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Recent studies have shown that structural damage exhibits stronger correlations with cumulative absolute velocity (CAV) than other ground motion intensity measures (e.g., PGA). This paper presents a CAV site-eﬀect
assessment for the Taipei areas for the ﬁrst time. The study was based on more than 1200 strong-motion data
from 47 major earthquakes that had occurred around Taiwan. The results show that the site eﬀects are more
conspicuous in the western Taipei than the eastern areas, and it is also obvious that the site eﬀect is strong in
locations close to the rims of the basin, where seismic waves could be easily reﬂected, refracted and superimposed. Subsequently, a map showing the areas in Taipei subject to severe CAV ampliﬁcation and/or high
variability was developed for site-eﬀect microzonation for the study area, on the basis of CAV that was considered better correlated with structural damage under earthquake condition.

1. Introduction
In an attempt to avoid unnecessary post-earthquake shutdowns of
nuclear power plants for safety inspection, in the 1980s the Electric
Power Research Institute (EPRI) proposed a new ground motion intensity measure called cumulative absolute velocity (CAV). It considers
a motion's amplitude, duration and waveform altogether. Fig. 1(a) illustrates the CAV of a hypothetical ground motion, which is calculated
as follows [1]:

CAV =

∫0

tmax

a (t ) dt

(1)

where a (t ) is the absolute value of acceleration at time t, while tmax
denotes the total duration of the acceleration time history.
The EPRI study also highlighted that among diﬀerent intensity
measures, CAV correlates most strongly with MMI VII (Modiﬁed
Mercalli intensity scale VII) that describes the onset of structural damage. EPRI further suggested 0.3 g-s as the CAV threshold that could
cause damage on the structures with good design and construction [1].
Subsequently, considering small-amplitude motions are unlikely to
cause structural damage, several variants (denoted as CAV’) were proposed by containing only larger-amplitude motions (e.g., [2–5]):
N

CAV ′ =

ti + 1

∑ H (pgai − pgathreshold) ∫t=ti

|a (t )|dt

i=1

⁎

(2)

where N is the total duration of a ground motion in seconds, pgai is the
maximum acceleration (absolute value) in the i-th second of the motion,
pgathreshold is the acceleration threshold, and H(x) is the Heaviside
function:

1 , x≥0
H (x ) = ⎧
0, x < 0
⎨
⎩

(3)

For example, CAV5 and CAV20 that have been proposed are the
summation of those one-second intervals with PGA above 0.005 g and
0.02 g, respectively [3,4]. Fig. 1(b) is a schematic diagram demonstrating such CAV variants graphically.
After the new intensity measure was proposed, a variety of CAV
research was reported, such as the correlations between CAV and
structural safety/damage. For example, Cabañas et al. [4] found that
CAV20 had a strong correlation with the local macro-seismic intensity
(also known as MSK) in Italy that was developed based on the degrees
of structural damages. Using the PEER-NGA (Paciﬁc Earthquake Engineering Research Center; Next Generation Attenuation) strong-motion database, Campbell and Bozorgnia [5] were able to characterize a
CAV threshold by comparing CAV levels that caused structural damage
with the JMA (Japan Meteorological Agency) intensity scale.
Other CAV-related studies include the developments of CAV ground
motion prediction equations (GMPEs) (e.g., [6–9]). For instance,
Campbell and Bozorgnia [8] developed several CAV GMPEs based on
the PEER-NGA database, and pointed out the aleatory uncertainty
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greater than that of the MMI-PGA regression), which indirectly shows
CAV and such a duration measure could be closely related, with both
having good correlation with MMI based on the level of structural damage.
Site eﬀect is also one of the key topics in earthquake studies (e.g.,
[13–19]), especially for places sitting on thick layers of (soft) soils like
the city of Taipei. As a result, a series of site-eﬀect studies have been
conducted for the city (the most important city in Taiwan) since the
1990s (e.g., [16–21]). Based on the data from three major earthquakes,
Wen et al. [16] found that the areas along two rivers in the Taipei areas
were more susceptible to site ampliﬁcation, and pointed out the degree
of site eﬀect could vary substantially upon the frequency content of the
incident bedrock motion. Similarly, by analyzing earthquake data from
a shallow earthquake (focal depth of 5.3 km) and from a deep earthquake (focal depth of 39.8 km), Loh et al. [18] concluded that shallow
earthquakes should be able to cause stronger site eﬀects in Taipei than
deep earthquakes. Sokolov et al. [19] further provided the rationale
behind those ﬁndings, considering the site eﬀects in Taipei should be
mainly related to the thicknesses of soil layers, bedrock topography,
and the degrees of irregularities and complexities on the rims of the
basin.
Nevertheless, the site-eﬀect studies summarized above were all
PGA- or SA-based (SA: spectral acceleration), not in terms of CAV that is
now being considered more indicative of structural damage. In addition, the previous studies based on limited data were unable to investigate the variability inherent in site eﬀect owing to the high levels
of earthquake randomness.
The key scope of this study is to conduct the ﬁrst CAV site-eﬀect
assessment for Taipei. More than 1200 strong-motion data were ﬁrst
collected, based on which the site eﬀect and its variability were investigated. The geological backgrounds of the study area and the data
mining process were also introduced in the paper.

Fig. 1. Illustration of CAV (the shaded areas) with a hypothetical acceleration time history: (a) CAV; (b) CAV5.

associated with the CAV GMPEs was lower than that of PGA GMPEs. (It
implies CAV is better correlated with earthquake magnitude and distance than PGA.) Note that prior to the CAV GMPE study, Campbell and
Bozorgnia [11] indicated the smallest standard deviations were those
for PGA, PGV, and PSA with period ≤0.02 s, among a number of
GMPEs they developed for PGA, PGV, and 5% damped response spectra
for periods ranging from 0.01 to 10 s.
New applications of CAV to earthquake engineering were also
proposed after the new intensity measure appeared. On the basis of
probabilistic seismic hazard analysis (PSHA) that calculates the annual
rate of PGA exceedance at a site of interest, the so-called “CAV-ﬁltered
PSHA” was proposed [10] in terms of both PGA and CAV exceedances
(e.g., PGA > 0.2 g and CAV > 0.16 g-s). Understandably, the objective
of the new assessment is to make the hazard estimates more relevant to
structural damage with CAV taken into account, unlike the conventional ones solely depending on PGA exceedance. On the other hand,
Kramer and Mitchell [3] studied soil liquefaction and its correlation
with diﬀerent intensity measures, and recommended CAV5 for soil liquefaction assessment because of its strongest correlation with pore
pressure generation in soil. In earthquake early warning, Alcik et al.
[12] proposed a new system that will be activated based on the CAV of
early ground motions that have been detected, diﬀerent than the existing systems based on the amplitudes of early motions.
It has been noted that the duration of strong ground motion is also
well correlated with earthquake damage. Several physical process, such
as strength degradation of certain structures, are sensitive to the
number of load (or stress reversals) present in earthquake motions. That
is, unlike a long-duration ground motion, a short-duration motion
might not be able to produce adequate stress reversals to cause structural damage [33]. More speciﬁcally, Bray and Rathje [34] pointed out
a landﬁll's permanent base displacement induced by earthquakes is
governed by duration along with a few key factors. Hancock and
Bommer [35] considered the duration of ground motion was well correlated with fatigue damage for an 8-storey RC wall-frame building.
Chandramohan et al. [36] found that the collapse capacity of concrete
bridge piers subjecte to long-duration motions would be 17% lower
than that when they are subject to short-duration motions, and such a
ﬁnding echoes the study of Raghunandan and Liel [37] concluding
ground motion duration plays an important role in the collapse resistance of structures.
Nevertheless, very few studies were reported about the correlation
between CAV and duration. Based on earthquake records around
Greece, Koliopoulos et al. [7] investigated the respective regression
between MMI (Modiﬁed Mercalli Intensity) and PGA, CAV, bracketed
duration with zero cutoﬀ (BD0), etc. They found that the R2 value of the
MMI-CAV regression was close to that of the MMI-BD0 regression (both

2. Geological background of the Taipei Basin
As shown in Fig. 2(b), the Taipei Basin in northern Taiwan is surrounded by the Tatun Volcano Group in the north, the Kuanyin
Mountain and Linkou Tableland in the west, and the Western Foothills
in the south and east. The basin has a total area of about 240 km2, and is
2–20 m above the sea level. According to the Central Geological Survey
of Taiwan (CGST), the bedrock of the Taipei Basin is mainly made up of
Tertiary sedimentary rock. Above the bedrock, the basin was ﬁlled with
unconsolidated Quaternary sediments, forming the Hsinchuang Formation, Chingmei Formation, and the Sungshan Formation [22].
The Taipei Basin gradually took shape owing to the evolutions of the
Shanchiao Fault in the west. As shown in Fig. 2(c), the western parts of
Taipei that lie along the fault have accumulated thicker sediments than
in the eastern parts [22,23], resulting in an asymmetrical soil proﬁle/
thickness across the basin. Beginning in the west, the Quaternary sediments above the bedrock can be 500- to 600-meter thick, with the
thickness attenuating toward the southeast (Fig. 2(b)).
3. Taiwan Strong Motion Instrumentation Program (TSMIP)
Taiwan is located in a region known for high seismicity, and the
Taiwan Strong Motion Instrumentation Program (TSMIP) was launched
in the 1990s to collect high-quality seismic data for earthquake research. TSMIP currently has 688 free-ﬁeld seismic stations (Fig. 3),
constituting a “high-density” earthquake instrumentation network in
Taiwan [24]. Each station has accelerometers to record earthquake
motions in three directions with a sampling rate of 200 or 250 per
second [25]. Of all the stations, about 100 are equipped with automatic
data transmitting systems that facilitate real-time analyses [26]. According to the latest report, the seismic stations were further categorized as a hard-rock site, rock site, soft-rock site, stiﬀ-soil site, or soft-soil
site. For more details on these site characterizations, refer to Kuo et al.
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Fig. 2. (a) Location of the Taipei Basin in northern Taiwan; (b) Boundary of the basin and the contours of soil thickness; and (c) The E-W cross section of the Taipei Basin (after Wang et al.
[23]).

[27].
Additional information regarding TSMIP is given in this section
mainly based on the National Center for Research on Earthquake
Engineering (NCREE) of Taiwan [39] that is responsible for the establishment of TSMIP. Since its establishment, about 10 diﬀerent models of
seismometers have been installed in TSMIP stations, from the early 12bit-resolution models to the recent 24-bit-resolution ones. All the
seismometers are acceleration types that record acceleration time histories directly. The seismometers will be in action when they detect a
single greater than 3.9 gal, and then retrieve the records of the last 20 s
backward. Currently, GPS (global positioning system) has been installed in most stations for time calibration. Based on NCREE, the
TSMIP personnel will go to the site every three months to gather the
data stored in the computer of the seismic station. Nonetheless, the
information regarding the site noise (mainly resulting from installation
and site condition) and the instrument noise (from the machine itself)
was not given in the report.
According to Boore [40], the processing of strong motion data are
generally about baseline corrections, ﬁltering acceleration time histories and integrating them for calculating velocity and displacement
time histories. Since the sampling rate of the seismographs of TSMIP is
200/250 per second, the baseline correction is not necessarily needed
[41]; therefore, two major steps in processing the raw data of acceleration time history are as follows: 1) the zeroth-order correction was
performed by subtracting the mean of the pre-event portion from the
whole trace, which is the mandatory procedure in processing acceleration records [42]; 2) zero pads are appended to both the beginning
and the end of the recorded data, given zero reading on the two ends
being the presumption in time-domain ﬁltering programs [40]. Converse and Brady [43] recommended the pad length could be determined

Fig. 3. Locations of the 688 free-ﬁeld seismic stations of TSMIP [25].
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the SA ratio of ground surface motion to bedrock motion. Although this
study computes CAV ratios instead of PGA or SA ratios, the local site
eﬀect is considered in existence when the ratio is greater than one,
either based on amplitude-based intensity measures like PGA, or based
on “integrated” intensity measures like CAV. It is noted that the key
presumption of the analysis is that the waveform of ground motions
propagating from distant sources to the Taipei Basin should be more or
less the same irrespective of the bedrock location, especially when it
comes to far-ﬁeld earthquakes like the 47 events analyzed with epicentral distances ranging from 65 to 210 km.
It is noted that Sokolov et al. [19] adopted a similar approach to
study the local site eﬀect in Taipei also based on ground motion records. However, instead of using rock outcropping motions at a reference site and considering them as bedrock motions, they used local
GMPEs that were newly developed to calculate the theoretical PGA and
SA of bedrock motions at a hypothetical reference site. They claimed
that this approach can increase the sample size for such analysis because a reference site is not needed. Nonetheless, the approach is not
applicable to this study because CAV GMPEs for Taiwan regions have
not yet been developed. In other words, the CAV of bedrock motion is
not attainable from such a theoretical calculation without a local CAV
GMPE. On the other hand, considering the study area is relatively small
and far-ﬁeld earthquakes are the main sources of ground motion records that were analyzed, the diﬀerence in distance between source-tooutcrop (at a reference site) and source-to-bedrock (under the site of
interest) should be less than few kilometers, resulting in a negligible
CAV estimation between the two approaches.
Using the ﬁrst approach, the ﬁrst step of the analyses is to determine
the best reference site. In this study, Station TAP086 (see Fig. 4) was
used as the reference site, which was built on a rock site with a Vs30 of
943 m/s [24]. (Vs30: average shear-wave velocity of soil/rock 30 m
below the ground surface.) More discussions on reference sites will be
given in one following section.
Unlike site-speciﬁc ground response analysis with detailed site
characterizations (e.g., soil proﬁle, layer thickness, shear-wave velocity,
soil unit weight and shear modulus), it is understood that such an approach/analysis present herein is to provide an overview on the site
eﬀect of a study area. Therefore, the scope of such a regional study is
quite diﬀerent from a site-speciﬁc investigation that aims to develop
site-speciﬁc design parameters like ground motion response spectra.

Fig. 4. Locations of the 47 seismic stations in the study area; TAP086 was used as the
reference site in this study, while TAP016 that was used in previous site-eﬀect investigations was chosen for the sensitivity study present herein.

from the following formula:

Tz pad = 1.5 × n/ fc

(4)

where Tz pad is the total length of the zero pads to be added (half length
of the zeros added to the beginning of the original data and the other
half added to the end of the original data); n is the order of the Butterworth ﬁlter; fc is the cutoﬀ frequency. To be more speciﬁc, the highpass Butterworth ﬁlter was applied with the cutoﬀ frequency set at
0.075 Hz according to studies that also had to conduct TSMIP-data
processing prior to an application (e.g., [38,44]).
Since the establishment of TSMIP, the database has been used in
several studies (e.g., [28–31]). For example, Lin et al. [30] used it to
develop the ﬁrst series of local GMPEs (including PGA, 1-Hz SA, 5-Hz
SA, etc.), which helped reﬁne seismic hazard studies for the region
around Taiwan [32].
This present study is also based on the TSMIP database. Fig. 4 shows
the 47 stations that are located in and near the Taipei Basin. Therefore,
the ﬁrst task is to collect data of the 47 stations from the TSMIP database. In total, 1226 ground motions associated with 47 major earthquakes above ML 5.0 (Table 1) were gathered. After data mining, the
next task is to compute the CAV of the 1226 motions. Clearly, an inhouse toolbox was developed for such repetitive computation. It is
noting that, compared to the previous works, the sample size of this
study is much larger for such a site-eﬀect investigation.

4.2. Results
Fig. 5 shows the result of the analysis. The values in the map are the
average of the 47 CAV ampliﬁcation ratios based on the strong-motion
data induced by 47 major earthquakes (Table 1). It shows the site effects are more severe in western Taipei (Zone A in Fig. 5) than in
eastern Taipei (Zone C in Fig. 5), with the average CAV ampliﬁcation
ratio around 1.5–2 and 1–1.5, respectively. As indicated by previous
studies, this should be attributed to the thicknesses of soil layers that
were unevenly distributed in the study area (see Fig. 2).
The analysis also shows that the average CAV ratio can be quite
large (about 2.0–2.5) at locations close to the rim of the basin, especially in the south and the east (Zone B in Fig. 5). Similar to the results
discovered by previous PGA-based analyses, such a ﬁnding should be
related to the complex and irregular geological/geographical conditions close to the rim of the basin where seismic waves could be easily
refracted, reﬂected, and superimposed.
Fig. 6 shows the map demonstrating the level of site eﬀect in terms
of mean CAV ratio plus one standard deviation based on 47 events/
analyses. In other words, this map can help identify those areas in the
Taipei Basin under severe site eﬀect and/or substantial variability.
Accordingly, we found the areas close to the rims of the basin (south,
east, and north) are more susceptible to CAV ampliﬁcation, considering
the relatively high mean ratio and variability combined.
It is worth noting that the empirical study present herein was based

4. Basin eﬀect analysis
4.1. CAV ratio calculation
Based on the records of acceleration time histories, the approach
employed in this CAV study is similar to the aforementioned site-eﬀect,
empirical studies for Taipei [16–19]. Speciﬁcally, the analysis of this
study is similar to the so-called “spectral ratio method” that computes
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Table 1
Summary of the 47 major earthquakes that generated 1226 ground motion data analyzed in this CAV-based site-eﬀect study.
Earthquake events

Date (DD/MM/YYYY)

Magnitude (ML)

Longitude (°E)

Latitude (°N)

Focal depth (km)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

04/04/1999
07/05/1999
03/06/1999
11/07/1999
20/09/1999
20/09/1999
20/09/1999
20/09/1999
22/09/1999
22/09/1999
25/09/1999
30/09/1999
01/11/1999
14/06/2001
12/02/2002
31/03/2002
15/05/2002
28/05/2002
30/05/2002
29/08/2002
07/09/2002
10/09/2002
10/11/2002
25/12/2002
09/06/2003
09/06/2003
10/06/2003
18/07/2003
11/08/2003
12/11/2003
29/12/2003
09/05/2004
06/07/2004
29/11/2005
09/09/2008
17/04/2009
13/07/2009
03/10/2009
19/12/2009
04/01/2010
30/08/2010
21/11/2010
30/04/2011
09/06/2012
17/01/2013
07/03/2013
02/06/2013

5.82
5.44
6.18
5.07
7.3
5.97
6.44
6.7
6.8
6.2
6.8
5.53
6.9
6.3
6.2
6.8
6.2
6.2
5.55
5.19
5.26
5.38
5.42
5.24
5.72
5.03
6.48
5.06
5.38
5.39
5.21
5.49
5.22
5.51
5.94
5.33
6
6.09
6.92
5.46
5.16
6.14
5.81
6.62
5.08
5.87
6.48

121.56
121.53
122.29
121.5
120.48
121.2
121.2
121.4
121.2
121.1
121
121.59
121.43
121.55
121.43
122.11
121.52
122.23
121.56
121.48
121.41
122
121.5
121.49
122.01
121.51
121.41
121.5
121.33
121.57
121.57
121.45
122.15
122.02
122.38
121.4
122.13
121.34
121.39
121.49
122.12
121.41
121.48
122.18
121.58
121.27
120.58

24.53
24.44
24.24
24.36
23.51
24.5
23.54
23.51
23.49
23.45
23.51
24.42
23.21
24.25
23.44
24.8
24.39
23.54
24.52
24.48
24.26
24.52
24.53
24.27
24.22
24.22
23.3
24.35
24.35
24.27
24.35
24.34
24.53
24.45
24.36
23.55
24.01
23.38
23.47
24.11
24.57
23.51
24.39
24.27
24.26
24.18
23.51

88.95
4.17
61.67
73.17
8
6.16
7.68
12.49
15.59
17.38
12.06
70.55
31.33
17.29
29.98
13.81
8.52
15.23
86.99
82.93
41.36
103.54
110.27
55.79
23.22
2.36
32.31
74.39
58.49
21.29
68.19
69.16
5.96
68.04
103.84
43.43
18.08
29.15
43.78
46.05
15.02
46.87
75.02
69.88
13.65
5.55
14.54

[18], it was found that larger PGA values were present at locations close
to the eastern rim of the basin and the western Taipei with thicker soil
layers. In addition, with the PGA of bedrock motion estimated from
downhole observations in the western Taipei, they reported the PGA
ampliﬁcation factor, or the PGA ratio between the ground surface
motion and bedrock motion (140 m below the ground surface), as 2.3
and 2.9 in the western Taipei during two major earthquakes (ML = 6.57
and 6.50). However, it is noted that the study did not select a reference
site for a detailed presentation on PGA ratios throughout the study area.
With the main focus on investigating the dominant frequencies
throughout the Taipei Basin, Wen et al. [16] also brieﬂy reported the
PGA distributions in the study area during three earthquakes (ML = 5.7,
5.4, and 6.2). They found that during the ML 6.2 event, the maximum
and minimum PGA within the study area were equal to 97 and 20 cm/
s2, respectively, leading to a statement in their report that “the variation
of PGA is the Taipei Basin can be in a factor of 5.” However, it is noted
that the ratios between the maximum and minimum PGA in the other
two events were only equal to 2 and 3.4, resulting in an average PGA
ratio among the three events around 3.4, which is relatively close to 2.3
and 2.9 reported by Loh et al. [18] based on two diﬀerent events.
Furthermore, the study found that PGA was relatively large at locations

on observed ground motions, which should be the end result of nonlinear or linear site responses. As pointed out by Wen et al. [16] who
also investigated the local site eﬀect empirically (not based on CAV),
the nonlinear site response should be occurring in the study area during
strong earthquakes, and suggested a nonlinear dynamic analysis should
be employed when it comes to an analytical study. Nonetheless, the
process or mechanism of the site response should not aﬀect an empirical
study (like this study) that is based on observational records, which are
the data readily available and from which the empirical ﬁndings were
directly obtained. This is a fundamental diﬀerence from an analytical
site response analysis/simulation governed by linear or nonlinear
models that are used, for which the analytical model needs to be
properly selected and justiﬁed based on the subject/purpose of a site
response investigation that is carried out using analytical and theoretical approaches.
4.3. Comparison to previous PGA-based analysis
Since PGA is still an important intensity measure in earthquake
engineering, two previous studies have reported earthquake-induced
PGA distributions throughout the study area. According to Loh et al.
146
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low- and high-frequency motions of the whole acceleration time history. That is, for a particular site, the amplitude ratio for a particular
frequency could be relatively large owing to resonance, but the CAV
ratio should remain more stable for being the “average” of the large
ampliﬁcation at the resonant frequency, and the small to moderate
ampliﬁcation at other frequencies that are not close to the natural
frequency of the soil column at the particular site.
4.4. Earthquake type/source on the local site eﬀect
According to Loh et al. [18], they considered earthquakes with a
substantial focal depth (referred to as deep earthquakes) should behave
more like a point source; therefore, deep earthquakes could cause less
variation in the local site eﬀect in Taipei than shallow earthquakes that
are governed by the complicated mechanism related to fault rupturing.
In other words, shallow earthquakes should pose more threats and
uncertainties on the (seismic) safety of structures owing to fault-rupturing mechanisms that involve in the genesis of shallow earthquakes.
As a result, we further divided the data into two groups. For the
deep-earthquake group, it contains the data associated with earthquakes having a focal depth greater than 35 km; otherwise they are
referred to as shallow-earthquake data (< 35 km). Note that the separation is based on the suggestion from Sokolov et al. [19] who also
investigated the local site eﬀect in Taipei with a hypothetical bedrock
response spectra estimated with PGA and SA GMPEs.
Figs. 7 and 8 shows the mean CAV ratios calculated from deep- and
shallow-earthquake data, respectively. Note that the sample size of the
two groups is comparable, with 22 deep earthquakes and 25 shallow
earthquakes among the pool of the data. The graphs show the spatial
distribution pattern is somewhat comparable, with the locations close
to the rims of the basin having relatively high CAV ratios in both cases.
However, it is obvious that shallow earthquakes (Fig. 8) caused a larger
CAV ratio than deep earthquakes did (Fig. 7), which is similar to the
ﬁnding from Loh et al. [18] that larger PGA ampliﬁcation was present
during shallow earthquakes, related to the mechanism of fault rupturing that could occur near the ground surface.

Fig. 5. Mean CAV ampliﬁcation ratio with strong-motion data from 47 major earthquakes
(Table 1); western Taipei (Zone A) and the locations close to the rim of the basin (Zone B)
are subject to more substantial site eﬀect, in contrast to eastern Taipei (Zone C) with less
severe site eﬀect.

5. Discussions
5.1. Reference site and sensitivity analysis
It is understood that the site-eﬀect study is dependent on the reference site selected. In previous studies (e.g. [16–18]), Station TAP016

Fig. 6. Site-eﬀect assessments for the study area; the values in the map are the mean CAV
ampliﬁcation ratio plus one standard deviation.

in the western Taipei due to thicker soil layers, and therefore they
suggested seismic microzonation works be necessary for the study area.
Nevertheless, like the study of Loh et al. [18], they did not report PGAbased ampliﬁcation maps for the study area with respect to a reference
site.
Comparing the two to the CAV study present herein, the similarity is
that the ground surface motions throughout the study area can vary
substantially, either in terms of CAV or PGA. Secondly, all the three
studies (either based on CAV or PGA) indicated that thick soil layers
and basin-edge eﬀect could amplify ground surface motions more
substantially. But on the other hand, it seems that the PGA ratio could
be larger than the CAV ratio. Taking the western Taipei for example, the
(average) PGA ratios reported in the two studies were 2.6 and 3.4,
while the (average) CAV ratio estimated from this study was around 2.
Although the sample size in the three studies is quite diﬀerent (which
might make the comparison questionable), the lower CAV ratio was
somehow expectable with the nature of CAV being the combination of

Fig. 7. Mean CAV ampliﬁcation ratio associated with deep-earthquake (> 35 km) data.
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although the sensitivity study demonstrated the results between the two
were not too much diﬀerent in terms of the spatial distribution.
5.2. Physical interpretations on site eﬀect
This section provides some explanations and interpretations to those
areas where should be under substantial site eﬀects based on the results
of this study. The ﬁrst fundamental cause should be the resonance eﬀect
between the soils and the incident waves. Speciﬁcally, the western parts
and the southern borders of the basin were found having a low natural
frequency of 0.5–1.5 Hz [19], causing a resonance with the incident
waves mainly with low-frequency contents in that range, owing to the
fact that the incident seismic waves were mostly generated by far-ﬁeld
earthquakes.
Second, a thicker soil layer in which seismic waves should propagate more slowly can trap more incident waves and superimpose them
to cause ampliﬁcation, which should be the reason that the locations in
western Taipei close to the Shanchiao Fault (Fig. 2) are subjected to a
more substantial site eﬀect (Fig. 5). Furthermore, the complex and irregular geological/geographical conditions close to the rim of the basin
should be able to generate similar eﬀects for seismic waves to be easily
reﬂected, refracted, and superimposed at those boundaries, and therefore result in a substantial ampliﬁcation or strong site eﬀect.

Fig. 8. Mean CAV ampliﬁcation ratio associated with shallow-earthquake (< 35 km)
data.

was used as the reference site, with the primary concern that its location should be able to reduce the variations of azimuth and incident
angles of the seismic waves mostly from central and eastern Taiwan.
However, according to the latest report [27], TAP016 has a fairly low
Vs30 of 327 m/s, which makes it an unsuitable reference site that is
usually a rock site or close to a rock site. As a result, in this study we
used TAP086 as the reference site considering it has the largest Vs30 of
943 m/s among the 47 seismic stations around the study area.
In order to examine the inﬂuence of reference site on the site-eﬀect
assessment, we repeated the whole analyses, from data mining to the
calculations, using the “old” TAP016 as the reference site adopted by
the previous studies. Fig. 9 shows the result of the analysis. Comparing
it to Fig. 5 using TAP086 as the reference site, we found the two are in
good agreement in terms of spatial distribution patterns, while the
average CAV ampliﬁcation ratio in Fig. 9, using TAP016 as the reference site, is about 60–70% of those shown in Fig. 5 (using TAP086 as
the reference site). As a result, this sensitivity study veriﬁed that the
regional pattern of site eﬀect should be barely aﬀected by reference
sites, while the absolute severity could be aﬀected. The bottom line is, it
is more proper to use TAP086 as a reference site as we did in this study,

5.3. Microzonation
As mentioned previously, a site-speciﬁc ground response analysis is
usually based on 1-D equivalent-linear site response analysis (e.g.,
programs SHAKE and DEEPSOIL), which requires a detailed site characterization, including the information of soil proﬁles, layer thickness,
shear-wave velocity, shear modulus, unit weight, etc. As a result, it is
understood that such a site-speciﬁc analysis is aimed at examining the
site eﬀect of one particular location, instead of investigating the regional site eﬀect in an area like the study present herein.
Therefore, the present study alike is useful to site-eﬀect microzonation for a study area, identifying the locations within the area that
should be under a higher risk with respect to site ampliﬁcation or site
eﬀect. Taking this study for example, it is suggested that any development projects in those strong site-eﬀect locations (i.e., western Taipei
and the borders of the Taipei Basin) should require detailed site response analyses to thoroughly investigate the dynamic responses. Most
importantly, since CAV is now being considered a better intensity
measure for structure damage evaluations, the result of the study can be
more useful for site-eﬀect micronozation for the Taipei areas, providing
engineers with such information for preliminary site response assessments closely related to structure safety.
5.4. Future study
This study is based on CAV to investigate the regional site eﬀect in
Taipei. As mentioned previously, CAV20 was also considered a good
indicator to the onset of structural damage [4], based on the comparison of CAV20 to a local earthquake intensity scale in Italy. Therefore,
future studies should be worth conducting to investigate site eﬀect in
terms of CAV20.
Nevertheless, CAV20-based studies need more strong motion data to
obtain reasonable results and assessments. Taking this study for example, the majority of ground motion data were not particularly strong
because of distant sources. Therefore, with a cutoﬀ of 0.02 g, the CAV20
at the reference site is equal to zero in several cases, resulting in an
unrealistic, inﬁnite ampliﬁcation factor as long as the CAV20 of the
ground surface motion is not zero. This eﬀect has been pointed out by
Campbell and Bozorgnia [8] while they were developing CAV GMPEs.
They considered CAV is relatively stable and predictable compared to
others with a cutoﬀ value, which can result in a number of zero values
in an application that appears problematic, especially when it comes to

Fig. 9. Mean CAV ampliﬁcation ratio using TAP016 as the reference site (see Fig. 4).

148

Soil Dynamics and Earthquake Engineering 108 (2018) 142–149

J.P. Wang et al.

small and moderate earthquakes.
[15]

6. Summary and conclusion

[16]

Cumulative absolute velocity, CAV, is a relatively new ground motion intensity measure, and it is considered more indicative of structural
damage. As a result, diﬀerent from previous works this study was focused on investigating the site eﬀect in the Taipei areas based on CAV
ampliﬁcation.
With the local TSMIP strong-motion database, more than 1200
strong-motion data were gathered from the database. To the best of our
knowledge, such a sample size is much larger than any site-eﬀect study
of this kind, and it allows the examinations on the inevitable uncertainty of site eﬀect that was not investigated by the previous works
with limited data.
The key results of the analysis indicate that strong site eﬀects should
exist in western Taipei and in the locations close to the rims of the
Taipei Basin. The result of the study is useful to the site-eﬀect microzonation for the Taipei area, providing information to local engineers
for preliminary site response assessments. Most importantly, the new
CAV-based presentation should be more relevant to structure safety,
considering the recent research has discovered the stronger correlation
between this new intensity measure and structural damage.
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