identified
on the basis of geological evidence, but there is a lack
of information relating to the activity, such as the
recurrence interval and the last event. Consequently, a
wider range of CV values (between 0.5 and 0.8) is
considered to cover the realistic possibilities.

Fig. 2 shows the conditional probability ratios
(CPRs) for the Brownian Passage Time (BPT)
distribution and values of CV ranging from 0.3 to 0.8;
for the probability estimation plot, we assumed that the
recurrence interval 7. was 100 years and the
subsequent 7, was 50 years. In fact, the ratios between
the conditional probability of the time-dependent and
exponential models, which correspond to a constant
recurrence interval, decrease with increasing CV. As
anticipated by the hazard function, the initial CP ratio
is almost zero immediately after an earthquake; it then

increases with the increasing CV over the elapsed time.

Conditional Probability Ratio

cv=0.3 T=100-year; T»=50-year
cv=0.4
cv=0.5
cv=0.6
cv=0.7
cv=0.8

BPT Distribution

T T T T T T T T T T
0z o g oam ol am o o oam oA,
Normalized elapse time, T,/ T,

Fig. 2 Comparison of the CPR using BPT distributions

with CV ranging from 0.3 to 0.8 to estimate the
occurrence of earthquakes in the subsequent 50 years

(Tp).

Equivalent Poisson Ratio

Since the Poisson model is used in baseline
hazard calculations, the time dependence of the
subsequent 7, years is implemented using a factor that
can be applied to the earthquake rate (relative to the
slip rate) that increases (or, in principle, could lower)
the hazard. This factor is called the equivalent
Poisson’s ratio (EPR). This concept was proposed by
the Senior Seismic Hazard Analysis Committee
(SSHAC) project, which involved the seismic hazard
analysis for the Diablo Canyon Power Plant (DCPP)
in the US (PG&E, 2015).

Substituting the 7,-year conditional probability
(Pcoq) for the Poisson probability per year into the
Poisson process, an effective Poisson rate (A
WGCEP, 2003) can be solved as follows:

Ay =

g =—In(1-F,

cund)/ T Y4 (2)

EPR estimates are the relative adjustments to
time-independent rupture rates (4p.is) necessary to
produce the equivalent time-dependent rupture rate,
which is described by:

A
EPR =—% 3)

‘pois

For including the possibility of the occurrence
probability model, the EPR is the multiple of the slip
rate for a fault in the hazard calculation.

Based on the recurrence interval and CV values
of each fault, the EPR distributions for each fault can
be calculated. In the analysis, the CV=0.5 and 0.7 have
used to consider the variability of the recurrence
interval. For the earthquake behavior, the weight use
0.8 for time-dependent model and 0.2 for the time-
independent model.

In addition, both of the time-independent and
time-dependent models for describing the fault
activity behavior will be included in hazard calculation.

The Near Fault Seismic Hazard Map
Considering the Time-Dependent Model

Based on the PSHA procedure and the parameters
of the faults, the next 50-year seismic hazard map of
peak ground acceleration (PGA) of the 25 major faults
considering the time-independent model and time-
dependent model can be estimated including the 10%
and 2% probabilities of exceedances in 50 years as
shown in Fig. 3. In the hazard calculation, the seismic
source only considers the 26 major faults, and Taiwan
ground motion prediction equations (GMPEs)
(NCREE&TPC, 2019) are adopted to evaluate the
seismic-hazard assessment in terms of strong ground



motion (assume equal weighting in hazard calculation).

The average shear-wave velocity in the top 30 m, Visso,
is assumed to be 360 m/sec in order to focus on the
near-fault effect in the PSHA. This study neglects the
site effect. The study sites are located on the hanging-
wall and footwall in around the fault; the distance of
site to fault is Skm and 10km, respectively.

From the next 50-year seismic hazard map, it
indicates that the high conditional probability of the
faults leads to the greater ground motion in the
particular site. Oppositely, when the seismic moment
of the fault is announced in the near future, the
requirement for ground motion level at the sites will
be smaller during the structure lifetime.

Conclusion

Considering the wuncertainty of the fault
recurrence interval, the slip rate is one of the
parameters used to estimate the range of the
uncertainty. Given the prominence of the Poisson
model of earthquake occurrence in the PSHA, EPR
estimates are the relative adjustments to time-
independent rupture rates necessary to produce the
equivalent time-dependent rupture rate. The EPR
method provides a framework within which to
estimate relative time dependence on faults that lack
sufficient data for a direct estimate.

Therefore, the next 50-year seismic hazard map
of the PGA near the 25 major faults considering the
time-dependent model can be estimated, including the
10% and 2% probabilities of exceedances in 50 years.
The map shows that the seismic requirement for the
hanging-wall is almost double than the footwall due to
the hanging-wall effect. It is more important to
develop the GMPE model that includes the hanging-
wall effect because of Taiwan’s geologic environment.
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Source Radiation Pattern Database Calculated from the 1-D

Seismic Velocity Structure in Taiwan
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Abstract

The National Center for Research on Earthquake Engineering hosted the Senior Seismic
Hazard Analysis Committee Level Il project in Taiwan (NCREE, 2018) and rearranged the
ground motion database and flat-file in the ground motion characteristics (GMC) team. The
flat-file was built in an attempt to develop spectral acceleration based ground motion models
(GMM) for application to seismic hazard evaluation. However, some complex effects or
indices were not considered or calculated in the database and still require careful
consideration. These include the Fourier amplitude spectrum, and hanging wall, directivity,
seismic duration, and radiation pattern effects. In this study, to update the ground motion
database in Taiwan, the necessary information from the GMC flat-file is gathered to upgrade
systematically the applicability of the database. The theoretical source radiation pattern is
calculated from the pseudo-bending ray-tracing method in a three-dimensional grid and the
one-dimensional velocity structure for each record in the Taiwanese database. Specifically,
takeoff angles and S wave radiation coefficients were added to the database for each record
for future applications in GMM in Taiwan.

Keywords: Radiation pattern, ground motion database, Taiwan

Introduction

Ground motion prediction for high probability
faults is an important issue and traditionally the ground
motion prediction equation (GMPE) has been widely
used for this purpose in many regions. Various
researchers have given significant effort to increase the
accuracy of the GMPE prediction and reduce its
uncertainty  using  supplementary  geophysical
considerations However, the aleatory uncertainty is still
significant in worldwide ground motion models owing
to a lack of sufficient observational records to describe
certain phenomena such as hanging walls, directivity,
seismic duration, and radiation patterns. Near source
and large earthquake records are deficient due to limited
operating periods of the strong motion stations.
Therefore, accurate consideration of most of the
abovementioned effects remains challenging in
worldwide GMPEs. The present study attempts to
address these considerations, with a focus on source
radiation pattern calculations. The seismic source
radiation pattern can be computed from several
geometrical relations using a combination of fault plane
strike, dip, rake, takeoff angle, and source-station
related angles (Aki and Richards, 1980, 2002).
Takemura et al. (2016) verified the velocity records of

thirteen events in the Japan Hi-net network and
indicated a possible frequency dependence for the S
wave radiation pattern between long and short periods,
with periodic trends being established for frequencies of
0.5-1.0 Hz from amplitude fluctuations. Kotha et al.
(2019) demonstrated periodic trends over a short
distance for strike slip events from a larger dataset in
which the trend fitted a normalized residual of Japanese
database well. In Taiwan, the ground motion
characteristics (GMC) team in the Senior Seismic
Hazard Analysis Committee (SSHAC) project
developed a strong motion database from a Taiwan
strong motion instrumentation program (TSMIP) with a
recording period from the 1990s to 2016. This included
44600 records gathered for the entire Taiwanese region
(NCREE, 2018) and several next generation GMPEs
were generated (Chao et al., 2020; Phung et al., 2020a,
2020b). Fig. 1 shows the magnitude-distance
relationship (M-R) for the current GMC database for a
Mw magnitude range of 2.2-7.6 and rupture distance
Rrup from < 100 m to > 500 km. The results provide an
opportunity to supplement extra indices based on the
current database to further upgrade its applicability for
more precise GMPEs in the future.
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Theoretical Shear Wave Radiation Patterns

Aki and Richards (1980, 2002) indicated that
amplitudes of strong motion would behave spatially
with a petal shape (Fig. 2) related to fault strike direction,
as can be readily observed for a pure strike slip fault.
Given that the observations of the present study are
mainly on the surface, there is a need to further consider
geographical curvature to capture the four-lobed shape
in 3D. Using the relevant angles, including fault strike
¢s, fault dip o, fault rake 2, takeoff angle iz from the
source and source-receiver azimuth ¢ (Fig. 3), the shear
wave radiation pattern can be obtained from

FV - [(y.v)(ﬁ-l‘:)ﬂy-ﬁ)(v-i”))]/j
= sin A cos 28 cos 2i; sin (¢ — ¢,) — cos A cos & cos 2i; cos(¢p — )
+ 3 cos A sin & sin 2i, sin 2(¢ — ¢,)

— 4 sin A sin 28 sin 2i,(1+ sin(¢ — ).

FH = [ - @@+ - Dw-d)] /i
= cos A cos § cos i¢ sin (¢ — ¢,) + cos A sin § sin iy cO8 209 — o)
+ sin A cos 28 cos i‘f cos(¢ — )

— 3 sin A sin 2 sin i, sin 2(¢ — ¢,).

where F® is the radiation coefficient of the SV wave
and FSH is that for the SH wave. The shear wave
radiation pattern Fs can then be given by

Fs = \[(FS")2 + (FSH)?, @3)

and it is associated with the far field displacement.
Therefore, in order to calculate the takeoff angle i, a
pseudo-bending ray-tracing technique (Um and Thurber,
1987; Koketsu and Sekine, 1998) was applied to a 3D
grid and 1D velocity structure to generate Fs for entire
records in the database. The 1D velocity structure was
obtained from Taiwan’s Central Weather Bureau (Table
1, Chen and Shin, 1998).

Table 1. 1D shear wave velocity model used in the
pseudo-bending ray tracing technique applied in this
study (Chen and Shin, 1998)

Vp dVp Vs dVvs
thick depth |(km/sec)|(km/sec)}|{(km/sec)|(km/sec)
2 0- 2| 3.48 -0.013 1.96 -0.017
2 2 - 4] 4.48 -0.013 2.62 0.006
S 4 - 9] 5.25 0.020 3.03 0.014
4 9- 13 5.83 0.014 3.35 0.003
4 13- 17| 6.21 0.003 3.61 0.000
8 17- 25| 6.41 0.004 3.71 0.001
5 25- 30| 6.83 0.012 3.95 0.007
5 30- 35} 7.29 0.007 4.21 -0.008
15 35- 50| 7.77 0.015 4.49 -0.008
20 50- 70| B.05 0.001 4.68 0.000
20 ¢ 90)] 8.16 0.00. 4.72 0.002
20 90- 110 8.34 0.002 4.79 -0.007
30 110-140 8.35 0.020 4.80 0.004
30 140-170 8.20 -0.013 4.74 -0.009
30 170-200 8.40 -0.003 4.86 -0.001
40 200-240 8.51 0.003 4.92 0.008
half 240- 8.70 0.000 5.49 0.000
space
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Fig. 1 M-R relationship for the GMC database from
the NCREE (2018)

=0

S

0 = 180

Fig. 2. Theoretical S wave radiation pattern of the
transverse component of displacement due to a double
couple mechanism (Aki and Richards, 2002)

The takeoff angle was identified while the first arrival
ray path was traced and the shear wave radiation pattern
coefficient was calculated from these parameters.

Results and Conclusions

Fig. 4 shows samples of the first arrival ray path
and the corresponding shear wave radiation pattern
coefficient. The theoretical S wave radiation pattern has
an amplified range of seismic energy from 0 to 1 in the
source effect, suggesting the generation of high or low
energy regions from a double-coupled fault rupture in
different locations relative to a fault. While the radiation
pattern was a 3D pattern in the underground structure,
strong motions were mostly observable at the surface;
this means that the radiation pattern could not always
show obvious four-lobbed features from various
stations if the fault dip was not perpendicular to the
surface (Figs 4(a), (d)). Therefore, in this study, a
radiation pattern coefficient of total record numbers of
24416, 2811, 3974, and 10665 was respectively used for
shallow crustal, deep crustal, subduction interface, and
subduction intra-slab events.

North

.
¥ Departing ray

Fig. 3. Definition of the Cartesian coordinates (X, y, z)
used to obtain the explicit dependence of P, SV, and
SH radiation patterns (Aki and Richards, 2002)
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Fig. 4. Examples of the calculated ray path and radiation
pattern of selected station-source pairs for (a) a 1992
Mw 6.1 earthquake, (b) a 1993 Mw 4.3 earthquake, (c)
a 1994 Mw 6.3 earthquake, and (d) a 1995 Mw 5.1
earthquake. White triangles are the recording strong
motion stations, the red circles are the seismic sources,
blue triangles denote the locations of entire stations, the
blue curves are the first arrival ray path, and the colored
petals show the main S wave radiation pattern in 3D at
two different viewing angles
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Established Vs30 Grids Data for Taiwan Areas by
Weighted Kriging

Chia Li Chen?, Chun Hsiang Kuo? 2 and Xue Min Lu!

Abstract

Although the Taiwan strong motion instrumentation program (TSMIP) has compiled
many reliable site-effect parameters in the Engineering Geological Database for TSMIP
(EGDT), the drilling survey stations are not uniformly distributed. Since resolution is not
high enough to represent characteristics of local areas, this study attempted to establish VVs30
grid data for the Taiwan area using weighted kriging. Weighted kriging considers not only
distance factors, but also confidence of different Vs30 methods. It can control grid values to
yield higher confidence values. In this study case, we chose data points where distance was
less than 6 kilometers for interpolation purposes. We also evaluated interpolation results five
times using the cross validation method. First, we randomly removed 5% of samples from
each Vs30 method by program code, then re-interpolated the data. Finally, we analyzed errors
between sampled and interpolated results. Our statistical analysis showed high reliability in
plain areas and large errors in mountainous areas or areas with rapidly altered terrain.
Obtaining more Vs30 data in mountainous areas in the future will allow further control points
to improve reliability and accuracy for ground motion predictions and disaster applications.

Keywords: Kriging, Vs30

Introduction

Taiwan is located at a complex convergent plate
boundary with a high level of seismicity. Uplift,
weathering, erosion, and other geological processes
have generated many broad and deep alluvial basins.
Soft alluvium amplifies the seismic waves giving
strong ground motion. The seismic site effect of a soft
site may lead to an earthquake disaster. To accurately
estimate earthquake response, many earthquake
engineering studies and hazard analyses have
considered ground motion parameters, in which Vs30
is an important site effect parameter.

Since 2000, the National Center for Research on
Earthquake Engineering (NCREE) and the Central
Weather Bureau (CWB) have collaborated to execute
the Taiwan strong motion instrumentation program
(TSMIP) and upload drilling data onto the Engineering
Geological Database for TSMIP (EGDT). The average
distance between drilling survey stations is 5
kilometers (Wang and Kuo, 2006; Lin et al., 2017), but
the velocity result only includes effects of site
characteristics below the station. Therefore, it is not
possible to clearly determine site characteristics of

local areas. Despite some authors using other methods
to estimate Vs30 values (Liu et al., 2015; Lin et al.,
2018), their estimated Vs30 values are from a single
station, making it difficult to immediately apply these
data to seismic hazard analyses.

We chose geostatistical methods to attempt to
establish reliable grid values by using available Vs30
data. Second order stationarity and intrinsic
hypotheses are basic theories of geostatistical methods,
in which expectations and variances of regionalized
variables only relate to distance. The various available
Vs30 methods have intrinsic uncertainties, so we
quantified a data weight for each method. We then
modified the kriging method to consider distance
parameters and data weights for each method. We
expected to obtain results that closely approximated
real situations and that can be immediately applied.

To confirm the modified kriging method, we
compared our output to the output obtained using a
different interpolation method. The results show that
both methods returned similar distributions. Selecting
an appropriate theoretical semi-variogram model is
subjective. Therefore, we used cross validation, which
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requires removing part of the sample data and re-
interpolating the modified database. Finally, we
analyzed the error between estimated values and
sample values.

Description of Vs30 Database

The EGDT provides different VVs30 values from
different methods, including drilling and other
estimates (Kwok et al., 2018; Lin el al., 2018). Our
data count was approximately 800. The TSMIP
drilling survey stations were located in metropolitan
and high seismic hazard potential areas, with the
terrain typically forming plains or basins. However,
there is a paucity of Vs30 data in mountainous areas.
This study used (1) a Vs30 estimation for the central
mountain area of Taiwan (C17) and (2) a Vs30
estimation base for topographic slopes (AWQ9) to
solve the lack of data in the mountainous areas. We
also added (3) a Vs30 base for the micro tremor
method (HVSR) to our Vs30 database to increase the
number of data points located in the plains (Figure 1)
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Figure 1. Vs30 database for this study. The left panel
shows the distribution of EGDT and AWQ9 data. The
right panel shows velocity survey locations by micro
tremor

Weighted Kriging

Geostatistical methods estimate entire area
distributions using a small sample. Ordinary kriging is
a common class of geostatistical method applied to a
wide variety of problems, including hydrological
regimes and weather patterns. The most important
technological aspect of kriging is the semi-variogram.
The theoretical semi-variogram model is a function
related to distance. Initially, we calculated the
experimental semi-variogram model assuming a
reasonable distance interval when selecting a suitable
theoretical semi-variogram model. We selected a type
of theoretical semi-variogram model and adjusted its

13

parameters to fit the experimental semi-variogram
model.

We selected Vs30 values with a distance less than 6
kilometers between point locations and the grid center
and substituted distance into a experimental semi-
variogram model to calculate variability. This allowed
us to obtain the distance weight for each point via an
inverse matrix to estimate Vs30 values for the grid.
The standard kriging method only considers distance,
but the Vs30 data used here included observations
made using different methods which have different
uncertainties. Therefore, this study used the error
results of Kuo et al. (2017) and Ancheta et al. (2013),
modified by the weighting function of Seyhan et al.
(2014), to calculate data weights for each method
(Table 1).

Table 1. Vs30 data weight for each method. MA =

micro tremor array. | iS median. o is standard
deviation.

Method u o Weight
drilling 0.02 0.06 15.81

MA -0.03 0.15 6.54
Kwok18 -0.02 0.3 3.33

L18 -0.13 0.31 2.97

c17 0.1 0.16 5.37

WAOQ9 0.01 0.36 2.78
MHVSRV -0.06 0.2 4.79

Preliminary Analytical Results

This study develop the program to implement the
weight kriging method by ourselves, so first important
thing is ensure the correctness and similarity. Figure 2
and figure 3 show our result is similar to another result
from GMT interpolate command. In order to quantify
the difference between the theoretical semi-variogram
models, we statistically analyzed the common
statistics variable with the error between estimation
and sample, it include error mean and standard
deviation. Our Vs30 database is not sensitive for
theoretical semi-variogram models. We try to
interpolate by different theoretical semi-variogram
model, but it was unavailable to reduce the maximum
error value. The reason why it can’t reduce the
maximum error value was that we selected the data
point less than 6 kilometer but their Vs30 value still
rapid changes. The grid size too large will lead to
smooth the estimation and unable to response real
situation. We think our database is enough, especially
on the plain. So we adapt to 500 meter » 500 meter
for each grid and the result show it is indeed reduce the
error effectively.



We used cross validation repeat 5 times in order
to evaluate our interpolate result. Its process is remove
part of sample from database and interpolate again by
other data. We random took out 5% data point of each
kind of Vs30 method. Finally, we calculate the error
between new interpolate result and plot the error
distribution of sample at figure 4 and figure 5. The
sample be take out on plain have not a significant
effect on the interpolate result. That mean the count of
Vs30 points is enough, like Kaohsiung, Yunlin, Chiayi
and Tainan. A few sample located on Taichung basin,
Taipei basin, Longitudinal Valley and foothills region
have significant effect because the sample located on
the rapid terrain changes or difference geology.

We cross-validated our results and calculated
means and standard deviations for the error values.
The error analysis showed that results based on C17
method have a maximum error value of 831 m/s
(Figure 6). The samples were CH-13 (Wu-ling), CH-
17 (Qin-ai), and EH-13 (Swallow Grotto). The drilling
report showed the rock types were slate, quartzite, and
marble, and their Vs30 estimations were larger than
1000 m/s. The velocities for mountainous areas
showed a wide range of values, with scattered data
points. Although we added method AW09 to mitigate
the lack of data points in mountainous areas, the
maximum Vs30 value for AW09 was 900 mi/s.
Therefore, removing samples located in these areas
resulted in a significant effect on the interpolation.
Figures 4 and 5 show that maximum error values larger
than £200 m/s are often located in mountainous area.
The mean square standard error (MSSE) result also
showed that the C17 and L18 methods still yield
significant error values at figure 7.
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Figure 2. EGDT image of the study site

14

120° 121°

122°

25
24°
23
22°
120° 1217 122°
0 300 600 900 1200 1500 1800

Figure 3. The kriging result from this study.
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Figure 7. Mean Square Standard Error value base on
cross validation. Each color represents different case.
C17 and L18 still have a larger error value.
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Conclusion

We test model and result show our database can
obtain 500 meter x 500 meter Vs30 grid result. The
cross validation sample located on metropolitan are
stable. We also control the estimation by data weight
for others located on the value rapid changes area. On
mountain area we only have AW09 data. There are 14
station for C17 that Vs30 value between 900 m/s and
1941 m/s. If we can obtain more Vs30 data on
mountain area in the future, we will consider to add
them to our database to improve the confidence.
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Stiffness Configuration of Strongbacks for Reducing Inter-
story Drift Concentration

Jui-Liang Lin! Meng-Kwee Kek? and Keh-Chyuan Tsai®

Ho s R 2

Abstract

This paper examines the stiffness configuration of strongbacks to effectively mitigate inter-
story drift concentration in buildings. We first develop a simplified numerical model for
simulating buildings with strongbacks. This model is capable of reflecting the various
deformation types of the strongbacks and original buildings, where the story stiffness and story
mass distribution types are not limited. We used this model to conduct a parametric analysis of
the ratio of the strongback stiffness to that of the original buildings with different heights and
deformation types. Buildings with uniform story mass and story stiffness distributions over
building height were considered in the parametric analysis, rather than other specific distributions.
One nine-story steel moment-resisting frame building was investigated to verify the effectiveness
of the proposed strongback stiffness configuration.

Keywords: seismic design, strongback, inter-story drift, generalized building model

Introduction

Excessive inter-story drift concentrated on one or
few stories risks the premature failure of buildings,
such as by an overall building collapse or “pancake”
crush of a few stories. Such building damage usually
results in major casualties during seismic events.
Therefore, many researchers have proposed
innovative designs to unify and optimize the inter-
story drift distribution over the building height (Al-
Ansari and Senouci, 2011; Lin et al., 2019). On the
other hand, using strongbacks, which act like
relatively stiff spines that constrain the deformation of
original buildings (Fig. 1a), has been proven as an
effective alternative to reduce inter-story drift
concentration (Qu et al., 2014; Simpson and Mahin,
2018).

It is understood that moment-resisting frames
tend to have a pure shear deformation type (Fig. 1b).
In contrast, buildings with walls, braces, or cores tend
to have a pure flexural deformation type (Fig. 1c). In
addition, higher mode effects on inter-story drift
distribution increase as building height increases. The
present study aims to look at the effect of strongback
stiffness configuration on mitigating inter-story drift

concentration in buildings with various deformation
types and numbers of stories. Although Fig. la
conceptually depicts the strongback as a rigid pole
alongside the original building, a real strongback with
limited stiffness also undergoes deformation.
Therefore, the deformation type of the strongback
itself is also a key factor considered in this study.

Rigid link
Original building Strongback

@ (b) ©

Fig. 1. Depictions of (a) a building with a strongback,
and the deformations of (b) a shear-type building and
(c) a flexural-type building.

Simplified Numerical Model

The generalized building model (GBM), a
simplified numerical model modified from the
cantilever beam model (Miranda and Taghavi, 2005),

1 Research Fellow, National Center for Research on Earthquake Engineering
2 Graduate Student, Department of Civil Engineering, National Taiwan University
3 Professor, Department of Civil Engineering, National Taiwan University



is capable of simulating buildings with any
deformation type (Lin et al., 2019). In addition to an
arbitrary number of stories, the GBM (Fig. 2) uniquely
simulates buildings with an arbitrary story mass and
stiffness distribution over the building height, unlike
the cantilever beam model. The present study further
extends the GBM to simulate buildings with
strongbacks (Fig. 1a). This extended GBM, designated
as GBMSB herein, is introduced as follows.

Story

Story
number

N
I* Elpn

— Py

rigid bar

lumped mass

pure shear stick

ﬁpure flexural stick
@) (b) (©

Fig. 2. (a) The GBM and (b) the pure shear stick and
(c) pure flexural stick deform under lateral loads Ps;-1
and Py, respectively.

Elpa

The GBMSB consists of two parts: one is the
GBM representing the original building and the other
representing the strongback, which are modeled as a
shear stick rigidly connected to a flexural stick. The
two parts are combined together through rigid links
(Fig. 3a). Compared with the GBM’s two sticks with
lumped masses and fixed bases, the two sticks of the
strongback model are pinned to the ground and have
zero mass (Fig. 3a). Therefore, the mass matrix of the
GBMSB is the same as the GBM’s mass matrix, which
is a diagonal matrix straightforwardly secured from
the original building. The pure shear stick of the
strongback has the following lateral stiffness matrix:

)

is the flexural

SB _ |, SBy~SB
Ks _ks,lEs

where k3 =EI%S/h} and EI
rigidity of the pure shear stick’s lowest segment (Fig.
3b). In addition, the matrix E¥* (Eg. 1) is a matrix
with non-zero elements on its diagonal band.
Moreover, «*, r =1to N, is the ratio of the r-th
segment’s lateral stiffness to that of the lowest
segment, obtained while treating the base of the pure
shear stick as a fixed end. Because the bottom of the
pure shear stick of the strongback is a hinge, the
second term of the bottom-right corner element is
«® /4, rather than «%® . The pure flexural stick of the

strongback has the following lateral stiffness matrix:

KSB _ (FbSB )’1 2

where F* is the pure flexural stick’s NxN
flexibility matrix. F,®is obtained by applying the
unit-load method to the stand-alone pure flexural

stick with an added rotational spring at its bottom.
The purpose of adding a rotational spring is to

17

ij

B _

make the stand-alone pure flexural stick stable so
that the unit-load method is applicable to the stick.
The rotational stiffness of the added rotational
spring is expressed as k, = #EI% /b , where u is
a scalar, and EI;? is the flexural rigidity of the

pure flexural stick’s lowest segment (Fig. 3b). The
desired boundary condition, a hinge at the bottom
of the pure flexural stick, is achieved by
approximating u as zero. Therefore, the i-th row
and j-th column element of F;°, denoted as £,
is

SB

©)

w _ i
i 7B
kb,l
wherek® = EI% /n® and e® (Eq.3)is
Hhﬂ—j ﬁll\l+17i
7]
Ay, AL

N+1-j " "N+1-i

(4)
INEq.4, H! =H_/h, , whereh, is the r-th story’s

height, and H; is the height from the ground to the
s-th story (Fig. 3b). The strongback’s pure flexural
stick thus has the following lateral stiffness matrix:

KE = KIES ©

where E;°is the inverse of the matrix composed
of the element ef® foriandj=1to N, with the

scalar u set equal to zero. Therefore, the lateral
stiffness matrix of the strongback, denoted as Ksg,
is the sum of the stiffness matrices of its two sticks:

Kg = KEB +K§B =K [aSBESB +(1_aSB )EEB] ©)

where

E(1+153) El
; -

SB

b}

_1SB sB _
kss = ks,l + kb,l =

a Z—kSS?
Tk ke

Eq. 7 indicates that ass ranges from zero to one.
The strongback has a pure flexural deformation
type (K =k 5E;® ) while ass =0 (i.e., k3 =0).
The strongback has a pure shear deformation type
(Kg =kIEP) while asg = 1 (ie, k$ =0).
Finally, the lateral stiffness matrix of the GBMSB,
denoted Keggmss, iS the sum of the stiffness

()



matrices of the GBM (Kggm) and the strongback
(KSB)Z

Keeuss = Koau + Kgg
—k {[aE +(1-a)E, |+ B apE® +(1-ag )EEB]}
8

where S = kss/k. The definitions of all the
parameters related to the GBM (Kggwm, Es, Eb, ¢,
and k) are similar to their strongback counterparts
(Kss, EP, E°, ass, and ksg) and are reported

previously (Lin et al., 2019).

GBM  Strongback Story
number
Bo—o o—p N
rigid link ¥ mwfo_oimr;
lumped mass

pure shear stick

pure flexural stick—.

@
Fig. 3. The models of (a) the GBMSB and (b) the
strongback.

Strongback Stiffness Configuration

The stiffness ratio of the strongback to the
original building is considered in this study. It is
natural that the effectiveness of a strongback becomes
more substantial when its stiffness increases.
Nevertheless, due to the limits imposed by engineering
cost, the practical stiffness of a strongback should be
reasonable. Figures 4a and 4b show the vertical
distributions of the peak inter-story drift ratio, denoted
IDRpeak, for 20-story GBMSBs with g = 1 and 5,
respectively. Comparing the first plot (« = 0) with the
last plot (e = 1) of Fig. 4 shows that adding a
strongback is more effective in mitigating the inter-
story drift concentration in pure-flexural buildings
compared with pure-shear buildings. In addition,
comparing Fig. 4a with Fig. 4b indicates that the
effectiveness of strongbacks increases when the value
of g increases from one to five. Figure 4 also shows
that when asg increases from 0 to 1, the distributions
of the IDRueak gradually approach vertical straight
lines, in addition to an overall decrease in IDR pea.
That is to say, shear-type strongbacks (i.e., with
greater asg values) are more effective than flexural-
type strongbacks (i.e., with smaller ass values).
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Figures 5a and 5b show the vertical distributions of the
peak inter-story drift ratio for nine-story GBMSBs
with =1 and 5, respectively. Comparing the curve of
Fig. 5a with its counterpart shown in Fig. 4a as « =
ass =f = 1 shows that the curve of the nine-story
GBMSB is straighter than the twenty-story GBMSB.
The effect of the strongback on reducing the inter-
story drift concentration therefore decreases when the
building height increases.

Numerical Verification

The example nine-story steel building is the SAC
research project prototype for buildings in Los
Angeles (FEMA-355, 2000). This building,
designated SAC9 in this study, is a typical office
building with perimeter moment frames located on
stiff soil. Figures 6a and 6b show the typical floor plan
and elevation. Each story mass is concentrated at the
geometric center of the floor plan. All the floor slabs
are assumed to be rigid diaphragms. A set of 20 ground
motion records with a 475-year return period is applied
in the building’s z-direction. The ground motion
records, denoted as lal-1a20, were those that the SAC
research project exerted on the prototype buildings of



Los Angeles. Figure 6¢ shows the 5% damped pseudo-
acceleration response spectra of lal-1a20.

Figures 7a and 7b show the IDR distributions
over the heights of SAC9 and SAC9-SB, respectively,
subjected to lal-lal0. Each line in each plot of Fig. 7
depicts the IDR distribution at the point in time that a
certain story reaches its minimum or maximum IDR.
Therefore, the maximum number of blue and red lines
in each plot is equal to nine when the minimum or
maximum IDRs of the nine stories occur at completely
different points in time. Figure 6 clearly shows that
using the strongback makes it so that more stories of
SAC9 simultaneously reach their minimum or
maximum IDR. The IDR distributions of SAC9-SB
subjected to lal-lal10 are also much more uniform than
those of SAC9. Accordingly, the proposed strongback
stiffness configuration is effective in mitigating inter-
story drift concentration for SAC9.
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Fig. 6. (a) Floor plan and (b) elevation of SAC9, and
(c) pseudo-acceleration response spectra of lal-l1a20.
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Fig. 7. IDR distributions over the building heights of
(a) SAC9 and (b) SAC9-SB subjected to lal-lal0.

Conclusions

The proposed GBMSB considers not only varied
story masses and story stiffnesses, but also the various
building and strongback deformation types. We
conducted a comprehensive parametric study of the
stiffness configuration of strongbacks for mitigating
inter-story drift concentration in buildings using the
GBMSB. The results indicate that using strongbacks
to mitigate inter-story drift concentration is more
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effective in low- or mid-rise buildings compared to
high-rise buildings. In addition, adding strongbacks to
mitigate inter-story drift concentration is more
effective for buildings with a flexural deformation
type. In contrast, strongbacks with shear deformation
types outperform those with flexural deformation
types. The numerical verification results from a nine-
story steel ~moment-resisting frame building
consistently confirm the effectiveness of the proposed
strongback stiffness configuration.
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Nonlinear Dynamic Analysis Research Based on TEASPA

Fiber Section Model
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Abstract

Using PERFORM-3D software , Replace nonlinear hinge with fiber section to explore
and simulate the backbone curve of TEASPA's RC component. It also associated with the
function of mutual control of axial force and bending moment and free setting of hysteresis
loop rules. At the same time, the analysis results of the fiber section model and the
nonlinear hinge model are compared with the three-story and seven-story structures of the
South Laboratory of the NCREE. The analysis results show that the nonlinear dynamic
analysis of the overall structure based on the fiber section model is efficient and feasible. It
is compared that the experimental values, nonlinear hinges and fiber section models with
each other. The results explain that fiber section model can reflect the axial force and
bending moment of PM interaction. The convergence of the descending for fiber section
model is better than the nonlinear hinge model. It can be use in nonlinear dynamic analysis.
It means that the fiber section can make up for the shortcomings of PM non-linear hinges in
ETABS that cannot freely set hysteresis behavior. Based on the fiber section model
obtained by TEASPA method, the analysis results of the three-story and seven-story
structures show that there is a certain degree of accuracy with the experimental values.

Keywords: detailed seismic evaluation, fiber section model, nonlinear hinge model, TEASPA

Introduction building needs to strengthen its earthquake resistance.
. . TEASPA2.0[4] uses M3 non-linear hinge. After
At present, the detailed evaluation method of  TEASPAS.1 version [5], it switched to PM non-linear

TEASPA earthquake resistance commonly used by
engineers in our country [1,2], adopts TEASPA's
non-linear model of concrete structure, and uses
non-linear lateral push analysis to obtain the capacity
curve of the building structure, that is, to establish the
structural base shear force and the roof The
displacement relationship curve, and then based on the
performance requirements of the building, set the
performance target point on the capacity curve, and
then use the Capacity Spectrum Method [3] to find the
performance target earthquake with the roof

displacement response of the performance target point.

The performance target design earthquake is presented
in terms of the seismic response spectrum and the
maximum surface acceleration during the earthquake.
If the performance target earthquake is greater than
the 475 design earthquake, it means that the building
has sufficient earthquake resistance; otherwise, the

hinge with mutual axial force and bending moment,
which also lifted the limit on the number of floors and
obtained certification from the Construction and
Construction ~ Administration. For the seismic
evaluation of mid-to-high-rise buildings, nonlinear
static lateral thrust analysis is still used in China.
However, the higher the floor, the higher the error of
the analysis. It is necessary to check the seismic
performance of the building with nonlinear dynamic
analysis; however, General software packages cannot
freely set the hysteresis energy dissipation mode of
PM nonlinear hinges. Therefore, this study explores
replacing nonlinear hinges with fiber sections and
simulating the spine curve of TEASPA's RC members,
which has mutual axial force and bending moments.
And freely set the function of hysteresis energy
dissipation mode.

1 Research Fellow, National Center for Research on Earthquake Engineering, ykyeh@ncree.narl.org.tw
2 Assistant Technician, National Center for Research on Earthquake Engineering, tkchow@ncree.narl.org.tw



The fiber section model was established for the
three-story and seven-story frame specimens of the
southern laboratory of the National Earthquake Center
[6], based on the single-column lateral thrust analysis
as a benchmark, so that the frame model can establish
its fiber based on the single-column lateral thrust
analysis. The cross-section model adopts the TEASPA
seismic evaluation program developed by the National
Earthquake Center. The resulting fiber cross-section
model can fully conform to the TEASPA's nonlinear
model. The three-story and seven-story structures of
the fiber section model are used to perform nonlinear
dynamic analysis to obtain the overall structural
response. The results are compared with experimental
values, nonlinear hinges, and fiber section models,
based on the fiber section obtained by TEASPA. For
the model, the analysis results of the three-story and
seven-story structures show a certain degree of
accuracy with the experimental values. This paper
adopts the recommendations of the second edition of
the National Earthquake Center Technical Manual [4]
to set the bending moment nonlinear hinge of the
member, and perform the nonlinear dynamic analysis
with the package software PERFORM-3D [7].

Fiber Section Introduction

The fiber element model, also known as the
section discrete element, is the most detailed analysis
model in the nonlinear analysis of reinforced concrete
frame structures and is close to the actual structural
force performance. It has a wide range of applications;
its principle is to divide the component into several
sections longitudinally. The deformation of a certain
section in the middle of each section represents the
deformation of the section. The section is divided into
several concrete fibers and reinforcing steel fibers.
The force state of the fiber element is only
one-dimensional. Strain, through the integration of
each sub-block or layer along the section to obtain the
generalized stiffness relationship between the internal
force of the section and the corresponding
deformation, and then obtain the stiffness matrix of
the component element.

PERFORM-3D provides a beam-column fiber
section model [7]. For the beam fiber section model,
only the fiber division in one direction of the section is
considered. Therefore, only one-way compression and
bending interaction (PM) can be considered, section
torsion, Shear force and out-of-plane bending are
assumed to be elastic and are dedicated to simulating
the unidirectional nonlinear bending of the beam
section; as for the column fiber section model, the
fiber division in two directions can be considered, so
the bidirectional compression and bending interaction
can be considered ( PMM), the same cross-section
torsion and shear are assumed to be elastic, which is
mainly used for double-bending simulation of column
cross-section.

21

In PERFORM-3D, the beam-column element is
composed of a Frame Member Compound Component,
and a frame composite component can be composed
of multiple basic components (such as nonlinear
hinges, elastic sections, node rigid domains, strength
sections, etc.) ; If the fiber section model is used, the
fiber section can be assembled into the frame
composite component. For beam-column members,
under the action of earthquakes, nonlinear
deformations are mainly concentrated at both ends.
Therefore, in addition to the rigid areas of the
beam-column joints at both ends, they can be
assembled in the form of "fiber section + elastic
section + fiber section". , Where the fiber section is
used to simulate the non-linear behavior that may
occur at the end of the component.

Single Column Test

The NCREE produced two reinforced concrete
three-dimensional structure  specimens  with
non-ductile reinforcement for three-story and
seven-story buildings. The first floor is high, the first
and second floors have only columns without any
walls, and the floors above the third floor. Reinforced
concrete walls are installed on the two outer sides of
the short direction to highlight the characteristics of
the weak ground floor, and to explore the seismic
performance of typical composite mid-to-high-rise
buildings in Taiwan under the action of near-fault
earthquakes. Before conducting three-story and
seven-story shaking table experiments, one should
understand the mechanical properties of structural
members. Therefore, two-pillar member specimens
are made with the same cross-sectional dimensions
and steel bar configuration, using the multi-axial test
of the National Seismological Center Taipei
Laboratory The test system (MATS) performs
repeated load tests [6]. Among them, the two-pillar
component specimens are single-column specimens
A-pillar (30x30 cm) and B-pillar (30x75 cm). The
following is a single-pillar specimen nonlinear hinge
model and fiber Cross-sectional model comparison.
The comparison between the lateral capacity curve of
the fiber section model of A-pillar and the hysteresis
loop of the single-column test is shown in Figure 1,
and the comparison of the lateral capacity curve of the
fiber section model of the B-pillar and the hysteresis
loop of the single-column test is shown in Fig. 2. It
can be found The fiber model is quite close to the test
value no matter in the capacity curve or the hysteresis
loop.
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Fig. 2 Comparison of B-Column Capacity Curve of
Single-Column Specimen with Test Value Hysteresis

Three-Story Structure Test

The NCREE produced a three-story non-ductile
reinforced concrete three-dimensional  structure
specimen [4]. The first floor is high, the first and
second floors have only columns without any walls,
and the third floor is in the short direction. Reinforced
concrete walls are set on the outside to highlight the
characteristics of the weak ground floor, and to
explore the seismic performance of typical high-rise
buildings in Taiwan under the action of near-fault
earthquakes. The southern laboratory of the National
Earthquake Center officially conducted public seismic
tests on the three-story test specimen [6]. There are
four groups, in order, the 0728 TCUO052_350gal
near-field earthquake and 0728 CHY047_420gal
far-field earthquake on July 28, 2006, and the
Republic of China. For 0809 TCUO052_800gal and
0809 TCUO052_1000gal on August 9, 106, the PGA
value after the earthquake record name is the target
setting value, and the actual shaking table output is
slightly different; set the seismic chronological
analysis sequence of the frame specimen, except for
the three-story frame specimen In addition to its own
weight, the earthquake duration analysis is performed
first with 0809TCUO052_800gal and its 1000gal, and
then the post-earthquake test body is used as the
prototype test body, and then four sets of seismic tests
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are officially carried out continuously [11]. For the
nonlinear hinge model and fiber section model of the
three-story structure specimen, follow the input
seismic sequence described in the previous section,
and use PERFPRM-3D to perform the non-linear
hinge model and fiber section model of the three-story
structure. Linear dynamic analysis, comparison of the
roof displacement duration records of the analysis
values of the two models, the small earthquake
TCUO052_350gal and the large earthquake
TCUO052_1000gal are shown in Figure 3 and Figure 4.

0728 TEU062 350gal Reof Disp.

Fiber Seciion Model

Roof Displacement (mm)

8 0 sla SIA 36
Time (See)

Fig. 3 TCU052_350gal roof displacement comparison

0808 TEUOS2 1000gal Reef Disp:

|
Fiber Section Madel ]
— = === Hinge model H

28 %0 3
Tirme (See)

Fig. 4 TCU052_1000gal roof displacement comparison

Seven-Story Structure Test

The NCREE assembled the seven-story structure test
body and carried out follow-up related tests. Refer to
the blind test analysis test [12] of the reinforced
concrete three-dimensional frame specimen of the
seven-story building with non-ductile reinforcement.
The earthquake duration and maximum surface
acceleration PGA [12] of the CHYO015 and CHY063
stations set by the test are used. Set the sequence of
earthquake duration analysis as follows: In addition to
its own weight, the sequence of earthquake duration
input is CHY015 _70%, CHY063 _50%, CHY063
_100%, CHY063 _150%, and CHY063 _200%; the
earthquake duration event name CHYO015 is a remote
earthquake, and CHYO063 is Near-field earthquake.
PERFPRM-3D is used to perform nonlinear dynamic
analysis on the nonlinear hinge model and fiber
section model of the seven-story structure. The roof
displacement histories of the analysis values of the
two models are compared, and the small earthquake
CHYO015 _70% and the large earthquake CHY063
200 are selected. % Is shown in Figure 5 and Figure
6.
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Conclusions

In this paper, based on the lateral push analysis of the
fiber section model of A and B double curvature
columns and the TEASPA bending moment nonlinear
hinge model, the material parameters of the fiber
section model are adjusted so that the capacity curves
of the two are consistent, and then used as A The fiber
cross-section model of the B-pillar and the three-story
building and the seven-story building structure are
respectively used for nonlinear dynamic analysis
based on the selected far-field and near-field seismic
records, and the acceleration, displacement, and floor
center of each floor are analyzed. The interlayer
displacement angle is compared with the experimental
values of the nonlinear hinge and fiber section model
to discuss the rationality and accuracy of the
compared fiber section model. The comprehensive
analysis results can get the following conclusions:

1. The fiber cross-section model ratio of the
single-column specimen is quite close to the test data
whether it is the spine curve or the hysteresis loop.

2. The analysis results of the non-linear hinge model
and the fiber section model of the three-story and
seven-story structures are quite close in the medium
and small earthquakes. When a large near-field
earthquake is applied, the analysis results begin to
have obvious differences. The analysis results of the
hinge model and the fiber section model are still close
to the test.
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3. The bending moment strength of the fiber section
and the PM nonlinear hinge can change in response to
the change of the axial pressure, while the nonlinear
hinge cannot be changed. The fiber section model can
accurately simulate the PM nonlinear hinge, and the
dynamic hysteresis of structural elements can be set
freely The behavior, and indeed reflects the changes in
the axial force of the components in the earthquake
duration, can be used in the seismic evaluation
program for weak ground-floor buildings and
mid-to-high-rise buildings.
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Pushover Analysis of a 10-Story RC Building on E-defense by
TEASPA 4.0
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Abstract

TEASPA (Taiwan Earthquake Assessment for Structures by Pushover Analysis) is a seismic
performance evaluation method proposed by the National Center for Research on Earthquake
Engineering (NCREE) for analyzing existing buildings. TEASPA 4.0 adopts P-M hinges for
simulation of the nonlinear behavior of columns. The P-M hinges of columns are suitable for the
seismic simulation of mid- and high-rise buildings. Shaking-table tests are conducted on a 10-
story full-scale RC building frame on the E-Defense in Japan. The tested building is designed in
accordance with the provisions of a new building design code in Japan. In this study, we conduct
pushover analysis on the tested building by using the nonlinear hinge properties using TEASPA
and ASCE 41-13. We compare the simulation and test results. The analysis results show that the
TEASPA method can effectively simulate a specimen, yielding conservative results that agree
well with the test results. Consequently, the TEASPA method can be applied to predict the seismic

performance of newly designed buildings.

Keywords: TEASPA, detailed evaluation, P-M hinge, full-scale shaking-table test.

Introduction

TEASPA (Taiwan Earthquake Assessment for
Structures by Pushover Analysis) is a method
proposed by the National Center for Research on
Earthquake Engineering (NCREE) for evaluating the
seismic performance of existing RC buildings in
Taiwan. After the 1999 Chi-Chi earthquake in Taiwan,
many old buildings were severely damaged. To
upgrade the seismic capacity of old school buildings
in Taiwan, the NCREE conducted numerous studies
and experiments and proposed a detailed evaluation
method (version 1) for old school buildings in 2008.
NCREE, was used to conduct in situ experiments of

real school buildings from 2005 to 2007 to confirm
that the method is conservative for old school
buildings. TEASPA V4.0, proposed in 2020, improves
the simulation accuracy for members, functions, and
retrofit methods and also imports a web-system for
online user service.

TEASPA was originally developed for existing
buildings in Taiwan. However, owing to the law in
Taiwan, new buildings may also need to be subjected
to detailed evaluation in the future. In this study, we
conducted pushover analysis using TEASPA 4.0 for a
10-story full-scale RC building frame by performing a
shaking-table test on E-Defense in 2015. Here, we
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compare the simulation results not only with the
experiment results but also with the results of the
method suggested by ASCE in order to discuss
whether TEASPA can be used for newly constructed
buildings.

Introduction of TEASPA 4.0

There are many new functions, methods, and
services proposed in TEASPA 4.0, and in this section,
we will introduce the simulation method for members
and the pushover analysis method that will be used on
a specimen. Readers can find more details in the
handbook of TEASPA 4.0.

To use the method for mid-to-high-rise buildings,
from V3.1 onward, NCREE has cooperated with
Sinotech to develop P-M hinges of columns. In
addition, the Construction and Planning Agency of
Ministry of Interior, CPAMI, confirmed that the
method is no longer limited to six-floor buildings but
can be used for mid--to-high-rise buildings. Same as
V3.1, V4.0 also considers various axial forces acting
on columns. To consider the effect of axial forces and
moments, V4.0 uses P-M hinges to simulate the
behavior of columns (Fig. 1). To obtain the hinge
properties of beam members in TEASPA 4.0, the
suggestion of ASCE is followed.

]

(b) Hinge properties of each point on the P-M curve

Fig. 1. Details of P-M hinges in the analysis
software.

V4.0 uses the fiber section method to evaluate the
nominal flexural strength of members. The “modified
Kent and Park model” is used to simulate the behavior
of concrete with the assumption that the steel bar is
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perfectly elastic. To obtain the rigidity coefficient after
cracking of members, the V4.0 handbook revised the
method of analyzing members. To determine the
elastic rigidity coefficient of columns, V4.0 refers to
the suggestion of ASCE, considering the working
force of the column. To determine the elastic rigidity
coefficient of beam members, V4.0 also refers to the
suggestion of ASCE.

To obtain the scale of the lateral force during
pushover, V4.0 follows the suggestion of ATC-40,
using:

u=v[warZue | o

where w. is the weight of the ith floor and ¢ are
the components of the control mode of the ith floor.

Introduction to the 10-Story RC Building
Model

The National Research Institute for Earth Science
and Disaster Resilience, NIED, conducted an
experiment for a 10-story RC building that was
designed in accordance with the RC code in Japan in
2015. The specimen configurations are shown in Fig.
2. The details of the sections are shown in Figs. 3 and
4. The material properties of the concrete and rebar for
the analysis model are shown as Tables 1 and 2. The
weight of the specimen is shown in Fig. 5.

Table 1. Specifications of the concrete of each
floor (kgf/cm?).

FLOOR f. FLOOR f.
2FL 700.31 7FL 492.86
3FL 733.95 8FL 499.49
4FL 587.16 9FL 529.05
SFL 490.32 | 10FL | 447.50
6FL 463.81 RFL | 417.94

Table 2. Yielding strength of rebar (kgf /cm?).

REBAR| f, [REBAR| f,
D10 | 3876.00 | D19 | 3969.00
D13 | 3680.00 | D22 | 3954.00
D16 | 3007.00 | S10 | 9493.00




Fig. 4. Beam section details.
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Fig. 5. Weights of the floors of the specimen.

First, to observe the behavior of the structure, the
response of the base slip was obtained experimentally.
Next, a procedure was performed to make the base into
a fixed base and NIED tested the response of the
specimen. The test case is shown in Fig. 6. In this study,
we first discuss the frame direction of specimen, using
pushover analysis to compare with the fixed-base case
with a 100% magnification. The pushover analysis
was conducted wusing the auxiliary program

26

ETABS2016, and the derived 3D model is shown in
Fig. 7.

Test case Input wave Magnification
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Base slip :;]‘ s
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Fig. 6. Test case and input wave.

EQY

Fig. 7. 3D Model in the auxiliary program.

Analysis Results

By using the auxiliary program and TEASPA 4.0,
we can conduct a pushover analysis of the specimen.
To discuss the feasibility of applying TEASPA 4.0 to
new buildings, we first study the frame direction of the
specimen. After establishing the structure model and
assigning necessary settings, we can assign nonlinear
hinges from the web service. In this study, we also
conducted nonlinear pushover analysis using the
ASCE method for comparison with TEASPA 4.0.

The result of the pushover analysis with TEASPA
4.0 is shown in Fig. 7. The beam members in 5FL have
flexural damage. The maximum base shear is 309.24
tf, and the relative displacement in the roof is 39.70 cm.
The failure mode obtained with TEASPA is similar to
the test result (Fig. 8). The maximum base shear
obtained by the TEASPA method is 75.19% of the test
result, whereas that obtained by ASCE is 67.18%. The
maximum story drift by both the TEASPA and test
results is at 5FL, while that by ASCE occurs at 4FL.
The maximum story drift with the TEASPA method is
86.35% of the test result. The results for the relation
between base shear and roof displacement and the
maximum story drift are shown in Figs. 9 and 10. The
figures indicate that all these parameters in the case of
the TEASPA method are relatively more accurate.



(a) Frame A (b) Frame D
Fig. 7. Last step of the pushover analysis

(TEASPA 4.0).
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Fig. 8. Damage of specimen frame A (50% fixed
base).
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Fig. 9. Comparison of the TEASPA 4.0 and ASCE
results with the test results in terms of the
relationship between base shear and roof

displacement.
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Fig. 10. Comparison of the TEASPA 4.0 and
ASCE results with the test results in terms of the
maximum story drift.

Conclusions

In this study, both the TEASPA method and
ASCE were used on the frame direction of the test
specimen. The results showed that the TEASPA
method proposed by NCREE accurately simulates
strength, damage mode, and drift tendency in
comparison to the test results. The study also
confirmed that TEASPA 4.0 yielded a good simulation
for performing pushover analysis of newly constructed
buildings. Thus, this method can be effectively applied
for seismic performance prediction of new buildings
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in the future.
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Study on Seismic Retrofitting of Structures using High-
Strength Fiber Resin Mortar
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Abstract

Traditional seismic retrofitting methods often affect the regular operation of
buildings and require considerable time during the retrofit process. Thus, it is challenging’
to carry out retrofitting work in private houses. This research aims to develop new
seismic retrofitting methods for existing reinforced concrete structures using high-
strength fiber resin mortar. This approach can effectively improve the performance of
seismic retrofitting methods, and its expected strength can be achieved within two weeks.
It has a minimal impact during installation and therefore does not affect the existing
functions of the building. It is particularly applicable to hospitals, commercial buildings,
and private residences. In this study, different kinds of seismic retrofitting methods were
tested at the National Center for Research on Earthquake Engineering laboratory. The
experimental specimens were tested using horizontal cyclic loading to compare the
seismic behavior of the different seismic retrofitting methods. The study uses popular
seismic assessment methods for each test and compares them with our experimental
results.

Keywords: Seismic retrofitting of structures; steel-brace frames; RC shear walls; stub

columns

Introduction

In this study, three retrofitting methods are studied and
tested: steel frame diagonal bracing retrofitting, shear wall
retrofitting, and steel panel damper retrofitting. Drawing on
the results of previous studies, a design test was carried out
when high-strength fiber resin mortar was incorporated in
the beam-column joint area of the external frame. The joint
area did not suffer damage during the test. We observed that
the high-strength fiber resin mortar has good stress behavior,
and the strength of the external frame can be fully utilized.
This research recommends that high-strength fiber resin
mortar be applied to the general retrofitting method, with the
aim of reducing the damage caused by shear zones and the
interface connection transfer zones and of effectively
improving the earthquake resistance of buildings.

Specimen Design

This study investigates three Kkinds of seismic
retrofitting methods using six test bodies: an existing basic
structural specimen (BS), two steel frame diagonal bracing
retrofitting specimens (FS1 and FS2), two reinforced
concrete (RC) shear wall retrofitting specimens (SS1 and
SS2), and a steel panel damper retrofitting specimen (SPD).
The existing basic structural specimen (BS) is designed to
simulate the first-floor structure of a mid-to-high-rise
building in Taiwan. Due to the limitations of the test platform,
the six test bodies were designed at half the real scale.

The base structural specimen is a portal structure. The
length of the test body is 4000 mm, the height is 2000 mm,
and the span is 2900 mm, as shown in Fig. 1. The side
column has a cross-sectional length of 300 mm, a width of
300 mm, and a clear height of 1400 mm. The retrofitting
design is configured with No. 5 steel bars, and the stirrup is
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configured with No. 3 steel bars with a spacing of 100 mm.
The length of the upper and lower beams is 4000 mm, their
cross-sectional width is 600 mm, and their depth is 300 mm.
In the steel design, the main retrofitting structure is
configured with No. 6 steel bars, and the stirrup is configured
with No. 3 steel bars with a spacing of 100 mm. The design
compressive strength of the concrete in side columns and the
upper and lower beams is 210 kgf/cm?.
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Fig. 1. Schematic diagram showing the
dimensions of the basic specimen

Experimental Methods and Test Setup

The six test bodies were tested at the National Center
for Research on Earthquake Engineering (NCREE) Tainan
Laboratory using the Bi-Axial Testing System (BATS)
shown in Fig. 2. The vertical part of the BATS includes six
dynamic actuators and one static actuator at the bottom of
the platform to provide vertical force and displacement; a
total of four static actuators in the lateral part allow the
system to be fine-tuned in this direction. The long direction
is operated on by four dynamic actuators and can meet the
demand of large static displacement.
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Fig. 2. Bi-Axial Testing System (BATS)

The test specimen is fixed by two sets of clamping
beams. The clamping beams were fixed to the test specimen
before the test, and the lower clamping beam was preloaded.
The test specimen and the clamping beams were then lifted
together into the BATS. In the process of assembling the test
body and applying the preloading-force, it is important to
avoid damage to the test body, which may cause unexpected
failure and affect the test results.
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Test Results

The behavior of the basic frame specimen and the five
reinforced frame specimens in response to repeated load
tests is discussed individually below. For each interlayer
displacement angle, the lateral force is the total load applied
to the moving platform by the horizontal actuator. The
positive (+) symbol indicates that the test body is moving in
the positive direction, while the negative (-) symbol
indicates that the body is moving in the negative direction.
For each interlayer displacement angle, the maximum value
of the first loop is considered to be the maximum lateral
force of the interlayer displacement angle.

1. Basic structural specimen (BS)

The test results, in the form of a hysteresis loop and
envelope, for the base structural specimen (BS) are shown in
Fig. 3. When the drift ratio is 1.5% in the first loop, both the
positive and negative directions reach the maximum bearing
capacity, 406 kN and -428 kN, respectively. From then until
the drift ratio reaches 3.0%, the strength of the specimen is
only 241 kN, which is 56% of the maximum load capacity.
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Fig. 3. Hysteresis loop and envelope for specimen
BS

2. Steel frame inclined support specimen (FS1)

Results for steel frame inclined support retrofitting
specimen FS1 are shown in Fig. 4. When the drift ratio = 1%
in the first loop, both the positive and negative directions
reach maximum load capacity, 1488 kN and -1285 kN,
respectively. At this time, the reinforcing joint corner mortar
spalled off and slipped with the foundation specimen,
making it impossible to improve the strength. Thus, the
diagonal bracing reinforcing member on the steel frame did
not achieve the expected strength. When the drift ratio =
3.0%, the strength of the specimen is only 460 kN, which is
30% of the maximum load capacity, and the protective layer
of the boundary column peeled off.
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Fig. 4. Hysteresis loop and envelope of FS1

3. Steel frame inclined support specimen (FS2)

The behavior of the second steel frame inclined support
retrofitting specimen (FS2) is shown in Fig. 5. When the
drift ratio = 0.75%, the steel frame diagonal brace buckled
during the second loop. The strength of the specimen
decreases slightly, until the drift ratio =1 %, then, the steel
frame diagonal brace exerts its yield strength to make the
specimen strength rise. When the drift ratio = 1.5% in the
first loop, the positive and negative directions reach
maximum load capacities of 1915 kN and -1733 kN,
respectively. When the drift ratio = 5.0%, the strength of the
specimen is only 910 kN, which is 50% of the maximum
load capacity. The boundary columns and both sides of the
steel frame diagonal braces separated from the retrofitting
joint mortar.
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Fig. 5. Hysteresis loop and envelope for FS2
4. Open RC shear wall retrofitting specimen (SS1)

The results for the open RC shear wall retrofitting
specimen SS1 are shown in Fig. 6. When the drift ratio = 1%,
the maximum load capacities in the positive and negative
directions for the first loop are 1561.49 kN and -1393.52 kN,
respectively. In the second positive loop, the strength of the
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specimen drops dramatically. At a drift ratio of 1.5%, the
strength of the test body is only 622 kN, which is 40% of the
maximum load capacity. The boundary columns were
damaged by deflection shear, and a large amount of block
mortar spalled on both sides of the openings, therefore
exposing the wall retrofitting.
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Fig. 6. Hysteresis loop and envelope for SS1

5. Inclined reinforced shear wall retrofitting

specimen (SS2)

The behavior of the second inclined reinforced shear
wall retrofitting specimen (SS2) is shown in Fig. 7. When
the drift ratio = 1%, the maximum load capacities in the
positive and negative directions in the first loop are 2807.83
kN and -2723.97 kN, respectively. In the second positive
loop, the strength of the specimen drops dramatically. When
the drift ratio = 2.5%, the strength of the specimen is only
164 kN in the positive direction of the first loop, which is
6% of the maximum bearing capacity. A large amount of
block mortar peeled off the specimen used for the shear wall
retrofitting, and the wall retrofitting became exposed and
bent. The boundary column was damaged by flexural shear,
and the main retrofitting and stirrups were seriously
deformed.
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Fig. 7. Hysteresis loop and envelope for SS2



6. Steel panel damper specimen (SPD)

The steel panel damper specimen (SPD) results are
shown in Fig. 7. When the drift ratio = 1.5%, the maximum
load capacities in the positive and negative directions for the
first loop are 665.16 KN and -660.31 kN, respectively. At this
time, the mortar spalled at the corner of the reinforced joint
and slipped with the foundation specimen. Thus, the strength
could not be improved, and the expected strength was not
achieved. When the drift ratio = 3.0%, the strength of the test
body was only 466 kN, which is 70% of the maximum load
capacity, and the protective layer of the boundary column
spalled off. At the end of the test, we observed that
unexpected horizontal cracks had appeared in the upper
beam part of the test body of the foundation structure. We
conclude that the reason for this may be that the concentrated
stresses generated by the reinforcing members caused the
test body to be damaged.
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Fig. 8. Hysteresis loop and envelope for SPD

Conclusions

This research uses high-strength fiber resin mortar for
seismic structural retrofitting. Test results on six model
specimens showed that this mortar is effective in
transmitting force, whether as a joint design or as a substitute
for general concrete, and improves the shear strength of the
specimens. We make the following conclusions:

1. Specially adapted steel frames with diagonal bracing and
joint parts that use high-strength fiber resin mortar in their
design provide good interface shear strength and reduce the
logistical and time difficulties associated with retrofitting.
Reinforcing steel frames with diagonal bracing members can
be made in a factory. If there are challenges to construction,
they can be filled with high-strength fiber resin mortar.
Compared with on-site welding, retrofitting using this
process potentially provides closer fits to existing structures.

2. In the second steel frame diagonal bracing specimen (FS2),
high-strength fiber resin mortar was used as the filling
material for the retrofitting joint. Without the use of
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confining stirrups, the retrofitted member still provided
sufficient strength. There was no slippage at the interfaces,
which reduces construction challenges.

3. The high-strength fiber resin mortar can reach its expected
compressive strength in 14 days. Applying it to the
retrofitting method can shorten the installation period and
reduce the impact on normal operation of existing buildings.
This approach is suitable for commercial buildings and
hospitals that require retrofitting.
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Reduced scale shaking table test and numerical study on a

simply supported bridge crossing fault
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Abstract

In order to understand the response of a simply supported bridge under the action of a cross-
fault earthquake, this study investigated a set of 1:81 scale two-span simply supported bridge
experimental models. Through small-scale shaking table experiments, we were able to compare
the displacement and acceleration responses of such bridges during near-fault and cross-fault
earthquakes. In addition, this study established a numerical model for comparison with the
experimental results and calculated the corresponding internal force in the bridge column. The
experiment used two small shaking tables to simulate near-fault and cross-fault effects using
synchronous and non-synchronous inputs. The variables considered included the effect of the
seismic stoppers and the direction of fault movement. Nonlinear dynamic time history analysis
for displacement-input earthquake forces was conducted using SAP 2000N software. The
experimental and simulation results show that the cross-fault effect was mainly reflected in the
displacement of the structure. If the displacement is restricted, the internal force of the bridge pier
is increased significantly. On the other hand, the dynamic acceleration of the bridge deck is mainly
caused by the dynamic effect of near-fault acceleration. The research results also show that if the
experiment uses a single shaking table to simulate the cross-fault effect, the calculation of the
relative displacements of the bridge is not significantly different from the simulation using double
shaking tables; however, the acceleration responses and the internal forces of the bridge pier may
be incorrectly estimated.

Keywords: cross-fault bridges, scaled shaking table test, seismic block, near-fault earthquake.

Introduction and scope of the research

Taiwan is located at the junction of the Eurasian
Plate and the Philippine Sea Plate, where active faults
are densely distributed. According to the latest report
published by the Central Geological Survey in Taiwan
(MOEA 2012), there are 33 active faults and four
suspected faults in Taiwan. Therefore, it is difficult for
existing bridges and newly designed bridges to
completely avoid crossing faults. In addition to being
threatened by the enhanced ground motions and long-
period velocity pulses from near-fault earthquakes,
cross-fault bridges must also withstand the large
demand for displacement caused by the permanent
differential displacement of the fault. For instance, the
921 Chi-Chi earthquake that occurred in central
Taiwan in 1999 (Chang 1999), the two earthquakes
that occurred in Turkey (Ulusay et al. 2002) in the

same year, and the Kumamoto earthquake in Japan in
2016 (JBA 2016) all caused serious problems in many
bridges that crossed faults, including adverse effects
on adjacent traffic arteries. However, the domestic
code for the seismic design of bridges currently only
considers the effect of near-fault earthquakes, but not
the effect of cross-fault earthquake. The code
recommends that bridge construction should avoid
cross faults, and that the code is not applicable to the
design of bridges that cross active faults. Because
Taiwan is intensively faulted, it is often necessary to
address unexpected cross-fault threats. Therefore, it is
necessary to conduct an in-depth study on the impact
of cross-fault effects on bridges.

There are many existing bridges in Taiwan that
are simply supported. During the 921 Chi-Chi
earthquake, many simply supported bridges collapsed
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or were severely damaged because they crossed faults.
To address this problem, this study investigates simply
supported bridges by performing experimental tests on
scaled-down bridge models. Two shaking tables and
synchronous and non-synchronous inputs were used to
simulate the effects of near-faults and cross-faults. The
experimental results are compared with results of
numerical finite element numerical modelling to
further investigate the internal forces acting in such
bridges. Finally, results of the two-table tests are
compared with tests using a single shaking table, in
order to evaluate the accuracy of the latter experiments.

Experimental setup and procedures

In this experiment, a two-span simply supported
beam bridge was designed and established on two
small scale shake tables. The earthquake simulations
were applied synchronously and asynchronously to
represent a bridge subjected to near-fault and cross-
fault earthquakes, respectively. In the case of an
asynchronized input (cross-fault earthquakes), the
experiment was divided into relative and absolute
dislocation to compare the differences in the response
of the bridge across the fault under two different forms
of seismic excitation. The reason for doing this was to
understand the error in the bridge responses during
experiments with only one shaking table for cross-
fault experiments (in anticipation of future large-scale
experiments).

)
Fig. 2. Experimental setup (a) 90 degree fault line;
(b) 45 degree fault line

(@)

Because of the weight-bearing limit of the small
shaking tables adopted in current study, we used a
small-scaled bridge model for the double shaking table
test. A two-span simply supported beam bridge with a
span of 40.5 m and a column height of 12.15 m was
used as the prototype model and this was reduced at a
scale of 1:81. The scaled-down model is shown in Fig.
1. The superstructure consisted of two side-by-side
main beams with a single-span length of 50 cm. The
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substructure was a double-column frame pier with a
column height of 15 cm and a column spacing of 12
cm. The bridge support configuration is M-FM-F,
where M is a two-way sliding support and F is a hinge
support. Because it is not easy to use reinforced
concrete to build a 1:81 scale bridge specimen, we
selected an aluminum extrusion as the main structure
of the bridge body for this experiment. The bridge
columns, cap beams, and main girders were all made
of aluminum extrusion of the same cross-section. The
extrusion model used in this study was made from an
AB6NO01S-T5 aluminum alloy and had a cross-sectional
area of 160 mm?, a tensile strength of 25 kgf/mm?, and
a yield strength of 21 kgf/mm?. The bridge deck was
erected using an iron plate.

In this test, welded round-iron rods were used to
simulate the support at both ends of the main beam.
The rods at the hinge support end were also spot
welded to the top surface of the cap beam of the
substructure to limit the displacement of the support in
the driving and transverse directions. On the roller
support end, the rods were directly placed on the top
plate of the cap beam of the substructure, allowing the
support to slide freely in the longitudinal and
transverse directions. In addition, in order to explore
the impact of seismic stoppers, we conducted
experiments with seismic stoppers in the transverse
direction. The stoppers were simulated with nuts, and
the distance between the vibration stoppers and the
main beam was 3 mm. There were no seismic stoppers
in the longitudinal direction, but the support length in
the driving direction was set to 12 mm by installing a
white iron plate on the cap beam.

The experiment considered two different
horizontal fault angles, 90 degrees and 45 degrees. As
shown in Fig. 2(a), in the case of the 90-degree fault,
the bridge was erected on two parallel shaking tables,
and the direction of the bridge and the fault line were
perpendicular. As shown in Fig. 2(b), the case in which
the fault angle was 45 degrees investigates
performance when the angle between the bridge
driving direction and the fault line is 45 degrees.
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In order to explore the cross-fault effect on
simply supported bridges, the experiment incorporated
two sets of earthquake motions with obvious
permanent displacements. One was collected during
the 1999 Chi-Chi earthquake at seismic station
TCUO052, and the other was collected during the 2018
Hualien earthquake at station HWAO028. Fig. 3 shows
the original acceleration motions of these records. For
the shaking table test with displacement control, the
acceleration time history must be integrated twice to
obtain the displacement time history. In addition,
because this experiment was a scaled-down test, the
input time history for the experiment was also scaled
down according to scaling rule. The maximum
displacement of TCUO052 after scaling was nearly 9 cm,
which surpassed the vibration table displacement
protection mechanism. Thus, the scaling displacement
time history was further reduced to one-third. The
input displacement time history used for this study is
shown in Fig. 4. The maximum displacements at
TCU052 and HWAO028 were approximately 30 mm
and 6 mm, respectively.
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Fig. 5. Schematic diagram of displacement input

In this study, two small shaking tables were
adopted to simulate near-fault and cross-fault effects
with synchronous and non-synchronous input. The
experiment on the two tables was carried out using the
displacement input method. Because the shaking
tables could only vibrate horizontally in one direction,
we restricted the input to the displacement time
histories in one direction during the experiment, i.e.,
along the assumed direction of the fault line. As shown
in Fig. 5, the near-fault case was tested with two
shaking tables that simultaneously applied the
displacement time history given in Fig. 4 in the same
di