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Preface

In keeping with our policy of releasing information
which may be of general interest to the geotechnical
professionand the public, we make available selected nater
reports in a series of publications termed the GEO Report
series. The GEO Reports can be downloaded from the
website of the Civil Engineering and Development Department
(http://www.cedd.gov.hk) on the Internet. Printed copies are
also available for some GEO Reports. For printed copies, a
charge is made to cover the cost of printing.

The Geotechnical Engineering Office also produces
documents specifically for publication in print. These include
guidance documents and results of comprehensive reviews.
They can also be downloaded from the above website.

The publications and the printed GEO Reports may be
obtained from the Government's Information Services
Department. Information on how to purchase these documents
is given on the second last page of this report.

\5—“_;

H.N. Wong
Head, Geotechnical Engineering Office
June 2015
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Forward

This GEO Report presents an updated seismic hazard
assessment of Hong Kong by Arup, in collaboration with the
GEO and the Guangdong EngineeriBgrthquake Resistance
Research Institute (GEERRI) of the Earthquake Administration
of Guangdong Province (EAGP). The assessment considered
the extended latest records of earthquakes that occurred within a
distance of about 500 km from Hong Kong, together with the
regional seismo-tectonic setting and geological setting.

The GEO Report No. 65 on “Seismic Hazard Analysis of
the Hong Kong Region” was published in 1998. It covered a
region bounded by latitude 22°00" - 23°00' and longitudes
113°45' - 114°45', for seismic events up to 1995 Wth> 1.8.
Since then, more earthquake data within the region have been
obtained by various earthquake monitoring agencies. These
data are generally more acdaras they have been recorded by
advanced monitoring instruments. It is timely to update the
seismic hazard assessment of Hong Kong with the available
earthquake data and information.

This Report was prepared by a team led by Dr J.W.
Pappin of Arup, in collaboration with GEO and GEERRI. The
team members are Dr H. Jiang, Mr R.C.H. Koo, Mr Y.B. Yu,
Dr P.L. Chen and Ms M.M.L. So. This work was coordinated
by Dr J.S.H. Kwan and overseen by myself and Mr K.K.S. Ho.
Draft versions of the Report were circulated to relevant
Government departments and local academics for comment.
The contributions of all parties are gratefully acknowledged.

Y.K. Shiu

Chief Geotechnical Engineer/Standards and Testing
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Executive Summary

SJUBU0D JO 3|geL

The Geotechnical Engineering Office (GEO) commissioned Arup as the lead consultant
to undertake a Pilot Seismic Microzonation Study in the INextst New Territories and
examine the potential effect of earthquake induced ground motion on natural terrain under
Agreement No. CE 49/2008 (GE). The Guangdong Engineering Earthquake Resistance
Research Institute, GEERRE & T2 Z5Et), was engaged as a sub-consultant, to
provide updated seismicity data, technical support and expertise pertaining to the Study.

This report covers the first stage of the Study which assdssssismic hazard of the
Hong Kong region based on an updated earthquake catalogue, provided by GEERRI within th
Southeast China region. A new seismic source zone model which incorporates the seismicity
of the region, geological and tectonic information, as well as the key information of the 8
GEERRI's source zone model has been established for the hazard assessment. Fiecfl
reconnaissance has been carried out by the experts from Arup and GEERRI to inspect selectéd
major faults in Hong Kong and to assess their potential seismic activity. Several recent
attenuation relationships have been applied in the assessment, and a sensitivity check has been
carried out.

BqeL

The results of the seismic hazard assessment are presented in terms of horizontal peak
ground acceleration (PGA) and uniform hazard response spectra for structural periods up to
5 seconds for rock sites. The calculated PGA at the centre of the study area with 63%, 50%.
10% and 2% probabilities of being exceeded in the next 50 years are 0.026 g, 0.033 g, 0.092 g
and 0.20 g, respectively. The PGA at the location of the Hong Kong Observatory has beeng
also calculated in the seismic hazard model to allow direct comparison with previous O
assessments by other studies. It is noted that the PGA calculated in the present study i3
comparable with that determined by the previous GEO assessment as reported in GEO Repogt
No. 65 (Lee et al, 1998).

The results of the previous seismic hazard study carried out by Arup for the Buildings
Department (BD) in 2003 are also compared with this study. The comparison shows that the
BD’s study in 2003 gives response spectral values that are very consistent with those of this
study for structural periods greater than 0.2 seconds. However the earlier study gives higher
peak ground acceleration and spectral accelerations for structural periods of less than 0.2
seconds. The main reason for this difference is that, in the BD’s study in 2003, a relatlvelyg,
higher attenuation relationship previously proposed by Atkinson & Boore (1997) was adaptedco
and this relationship has been replaced by updated attenuation relationships in this study.

Sjualuo) Jo
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1 Introduction

1.1 Background

The Geotechnical Engineering Office (GEO) of the Civil Engineering and Development
Department (CEDD) has previously assessed the potential effects of earthquakes on th
stability of man-made slopes and retaining walls in Hong Kong, but not on natural terrain. As 2
the management of natural terrain landslide risk has become one of the focuses of the post-20Z0
Landslip Prevention and Mitigation Programme, there is a need to examine the responses and
stability of Hong Kong’s natural terrain under potential earthquake conditions.

P1U0D JO djgeL

On T April 2009, GEO commissioned Arup as the Consultant to undertake the
Investigation Assignment of the Pilot Seismic Microzonation Study in North-west New
Territories for the Study of Potential Effect of Eytike on Natural Terrain under Agreement
No. CE 49/2008 (GE). The Guangdong Engineering Earthquake Resistance Research
Institute (GEERRI) was the sub-consultant of the project.

The study involved (i) an overall seismic hazard assessment of Hong Kong, (ii) an
area-specific seismic microzonation assessment of the North-west New Territories area, and (ii
an evaluation of the potential effects of earthquakes on the natural terrain, account taken o
local geology, topography and likely ground responses.

SJUBIUEHIP a|geL

1.2 Scope of This Report

An overall probabilistic seismic hazard assessment of the Hong Kong region has been
carried out in this study as described in Clause 6.2(b) of the Brief. The following sections
describe the works that have been completed.

1.2.1 Fault Assessment

Potentially active faults, both in Hong Kong and in adjacent areas in Guangdong
Province, have been assessed by a literature review. Joint field investigations between Aru
and GEERRI were carried out on™8&nd 14" July 2010 to inspect 5 potentially active fault
sites in Hong Kong. They are Lung Kwu Sheung Tan, Tai Lam Chung Reservoir, Tong Yan
San Tsuen, Butterfly Beach and Tai O. The findings of teatiire review and field visits are
presented in Section 2.

si@oju0) Jo 3|qeL

1.2.2 Earthquake Catalogue

d|gel

All published historical and instrumental earthquake data available for Hong Kong and
other areas that are pertinent to the overall seismic hazard assessment of Hong Kong have been
collected and reviewed. The compiled earthquake catalogue includes major earthquake datg
of magnitude greater than 5.0 within 500 km of Hong Kong, and not just limited to 150 km as 3
recommended in Mainland China. The review includes instrumental earthquake data obtained
by world catalogues together with catalogues obtained from the Guangdong Seismic Network
and the Hong Kong Observatory (HKO) Seismic Network. The sources and findings of the
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earthquake catalogue compiled for Hong Kong is published in GEO Publication No. 1/2012
(GEO, 2012).

1.2.3 Seismic Source Zones
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A seismic source zone is an area or a part of the earth’s crust that has a likelihood of
earthquake occurrence in the future. Such source zones can be active faults or area zones ©f
diffused random seismicity. They are identified from studies of geological and seismological
data. A comprehensive review has been carried out on the available geological information
and the observed seismicity for the whole region of the southeast China. The seismic source
model used by the Chinese National Seismic Code for Source Zonation in the Guangdong
region (GB18306, 2001) has also been studied. The development of the seismic source zones
is presented in Section 3 and the potential maximum earthquake magnitude for each seismic
source zone is also presented.

1.2.4 Seismic Attenuation Relationships
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Seismic attenuation relationships describe the reduction in earthquake mduceds
ground-motion with distance away from a seismic source. They are dependent on the roc Ie,
type in the region. For this study, attenuation relationships for response spectra at various’
structural periods are required. These have been derived by GEERRI and compared with
empirical relationships from other regions of the world (notably the west and east coasts of
North America) and with relationships developed theoretically based on the earthquake
intensity records and seismological parameters in the region suggested by the University of
Hong Kong. Suitable attenuation relationships are presented in Section 3.6.

1.2.5 Seismic Ground Motion at Rock Site

jo sjgel

The seismic hazard assessment described in this report derived a series of respongg
spectra of the anticipated seismic ground motions that will occur at rock sites in Hong Kong.
The response spectra include peak ground acceleration and predictive ground motions that hag
probabilities of being exceeded of 63%, 50%, 10% and 2% in the next 50 years. The spectra
are uniform hazard response spectra in that each point of the spectrum has the same probab]lity
of occurring. It must be emphasised that they do not represent the effects of a single future
earthquake but rather the combined effect of many possible events. The hazard assessment has
also derived the earthquakes most likely to give rise to the various probabilities of future ground
motion. These events have been derived for a range of structural periods and show that, |as
expected, near field small magnitude events are most likely to cause high frequency motion that
will affect low rise buildings, and progressively larger magnitude events at greater distance will &
be most likely to cause ground motion that will affect longer period structure e.g. mid-rise to g
high-rise buildings. The derived response spectra for rock site have also been compared to thg
current Chinese Seismic Code (GB50011, 2010). Section 4 presents the results of the seismg
hazard assessment.

31u
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1.2.6 Comparison of Results with Previous Studies for Hong Kong

Various seismic hazard studies have been carried out by different parties in Hong Kongm
since the 1980’s. The past major studies were by Pun & Ambraseys (1992), Lee et al (1998) as
summarised in GEO Report No. 65 and Arup (2003) as discussed below.
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Pun & Ambraseys (1992) described the results of a seismic hazard assessment for Hong
Kong based on a seismic source model of 660 km x 600 km. The study by Lee et al (1998) wa&
conducted under an agreement awarded by GEO to the University of Hong Kong (HKU), with
the Guangdong Seismological Bureau (GSB) as a sub-consultant. The seismic belt in the
model of Lee et al (1998) was divided into 13 inner zones characterised by low seismic activity,
and 16 outer zones of relatively higher seismic activity. Both Pun & Ambraseys (1992) and
Lee et al (1998) only calculated the horizontal peak ground acceleration and intensity for rock
sites and no response spectra were reported, which are important for engineering applications.
Arup (2003) carried out a seismic hazard study for Hong Kong as part of their hazard and risk
study for the Buildings Department (BD) of Hong Kong in 2003. A detailed catalogue of | _
historical and recent seismicity within the South China region up to year 2000 was compiled%
and attenuation models for different structural periods were adopted. Uniform hazard g
response spectra having 50%, 10% and 2% probabilities of being exceeded in the next 50 ye. ars
were determined for rock sites.

Ju9@luo

In the present study, an updated earthquake catalogue has been used to determine the
seismic source zone parameters. The seismic source zone model incorporates the seismicity
of the region, geological and tectonic information and consideration of GEERRI’'s source zone
boundaries. In addition, field reconnaissance had been carried out by the experts from Arup
and GEERRI to inspect selected faults in the Hong Kong region and assess their potential
seismic activity. The collected relevant information was considered in the seismic hazard
assessment. Several updated attenuation relationships have been applied, with a sensitivity
check carried out, in the assessment to establish the horizontal peak ground acceleration ang
uniform hazard response spectra for structural periods up to 5 seconds for rock sites. Th&
present study, which is based on the updated earthquake information, is considered to be mo&
comprehensive.
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2 Geology and Tectonics of the Hong Kong Region
2.1 General
This section describes the geological setting of the region. Particular emphasis is given

to the regional tectonic setting relevant to the development of seismic source models for the
region.

2.2 Regional Tectonic Setting
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It is now well established that the Earth’s crust is divided into a mosaic of some 15 major 3
tectonic plates, which move relative to each other (see Figure 2.1). Hong Kong is situated ing
Southeast China near the south-eastern margin of the Eurasian Plate about 700 km from the
plate boundary with the Philippines Ocean Plate. The plate boundary between the Eurasian
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and the Philippines Ocean Plate, which underlies Taiwan, trends south to the Philippines and
northeast to Japan and is about 200 km to 700 km from the Southeast China coastline.

_|
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The paleogeography of Southeast China has been summarised by Sewell et al (2000%

(see Figure 2.2). The tectonic evolution of the region is interpreted to have included majors

periods of tectonic activities ranging in age from the Mesoproterozoic (1100 Ma) to the present.g
[¢)
* From the Mesoproterozoic to early Palaeozoic (650 Ma), @
Southeast China was within a series of depositional
environments resulting in thick sedimentary deposit. By the
early Cambrian (650 Ma), the northeast-trending basin had
been firmly established in Southeast China. Since then until
the Early Permian (280 Ma), Southeast China migrated from
alluvial floodplains, in intertidal deltas, to a shallow
continental sea to a deep marine environment.
=
e Starting from the Triassic (about 250 Ma to 200 Ma), &
Southeast China was in a major period of uplift and erosion i
accompanied by intrusion of granites. Following these o
events, a shallow marine environment developed during the =1
Early Jurassic (200 Ma to 180 Ma) followed by gentle uplift %
and the beginning of a major episode of volcanic-plutonic
activity.
* Widespread volcanism and plutonism occurred throughout
Southeast China from the Middle Jurassic (180 Ma) to the
Early Cretaceous (about 100 Ma) associated with a SW to NE
subduction zone about 200 km to the SE of Hong Kong.
_|
Q
* Since then to the Early Tertiary (60 Ma), the magmatic =
activity progressively deceased and the crustal activity since e
then has been relatively stable. g
[¢)
Most of the tectonic deformation that is evident in the geology of Hong Kong today is 7

understood to have been caused by events that occurred during the Late Jurassic and Cretaceous
periods (190 to 90 Ma) in what is referred to as the Yanshanian Orogeny. During this Orogeny
period, an inferred subduction zone plate boundary was located to the south east of Hong Kong
with regional faulting and folding, volcanism and intrusion of granitic magma into the crust
taking place to the west of the subduction zone.

GEERRI has presented a regional tectonic setting for the Guangdong region and this is
included in Section 2 of Appendix A. The Guangdong region has been divided into three main
tectonic settings: basin (Mesoproterozic to Middle Triassic), continental margin (Middle
Triassic to Early Tertiary) and stable continent (starting from Early Tertiary).

1

10B1U0D JO 9|ge

Workman (1983) describes the general tectonic features of the South China Sea (se
Figure 2.3). Offshore data indicates that the continental shelf of this part of China comprises
deep, fault-controlled, Tertiary age (65 million years to present) basins. The present day
coastline of South China is not the boundary between continental type and oceanic type crust.

S
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The continental crust thins from the Chinese mainland (approximately 30 km thick) to the
central part of the South China Sea Basin (approximately 12 km thick) with typical continental
type crust beneath the mainland and continental shelf, to a distance of approximately 200 kl’ﬂo
from the current coastline, and oceanic type crust in the South China Sea (see Figure 2.3). The
continental crust beneath the continental shelf is referred to as a rifted margin.

Juod Jo

Southeast China is interpreted to be composed of two major crustal blocks, the Yangtses
Block to the north and the Cathaysia Block to the south (see Figure 2.4). The age of the?
basement rocks in these crustal blocks are commonly assumed to be Mesoproterozoic. Two
major, regional northeast trending fault zones are interpreted to lie along the Southeast China
coast. The Changle-Nanao Fault Zone, runs along the coast and is offshore east of Hong Kang.
The Linhuashan Fault Zone, runs inland, parallel to the coast from Shanghai to Hong Kong (see
Figure 2.4). Hong Kong is located within the Linhuashan Fault Zone, which is bounded by the
Shenzhen Fault to the north and the Haifeng Fault to the south (Lai & Langford, 1996) (see
Figure 2.5). The onshore northeast trending faults are commonly displaced by, or in places
displace, shorter northwest trending faults.  Pubellier & Chan (2006) showed a _
Morphotectonic Map of Cenozoic (65 Ma to present) structures of the South China-Northern&
Vietnam coastal region (Figure 2.6) showing superficial evidence of tectonic activity. This g
map covers both the onshore and offshore portions from eastern China to Vietnam. It WclS(_v"
produced by compiling the existing geological, geographical and geophysical data in the reglorp,
and critical locations were analysed with satellite imagery and field studies. The mapg
summarises the geologic structure including active faults, Cenozoic faults, and earthquakes
with focal mechanism, etc. Note that the “active” definition of faults described in the map
does not necessarily imply evidence of historical motion record, but are considered
representing activity in terms of a geological time scale.

2.3 Faults in Guangdong Province

P_I_

The regional geologic and tectonic setting of Guangdong Province is described in theg
Geological Memoirs Series 1, Number 10, Regional Geology of Guangdong Province (Bureau°
of Geology and Mineral Resources of Guangdong Province (GMRGP), 1988). A collage of &
the geology and tectonic maps provided with the memoir are presented in Figures 2.7 and 2. §
respectively. GEERRI (2010) described the regional fault zones in detail and the faults in thez
Guangdong region are shown in Figure 2.9.

There are three main sets of faults identified:
(&) dominant northeast (NE) trending faults;
(b) east of northeast (ENE) trending faults; and

_|
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(c) northwest (NW) trending faults. g

0

The NE trending faults, especially in the offshore region, are the most morphologically S

persistent with mapped and inferred faults that have shown to extend for several hundred§

kilometres. The NW trending faults appear to be less continuous and offset the northeast’
trending faults. Under the current regional tectonic stress regime, faults striking NE are
more likely to be activated to create strike-slip moment. Due to the greater persistency of

)
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east of NE trending faults, it is inferred that they have a higher potential to generate strong
motion earthquakes upon reactivation. Earthquake records showed that large earthquakes
occurred near Shantou and Nanao, where the NW striking faults intersect the ENE trendings
faults, namely the Binhai fault zone, to extend up to 200 ~ 600 km intermittently on the surfacea
as shown in Figure 2.9. These faults represent deep structures extending more than 30 ki
into the crust. The active faults are coloured in red in Figure 2.9. The NW trending faults;g
are relatively inactive as compared with the NE trending faults. It is evident that a number of
strong earthquakes in Lingshan occurred at the intersection of NW and NE trending faults as?
shown in Figure 2.9. GEERRI (2010) suggested that the intersection of NE trending faults
with the NNW-NW trending faults might also be a potential locus of future earthquakes. This
has been deduced from strong earthquakes that have occurred in Yangjiang, Shantou, Jieyang
and Chaozhou in Guangdong, a number of strong earthquakes in Lingshan in Guangxi's, Fujian
Zhangzhou, and Changde in Hunan. The definition of “active” corresponds to fault activity

in terms of a geological time scale from morphological features. Detailed descriptions of the
major faults in Guangdong by GEERRI are included in Section 2 of Appendix A.

2.4 Geology of the Hong Kong Region

The geology of Hong Kong has been summarised by Sewell et al (2000) and &yfe et
(2000). A detailed geological map tfe Hong Kong region showing the distribution of
geological units and geological structure is shown in Figure 2.10 (GEO, 2000). The geological
map shows that more than three-quarters of the land area of Hong Kong is underlain by
volcanic and plutonic rocks, predominantly Tuff and Granite, of Middle Jurassic to Early
Cretaceous (180 to 140 Ma) age. Older (Late Paleozoic, 420 to 250 Ma sedimentary rocks)
and younger (Late Mesozoic and Early Tertiary, 140 to 55 Ma sedimentary rocks) underlie the
majority of the remaining land area. Superficial deposits, comprising Quaternary (less than
2.6 Ma) alluvium and other unconsolidated deposits are also present throughout the territory
(see Figure 2.10).

SjULU0D JO 3|geL

2.5 Faults in Hong Kong
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The structural evolution of Hong Kong has included events ranging in age probably
from the Precambrian, and certainly from the late Palaeozoic, to the Recent (see Table 2.1).
However, most deformation that is evident in the rocks of Hong Kong was caused by evenis
that occurred during Jurassic and Cretaceous (Sewell et al, 2000).

The main faults in Hong Kong strike NE varying to NNE, and NW varying to NNW.
There are also some E and a few N-striking faults (Figure 2.11). Detailed descriptions of the
major faults in Hong Kong by GEERRI are included in Section 2 of Appendix A.

Figure 2.1hows a Rosette plot presenting the striking density of certain and inferred
faults shown in the published 1:20,000-scale geological magpshould be noted that the
faults presented are only in areas ofics geology and do not show their concealed traces
beneath areas of superficial deposits, although these can often be inferred with reasonabl
confidence.
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Table 2.1 Summary of Deformational Events That Have Affected Rocks in Hong Kong

(Sewell et al, 2000)

_|
QD
o
Age Orientation/Movement Tectonic Setting 8
NE-sinistral g
Late Cretaceous S-directed thrust Strlke-sllp,_transten_5|onal and 3
transpressional basins @
NW-dextral
Q -
N NNW varying toNand | oo nqional and variably
o Early NW extension generated : ,
7 ; o transtentional convergent margin
g | Cretaceous to | variable sinistral and volcanic arc. becoming back-arc
Yanshanian| vid Jurassic | dextral components on ’ 9 .
. and eventually post-subduction
ENE-trending faults
Early Jurassic | ?NNW-SSE extensional basins (ENE)
Indosinian NE-dextral Transpressional g,_
Paleozoic (Caledonian) NE extensional basins (NE) §
. . . O
Precambrian NE terrane collision/amalgamation o
(NE) =
2
(%]

2.6 Active Fault Assessment

For the purposes of this study, an active fault is defined as a fault which shows
significant evidence of movement in association with recent earthquakes, during geologically
recent time and has a potential for recurrence. An active fault should only be distinguishable
from the surrounding faults if it can be demonstrated to be significantly more active than the
general population of faults in the region. If any fault can be shown to be significantly more
active than the general faults, a seismic hazard assessment will need to specifically model thi
feature to determine the increased seismic ground motion hazard in its vicinity. It will also
have a significantly greater threat of ground rupture than the other faults in the region.
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The concept of fault activity has been the topic of considerable discussion and
controversy in the technical literature over the years (Kramer, 1996). In areas, such as Hong
Kong, where earthquakes occur less often when compared to areas such as California or Japan,
this issue of assessing fault activity becomes problematic.

To a large extent, the question of “activity” stems from the more general and
controversial issue of defining what period to be considered when assessing recent fault activity
with consideration to risk assessment. There is no consensus as to how fault activity should b
evaluated. Slemmons & McKinney (1977), for example, found 31 different definitions of the £
term active fault. Most definitions were based on the time period since the most recent faulte,
movement.

9|qed
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The California Bureau of Mines and Geology and the State of California, in legislation|
pertaining to the building of structures near fault lines, defines an active fault as one that has
evidence of Holocene surface displacement, meaning displacement within about the past
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10,000 years. The U.S. Army Corps of Engineers has used a time period of 35,000 years and
the U.S. Bureau of Reclamation has used 100,000 years. The U.S. Nuclear Regulatory
Commission has defined a “capable fault” as one that exhibits: >

(a) movement at or near the surface at least once in 35,000 years
or more than once in 500,000 years;
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(b) historical or recent seismicity which is directly related with
the fault; and

(c) a structural relationship to a capable fault such that
movement on one could reasonably accompany movement
on the other.

Eurocode 8: Part 5 states that an absence of movement in the late Quaternary (refer to
0.7 million years ago to present) can be considered as a non-active fault.

GEERRI and Lee et al (1998) recommend that a fault should be considered “active’
where activity has been proven in the last 100,000 years.
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2.6.1 Potential Fault Displacement in Hong Kong

For this study the likely amount of fault rupture offset that would be expected from the
background seismicity observed from recent earthquake activity has been assessed. By
combining observed fault displacement and rupture area to earthquake magnitude relationships
with the observed rate of seismicity, an estimate of the general fault rupture offset that will be
accumulated with time can be made. From the observed rate of seismicity explained in this
report, it can be calculated that the larger earthquake events have a larger contribution to thg'
expected fault rupture offset that is accumulated over time. By assuming an area for Honds
Kong of about 2,300 kfithat incorporates about 500 km of faulting and a fault rupture depth of | 2
30 km, it is calculated that generally an offset of around 400 mm will be accumulated within a &
one million year time period. It follows that an offsetthe whole Quaternary (2.6 Ma) of )
around 1 m could not be considered to be exceptional or to indicate a significantly higher fault
slip rate than is generally assumed. An offset of greater than 40 mm in the Holocene (10,000
years) however would be exceptional as it is 10 times the average slip rate and could be usec as
a basis for assessing that a fault is particularly active. A similar study was done as a part of San
Francisco Bay Area Hazard study by USGS in 2009.

2.6.2 Potential Evidence from Stratigraphy and Geomorphology

0 9|qel

Sewell et al (2000) stated that there is no direct evidence of fault displacements in either®
the offshore or onshore Quaternary (less than 2.6 Ma) superficial deposits. In particular, theys
stated that no fault displacements have been identified from the many hundreds of kilometres o
offshore seismic lines of Quaternary offshore alluvial and marine sequences.

o

>
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A number of investigations, including those of Liu (1985) and the Hong Kong
Geological Survey (Langford et al, 1989) identified recent raised terraces and beach features|in



28

some coastal areas of Hong Kong. A plausible mechanism for the development of these raised
terraces is active faulting rather than caused by faulting. Whittaker et al (1992) attributed

these features to the oceanward tilting of the region during the late Quaternary or the genelaHJ'
increase in the rock head level from north to south of Hong Kong.

2.6.3 Potential Evidence from Dating
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In recent years the thermo-luminescence (TL) dating technique has been used {o
estimate the timing of fault movement by dating both fault gouge and alluvial sediments that
overlie the faults in Southeast China (Ding & Lai, 1997).

(a) Dating of fault gouge

In Hong Kong, the northeast trending and northwest trending faults have been given TL.
dates of between 278,700 + 23,100 and 33,300 + 2,700 years BP with possible peaks in activity,
at 270,000, 190,000 and 100,000 years BP. Lee et al (1998) stated that from TL dating, the Iaﬁ
major fault activity in Hong Kong can be interpreted to have occurred between 80,000 to & o
100,000 years ago. Figure 2.13 shows the relationship between the TL dating results and the
fault systems in Hong Kong
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(b) Dating of sediments

TL dating of sediments that overlie a fault can be used to estimate the timing of fault
displacements in the following threeaimstances:

(i) where the sediments are themselves faulted, the depositional
age of the sediments constrains the maximum possible age of
fault movement when the sediments are themselves faulted;

(i) TL dating of colluvial deposits which are formed adjacent to
fault scarps may yield the age of vertical fault displacement;
and
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(i) where sediments unconformably overlie a fault zone, but are
themselves undisturbed, a minimum age of movement can be
determined.

To the south of Yuen Long, at Sha Ha Tsuen, a major northwest trending fault within the
Lau Fau Shan- East Lamma Channel Fault Zone is overlain by a sequence of alluvial deposits.
Duller & Whistle (1996) employed OSL testing gave the oldest alluvial layer an age of 81,000
+ 14,000 years. Ding & Lai (1997) concluded that this age is the minimum age of fault
movement. While not explicitly stated, this implies they also have evidence that the alluvial
sequence is not disturbed above the fault.

Northwest of Tai Po, the Lam Tsuen River abruptly alters its course from northeast to
southwest. The cause of the river capture is not certain. However, Lai & Langford (1996)
and Ding & Lai (1997) proposed that it is due to damming of the old river course along a
southeast trending fault. They suggested that this event occurred between the deposition of the

SJUaU0D JO 3|geL
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youngest alluvial deposits that have a TL age of 84,700 + 16,300 years and the overlying
organic lake deposits that havé'@ age of 24,000 + 5,300 years.

_|
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() “°Ar-**Ar dating &
o
“°Ar-*Ar has been used to date the more common minerals present in Hong Kong’sg
faulted rock such as schist and mylonite. Fault movenseggtimated by the following two T
approaches: 7
() to indirectly constrain the age ofadlting by dating
hydrothermal mineralization in the faulted rocks, using the
concept that permeable pathways for fluids are often created
during active crustal deformation; and
(ii) to directly constrain the silicate minerals of faulted rocks
which were supposed to be formed by extremely small -
heating events in the fault movement. &
(]
o
Sewell et al (2000) noted th&Ar->°Ar dating of whole rock specimens from the Tolo | o
Channel Fault and the Rambler Channel Fault indicated that the main phase of activity occurrec%
between 60 to 80 Ma. 2

A study from Campbell & Sewell (200Mdirectly constrained the age of faulting by
dating hydrothermal mineralization in the faulted rocks, using the concept that permeable
pathways for fluids were created during active crustal deformation. The hydrothermal
mineralization dating results yielded ages older than 30 Ma. However there were four samples
from the faults (see Figure 2.14) that showed mineralisation events around 60 Ma to 90 Ma and
34 Ma. Two out of the four samples showed evidence for events at 10 Ma and 3to 4 Ma. Inthe
low temperature portions of the samples, where the diffusion of Ar could be neglected, the results;
showed near-zero age but they only account for less than 2% of the total SAmpEume
(Figure 2.14), which might suggest late Pleistocene to Holocene fault activity.
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2.6.4 Potential Evidence from Natural Terrain Landslides

Recently, GEO (Tangal, 2009; Wong & Ding, 2010; Tang et al, 2010 and Wong et al,

2010) carried out studies to examine possible neotectonic movement of major faults
(earthquakes) in Hong Kong which might trigger landslides. The reports contained
geomorphological assessment, field observations, ground investigation and dating of
superficial deposits to investigate the extent of possible neotectonic fault movement on major
faults in Hong Kong and their potential correlation with natural terrain landslides. Four study
areas were investigated, namely Ho Lek Pui area, Wong Chuk Yeung, Tung Chung East, an
Nam Shan and Pui O area (Figure 2.15) :

(a) HoLek Pui Area

SJUBU0D JO 3B

Tang et al (2009) examined evidence for possible neotectonic movement from the
inferred apparent rupture of superficial deposits and displacement of drainage and ridgelines
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across the NW-trending fault in Tai Po Kau - Ho Lek Pui area. Also, “Mega” boulders (up
to 5 m diameter) clustered along both sides of the fault which may have been dislodged by the
associated seismic activity.

D Jo 9|ge

Detailed field observations and ground investigation showed that the deformation
features such as silicified fault breccia and quartz veins could be found in the Weatheredg
volcanic rock along the axis of the upper valley and this would probably be associated with ang
“ancient” period of fault movement. There is no evidence showing that superficial deposits @
have been displaced by the NW trending fault. However, two prominent NW trending fault
scarps are still recognisable in the aerial photograph interpretation. As an upper age limit for
the recognition in the landscape by aerial photo is about 50,000 years (Tang et al, 2009), it|is
postulated that the last movement on the NW trending fault at Ho Lek Pui occurred between
20,000 and 100,000 years ago. However, no evidence has been found to confirm that the

superficial deposits have been deformed by this faulting.

(b) Wong Chuk Yeung Village

d|gel

Wong & Ding (2010) recognised two groups of large landslide features near Wong o
Chuk Yeung Village, 1.4 km to the southwest of Ho Lek Pui. The two features are located 0
seperately in the western and eastern catchments of the village. The western feature is a larg
colluvial lobe approximately 250 m wide and 200 m long at the toe of a hillslope. The eastern=
feature is an assemblage of extensive sporadic rock outcrops and associated boulders, colluvial
deposits in the middle and upper parts of the adjacent hillslope.

The study investigated the stratigraphy and age of the colluvial lobe in the western
feature, and the ages of the rock scarps and very large boulders in the colluvium in the eastern
feature, with the objective of establishing the age correlation, if any, between the western and
eastern features. In the western features, the colluvial lobe contained many boulders as
revealed in the trial pits and drillholes but the lack of stratigraphical variation suggested thatg
they might be deposited in a single large landslide event with a volume of approximatefy 1 Mm g
It was revealed that the lobe was probably formed round 49,200 £ 3,900 years ago. For thé&.
eastern feature, surface exposure dating and the geomorpholegesdnent suggested that
the feature was an accumulation of multiple landslide events (11,400 £ 1,100, 28,500 + 4,700
79,200 + 5,300 and 115,900 + 7,600).

SIULIU0D

There is no clear evidence to confirm this is an earthquake-induced landslide.
(c) Tung Chung East

Tang et al (2010) investigated large landslide features which may represent an
earthquake-induced event near Yu Tung Road and North Lantau Highway, Lantau Island.
This study involved the investigation of geomorphology and dating of the debris fan on the
hillsides to assess the likelihood of a seismic origin for the relict debris fans. The
geomorphological assessment verified there are five large relict debris fans in which the siz
ranges between 0.12 Mrto 1.07 Mmi. Luminescence ages of colluvial deposits from these
four relict debris fans confirm they occurred at four events (67,500 years ago, 25,000 to 30,00
years ago, 10,000 to 14,000 years ago and 3000 to 4000 years ago). sTihsudficient
evidence from the Study Area to distinguish between a rainstorm or seismic triggered
mechanism for the deposition of the large relict debris lobes.
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(d) Nam Shan and Pui O area

Wong et al (2010) investigated two large arcuate scarps with associated debris Iobesg;
located on the southern hillslopes below Yi Tung Shan and Lin Fa Shan near Nam Shan and P&
O respectively.

0D 4O

Ground investigation including surface exposure dating and OSL dating of rock scarps @
and debris of the Nam Shan debris lobe suggested that were at least two major landslide everis
occurring between 57,300 to 49,700 years ago and 37,700 to 34,700 years ago. The Pui O
debris lobe composed dominantly of one thick debris avalanche deposit. Dating of rock scarps
and debris showed that event occurred between 67,000 to 51,000 years ago. It is not possible to
determine confidently whether the landslide events were due to rainstorm or earthquake.
However, the overlapping landslide age of both areas (57,300 to 49,700 years ago in Nam Shan
Area and 67,000 to 51,000 years ago in Pui O Area) cannot rule out the possibility that seismic
events about 55,000 years ago induced these landslides.

2.7 Active Faults Proposed by GEERRI

GEERRI defines a fault as active if it shows evidence of movement in the past 100,000
years and a related tectonic map is shown in Figure 2.11. Using this definition, GEERRI hasz
classified two faults as active in their draft seismic hazard report submitted in October 2010,
they are the Lau Fau Shan - East Lamma Channel Fault Zone (F19 in Figure 2.11) and the Shek
Pik - Tung Chung Fault (F10 in Figure 2.11). Details of the GEERRI study are shown in
Figure 3.2-0 in Appendix A.

2)u0D Jo a|gel
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The Lau Fau Shan - East Lamma Channel Fault Zone is regarded as being active based
on the borehole information from Tsing Ma Bridge. For egl@mtwo boreholes which are
about 150 m apart show about 6 m thickness difference in marine deposits. GEERRI regarded
this variation is probably due to fault movement in Holocene. However, there are alternateg
interpretations such as disturbance from maintenance of the navigation channel or possibly th&.
natural morphology (e.g. channel scour) of the marine deposits. Recent tectonic activity ofS
this fault cannot therefore be confirmed.
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The Shek Pik - Tung Chung Fault is regarded as active in the seismic hazard assessment
of Hong Kong-Zhuhai-Macau Link by the Institute of Crustal Dynamics, China (ICD, 2004).
Their report stated that the fault breccias and mylonite presented in this fault zone at Wong Nai
Uk area in Tung Chung showed that movement occurred about 98,300 + 6,300 and 82,000 +
6,800 years ago, implying there was fault movement within the past 100,000 years.

2.8 Field Reconnaissance on Indentified Possible Faults in Hong Kong

Field reconnaissance to examine indications of recent fault activity was carried out with
GEERRI on 18 and 14" July 2010. Five faults (Lung Kwu Sheung Tan, Tai Lam Chung
Reservoir, Tong Yan San Tsuen, Butterfly Beach and Tai O in Figure 2.16) were visited base
on recommendations from GEERRI.
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Additional field reconnaissance to investigate Shek Pik - Tung Chung Fault was carried
out on 6" and 7" December 2010. This fault was regarded as active by GEERRI in their draft
seismic hazard report submitted in October 2010. Three locations on Lantau Island wer
visited as shown by the red circles in Figure 2.16.

&

The following sectionsummarise the site observations and findings by GEERRI on any
evidence of recent fault movement on superficial depositsnust be noted that it was not
intended to carry out detailed geological mapping or fault investigation. The visits served to
provide an opportunity for GEERRI to evaluate their interpretation on these particular faults.

SJUaU0D JO 3|0

2.8.1 Lung Kwu Sheung Tan

This EW-ENE trending fault is about 5.4 km long as shown in Geological Map of Hong
Kong (GEO, 2000) and is terminated at its eastern end by a NNW fault.

The site is underlain by medium grained granite. A photo-lineament is noted at the
site based on the 1:20,000 solid and superficial geological map SHSEO, 1988a) (see
Figure 2.17). As observed in the field the lineament has geomorphic expression as a valleyy
(Figure 2.18). In the axis of the valley, breccias are observed as subvertical and dipping 1@
north (see Figure 2.19). 3
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No evidence was found to show movement has occurred in the Quaternary Period.

2.8.2 Tai Lam Chung Reservoir

A NW trending fault zone namely Lau Fau Shan - East Lamma Channel Fault Zone, i$
located in Lau Fau Shan, Sham Tseng and Lamma Island with length about 50 km consisting of}
a series of parallel faults. TL dating of the fault materials suggested the fault movement can bé
as early as 33,300 + 2,700 years B.P. (see Figure 2.12). GEERRI regarded that this fault coulg.
be active as presented kigure 2.11 and may possibly pass through the Tai Lam Chung
Reservoir.

SJUaluo0)d

The site is underlain by fined grained granite and a series of NW trending faults and
some NE trending faults are noted togaaisough the site (Figure 2.20). The granite has been
metamorphosed based on 1:20,000 solid and superficial geological map Sheet 6 (GEO, 1988b).

The NW trending fault is represented by brecciated rock juxtaposed against
non-brecciated rock (Figure 2.21). The matrix of the breccia is quartz implying mineralization
of the breccias had a hydrothermal origin of high temperature and most likely depth
(Figure 2.22). A recent fault rupture would not be expected to be mineralised with
hydrothermal quartz.
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An exposed surface with slickensides was also observed that is trending about 330° and
dipping 62° to the northeast (see Figure 2.23). It is uncertain whether the features are directl
related to Lau Fau Shan - East Lamma Channel Fault Zone, but the field observations suggest
that the activity is old, related to the tectonic development of Hong Kong.
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2.8.3 Tong Yan San Tsuen

The Lau Fau Shan - East Lamma Channel Fault Zone described above is a NW fauliy'
zone which also passes through Tong Yan San Tsuen. Based on the 1:20,000 solid and
superficial geological map sheet 6 (GEO, 1988b), the site is underlain by fine to medium
grained granite which has been metamorphosed. A thick alluvium deposit is covering theo
granite around that site and obscuring the fault expression as seen on the geologic map (s
Figure 2.24).
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GEERRI observed some stepped features on the slope (Figure 2.25) and proposed that
these may have been caused by movement of the fault in the Quaternary Period. Conversely, it
may be also caused by the nature of the rock outcrop topography.

Quaternary strata exposed at the side of a deep channel found near the site, showed no

offset (Figure 2.26). The findings from the site visit showed there was no clear fault-formed
features observable in current surface expression.

2.8.4 Butterfly Beach
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Based on the 1:20,000 solid and superficial geological map Sheet 5 (GEO, 1988a), there‘g,
is a rock outcrop located at the boundary between fine grained granite and tuff and andesite
from the Tum Mun Formation (Figure 2.27). This boundary is defined by a thrust fault
(Tsing Shan Fault) in which the Tsing Shan Pluton was thrust from the west over volcanic
rocks of Tuen Mun Formation at the east. No apparent fault features were found in this
location (Figure 2.28).

285 TaiO

An NNW fault with a length of about 5.4 km as shown in Geological Map of Hong
Kong (GEO, 2000) stretching just to the east of Tai O (see Figure 2.10) was visited at the
suggestion of Professor Ding of GEERRI. This fault is the same as that shown in Figure 2.1
to have been dated by TL at 278,700 + 23,100 years (Sample 13).

slugfuf)L}Q 1O 3|0eL

Based on the 1:20,000 sbtind superficial geological map sheet 9 (GEO, 1994), the site
is covered with cobbles and boulders of beach deposit. Eutaxite from Lantau Formation or
metasiltstone/metasandstone from Lok Ma Chau Formation underlies the Quaternary deposits.
The fault is not shown on the geological map but is inferred to pass through the site
(Figure 2.29).

At the site, there is about 3 m thick of cobbles and boulders deposits overlying theg’
bedrock. The uppermost 1 m is covered with top soil (Figure 2.30). There was an offset ofg
the bedrock observed in the site (Location A in Figures 2.30 & 2.31) representing an appareng
drop in the bedrock surface of ~1 m. Gravel appears to be down-dropped and lies against thg
rock in footwall of the fault. The field expression is representative of a normal fault and the S
juxtaposition of gravels against the bedrock surface implies timing after the deposition of the
gravels.

SIU
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However, the Quaternary cobbles and boulders stratum do not show any sign of fault
disturbance through the gravel layers above the bedrock as the size of cobbles and boulders
maintains a consistent stratigraphic size sorting across the surface projection of the fault. If tha;;
Quaternary deposits had been offset by the active fault, the displacement of the same stratumm
(similar size of cobbles and boulders) should be apparent.
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It is plausible that the bedrock fault is a much older feature. The current river and valley @
are located on the fault they represent weaker and erodible rock. During the Quaternary®
fluvial processes eroded and deposited gravel on top of the faulted surface.

In Figure 2.32, it seems that there are two lineaments dipping about 40° across the
cobble and boulder stratum which may represent a fault cutting across the Quaternary stratum.
However, the dimension of the cobbles and boulders does not change much in the horizontal
direction which implies the stratum is unlikely to have been offset.

GEERRI suggested that if the cobbles and boulders were deposited after the offset of
bedrock (which means after the fault movement), they should be orientated parallel to the offse&
surface of the bedrock (see Figure 2.33). However, the orientation of the deposit is considere
to be controlled by a variable deposition environment.
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This limited field evidence suggests that fault movement in the rock may have occurred
before the deposition of the gravels in the Quaternary.

2.8.6 Lantau Island

A NE trending fault, Shek Pik - Tung Chung Fault, with length of about 9 km noted in
Geological Map of Hong Kon¢gGEO, 2000). Sewell et al (2000) described that this fault
transects Lantau Island, where it appears to split into two main segments, one passing just to thg
south of Tung Chung and continuing to Shek Pik, therathessing the eastern part of the
island between Tin Tsui Tau and Pui O. The sinistral offset along fault is about 3 to 3.5 km.

Based on the 1:20,000 solid and superficial geological map Sheet 9 (GEO, 1994), th
fault is mainly in rhyolite lava and tuff with some localised debris on slope and terraced
alluvium overlain the fault (Figure 2.34). A photolineament can be observed in the aerial
photo (Figure 2.34).
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Three locations which are closed to the Shek Pik - Tung Chung Fault noted in the map
have been visited, at (a) the Wisdom Path at Ngong Ping, (b) the helicopter park near Tai Long
Wan, and (c) a rock cut slope adjacent to North Lantau Highway (Figures 2.16 & 2.34).

(a) Eastto the Wisdom Path in Ngong Ping, closely spaced joints,
striking NE-SW direction, can be observed (Figure 2.35).
At Ngong Ping the rock is silicified and some broken quartz
veins are noted (Figure 2.36). Soraegular fragments
embedded in the boulders were found (Figure 2.37);

SJUaU0D JO 3|geL

(b) At the helicopter park near Tai Long Wan, some
discontinuous minor quartz veins can be observed
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(Figure 2.38) and these maybe the result of fault movement
after the quartz crystallisation; and

(c) Atthe rock slope adjacent to North Lantau Highway, a series
of minor NE trending shear zones can be observed that are
general dipping to SE at 75° (Figure 2.39). They are closely
spaced shear zones about 10 to 30 cm in width.
Slickensides exposed on the surface were observed
(Figure 2.40). At the micro scale the shear surface is
observed to be undulating, however it becomes quite linear at
the macro-scale.
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The fault features exposed at these sites were all in pre-Quaternary materials and
therefore no evidence of more recent movements can be deduced.

2.9 Summary of Fault Assessment

jo sjgel

Faults in the Hong Kong study area have been assessed for their recent activity by B
review of published literature and mapping at selected locations by subsequent fieldg
reconnaissance. 2

Activity of the recent faulting have been assessed from reported evidence of offset
stratigraphic units, age-dating of minerals created from faulting and age dating of landslides
interpreted to be related to large earthquakes.

2.9.1 Stratigraphic Offset Evidence

A number of studies examine stratigraphy both onshore and offshore in Hong Kong.
No evidence has been found that Quaternary units are offset by faulting.
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2.9.2 Age Dating of Fault Derived Materials

A series of TL age dating on fault related materials has produced dates varying from
33,000 to 300,000 years ago, with the majority of the samples showing dates between 100,000
to 270,000 years ago. The youngest TL date obtained (33,300 + 2,700 years ago) from a NW
trending fault may indicate a relatively recent period of fault movement, however more dating
data are required to confirm this activity. TL ages from sediment overlying fault zones at onée
location suggest a younger age between 24,000 to 100,000 years ago, but a direct link to fault
movement has not been proven. Therefore, the age provided may not reflect the real time of
fault movement. o

“°Ar-*Ar dating of hydrothermal mineralisation in faults zones shows events around
34 Ma, 10 Ma and 3 to 4 Ma. Although the results of low temperature portions of some
samples show near-zero age which may suggest a more receattatly, the effect of this
activity on the minerals in those samples are too weak to constrain temporally at this point.
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2.9.3 Age Dating of Possible Large Scale Landslides

Studies of four large natural terrain landslides revealed that a number of the Iandshdes;»
occurred in single event. Other large landslides occurred in separate events within about the
last 116,000 years. The occurrence of multiple large landslides triggered by a single event |§~
suggestive of an earthquake trigger, although direct evidence is lacking.
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2.9.4 Field Reconnaissance

Field reconnaissance at five sites in the Hong Kong area did not show any evidence of
fault movement in Quaternary Period. At a site in Tai O, the juxtaposition of Quaternary
gravels against faulted bedrock is suggestive of a young fault; however there was no
observation of a faulted offset of the Quaternary deposit over the projection of the fault
implying the fault is older than the Quaternary.

2.9.5 Conclusions

00 jo sjgel

For the purposes of this study it has been concluded that there are no active faults |rp,
Hong Kong that should be specifically modelled when assessing the hazard from selsmlcal\ys
[72)
induced ground motion. While any of the numerous faults in Hong Kong could potentially
experience rupture in the event of a near surface large magnitude event, no clear evidence has
been found to associate this risk with any particular fault.
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Figure 2.1 Tectonic Map of the Earth Showing Tectonic Plate Boundaries (from NASA, 2003)
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Figure 2.2 Paleogeographic Reconstructions of Southeast China (from Sewell et al, 2000)
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Figure 2.7 Geology Mip of Guangdong Province (from Bureau of Geology and Mineral Resources of Guangdong Province, 1!
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Figure 2.8 Tectonic Map of Guangdong Province (from Bureau of Geology and Mineral Resources of Guangdong Province, 1988)
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Figure 2.9 Tectonic Structure of Guangdong Region (from GEERRI, 2010)
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Figure 2.10 Geology Map of Hong Kong (from GEO, 2000)
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Figure 2.11 Tectonic Structures around Hong Kong Region (from GEERRI, 2010)
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Figure 2.12 A Rosette Plot Showing the Strike Density of Certain and Inferred Faults Presented in 1:20,000 Geological Map in
Hong Kong
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Figure 2.13 TL Dating Data for Main Fault Systems in Hong Kong (Figure from GEO, 2000 and TL &e from Ding & Lai, 1997,
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Figure 2.17 Geological Map and Aerial Photo of Location of Lung Kwu Sheung Tan
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Figure 2.18 Valley in Lung Kwu Tan
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Figure 2.19 Valley in Lung Kwu Tan
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Figure 2.20 Geological Map and Aerial Photo of Location of Tai Lam Chung Reservoir
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Figure 2.21 Brecciated Rock Compared with Better Rock of Tai Lam Chung Reservoir
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Figure 2.22 Breccias Exposed at the Surface at Tai Lam Chung Reservoir
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Figure 2.23 Slickensides Exposed at Tai Lam Chung Reservoir
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Figure 2.24 Geological Map and Aerial Photo of Location of Tung Yan San Tsuen
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Figure 2.25 Stepped Features in a Slope near Tung Yan San Tsuen
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Figure 2.26 Quaternary Strata Exposed near Tung Yan San Tsuen
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Figure 2.27 Geological Map and Aerial Photo of Location of Butterfly Beach
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Figure 2.28 Rock Outcrop of Location of Butterfly Beach
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Figure 2.29 Geological Map and Aerial Photo of Location of Tai O
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Figure 2.30 Rock Outcrop of Location of Tai O
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Figure 2.31 Rock Outcrop in Location A in Figure 2.29
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Figure 2.32 Rock Outcrop in Location B in Figure 2.29. The Dotted Lines Represent the Two Lineaments
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Figure 2.33 Close-up of Red Rectangular Boundary in Figure 2.31. The Implication of Cobbles and Boulders along the Offset
Surface Do Not Show Any Changes
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Figure 2.34 Geological Map and Aerial Photo of Three Locations Site Visit o'@nd 7" December 2010
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Figure 2.35 Closely Spaced Joints were Well Developed Striking NE-SW Direction Observed in Ngong Ping
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Figure 2.36 Silicification and Broken Quartz Veins are Noted on the Rock Outcrop in Ngong Ping
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Figure 2.37 Some Angular Fragments Embedded in the Boulders Found in Ngong Ping
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Figure 2.38 Some Discontinuous Minor Quartz Veins Can Be Observed at the Helicopter Park near Tai Long Wan
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Figure 2.39 Minor NE Trending Shear Zones Were Observed with General Dipping to SE at 75°
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Figure 2.40 Slickensides Exposed on the Surface Which Is Dipping to SE Were Observed
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3 Seismic Hazard Assessment Methodology

3.1 General

This section of the report describes the methodology used for the seismic hazarde
assessment and describes how the input parametefsefgeismic hazard assessment were
determined. The principles and input requirements of a probabilistic hazard assessment clrg
discussed. The earthquake data for the seismic hazard of Hong Kong Region can be found i
the GEO Publication No. 1/2012 (GEO, 2012). GEERRI have previously carried out a
seismic hazard assessment using the Mainland China methodology and their model is
described in this section. Arup have then taken that model and adapted it to develop a model
that is compatible with methods used conventionally by other international practitioners.

—
®
=2
)
=4
O

3.2 Assessment Methodology
3.2.1 Probabilistic Seismic Hazard Assessment (PSHA)

_|
QD
=3
The PSHA method incorporates the following stages (see Figure 3.1): i
0
(a) define the potential seismic sources; %
>
(b) define for each source, a magnitude recurrence relationship ?
and estimate of the maximum possible earthquake
magnitude;
(c) use attenuation relationships are used to calculate the
likelihood of a certain ground motion level being exceeded
from an earthquake in a certain magnitude range occurring
at a certain distance from the site; 5
=3
(]
(d) combine the likelihood of a certain ground motion level e
being exceeded is combined with the frequency of g
earthquakes in that magnitude range at that distance in each 5
source to determine the annual frequency of this particular &
ground motion level arising from that magnitude range and
distance; and
(e) determine the overall frequency of a particular ground
motion level being exceeded, by summing up the annual
frequencies from all distance ranges and for all magnitude
ranges.
_|
&
The three key elements of the PSHA method are: g
o
Seismic source zones - A seismic source is defined as an area (or volume) of the | 5
Earth’s crust that has a relatively uniform likelihood of earthquake occurrence in the future. 5

In regions of the earth where active faults exist, the faults are usually treated as seismic sourcé
zones and modelled as plane sources with generally large earthquakes. In less active stable
continental intraplate regions, such as Hong Kong, seismic activity is diffuse and seismic
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sources are generally modelled as area zones. Within each area an understanding of the
frequency of recurrence of earthquakes of various magnitudes is required and is determined
from observed seismicity. The depth distribution of ¢éaethquakes is also required and is
based on observed seismicity.

uo)D Jo a|ge |

Source zone activity - The frequency of earthquake occurrence is required and is
usually described in terms of magnitude recurrence relationships that define the annuak
number of earthquakes to occur within each source zone for each magnitude range. It |i&
often defined in terms of the ‘Gutenberg-Richter relationship which is defined later in
Section 3.2.3.

Ground motion attenuation - The ground motion attenuation relationship describes
the degradation of seismic wave energy along the path from the earthquake source to the site
being evaluated. The attenuation of ground motion for rock site is dependent on the tectonic
environment. It has been found that motions for rock sites generally attenuate more rapidly
in plate boundary regions such as Western USA and the Philippines than in stable continental,
intraplate regions such as Eastern North America or Southeast China. Attenuation&
relationships are expressed as a function of earthquake magnitude and distance from th@
earthquake source. Such relationships have been developed for various ground motiom
parameters including intensity, peak ground acceleration and response spectral values &
various frequencies.

Slua

The ground motions measured at equal distances from the earthquake source will vary
from location to location. It has been found that this variation in ground motions can be
represented by a log normal distribution (Cornell, 1968). Most published attenuation
relationships now contain a measure of the standard deviation of the log normal distribution
and this value is incorporated explicitly in the hazard assessment.

In this study, PSHA was carried out using an Arup in-house pro@asys SISMIC.
GEERRI also carried out PSHA with the program ESE. Both programs have the same
methodology and an independent check by using the same input seismic parameters b
GEERRI intoOasys SISMIC has been carried out in this study. The output results between
these two programs are comparable. Details of this comparison are presented in Section 4.

SJUBIUODYO 3|geL

3.2.2 Maximum Magnitude

There are many approaches adopted to define the upper bound earthquake magnitude
to be used in a hazard assessment. In this study, the upper bound earthquake is considered ta
be the maximum earthquake that is capable of occurring under the known tectonic framework.
Terms such as maximum credible earthquake or maximum probable earthquake are not used
This is consistent with the recommendations of the Committee on Seismic Risk (1984).

0 gL

=+

The estimation of maximum magnitude that a stable continental intraplate region 5
seismic source is capable of generating is difficult because of the short period of observatiorg
relative to the recurrence interval for the largest earthquakes. A study for the Electrical 3
Power Research Institute (EPRI) in the United States has developed approaches for estimating
maximum earthquakes within stable continental intraplate seismic source zones (Coppersmith
et al, 1987). The EPRI study developed a database of all earthquakes magnitude greater than
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Ms = 5that have been observed in stable continental intraplate regions worldwide (Johnston,
1995a & 1995b). It has been observed that large magnitude earthquakes with magdnitude
greater than 7.5 in stable continental regions are very rare wdddwiohnston et al (1994) g
divided stable continental intraplate regions into two main types, namely cratonic regions (i.e.®
the oldest and most stable crust) and extended continental crust (i.e. geologically youngef
stable crust that has been subjected to rifting in the geological past). No earthquakes
magnitude greater than 6.5 has been reported for a cratonic region. Earthquakes witl®
magnitudes greater than 7.5, though these are very rare, have been reported for regions &f

extended continental crust.

Lee et al (1998) have estimated maximum magnitude values for their outer and inner
zones according to the characteristics of the seismic activity and regional geological structures.
Lee et al (1998) stated that their outer zone was characterised by relatively stronger seismic
activity and historically several earthquakes of magnitude greater than 7 occurred. They
stated that their inner zone was characterised by relatively lower seismic activity and there
was no record of events with magnitude greater than 7. Lee et al (1998) used the source,
zones identified in the Southeast Coastal Belt of China during the development of the%
Intensity Zoning Map of China (1990). The source zones were slightly modified and &
maximum magnitudes defined on the basis of historical seismicity and geological structures. 0
In this way, maximum magnitude values were defined for 25 source zones around Hong Kon@
In their model, the Dangan Islands source zone south of Hong Kong has a mammumg
magnitude oMs = 7. Other zones around Hong Kong have maximum magnitudds of
5.510 6.5.

The earthquake catalogue compiled for this study for Southeast China includes three
earthquakes with assigned magnitudes greater thawr M. Earthquakes with assigned
magnitudes ofMs = 7.5 occurred in 1604 and 1605 and an earthquake with magnitude
Ms= 7.3 in 1918. An earthquake with a magnitiie= 7 is likely to be associated with a
surface rupture length in the order of 45 km, and a magnikligle 7.5 with a surface rupture
in the order of 125 kmWells & Coppersmith, 1994). There are sglanumber of certain
and inferred faults in the Southeast China Region. The inféerggihs of these faults are
typically in the order of 40 to 50 km although greater lengths on less well defined faults are
also evident (GEO, 2012).

SJUBU0D JO 3|geL

3.2.3 Source Zone Parameters

The rate of occurrence of earthquakes within each source zone is often described In
terms of a magnitude-recurrence, ‘Gutenberg-Richter’ relationship.

logioN=a-bM .o, (3.1)

whereN is the annual frequency of earthquakes greaterNhavi is moment magnitude, and
aand b are constants.

SJUaU0D JO 3|geL

The Gutenberg-Richter relationshipyraso be expressed as:

Am=10@M = exp @AM e, (3.2)
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wherein, is the annual frequency of earthquakes greateiMharn= 2.30& and5 = 2.303.

The standard Gutenberg-Richter relationship covers an infinite range of magnitudes;.g
For engineering purposes, a lower threshold magnityds defined. If earthquakes smaller 5}
than m, are eliminated, the mean annual rate of being exceeded is determined using the%
revised relationship for the activity of events where M,: !
@
>
Im=vexXp - B(M-Mp)] oo (3.3) @
wherev=exp @- S m,).
Each source zone will be limited by the maximum magnitoglg,. By taking this
into account the mean annual rate of being exceeded can thexptessed using the
following relationship for ms M < My
_expl- B(M-my)] -exp[- B(Myax- M)] »
Im =V I (< X)) ®
1-exp[-8 (Myax- Mo)] =2
o
The earthquake catalogue has been plotted in this form for the onshore and near-shorg
region as shown in Figure 3.2. The best estimate line correspondb t@lae of 0.88. =

Figure 3.3 shows the equivalent plot for the offshore region and the best estimate linez
corresponds to a b value of 0.86.

3.2.4 Uniform Hazard Response Spectra

A response spectrum is defined as a graphical relationship of the maximum response of
a range of single degree of freedom elastic oscillators, with or without damping, to dynamic
motion (Housner, 1959). These spectra are very useful for engineering purpose as they glve
a direct indication of the peak distortion of a structure provided that its fundamental period o co
(corresponding to the first or fundamental mode) is known or can be estimated. For high rise>
structures over about 10 storeys, the response of their higher modes also need to bg
considered.

Slual

In the past, for seismic hazard assessment studies, it was common practice to calculate
peak ground acceleration with a desired annual frequency of being exceeded and then using
this acceleration to scale a standard response spectral shape to obtain spectral values at higher
fundamental periods. Now, best practice is to calculate response spectral values at a range of
fundamental periods so that at each period the spectral value has the same annual frequency of
being exceeded. Response spectra produced in this way are referred to as Uniform Hazard
Response Spectra and have been generated as part of this study.

3.3 GEERRI Mode

a1uo:) JO 3|0eL

The GEERRI seismic source zone model is presented in Figure 3.4. This model has;».
been developed by the expert panel of the Chinese National Seismic Code Committee in
China. The zonation of seismic source zone is based on the location and magnitude of the
earthquake records, and the characteristic and pattern of recent large earthquake activity end
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medium to small earthquake activity. It is assumed that locations having a history of large
earthquakes are likely to have similar earthquakes in future.

_|
QD
Details of the principles used by GEERRI in their source zone demarcation are >
descibed in Appendix A. The following points have been considered: %
o
(@ If an area has significantly high neotectonic activity §
especially in Late Quaternary, the potential seismic source 7
zone of the area will be assigned with slightly higher
earthquake magnitude.
(b) If there is an obvious offset of the fault in early to middle
Pleistocene strata in the area, the potential seismic source
zone of the area would be assigned with medium earthquake
magnitude.
=
(c) If only dating of fault materials shows that the fault &
movement occurred in early Pleistocene or before without i
evidence of offset of the corresponding strata and o
earthquake activity, then the area is not considered as no =1
potential seismic source zone. If the dating of fault %
materials shows that fault movement occurred in middle
Pleistocene, as well as the scale is large, the potential
seismic source zone of the area would be assigned with a
slightly lower earthquake magnitude.
(d) If distributions of small and medium earthquake activities
have developed as a belt, the activity in the deep structure
could be considered different. Although medium to strong =
earthquakes have not occurred in that area, the seismic =
source zone of the area will be considered to be with a e
slightly lower estimate of the earthquake magnitude. é’
[¢)
(e) The boundary and orientation of the seismic source zone are 7

mainly based on the fault trending direction, the fault scale
and the distribution of the medium and small earthquakes.
Also, the fault segmentation and the faults intersection
would be considered.

The morphotectonic map provided by Prof. Chan of the University of Hong Kong
(Pubellier & Chan, 2006 as discussed previously in Section 2) is superimposed on the_|
GEERRI source zones as shown in Figure 3.5. It indicates that the extent and orientation og.
the GEERRI source zones generally follow the major fault zones. Figures 3.6 and 3.7 shov@
the GEERRI source zones with the full and complete earthquake catalogues respectively. |5
can be seen that there is earthquake activity that is not within the GEERRI source zonesS
This is especially noticeable for the offshore area well southeast of Hong Kong but it is S
accepted that this will have limited impact on the hazard assessment for Hong Kong. It also
raises question as to why GEERRI have derived such small zones often with areas of no
activity within them. Again this will have limited effect on the hazard assessment however

S1U
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provided that there is still about the same amount of overall seismicity within each part of the
overall model.

_|
QD
GEERRI has defined the maximum magnitude for each seismic source zone based o
the relationship between regional earthquakes tAedgeological structure as well as the %
criteria for earthquake with different magnitudes to occur, together with the principle and ¢
method to determine seismic source zones. According to GEERRI, the maximum &
magnitudes of the seismic source zones were determined as follows: @
(&) the maximum earthquake magnitude of seismic source zone
would be generally controlled by the capable potential
maximum earthquake magnitude generated by any major
fault system in regional scale;
(b) the maximum earthquake magnitude of the seismic source
zone should be greater than or equal to the maximum -
magnitude of the recorded earthquake within the zone; &
(]
o
(c) if there is no evidence of tectonic activity in late Quaternary )
in the neotectonic structure, the maximum magnitude should 2
be assigned as same as the maximum magnitude in seismic 2
source zone with the similar tectonic setting;
(d) if fault offsets in late Pleistocene or Holocene strata are
observed at the ground surface, the maximum magnitude of
the seismic source zones should be assigned as 6.5 or above.
In this case, the fault movement amplitude and fault activity
should be considered;
_|
Q
(e) if there are fault offsets in early to middle Pleistocene, the =
maximum magnitude of 6 or above should be assigned for e
that potential source zone; and &
@
() if the fault zone is large with dating of fault gouge showing 7

there is fault movement in Pleistocene, as well as lineament
expressed geomorphologically, the potential seismic source
zone would be assigned with smaller earthquake magnitude
for maximum earthquake magnitude like magnitude 5.5.

Figure 3.8 shows the GEERRI zonation map for the maximum earthquake
magnitudes assigned for each 156 source zones. It can be seen that the maximum valu
of 8 is assigned to the Shantou area where the magnitude 7.3 event occurred in 1918
Nearer to Hong Kong it is seen that the Dangan Islands source zone is assigned @
maximum magnitude of 7.5 and in other adjacent areas magnitude 7. The Pearl Rivers
delta area is assigned magnitude 6.5. Interestingly many other areas are assigned onfy
magnitude 5.5. However, all areas that are known to contain faults are capable of3
producing an earthquake of 6.0. Also, it is important to note that the uncoloured areas”
are assumed to have no seismicity that affects the seismic hazard.
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The overall occurrence rate of earthquakes is described by GEERRI based on |a
‘Gutenberg-Richter’ relationship. Their recurrence curve for Southeast China earthquake
data is shown in Figure 3.9. Their activity ratandb values correspond to their earthquake
catalogue between 1900 and 2005.

Do sqel

GEERRI assigned different contribution factors to each source zone based on thejro
judgement on the observed seismicity and their available geological information. The &
contribution frequencies of all the 156 source zones at each range of earthquake magnitude
sum to 1. Figure 3.10 shows the corresponding annual frequency recurrence plots for all of
the GEERRI source zones. The annual activity rate for each of the GEERRI source zones|is
also presented in a graphical format in Figure 3.11 to Figure fBrlarious earthquake
magnitudes. The blank colour represents where no activity has been assigned in that source
zone. The activity rate of each zone is also dividgdhe zone area to show a relative
activity density of each source zone area in Figure 3.17 to Figure 3.22.

I

Of particular interest to this study is the high activity rate assigned to the larger _
earthquakes in the Dangan Islands. This is highlighted in Figure 3.10 and is also seen ir&
Figures 3.13, 3.14, 3.18, 3.19 and 3.20. It is considered that the assigned activity rates of
Dangan Islands for magnitude 6 and 6.5 are significantly higher than the observed seismicityo
GEERRI estimates that the return periods for magnitude 6 and 6.5 events are 170 years ang
200 years, respectively. 3

SIU

3.4 Arup Modéd

Although GEERRI has developed a comprehensive source zone model, it is considered
that there is no strong evidence to differentiate some of the GEERRI adjacent zones with
similar tectonic setting and observed seismicity. Also, ideally the size of source zones should
be sufficiently large such that a reasonable amount of earthquake data is available within eacly
zone to derive the earthquake recurrence relationship.

In order to take as much from the GEERRI model as practically possible, Arup has
prepared a revised seismic source zone model for this study. It incorporates the seismicity i
the region, the geological and tectonic information and many of the GEERRI source zone@
boundaries. The Arup model with the zone numbers identified is shown in Figure 3.23. In
the Arup source model, the trend and the boundaries of the 20 source zones generally follow
the GEERRI source models to take into account of their detailed study of the geological and
tectonic information (see Figure 3.24). The Morphotectonic Map (Pubellier & Chan, 2006)
which contained the information of recent fault and Cenozoic fault location was also
considered to correlate with the orientation of the main geologic and tectonic structures (see
Figure 3.25). The distribution of historical and recent seismicity in the region was also
reviewed to develop the Arup source model (see Figures 3.26 & 3.27). The Arup 20 sourc
zones are divided into offshore and onshore regions below:

=
)
o
e,
(@)
o
5
1]
5

* Zone 1to Zone 4 - Offshore south to southwest of Hong
Kong.

suaiu0d Jo a|dRL

e Zone 5to Zone 20 - Onshore surrounding Hong Kong and
offshore coast.
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The observed seismicity and tectonic setting of these 20 source zones are generally
described as follows:

(@)

(b)

(€)

(d)

(e)

(f)

(¢))

Zone 1 is an offshore source zone with a region of relatively
low seismic activity and is identified mainly on thissiza

This zone is not included in the GEERRI offshore model.
However, it isconsidered that this offshore boundary should
be extended to incorporate the main geologic and tectonic
structures shown in Figure 3.25 and the full and complete
earthquake catalogues are shown in Figures 3.26 and 3.27
respectively. It should be noted that due to the different
completeness levels the relative observed seismicity in the
offshore areas as compared to the onshore areas will be
greater than shown.

Zone 2 is a region of relatively low to moderate seismic
activity and is identified by the main geologic and tectonic
structures. The northwest and southeast boundaries have
been oriented parallel to one of the dominant geologic
structure orientations. Also, this zone combines the major
GEERRI offshore source zones at the south.

Zone 3 is a region of very low seismic activity. Only a few
earthquake events with magnitude less than 4 have been
reported in the zone. This zone is also not considered in the
GEERRI model.

Zone 4 is a region of relatively high seismic activity near
Taiwan. The increased seismicity may be related to the
proximity to the tectonic plate boundary to the east and the
intersections of northeast and northwest oriented faults in
this region.

Zone 5 is a region of low to moderate seismic activity.
This source zone is within the Hainan region.

Zone 6 is a region of low to moderate seismic activity. The
northwest and southeast boundaries have been oriented
parallel to one of the dominant NE trending geologic
structure orientations.

Zone 7 is a region of moderate seismic activity. The
Dangan Islands are also inside this zone in which an
earthquake magnitude 5.7 occurred in 1874. The complex
intersection between northeast and northwest oriented faults
within the zone may be capable of producing a larger
earthquake magnitude.
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Zone 8 is a region of low to moderate seismic activity
similar to Zone 6. The northwest and southeast boundaries
have been oriented parallel to one of the dominant NE
trending geologic structure orientation#t should be noted
that the 1911 magnitude 6 earthquake is the closest known
event of this magnitude to Hong Kong.

Zone 9 is a region of relatively high seismic activity and is
identified mainly on this basis. The increased seismicity
may be related to the proximity to the tectonic plate
boundary to the east and the intersections of northeast and
northwest oriented faults identified in this region.

Zone 10 is a region of high seismic activity at Shantou.
The 1918 magnitude 7.3 earthquake that has caused the
largest amount of known damage to Hong Kong occurred in
this zone. The increased seismicity may be related to the
proximity to the tectonic plate boundary to the east and the
intersections of northeast and northwest oriented faults
identified in this region.

Zone 11 is a region of moderate to high seismic activity
similar to Zone 9. The increased seismicity may be related
to the nearby tectonic plate boundary to the east and the
intersections of northeast and northwest oriented faults
identified in this region.

Zone 12 is a region of low to moderate seismic activity
located north of Hainan with several historical earthquakes
associated with the major faults.

(m) Zone 13 and Zone 15 are regions with low to moderate

(n)

(0)

(p)

seismic activity and similar tectonic setting along the coastal
line.

Zone 14 is a region of low to moderate seismic activity at
the Pearl Delta area. The northwest and southeast
boundaries have been oriented parallel to one of the
dominant NW trending geologic structure orientations.

Zone 16 is a region with very high seismic activity in
Heyuan. Since the Xinfengjiang Reservoir built in 1962,
there were induced earthquakes. Several earthquakes
greater than 5 have occurred in the last 20 years in this
region. Also, tectonic findings suggest that the Heyuan
fault is relatively active.

Zone 17 and Zone 18 are regions of moderate seismic
activity with observed historical earthquakes between

SJUBU0D JO 3|geL
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magnitude 5 and 6. It is considered that the NW trending
geologic structure orientations control the seismic activity.

(q) Zone 19 and Zone 20 are regions of low to moderate seismic
activity with only a few observed small daguakes.

JU0D JO s|geL

Maximum magnitudes have been assigned to each of the source zones as shown i
Figure 3.28 and summarised in Table 3.1. For the Shantou zone the maximum value of &
recommended by GEERRI has been used. ®atjacent offshore and near onshore areas
down to the Dangan Islands and for Hainan a maximum magnitude of 7.5 has been used. |A
value of 7 has been used for areas near to Hainan and offshore and for Zone 17 Northwest of
Shantou. For other onshore zones a value of 6.5 has been used.

Table3.1 Maximum Magnitudes

—
Arup Model Source Zones Maximum Magnitude %
10 8.0 z;
4,5,7,8,9,11 7.5 §
1,2,6,12,17 7.0 ’

13, 14, 15, 16, 18, 19, 20 6.5

The earthquake recurrence curves for each Arup source zones have been derived from
the observed seismicity as shown in Figures 3.29 to 3.48 based on the ‘Gutenberg-Richter’

relationship. The observed seismicity indicates thatbthalue is related to the tectonic 5
activity. Zones with higher activities of larger earthquake magnitude imply lowatues. =2
Table 3.2 summarises the desigrvalue for different regions as a function of maximum S,
earthquake magnitudes. Q
>
@
=
[72)
Table3.2 Design b-values
b-value Maximum Magnitude

0.85 6.5

0.75 7
0.65 75 o
)
0.55 8 o
0
=
s
The best estimate recurrence curves for each Arup source zones are presented ifi

Figures 3.29 to 3.48. The corresponding activity rates used in the seismic hazard analysis are
given in Table 3.3. The annual earthquake activity rate plots for the Arup model are
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provided in Figures 3.49 to 3.55 for different earthquake magnitudes. When differing
maximum magnitudeM .« are used, the b value needs to be reduced for those with higher

Mmax tO preserve the total overall activity for the whole regiostasvn inFigure 3.56. In
addition, the curves tend to fit the reliable complete data of earthquake magnitudes 5.0 to 7.
especially in those offshore areas without completa cord of snhearthquake events.
Table3.3 Best Estimate Activity Ratesfor the Arup M odel
Annual Activity My, > 4
Source Location @;ﬁ% Density
Number (per 16 km?)
Zone 1 | Offshore-south 157,683 0.30 1.9
Zone 2 | Offshore-east of Hainan 58,377 0.15 2.6
Zone 3 | Offshore-south of Dangan 67,481 0.01 -
Zone 4 | Offshore-southwest of Taiwan 35,638 1.10 31
Zone 5 | Onshore-northeast Hainan 17,449 0.07 4.0
Zone 6 | Offshore-northeast of Hainan 25,519 0.10 3.9
Zone 7 | Offshore-Dangan Island 10,496 0.10 9.5
Zone 8 | Offshore-northeast of Dangan| 30,133 0.12 4.0
Zone 9 | Offshore-west of Taiwan 18,052 0.30 17
Zone 10 | Onshore-Shantou 10,216 0.43 42
Zone 11 | Onshore-northeast of Shantoy 23,586 0.30 13
Zone 12 | Onshore-north of Hainan 54,258 0.35 6.5
Zone 13 | Onshore-west of Hong Kong 64,987 0.60 9.2
Zone 14 | Onshore-Pearl River delta 21,830 0.12 5.5
Zone 15 ggﬁgore'“ortheaﬂ ofHong | 46109 0.32 6.9
Zone 16 | Onshore-Heyuan 2,839 0.48 170
Zone 17 | Onshore-northwest of Shantou 22,553 0.20 8.9
Zone 18 | Onshore-north of Shantou 34,801 0.25 7.2
Zone 19 O_nshore-northwest of Pearl 38,048 0.15 3.9
River
Zone 20 | Onshore-north 10,999 0.13 1.2

sjuaIu0) Jo-Slge.
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To compare the design recurrence curve between Arup and GEERRI in particular for
the major zones that contribute most of the hazard to Hong Kong, the activity rate of each
magnitude for the Pearl Delta region (Arup Zone 14 and RFHEZones 83 & 84) and the >
Dangan lIslands region (Arup Zone 7 and GEERRI Zone 29) has been normalised by thelrc—r
zone areas Figures 3.57 and 3.58 show the comparison of the normalised recurrence curves—~
for the Pearl River Delta zones and the annual recurrence curves for the Dangan Island zong,
respectively. The congpisons show the GEERRI model generally estimates higher activity
rates at higher magnitudes and correspondingly Itweues for larger magnitudes than the
Arup model. It is considered that the GEERRIalues for these two regions are relatively
too low and the higher magnitude recurrence values too high.

Slual

3.5 Minimum Magnitude

The calculation of seismic hazard by the probabilistic method requires a lower-bound
earthquake magnitude value to be specified. Based on a broad range of engineering research,
experience, and application of probabilistic seismic hazard results, as well as observation of&
the lack of damage associated with smaller magnitude events, a moment magnitude valué
Mw= 5 has typically been considered a reasonable lower bound value for seismic hazards
probabilistic computations. Studies indicate that earthquakes smaller than B/1have
negligible potential for causing damage to engineered stesctilack R. Benjamin &
Associates, 1989).

Sluajuo

A minimum magnitude valuex, = 5, was sed in the development of the United States
Seismic-Hazard Maps (Frankel et al, 1996) and a minimum magnitude VRlae4.75, was
used in the development of the $aiis Hazard Maps of Canada (Adams et al, 1999).

Lee et al (1998) report that a minimumgnaude,Ms = 4 was used in their study. A
minimum magnitude oMs = 4 was also used by Scott et al (1994). This value was selected in
both studies because tlieelihood of an earthquake with a magnitude = 4 causing damage
to engineered structures wasswlered to be small. The moment magnitude scale has been
used in the current study atiterefore an equivalent minimum moment magnitude has been
determined using the correlation between surface wave magriMg@ad moment magnitude,

Mw proposed by Johnston (1996b). The equivalent moment magnifgle=i<t.9.

SJUaU0D JO 3|geL

Based upon the information described above a minimum magnitude vallig=ob
has been selected for this study.

3.6 Attenuation Relationships
3.6.1 General

_|

%

(]
Attenuaion relationships describe the change in earthquake ground-motion with| g
distance. 1 interplate regions, such as California, Japan, New Zealand or Southern Europe,9
where a large number of earthquake strong-motion records have been recorded, th&
attenuation relationships are derived based on an analysis of the records available for thg
specific region. However, in stable continental intraplate regions, such as Southeast China,
where very few strong-motion records have been recorded it is not possible to derive similar
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attenuation relationships. In stable continental intraplate regions, alternative methods are
required to determine suitable attenuation relationships for use in the hazard assessment. The
alternative methods used can be classified into three cegggor

(a) Attenuation relationships based on data from other regions
with or without adjustment;

SJUBU0D JO 3|geL

(b) Attenuation relationships derived by correlation between
Intensity and a ground-motion parameter such as
acceleration; and

(c) Theoretical relationships.

There are currently no ground-motion attenuation relationships for the Southeast China
Region that have been consistently derived for peak ground acceleration and response spectral
ordinates from empirical data for 5% structural damping. A number of researchers are
investigating ground motion attenuation in Southeast China and these relationships alé
discussed below.

SJusluod Jo d

3.6.2 Attenuation of Macroseimic Intensity

Relationships derived for the attenuation of macroseismic intensity have been used to
provide an indication of the differences in rates of attenuation of ground motion amplitude
between Western and Eastern North America and Southeast China. Published relationships
for magnitude versus isoseismal area for Western and Eastern North America have been
compared with the isoseismal areas determined for individual earthquakes reported in GCO
Publication No. 1/91 (see Figure 3.59) (GCO, 1991). These plots indicate that, in general, the
isoseismal areas determined for Southeast China earthquakes are less than those for Eastgfn
North America and larger than those for Western North America. This result would suggest3
that the attenuation of ground motion amplitude in Southeast China would generally also be2.
expected to be greater than that in Eastern North America but would generally be expected to bg
less than that in Western North America. Based upon this observation, it is recommended tha%
attenuation relationships for both Eastern and Western North America be adopted in thei
probabilistic seismic hazard assessment and the resulting mean hazard level used.

3.6.3 Eastern North America Attenuation Relationships

Atkinson & Boore (1997) investigated ground motion relationships for stable
continental intraplate areas based on a stochastic point source model and these wer
developed for Eastern North America (ENA). Atkinson & Boore (1997) note that the
quadratic equations developed did not adequately match the results of more accurat€
stochastic simulations for small to moderate eventg €Vb) resulting in over-prediction at o
distances greater than 30 km. They considered that these small to moderate events at larg8r
distances were unlikely to contribute signifilg to the hazard. Furthermore, they derived ]
the simple quadratic form for the convenient use in hazard analysis and they considered thmV
were sufficiently accurate in the magnitude distance ranges that were being considered to pe

most significant. The attenuation relationships developed by Atkinson & Boore were based

IQPJ_rD
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on a stochastic model calibrated with data from earthquake records from stations at distances
up to approximately 1000 km from the earthquake source.

In 2006, Atkinson & Boore re-developed their attenuation relationships for stable
continental intraplate areas hysing a stochastic finite-fault model. The model also
incorporates new information obtained from ENA seismographic data gathered over the pasg
10 years, including three-component broadband data that provided new information on ENAZ
source and path effects. These new prediction equations were similar to those that wer&
previously developed based on a stochastic point-source model (Atkinson & Boore, 1997).
The main difference was that high-frequency amplitude evéris5( Hz) were less than
previously predicted (by about a factor of 1.6 within 100 km), because of a slightly lower
average stress parameter (140 bars versus 180 bars) and a steeper near-source attenuation. At
frequencies less than 5 Hz, the predicted ground motions from the new equations were
generally within 25% of those predicted by Atkinson & Boore (1997). The Atkinson &
Boore (2006) attenuation relationships are used in this study.

D J03|qel

3.6.4 NGA Reationshipsfor Western North America

Next Generation Attenuation (NGA) relationships have recently been developed from
Western North America (WNA) and worldwide data for rock sites in shallow crust for
earthquake magnitudes between 5 and 8. They were developed as part of the PEER Next
Generation Attenuation of Ground Motion (NGA) Project. The common database of
worldwide strong motion recordings was used to determine relationship formulations with
appropriate predictor variables. The predictors were derived using different regression
analyses to determine the attenuation relationships with calculated uncertainties. The
available NGA attenuation relationships used in this study are listed below:

SjUaU0D JO 3|geL

(&) Abrahamson & Silva (2007),
(b) Boore & Atkinson (2007),

(c) Campbell & Bozorgnia (2007), and

SJUaU0D JO 3|geL

(d) Chiou & Youngs (2007).

These NGA attenuation relationships contain ground motion predictive equations for a
particular measure of horizontal-component ground motions as a function of earthquake
mechanism, distance from source to site, local average shear-wave velocity, and fault type.
The equations are for peak ground acceleration (PGA), peak ground velocity (PGV), and 5%-
damped pseudo-absolute-acceleration spectra (PSA) at structural periods between 0.01 and 1
seconds. The equations were derived by empirical regression of the PEER NGA strongs
motion database and the averages of the above relationships have been adopted in this stu@y
to represent the NGA model. A

SJUauU0)d

3.6.5 GEERRI Attenuation Relationships

GEERRI adopted an attenuation model by Yu (2005) which compared the attenuation
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models derived from the Southeast China macroseismic intensity records to those observed in
WNA. The reduced attenuation in Southeast China (as shown in Figure 3.59 for example)
was then used to scale response spectral attenuation relatiaresrepsped in the WNA (e.g.

Boore & Joyner, 1993) to produce response spectral attenuation relationships for Southecls%
China. The Yu (2005) model contained two sets of equations, one for the short axis and oné&
for the long axis of an earthquake. This was assumed that larger earthquakes occurred over%
length of a fault and were not just point sources. The long axis was applicable to the grounds
motion at a distance from the epicentre. At locations along the fault, the short axis @
represented ground motion at locations normal to the fault direction. North American
relationships generally got around this same issue by defining the distance term as the
distance from the fault rupture rather than from the epicentre or hypocentre. The directivity
effects for choosing the long and short axis of the attenuation relationships for the source
model have been considered in this study. The directivity motions of each of the GEERRI
source zones are presented in Figure 3.60.

_|

While the Yu (2005) methodology may be appropriate for short period ground motions S
it is questionable for long period motion. This is because intensity data, especially for highercr
levels of damage, is usually obtained from damage observations from low rise buildings up too
about 3 storeys, and these buildings are sensitive to short period ground motion. Flgur(=$7
3.61 to 3.64 show comparisons of the response spectra between the Yu (2005) model and t e
WNA relationships (Boore & Joyner, 1993) and the NGA relationships (Abrahamson & Silva, 2
2007; Boore & Atkinson, 2007; Campbell & Bozorgnia, 2007; Chiou & Youngs, 2007) for
earthquakes with magnitude 6 and 7 at distances of 20 km and 100 km. While the long
period shapes between these two models are similar, the GEERRI model is significantly
higher than the WNA relationships for magnitude 7. The Yu (2005) relationships for peak
ground acceleration and acceleration response spectral ordinates at 0.2-, 1- and 5-second
periods from earthquake magnitudes 6 and 7 are also shown in Figures 3.65 to 3.72. Ground
motions for ENA predicted by Atkinson & Boore (2006) and the NGA relationships for WNA
are shown on these figures. It can be seen that for peak ground acceleration, the Yu (2005}
predictions are similar to Arup-HKU but higher than WNA and ENA until distance greater &
than 100 km (see Figures 3.65 & 3.66). At 0.2-second period, the comparison between thé{
Yu predictions and the others are similar to PGA as shown in Figures 3.67 and 3.68.S S
However, at 1-second, the Yu (2005) predictions are significantly higher than all the otherm
relationships especially at distances less than about 200 km (see Figures 3.69 & 3.70). The
5-second ground motion prediction show a similar comparison to the 1-second values of the
other relationships as shown in Figures 3.71 and 3.72. Therefore, it is recommended not to
use Yu (2005) predictions after 0.2-second to avoid an unrealistic conservative high values in
long periods.

8

For the purposes of a probabilistic seismic hazard assessment, it is necessary to
estimate the variability associated with the ground motions from these relationships. It is
conventional praece for these to be represented by a log-normal distribution of the ground
motion. Yu (2005) followed this practice and used standard deviations very similar to those
recommended by Boore & Joyner (1993) for WNA.

SjUaU0D JO 3|geL
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3.6.6 Ground Mation for Southeastern China Based on the Resear ch of the University of
Hong Kong and the University of Melbourne

d|gel

A considerable amount of research has been undertaken by Prof. Chamdier team
at the Centre for Earthquake Engineering Research at University of Hong Kong to investigate%
the attenuation of earthquake ground motion in the Southeastern China region. A theoreticalg
“Component Attenuation Model” for attenuation has been derived, which combines a seismic@
source component and a travel path component based upon the results of the synthetié
earthquake accelerograms generated using program GENQKE developed by Dr Lam at the

University of Melbourne. Details of program GENQKE can be found in Lam et al (2000b).
The Component Attenuation Model (CAM) is defined as follows:
CAM = a (source) {path, crust)3 (path, crusty(crust)

The output from the model is in terms of maximum spectral acceleration, maximum _

spectral velocity and maximum spectral displacement. These three values can be combine$§

on a tripartite plot to provide a simplified, and generally conservative, design response g

spectrum. §

>

Table 3.4 summarises the seismological parameters for Southern China used in thé;,
analyses undertaken by the study of the University of Hong Kong.

Recently, in collaboration with the University of Hong Kong and the University of
Melbourne, Arup used the program GENQKE to develop a suite of synthetic acceleration
time-histories for a range of magnitude and distance combinations. Mean peak horizontal
ground acceleration values have been derived from the synthetic time-histories and mean
response spectral ordinates have been derived from the response spectra determined from the
synthetic time-histories. The relationships for peak ground acceleration and accelerationg
response spectral ordinates at 0.2-, 1- and 5-second period for earthquake magnitude 6 and 7 &e
shown in Figures 3.65 to 3.72. As can be seen it is quite similar to Yu (2005) for peak ground2.
acceleration and 0.2-second period motion but then reduces to be consistent with the Westerg
North America at long periods. 3

Slual

To allow for the known variability of the ground motion, a standard deviation of the
natural logarithm from the mean value of 0.55 has been assumed, i.e. a similar standard
deviation from the mean value to that in the relationships of Atkinson & Boore for stable
continental regions. This assumption is considered appropriate, as the underlying stochastic
methodology for the determination of the relationships is the same in both cases.

3.6.7 Weighting of Attenuation Relationships

O Jo9qel

The weighting factors for the different relationships used in this study are summarised
in Table 3.5 to consider the variability of the ground motions derived from different sources.
The long period attenuation relationships proposed by GEERRI are considered to be to
conservative without justifications. It is recommended not to use it for structural periods
greater than 0.2-second. Further sensitivity analyses with different weightings for long
period motion are discussed in Section 4.3.

SIEBIUO
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Table3.4 Coefficientsfor GENQKE Ground Motion Assessment for the South China

Region

Seismological Parametel

S Input Value

Source Model

Atkinson (1993) CENA model.

Geometrical Spreading

30/R R <45 km)

0.667 (45 km < R 75 km)
577/R°  (R>75km)

where Ris hypocentral distance in km.
(Lam et al, 2000a)

Anelastic Attenuation

Q = 256f' for R< 200 km

Q = 348f>*for 200 < R< 500 km

Q = 384f** for R > 500 km

whereQ is the wave transmission quality factor and f is

frequency.
(Tsang, 2006)

Crustal Mid-crust | B=3.5 km/s

Effect wherefis the average shear wave velocity at mid-crust.
(~10 km depth)
(Lam et al, 2000a)

Source Model Atkinson (1993) CENA model.

Crustal Upper-crust | x=0.03

Effect wherex is the kappa value that represents the upper crust
attenuation, which represent the upper crust amplification.
(Chandler et al, 2006a & 2006b)

Table3.5 Weighting Factors of Attenuation Relationships

_ _ _ Weighting Factor
Attenuation Relationships
PGA, 0.1t0 0.2 sec 0.21t0 5.0 sec
Arup-HKU (2006) 0.25 0.50
NGA-WNA (2007) 0.25 0.25
Atkinson & Boore (2006)-ENA 0.25 0.25
Yu-GEERRI (2005) 0.25 0
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3.7 Focal Depths

The available data on focal depth of earthquakes in the Hong Kong region is limited! g
The distribution in focal depth of earthquakes is shown in Figure 3.1® e@rthquakes 5}
typically have focal depths in the range 5 to 25 km. The distribution factors used in this;%
study are summarised in Table 3.6. !
:
(%]
Table3.6 Distribution Factorsof Depth Contribution
Focal Depth Distribution Factor

5 0.25

10 0.4
15 0.2 —
&
20 0.1 >
9».
25 0.05 0
o
=
[¢)
=
(%]

The NGA ground motion attenuation relationships used in the hazard assessment for
this study included earthquake focal depth as a variable and therefore the observed variation
in depth was not used for the calculations using their relationships. The relationships of Yu
(2005), Atkinson & Boore (2006) and the Arup-HKU GENQKE derived models use
hypocentral distance and as such the focal depth is included in the calculation. It is noted
that GEERRI only considered a constant focal depth of 10 km in their seismic hazard study.

3.8 Analysis Software

The probabilistic seismic hazard calculations, incorporating the logic tree methodology
have been carried out using the prog@asys SISMIC. This program, developed by Arup,
is based on the methodology developed by Cornell (1968) and McGuire (1993). The
program has been used for projects worldwide, including seismic hazard assessments for
nuclear power facilities where review by international expert panels has been carried out.
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Figure3.1 Seismic Hazard Assessment Methodology
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Figure3.4 GEERRI Source Model
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Figure3.15 GEERRI Annual Activity Ratefor Earthquake M agnitude Greater than 7
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Figure3.17 GEERRI Annual Activity Rate Divided by Zone Area for Earthquake Magnitude Greater than 4
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Figure3.19 GEERRI Annual Activity Rate Divided by Zone Area for Earthquake Magnitude Greater than 6
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Figure3.20 GEERRI Annual Activity Rate Divided by Zone Area for Earthquake Magnitude Greater than 6.5
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Figure3.21 GEERRI Annual Activity Rate Divided by Zone Area for Earthquake Magnitude Greater than 7
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Figure3.22 GEERRI Annual Activity Rate Divided by Zone Area for Earthquake Magnitude Greater than 7.5
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Figure3.31 Arup Earthquake Recurrence Plot for Zone 3
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Figure3.33 Arup Earthquake Recurrence Plot for Zone 5
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Figure3.34 Arup Earthquake Recurrence Plot for Zone 6
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Figure3.35 Arup Earthquake Recurrence Plot for Zone 7
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Figure3.36 Arup Earthquake Recurrence Plot for Zone 8
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Figure3.37 Arup Earthquake Recurrence Plot for Zone 9
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Figure3.38 Arup Earthquake Recurrence Plot for Zone 10
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Figure3.39 Arup Earthquake Recurrence Plot for Zone 11
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Figure3.40 Arup Earthquake Recurrence Plot for Zone 12
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Figure3.41 Arup Earthquake Recurrence Plot for Zone 13
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Figure3.42 Arup Earthquake Recurrence Plot for Zone 14

Table of Contents Table of Contents Table of Contents Table of Contents




Zone 15

----@---- 1500-2009

— - e—- 1900-2009

—a—— 1970-2000

——=—— 1980-2000

——+—— 1990-2000

Best estimate

100

10
>

e 1
(0]
>
o
o
©
2

g 0.1

0.01

0.001

2

5
Magnitude

Figure3.43 Arup Earthquake Recurrence Plot for Zone 15
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Figure3.44 Arup Earthquake Recurrence Plot for Zone 16

8ET

Table of Contents

Table of Contents

Table of Contents

Table of Contents




Zone 17

100

10

----®---- 1500-2009

—-e—- 1900-2009

—&— 1970-2000

——=—— 1980-2000

——+—— 1990-2000

Best estimate

Annual frequency

o
=

0.01

0.001

5
Magnitude

Figure3.45 Arup Earthquake Recurrence Plot for Zone 17
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Figure3.46 Arup Earthquake Recurrence Plot for Zone 18
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Figure3.47 Arup Earthquake Recurrence Plot for Zone 19
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Figure3.48 Arup Earthquake Recurrence Plot for Zone 20
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Figure3.50 Arup Annual Activity Rate Divided by Zone Area for Earthquake Magnitude Greater than 5
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Figure3.51 Arup Annual Activity Rate Divided by Zone Area for Earthquake Magnitude Greater than 5.5
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Figure3.52 Arup Annual Activity Rate Divided by Zone Area for Earthquake Magnitude Greater than 6
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Figure3.53 Arup Annual Activity Rate Divided by Zone Area for Earthquake Magnitude Greater than 6.5
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Figure 3.61 Comparison of Response Spectra between GEERRI and California Attenuation Models (with Magnitude 6 at Sour ce
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Figure 3.62 Comparison of Response Spectra between GEERRI and California Attenuation Models (with Magnitude 7 at Sour ce
Distance 20 km)
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Figure 3.63 Comparison of Response Spectra between Yu (2005) and California Attenuation Models (with Magnitude 6 at Sour ce
Distance 100 km)
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PGA Attenuation Relationships
M = 6, Site Class B
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Figure 3.65 Attenuation Relationshipsfor Peak Ground Acceleration (Magnitude 6)
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Figure3.66 Attenuation Relationshipsfor Peak Ground Acceleration (Magnitude 7)
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SAAttenuation Relationships (Period = 0.2s)
M = 6, Site Class B
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Figure3.67 Attenuation Relationshipsfor 0.2 Seconds Period Acceleration (Magnitude 6)
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Figure 3.68 Attenuation Reationshipsfor 0.2 Seconds Period Acceleration (Magnitude 7)
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SAAttenuation Relationships (Period = 1s)
M = 6, Site Class B

10 T T T T T  —
—A— Atkinson & Boore (2006) - ENA H
—&— Arup-HKU (2006)
—%— NGA_BA (2007) H
NGA_AS (2007) i
—— NGA_CB (2007) N
—%— NGA_CY (2007)
1 Yu (2005) GEERRI - Long i
é NN Yu (2005) GEERRI - Short ]
c
2 \g
IS
5 NN
[} \
[&]
< \
C_ES \ N
s ‘K\
5 \\ DR
o
n \\ N
0.1
A
R— ~
0.01 \\

10 100 1000
Distance (km)

SJUBU0D JO 3|geL

SJUaU0D JO 3|geL

SJUaU0D JO 3|geL
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Figure 3.69 Attenuation Relationshipsfor 1 Second Period Acceleration (Magnitude 6)
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Figure 3.70 Attenuation Relationshipsfor 1 Second Period Acceleration (Magnitude 7)
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SAAttenuation Relationships (Period = 5s)
M = 6, Site Class B
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Figure3.71 Attenuation Relationshipsfor 5 Seconds Period Acceleration (Magnitude 6)
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Figure 3.72 Attenuation Relationshipsfor 5 Seconds Period Acceleration (Magnitude 7)

SJUBU0D JO 3|geL

SJUaU0D JO 3|geL SJUaU0D JO 3|geL

SJUaU0D JO 3|geL



167

0-5
5-10
10- 15
|w)
5
S 15-20
=
2
20-25
— Magnitude Range
O4to5
25-30
B5t06
N O6to7
30-35 O7to8
]
I I I I I I
0 5 10 15 20 25 30

Number of events

Figure 3.73 Earthquake Focal Depth Distribution for Eventsin Region within 500 km

from Hong Kong

SJUBU0D JO 3|geL

SJUaU0D JO 3|geL SJUaU0D JO 3|geL

SJUaU0D JO 3|geL



168

4 Seismic Hazard Assessment Results

41 Genera

The results of the seismic hazard assessment using the Arup source model ar
presented in terms of horizontal peak ground acceleratioh uaiform hazard response
spectra for rock site ground conditions. A rock site in this study is defined as shear wavez
velocity greater than 760 m/s as defined as rock in Soil Class B of IBC2009 and 800 m/s cta
defined as rock in Soil Type 1 of the Chinese Seismic Code GB50011-2010. The results are
presented for four earthquake probabilities:

2 J®a|qeL

o

(a) 63% probability of being exceeded in the next 50 years (50-
year return period),

(b) 50% probability of being exceeded in the next 50 years (72-
year return period),

(c) 10% probability of being exceeded in the next 50 years
(475-year return period), and

(d) 2% probability of being exceeded in the next 50 years
(2,475-year return period).

SJUaU0D JO 3|geL

The detailed hazard results are presented as hazard curves, which show ground-motion
hazard level (peak ground acceleration or spectral acceleration) plotted against annual
frequency of being exceeded.

The seismic hazard assessment results have been de-aggregated to investigate [the
distribution of the potential earthquake occurrences, in terms of magnitude and distance

2,
which have contributed to the ground-motion hazard. g
S
0
4.2 Peak Horizontal Ground Acceleration on Rock S
[¢)
>

The hazard levels at the centre of this study area (i.e. latitude 22.426 degrees and’
longitude 113.988 degrees) and the location of Hong Kong Observatory, in terms of peak
horizontal acceleration on rock, for each return period, are summarised in Table 4.1.

A plot of peak horizontal acceleration and spectral accelerations for structural periods
of 0.2, 1, 2 and 5 seconds on a rock site versus return period at the centre of the study area is
shown in Figure 4.1.

SJUaU0D JO 3|geL
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Table4.1 Peak Horizontal Acceleration on a Rock Site

_|
- : 5
Probability of Being Peak Horizontal Acceleration (m/s?) =2
Exceeded >
Centre of this study area Q
(NW Hong Kong) Hong Kong Observatory =
>
63% in 50 years 0.26 0.28 @
50% in 50 years 0.32 0.34
10% in 50 years 0.90 1.00
2% in 50 years 1.96 2.18
4.3 Uniform Hazard Horizontal Response Spectrafor Rock Site y
QD
(=)

The hazard levels, in terms of horizontal response spectral acceleration (for 5%3
structural damping) on rock at the centre of this study area and the location of Hong Kong 3
Observatory, for each probability, are summarised in Table 4.2 and Table 4.3 respectively.S

The assessment has been undertaken for structural periods of 0.1, 0.2, 0.5, 1, 2 and 5 seconds.

—
(%]

Table 4.2 Uniform Hazard Horizontal Response Spectral Ordinates (at the Centre of
this Study Area)

Spectral Acceleration (m/s?)
Probability of Being :

Exceeded Structural Period (seconds) =
o
0.1 0.2 0.5 1.0 2.0 5.0 g
63% in 50 years 0.550 | 0.639 | 0.368 | 0.178 | 0.069 | 0.018 9
>
50% in 50 years 0.688 | 0.786 | 0.445 | 0.215 | 0.085 | 0.022 T
[72)

10% in 50 years 1962 | 2.125 | 1.073 | 0.514 | 0.210 | 0.060

2% in 50 years 4238 | 4.482 | 2.073 | 0.953 | 0.386 | 0.115

Figure 4.1 shows the PGA, and response spectral values for structural periods of 0.2, 1,
2 and 5 seconds against return period. It can be seen that the increase with return period is
quite similar to that of the peak ground acceleration. Figures 4.2 to 4.4 show the uniform;
hazard response spectra for a rock site for this study at the centre of the NW New Territoriess
The uniform hazard response spectra have been plotted in terms of spectral acceleratlorg
velocity and displacement respectively.
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Table4.3 Uniform Hazard Horizontal Response Spectral Ordinates (at the Hong Kong

Observatory)

2
Spectral Acceleration (m/s?) g
Probability of Being : 0
Exceeded Structural Period (seconds) S
[¢)
0.1 0.2 0.5 1.0 2.0 5.0 =

63% in 50 years 0.570 0.661 0.379 0.182 0.071 0.019

50% in 50 years 0.721 0.823 0.461 0.225 0.088 0.023

10% in 50 years 2.153 2.323 1.166 0.556 0.225 0.063

2% in 50 years 4.708 4.951 2.341 1.068 0.4p2 0.125
_|
&
To illustrate the sensitivity of the results to the input parameters, the contribution to the g
uniform hazard response spectrum from the different attenuatioronslaipps used in the o
analysis is shown in Figure 4.5 for a probability of being exceeded of 10% in 50 years. It canS
be seen from Figure 4.5 that the contribution to the hazard level from the relationship by Yu3
[72)

(2005) is significantly higher than the othatlong periods after 0.2-second and that the
Arup-HKU relationship gives similar results with this study that considers Yu (2005), Arup-
HKU, ENA and WNA with reasonable weighting factors as shown in Table 3.5. Hence, the
predictions of Yu (2005) are significantly higher than the others at the long period, sensitivity
analyses with different weighting of Yu (2005) after 0.2-second have been stUéigates

4.6 to 4.8 show the results of the acceleration, velocity and displacement response spectra
respectively for 10% and 2% chance of being exceeded in $6. ydacan be seen that the
spectral values are increased by about double at 5-second from the use of 0% to 250/34
weighting of Yu (2005).

J0 3|q

Figure 4.9 shows that the GEERRI source model gives similar results to those using9
the Arup source model by using the same attenuation relationship of Yu (2005). This showsg
that the effects of the choice between these two source models are actually quite small. Thig
is an encouraging conclusion and demonstrates that there is a relatively similar total seismic
activity rate between the two models in the Hong Kong region.

4.4 Uniform Hazard Vertical Response Spectrafor Rock Site
Attenuation equations specific for vertical motions are relatively few. Consequently,

the vertical response spectra have been developed using period dependent vertical |t
horizontal ratios\{{/H). A review of appropriat®/H ratio is presented below.

—

* Chinese Code (GB 50011-2010) sugg&4ks = 0.65 for all
periods.

SjuUauU0I JO 3|ge

* The European Seismic Code (EN1998-1:2004) recommends
V/H = 1.1 for short periods andiW= 0.4 for long periods.
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* Bozorgnia & Campbell (2004) determined the horizontal
and vertical components for PGA and a wide range of
frequency (0.25 - 20 Hz) for shallow crustal earthquakes.
They also propose simple procedures for dmpie a
preliminary vertical design spectrum.

As it is generally considered that théH ratio is dependent on the structural period,
the mean curve df/H ratio of EN1998-1:2004 and Bozorgnia & Campbell (2004) were used
in this study as a basis to develop the vertical target response spectra (Figure 4.19)H The
ratio from GB 50011-2010 is also plotted in Figure 4.10 for reference and its constant ratio is
approximately the mean value of the derived mean curve for the whole spectrum. The
resulting vertical target response spectra are illustrated in Figure 4.11.

SJUBU0D JO 3|geL

4.5 De-aggregation of Hazard

~

One of the primary advantages of the probabilistic seismic hazard assessments
methodology is that all possible earthquake occurrences that may contribute to a particulag
level of the ground-motion hazard are accounted for. When this approach is applied for eachs
period of the response spectra, a uniform hazard response spectrum is obtained. In additio,
multiple hypotheses on input assumptions, reflecting relative credibility and engineering 2
judgement, are applied in a transparent manner.

]

One disadvantage of the PSHA methodology is that the concept of a design earthquake
is lost, i.e. there is no single event, in terms of magnitude and distance, which is likely to give
rise to a ground motion that will match the uniform hazard spectrum at all structural periods.
This perceived disadvantage can be overcome by de-aggregating all the possible earthquake
occurrences that contribute to the ground-motion hazard value at any particular period. This
enables the relative likelihood of any individual earthquake event giving rise to the ground 3
motion at that period to be determined. The most likely event can then be derived and &
more reasonable response spectrum centred on that period can be determined.

0D Jo

The PSHA results of this study have been de-aggregated, in terms of magnitude and
distance, to investigate earthquake occurrences that have contributed the most to resultina
ground-motion hazard. When carrying this de-aggregation, earthquake magnitude and distance
pairs that give rise to the target ground motion hazard value are determined in accordance with
the procedures recommended by McGuire (1995). Bazzurro & Cornell (1999) discussed
various methods to carry out de-aggregation including the method proposed by McGuire
together with the de-aggregation of earthquake events that lead to ground motions equal to or
greater than the target ground motion. They also discussed how to determine the relative
contribution at various distances, the log of the distance or the linear distance.

Sige.
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De-aggregation has been carried out for the PGA and the 0.2-, 1- and 5-secon
response spectral ordinates. Three annual probabilities have been investigated and the resu
of the de-aggregation are shown on a linear distance scale in Figures 4.12 to 4.15.

The de-aggregation of the 0.2-second response spectral ordinate results indicates thit
the possible earthquakes at relatively close distance are contributing most to the hazard level.
Possible earthquakes at distances greater than 150 km make relatively little contribution and
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as the ground motion level increases, i.e. the probability reduces, the relative contribution
increases from earthquakes occurring at nearer distances. The de-aggregation in terms, of
magnitude indicates that the contribution from modgetatlarger magnitudes increases with
increasing ground motion.

The de-aggregation of the 1-second and 5-second response spectral ordinate resul
indicates that the contribution from earthquakes at large distances (greater than 250 km), i
increased significantly. However, for the less probable ground motions, i.e. 2% in 50 years,
the contribution from large distance earthquakes (i.e. 250 to 400 km) becomes larger.

SILBILED Jo 9|gel

The most likely scenario event to represent the short period ground motion for a
relatively likely ground motion having a 50% chance of being exceeded in the next 50 years is
about a magnitud&ly = 5.75 at 60 km and a magnitutiey = 6.75 at 150 km for longer
period ground motion. For less probable, extreme ground motions having a 2% chance of
being exceeded in the next 50 years, a magnitdde= 5.5 very close to the sitas
appropriate for short period ground motion and from a magniige= 7 at 60 km to a
magnitude My = 7.75 event at 300 km for long period ground motions.

4.6 Comparison of Resultswith Previous Studiesfor Hong Kong
4.6.1 Peak Ground Acceleration

SJUaU0D JO 3|geL

Various seismic hazardusties for Hong Kong have been carried outdiyerent
researchers since the 1980s. The past major studies were Pun & Ambraseys (1992), Lee
et al (1998), Chandler & Lam (2002), Free et al (2004) and Tsang & Chandler (2006). Pun
& Ambraseys (1992) describe the results of a seismic hazard assessment for Hong Kong
based on a seismic source model covering an area of 660 km x 600 km. A seismic catalogue
with surface-wave magnitud&)s > 4.7 and instrumental magnitude 4.0 between 1067 and | _
1989 was presented. The attenuation relationships of PGA developed for Western USAS
were used. Uncertainty in the attenuation relationships was not direxitporated into the >
calculation and the predicted mean PGA for Hong Kong having a 10% probability of being o
exceeded in the next 50 years for rock sites is 0.08 g assuming no uncertainty and 0.15 g £
one standard deviation from the mean is used. Lee et al (1998) divided the south-easters
coastal seismic belt of about 300 km x 400 km into 13 inner zones characterised by low”
seismic activity, and 16 outer zones of relatively higher seismic activity. Data of the
historical earthquakes and microseismicity records between 1800 and 1995 provided by the
Guangdong Seismic Bureau (now called, Earthquake Administration of Guangdong Province)
were adopted in their study. The attenuation relationships used for PGA were based upon
correlation between PGA and intensity for southeast China. The calculated PGA and
seismic intensity of Hong Kong for a ground motion having a 10% chance of being exceeded
in the next 50 years were between 0.076 g and 0.115 g and 6.9 and 7.3 respectively for rock
sites, using the conventional probability seismic hazard assessment method (Cornell, 1968}
However, both Pun & Ambraseys (1992) and Lee et al (1998) only calculated PGA and <,
intensity, and no ground motion response spectra were established.

0]

o

>

@
The attenuation relationships for PGA and intensity are quite well developed for the
South China region including Hong Kong (Lee et al, 1998). The intensity relationships are
based on long historical intensity data in China to reflect the response of low rise buildings
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having periods up to about 0.2-second. However, long period attenuation (greater than 0.5
seconds) ground motion is more uncertain than short period, due to the lack of strong motion

instrumental earthquake data to derive the whole response spectrum. CRdratte (2002) >
developed a theoretically based seismological attenuation model for the Hong Kong regiona
based on the available research data on the crustal and rock properties in South China. Th

also found that the shallow crustal shear wave velocity profile of Hong Kong could be| ¢
between rock conditions of Eastern North America (ENA) and Western North America| 8
(WNA). @

q

According to the study by Free et al (2004), on the basis of intensity attenuation
observed in China and the USA, also recommended equal weighting of attenuation
relationships of ENA and WNA to represent the Hong Kong rock sites in their seismic hazard
assessment. The ENA and WNA attention relationships provide spectral accelerations for
different structural periods. Based on these relationships, Free et al (2004) developed
uniform hazard response spectra for rock sites in Hong Kong having 50%, 10% and 2%
probabilities of being exceeded in the next 50 years. The calculated PGA values were 0.075,
g, 0.15 g and 0.32 g respectively for the above probabilities. The results, as shown in Figures
4.16, gave higher PGA than this study. The main reason is the use of relatively higher PGAS
attenuation relationships for Atkinson & Boore (1997) in Free et al (2004) which gives about
30% higher than the current use of attenuation relationships in this study.

Sjusluo) J

The PGA values varied from 0.10 g to 0.15 g defined for the Hong Kong region in the
Mainland China Seismic Ground Motion Parameter Zonation map GB 18306 (2001) are
shown in Figure 4.17. It can be seen from Figure 4.16 that the PGA at the centre of Hong
Kong (HKO), i.e., PGA about 0.1 g, is comparable to the Chinese code at both the 475-year
and 2475-year return periods.

4.6.2 Horizontal Response Spectra
4.6.2.1 GEERRI Study (2010)

O josqel

The horizontal response spectral values determined in this study are compared with thes
results from GEERRI study in the Appendix A. The response spectra for 10%, 50% and 2%3
chance probability being exceeded in next 50 years are compared in Figure 4.18. It can bé
seen that while the response spectrum values from this study are smaller than those
determined by GEERRI at long periods they agree well at shorter periods. This is consistent
with the observations from the Yu (2005) attenuation model in the GEERRI study as
discussed above.

In addition, the validation between Arup seismic hazard prog@asgs SISMIC and
GEERRI program ESE have been carried out by using the same GEERRI source model angl
Yu (2005) attenuation model for the 10% in 50-year ground motion. The focus depth in this £
program comparison is assumed to be a constant of 10 km in order to follow the sames,
assumption of the GEERRI model. Figure 4.19 shows that the results of the comparison9
between these two computer models are very consistent.

Sluaju
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4.6.2.2 Arup Study for BD (2003)

Arup carried out a seismic hazard study (Free et al, 2004) for Hong Kong as part of
their hazard and risk study for the Buildings Departm&m)(in 2003. Results from the >
current study are compared with the BD’s study (Figure 4.20). The comparison shows thats
the response spectral values from the current study are smaller than those in the BD study
short periods. As explained previously, the short period attenuation relationships used in thes
BD study were higher than the more recent attenuation models used in the current study®
Response spectral values for the long periods are agreed well with the BD’s study.

4.6.2.3 Chinese Code GB50011-2010

The acceleration response spectra from the current study are compared with the spectra
determined using the Chinese Seismic Code for Buildingsicifts in Figure 4.21. The
Chinese Code values have been derived using the coefficients listed in the code for Hong
Kong. The Chinese code shows two values of PGA for the 10% in 50 year (475-year return_
period) values for Hong Kong, namely 0.10 g and 0.15 g.

0 a|qe

The spectrum with PGA of 0.10 g presented by the Chinese Code agrees well with theq
spectrum of the current study up to a structural period of 1 second. It is quite apparent thag
the Chinese Seismic Code for Buildings design spectra are very conservative at longer period$.
However, the spectrum produced by the GEERRI study exceeds even the spectral upper range
of the Chinese Code at periods greater than 0.2-second.

S

4.7 Comparison with Other Regions
4.7.1 Comparison of Seismicity

The seismicity of the Hong Kong region, in terms of the average recurrence §>
relationship, is compared with recurrence relationships published for other regions of theg
world in Figure 4.22. It can be seen that the seismicity of the Hong Kong region is very 3
similar to Eastern North America and about 40 times less than that in highly seismic aresss
such as California, Japan, Taiwan or the Philippines.

Slua

4.7.2 Comparison for New York, USA

The 2% in 50 years ground motion response spectra determined in this study are
compared with the 0.2-second and the 1.0-second spectral values defined in the International
Building Code (IBC) for New York City (IBC, 2009) in Figure 4.23. It can be seen that
these values for New York are similar to those of the current study for the NW New
Territories of Hong Kong. The results of the recent study for the New York City Department
of Transport by Weidlinger Associates (2000) also show similar results at all structural
periods (see Figure 4.23).

SJUaU0D JO 3|geL
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4.7.3 1BC2009
The acceleration response spectra of the current study are compared with the spectra
determined using the 2009 International Building Code (IB@)visions coefficients in >
Figures 4.24. These curves are created by using formulae anchored to the short period 0.2
second &) and long period 1-second;J&alues by the current study. Therefore, there must g
be perfect agreement at these two periods. This comparison shows that the spectra from i@
[0}

current study are compatible with the IBC formulae.

4.8 Seismic Hazard Contour Plotsfor Hong Kong

Figures 4.25 to 4.30 show calculated PGA and spectral acceleration for periods of 0.2-
second and 1-second for rock site contoured across the Hong Kong region. The contours
give the values for ground motions having a 10% and 2% probability of being exceeded in the
next 50 years.

qel

The contours were developed by running the hazard model at 25 locations evenlyd
spaced across the Hong Kong region. It is interesting to note that the variation (expressed a8
a ratio) across the region is somewhat slightly greater for the PGA ground motion (1.78 for3
the 2% in 50 year) than that for the 0.2-second and 1-second ground motion (1.67 and 1.63
respectively for the 2% in 50 year). ?

SJUaU0D JO 3|geL
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Figure4.4 Uniform Hazard Horizontal Displacement Response Spectra
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Figure4.7 Comparison of Uniform Hazard Horizontal Velocity Response Spectra with Different Weighting of Yu (2005)

after 0.2 Seconds
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Figure4.8 Comparison of Uniform Hazard Horizontal Displacement Response Spectra with Different Weighting of Yu (2005)

after 0.2 Seconds
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Figure4.13 De-aggregation Plot for 0.2 Seconds Ground Motion
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Figure4.18 Comparison of Acceleration Response Spectra between Arup and GEERRI
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Figure4.19 Comparison of Acceleration Response Spectra between Arup Program Oasys SISMI1C and GEERRI Program ESE
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Figure4.20 Comparison of Horizontal Response Spectra between the current Study and the 2003 BD Study by Arup
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Figure4.21 Comparison of Horizontal Response Spectra between the current Study and the Chinese Seismic Code GB50011-2010
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Figure4.22 Comparison of Seismicity of the Hong Kong Region with Other Regions
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Figure4.27 Contour Plot for Spectral Acceleration (m/s?) at 0.2 Seconds Period for a 10% Probability of Being Exceeded in the Next
50 Years
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Figure4.28 Contour Plot for Spectral Acceleration (m/s?) at 1 Second Period for a 10% Probability of Being Exceeded in the Next
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5 Conclusions

A literature review has been carried out for documents relating to seismic hazard
assessments for the Hong Kong region and the key findings have beenrsa@thma

O jo sjgel

Available seismicity data within the region have also been assembled and statistically g
analysed. Data have been compiled for the region of the Southeast China. Full details ar&
contained within this report together with other input required for the evaluation of the @
seismic hazard. The earthquake catalogue has been used to determine the seismic source

zone parameters to use in the seismic hazard assessment.

No strong evidence of active fault displacements was found in the Hong Kong regiorn
by this study in either the offshore or onshore Quaternary superficial deposits that can give
rise to ground surface rupture hazard.

A probabilistic seismic hazard assessment has been carried out for the Hong Kong_,
region. The results of the seismic hazard assessment are presented in terms of horizont&
peak ground acceleration and uniform hazard response spectra for structural periods up t&
5 seconds for rock site ground conditions. A rock site in this study is defined as IBC2009 0
Site class B withV/s greater than 760 m/s and Chinese Code GB50011-2010 Soil Type 1 with =1
Vs greater than 800 m/s. The results are presented for ground motions having the foIIowmg,w;,
probabilities:

9

(a) 63% probability of being exceeded in the next 50 years,
(b) 50% probability of being exceeded in the next 50 years,
(c) 10% probability of being exceeded in the next 5sjeand

(d) 2% probability of being exceeded in the next 50 years.

jo sjgel

This report presents the details of the seismic hazard calculations used to evaluate thé’
ground motion. The Arup seismic source zone model incorporates the seismicity in thP"’
region, the geological and tectonic information and the GEERRI source zone boundaries. T
capture uncertainty in the results, the calculation input includes several different attenuation
relationships.

The response spectra for 63%, 50%, 10% and 2% probabilities of being exceeded in
the next 50 years are compared with the GEERRI study for a site located in the centre of the
study area. It can be seen that while the response spectrum values from this study are smaller
than those determined by the GEERRI at long periods, they agree well at shorter perlods
The differences are mainly caused by the use of a conservative long period attenuation mod@
of Yu (2005) in the GEERRI study. This attenuation model was developed by scaling up & o
attenuation relationships from Western North American studies and based on a comparison 08
the attenuation of macroseismic intensity observed in China as compared to that observed iB
Western North America. This procedure is only reliable however for structural periods up to 3
about 0.2-second as the macroseismic intensity is largely established based on damage to low-
rise buildings of less than 3 storeys. Comparisons with other attenuation relationships
developed for Eastern North America and other parts of the world and also with theoretical
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models developed for South China show that the Yu (2005) relationships become very
conservative at long structural periods. As a result, Yu's model has only been adopted for
structural periods up to 0.2-second. It is also noted ieaGEERRI estimates of activity
rates for regions of the Pearl River Delta and the Dangan Islands are higher than the observ
seismicity. However, both the Arup and GEERRI source models give a similar overall
seismic hazard level.

usjuo0d Jo Haqel

Contour plots have been prepared for the whole of the Hong Kong SAR for PGA, and @
spectral accelerations for structural periods of 0.2-second and 1-second for ground motions
having respectively 10% and 2% probabilities of being exceeded in the next 50 years. The
hazard values at the Hong Kong Observatory are about 10% higher than those at the study
area in the North-west New Territories.

The seismicity in the Hong Kong region shows that the seismic activity is similar to
that observed in the Eastern North America and about 40 times less than that in highly seismic
areas such as California, Japan, Taiwan or the Philippines. -

QD
o

The seismic hazard has been de-aggregated to determine scenario earthquakes for tife
three design levels (ground motion levels with 50%, 10% and 2% probability of being o
exceeded in the next 50 years). The most likely scenario event to represent the short perioa
ground motion for a relatively likely ground motion having a 50% chance of being exceeded =
in the next 50 years will be about a magnitidg = 5.75 at 60 km and a magnitude
Mw = 6.75 at 150 km for longer period ground motion. For less probable, extreme ground
motions having a 2% chance of being exceeded in the next 50 years, a madgqjtade5
very close to the site is appropriate for short period groundomeind from a magnitude
Mw = 7 at 60 km to a magnitudeM: 7.75 event at 300 km for long period ground motions.

Slua
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R 4.4-1a FERIHME/KAE IR IR RE S BT R (2 (R

FHEA T(s) a(T) b(T) c(T) d(m) C1 Cy €
PGA -.150 1.257 -.053 -2.022 1.192 479 0.232
.040 505 1.036 -.039 -1.889 1.192 479 0.225
.050 513 1.018 -.038 -1.838 1.192 479 0.226
.070 1.016 .895 -.028 -1.875 1.192 479 0.226
.100 1.534 .801 -.020 -1.927 1.192 479 0.231
120 1.446 .819 -.021 -1.885 1.192 479 0.251
140 1.477 813 -.020 -1.889 1.192 479 0.258
.160 1.462 .818 -.020 -1.886 1.192 479 0.253
.180 1.258 .868 -.022 -1.899 1.192 479 0.259
.200 1.155 .867 -.022 -1.836 1.192 479 0.268
.240 1.012 875 -.022 -1.780 1.192 479 0.269
.260 975 .885 -.022 -1.786 1.192 479 0.276
.300 1.025 .864 -.020 -1.800 1.192 479 0.292
.340 .986 .864 -.020 -1.803 1.192 479 0.308
.360 813 .896 -.022 -1.789 1.192 479 0.318
400 715 .905 -.022 -1.771 1.192 479 0.324
440 475 .936 -.024 -1.737 1.192 479 0.331
.500 102 1.007 -.026 -1.737 1.192 479 0.337
.600 -.337 1.061 -.029 -1.654 1.192 479 0.339
.700 -.728 1.147 -.033 -1.708 1.192 479 0.340
.800 -.903 1.169 -.034 -1.694 1.192 479 0.348
1.000 -1.378 1.255 -.038 -1.706 1.192 479 0.345
1.200 -1.597 1.286 -.039 -1.722 1.192 479 0.338
1.500 -2.013 1.347 -.041 -1.725 1.192 479 0.334
1.700 -2.395 1.378 -.041 -1.648 1.192 479 0.333
2.000 -2.611 1.398 -.041 -1.646 1.192 479 0.329
2.400 -1.326 .899 .000 -1.645 1.192 479 0.322
3.000 -1.649 .926 .000 -1.643 1.192 479 0.306
4.000 -1.859 .946 .000 -1.671 1.192 479 0.307
5.000 -2.183 .958 .000 -1.619 1.192 479 0.324
6.000 -2.450 .969 .000 -1.578 1.192 479 0.328
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%% 4.4-1b BERGHIE KA [AEA IR RE I ME R T R (A (B (k)

A5 T(s) a(T) b(T) c() d(m ¢y C, €
PGA -.948 1.203 -.050 -1.640 .340 .565 0.232
.040 -.247 .989 -.037 -1.532 .340 .565 0.225
.050 =221 973 -.036 -1.491 .340 .565 0.226
.070 .258 .853 -.027 -1.521 .340 .565 0.226
.100 744 .761 -.019 -1.564 .340 .565 0.231
120 671 781 -.020 -1.529 .340 .565 0.251
140 .698 776 -.019 -1.533 .340 .565 0.258
.160 .681 782 -.019 -1.530 .340 .565 0.253
.180 472 831 -.021 -1.541 .340 .565 0.259
.200 .394 .833 -.021 -1.489 .340 .565 0.268
.240 272 .842 -.021 -1.444 .340 .565 0.269
.260 232 .852 -.021 -1.449 .340 .565 0.276
.300 275 .832 -.020 -1.460 .340 .565 0.292
.340 233 .832 -.019 -1.463 .340 .565 0.308
.360 .067 .864 -.021 -1.451 .340 .565 0.318
400 -.023 873 -.022 -1.436 .340 .565 0.324
440 -.250 .904 -.023 -1.409 .340 .565 0.331
.500 -.623 975 -.026 -1.409 .340 .565 0.337
.600 -1.028 1.032 -.029 -1.342 .340 .565 0.339
.700 -1.440 1.116 -.032 -1.385 .340 .565 0.340
.800 -1.609 1.138 -.033 -1.374 .340 .565 0.348
1.000 -2.089 1.224 -.037 -1.384 .340 .565 0.345
1.200 -2.315 1.255 -.038 -1.396 .340 .565 0.338
1.500 -2.733 1.316 -.040 -1.398 .340 .565 0.334
1.700 -3.085 1.349 -.041 -1.336 .340 .565 0.333
2.000 -3.301 1.369 -.041 -1.335 .340 .565 0.329
2.400 -2.034 877 .000 -1.334 .340 .565 0.322
3.000 -2.357 .903 .000 -1.331 .340 .565 0.306
4.000 -2.579 .923 .000 -1.354 .340 .565 0.307
5.000 -2.880 .936 .000 -1.312 .340 .565 0.324
6.000 -3.130 947 .000 -1.278 .340 .565 0.328
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® A5 SEEE/KCEREEIERE (gal)

B 50 4F 63% 50 4F 509% 50 4F 10% 50 4F 29%

JCEH 32.1 42.8 118.2 212.0
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EE 33.2 44.8 127.9 233.9

ItEPT BBl > 2% 4.5-2a ~ b ~ ¢ ~ d Srllath 13 2B E R B Tu T
A DI FE MR (B AN FER T - A PR B RR - 8] 4.5-2a~ b~ ¢~ d 3 AIGH T £ 22
VR RE IR S T Pt A TR P e (R S R S B R K 3D AiR ] -

[EEERE TAEPG T 5Eke

98

(8sauIyd) sius1uo) Jo 8|ge L

(8sauIy)D) swau09 Jo a|geL (8sauIyD) s1uau0) Jo B|geL

asauIyD) S1uUs0D Jo a|geL
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%% 4.5-2a BIREERAERFE L T TR HATIIZR R (H B AR ERR

SEENIERAE(E /gal
1 10 50 75 100 150 200

TR ARG TR FEE U i AR A
5 0.14E-1 | 038E-2 | 0.17E-3 | 0.18E-4 | 0.00E+00 | 0.00E+00 | 0.00E+00
6 0.20E-1 | 011E-1 | 0.27E-2 | 014E-2 | 0.74E-3 | 022E-3 | 0.58E-4
7 65E-2 | 0.76E-4 | 0.000 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
12 0.81E-2 | 0.56E-2 | 0.93E-3 | 0.46E-3 | 0.25E-3 | 0.61E-4 | 0.00E+00
13 0.L1E-1 | 014E-2 | 0.23E-4 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
14 0.75E-2 | 037E-2 | 0.18E-3 | 0.39E-4 | 0.38E-5 | 0.00E+00 | 0.00E+00
15 A2E-1 | 015E-2 | 0.89E-5 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
17 0.19E-1 | 085E-2 | 0.38E-2 | 0.15E-2 | 0.47E-3 | 0.22E-4 | 0.00E+00
18 0.77E2 | 017E-2 | 0.98E-5 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
19 0.13E-1 | 025E-2 | 0.98E-4 | 0.26E-5 | 0.00E+00 | 0.00E+00 | 0.00E+00
23 0.76E-2 | 015E-2 | 0.000 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
R 4520 BEREEBEEFERNTEFIEMAY 0.1 s KRR ERHEFE SR REME

&ENIZRE(E /gal
1 10 50 75 100 150 200

BRI 0.1s JITiR e S MG R B

5 167E-02 | 7.52E-03 | 1.28E-03 | 4.62E-04 | 1.75E-04 | 1.64E-05 | 0.00E+00
6 2.00E-02 | 155E-02 | 6.46E-03 | 4.05E-03 | 2.72E-03 | 1.34E-03 | 6.66E-04
7 7.10E-03 | 159E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
12 8.13E-03 | 8.11E-03 | 3.62E-03 | 1.98E-03 | 1.17E-03 | 4.91E-04 | 2.37E-04
13 | 1.25E-02 | 521E-03 | 341E-04 | 1.02E-04 | 2.92E-05 | 0.00E+00 | 0.00E+00
14 | 7.48E-03 | 7.38E-03 | 1.70E-03 | 6.65E-04 | 2.90E-04 | 5.74E-05 | 6.97E-06
15 | 1.38E-02 | 5.93E-03 | 3.24E-04 | 7.27E-05 | 1.09E-05 | 0.00E+00 | 0.00E+00
16 | 9.39E-03 | 158E-03 | 9.57E-06 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
17 1.92E-02 | 1.17E-02 | 7.00E-03 | 5.47E-03 | 3.68E-03 | 1.33E-03 | 3.78E-04
18 | 1.36E-02 | 3.02E-03 | 4.53E-04 | 8.91E-05 | 7.70E-06 | 0.00E+00 | 0.00E+00
19 2.01E-02 | 4.79E-03 | 8.04E-04 | 2.51E-04 | 7.82E-05 | 0.00E+00 | 0.00E+00
22 9.32E-03 | 9.19E-04 | 8.44E-07 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
23 | 1.95E-02 | 2.81E-03 | 2.30E-05 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
B LB %9
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AT - TE T R B S B R 2 N

# 4.5-2c ERETEERFEEEEMPEHAY 0.5 s HIsE N ERHE FEREIRERE
e NEEAE /gal
1 10 50 75 100 150 200
TR 4w 0.5s fINZR & S FERE {E - R
5 1.65E-02 | 5.41E-03 | 9.95E-04 | 3.24E-04 | 1.08E-04 | 4.40E-06 | 0.00E+00
6 2.00E-02 | 1.23E-02 | 5.17E-03 | 3.13E-03 | 1.99E-03 | 8.45E-04 | 3.58E-04
7 7.10E-03 | 6.58E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
12 8.13E-03 | 6.58E-03 | 1.41E-03 | 7.63E-04 | 4.32E-04 | 1.80E-04 | 6.42E-05
13 1.25E-02 | 2.67E-03 | 1.50E-04 | 3.27E-05 | 3.20E-06 | 0.00E+00 | 0.00E+00
14 7.48E-03 | 4.95E-03 | 3.87E-04 | 1.05E-04 | 2.49E-05 | 0.00E+00 | 0.00E+00
15 1.38E-02 | 2.92E-03 | 1.37E-04 | 1.71E-05 | 0.00E+00 | 0.00E+00 | 0.00E+00
16 8.44E-03 | 1.23E-03 | 9.75E-06 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+0Q0
17 1.92E-02 | 9.69E-03 | 6.85E-03 | 5.72E-03 | 4.22E-03 | 2.04E-03 | 9.41E-04
18 1.19E-02 | 2.66E-03 | 6.50E-04 | 2.16E-04 | 4.97E-05 | 0.00E+00 | 0.00E+00
19 1.87E-02 | 3.88E-03 | 1.05E-03 | 4.63E-04 | 1.69E-04 | 1.95E-05 | 0.00E+00
22 6.97E-03 | 9.02E-04 | 1.52E-06 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
23 1.34E-02 | 2.75E-03 | 2.53E-04 | 1.84E-06 | 0.00E+00 | 0.00E+00 | 0.00E+00
F45-2d EETEEERIFEHTEFPEHAY 1.0 s NEE R EREEERIRRERE
LEMZAEE /gal
1 10 50 75 100 150 200
YT i 1.0s 078 EE S MR (E A7 B Ut
5 1.01E-02 | 2.96E-03 | 9.46E-05 | 3.57E-06 | 0.00E+00 | 0.00E+00 | 0.00E+Q0
6 1.71E-02 | 8.11E-03 | 1.66E-03 | 6.93E-04 | 2.91E-04 | 4.16E-05 | 0.00E+00
7 3.29E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+0Q0
12 8.13E-03 | 2.34E-03 | 2.54E-04 | 9.50E-05 | 2.91E-05 | 0.00E+00 | 0.00E+00
13 7.43E-03 | 7.20E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
14 7.46E-03 | 1.15E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
15 8.37E-03 | 7.62E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
16 3.27E-03 | 5.02E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+0Q0
17 1.42E-02 | 7.92E-03 | 4.51E-03 | 2.54E-03 | 1.45E-03 | 3.98E-04 | 7.32E-05
18 5.33E-03 | 1.69E-03 | 1.07E-04 | 1.13E-06 | 0.00E+00 | 0.00E+00 | 0.00E+00
19 8.45E-03 | 2.27E-03 | 2.60E-04 | 3.85E-05 | 2.65E-06 | 0.00E+00 | 0.00E+00
22 2.85E-03 | 2.47E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
23 5.95E-03 | 1.71E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+0Q0
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4.5.2 SR A IR R S g

553t 50 FEA [ElE B A K B R R e R B O 2 S R (H Lk 4.5-3a~ b

c (h =10 AH) - & 50 F R [EIE AR /KN R A T EF NS S EEEF
4 HE 45-4a~b-~c (h=10 \E ) -

2 4.5-3a JLRASH 50 SR EIEAR AR/ K ARV RS DI 2R R S MBI

50 R
FRH Is 63% 50% 10% 2%
0.04000 43.64 55.98 138.07 233.11
0.05000 48.89 61.10 149.96 249.07
0.07000 54.83 68.67 163.55 270.63
0.10000 83.15 103.64 239.72 408.46
0.12000 98.53 122.13 294.38 514.49
0.14000 103.73 129.23 314.68 547.44
0.16000 108.28 135.70 333.89 579.50
0.18000 108.84 137.62 353.61 626.51
0.20000 108.97 137.61 355.17 633.24
0.24000 99.70 12451 313.39 555.31
0.26000 102.01 127.26 311.12 534.66
0.30000 93.15 116.33 284.69 498.82
0.34000 88.08 110.80 274.55 483.34
0.36000 81.79 103.61 259.09 456.07
0.40000 75.20 95.06 239.15 418.00
0.44000 65.09 82.88 213.48 369.21
0.50000 57.29 73.99 205.11 362.86
0.60000 44.13 57.82 175.22 320.68
0.70000 39.95 53,51 171.11 328.41
0.80000 34.50 46.60 151.52 292.32
1.00000 26.53 35.79 124.33 253.87
1.20000 21.10 28.18 102.00 212.63
1.50000 16.42 21.73 81.61 174.72
1.70000 13.11 17.04 63.13 135.36
2.00000 10.85 13.90 51.17 109.90
2.40000 6.39 11.07 36.52 83.33
3.00000 1.93 4.06 22.02 52.82
4.00000 1.00 1.78 15.01 31.85
5.00000 0.97 1.13 11.97 22.30
6.00000 0.91 0.99 8.76 16.45
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& 4.5-3b HEESH 50 SFA FE MR K ARSI S e E

50 L R

A Is 63% 509 10% 2%

0.04000 43.95 56.47 142.42 244.22
0.05000 49.26 61.71 153.95 260.23
0.07000 55.01 69.17 167.79 282.36
0.10000 83.16 104.04 246.02 427.21
0.12000 98.47 122.60 302.48 535.63
0.14000 103.72 129.81 324.23 572.79
0.16000 108.27 136.28 343.67 605.86
0.18000 108.90 138.33 362.60 656.03
0.20000 109.05 138.37 364.20 662.38
0.24000 99.83 125.28 323.57 580.50
0.26000 102.22 128.27 322.45 559.43
0.30000 93.37 117.19 294.11 519.23
0.34000 88.29 111.58 283.70 506.87
0.36000 82.03 104.39 267.67 479.61
0.40000 75.45 95.88 246.43 436.44
0.44000 65.49 83.73 219.78 384.89
0.50000 57.70 74.89 210.66 375.67
0.60000 44,57 58.59 180.18 331.19
0.70000 40.39 54.23 175.29 334.85
0.80000 34.94 47.41 155.71 301.16
1.00000 26.83 36.36 127.68 260.19
1.20000 21.33 28.63 104.71 218.06
1.50000 16.54 22.01 83.88 179.57
1.70000 13.19 17.20 64.59 138.11
2.00000 10.89 14.00 52.05 111.64
2.40000 6.49 11.15 37.05 84.32
3.00000 1.94 4.14 22.34 53.56
4.00000 1.00 1.80 15.20 32.33
5.00000 0.97 1.14 12.10 22.64
6.00000 0.91 0.99 8.99 16.59
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50 g

A Is 63% 50% 109 2%

0.04000 44.69 57.45 147.92 254.92
0.05000 50.00 62.75 159.11 272.25
0.07000 55.53 70.19 173.19 294.74
0.10000 83.60 105.02 253.83 446.39
0.12000 99.01 123.88 312.69 557.85
0.14000 104.22 131.20 335.95 598.72
0.16000 108.83 137.74 354.79 632.61
0.18000 109.47 139.86 374.06 688.38
0.20000 109.70 139.98 376.04 695.58
0.24000 100.43 126.83 337.07 609.51
0.26000 102.87 130.06 337.46 587.56
0.30000 93.98 118.63 306.37 542.81
0.34000 88.94 113.01 295.44 529.98
0.36000 82.68 105.74 278.56 504.56
0.40000 76.03 97.27 256.04 458.62
0.44000 66.09 84.94 227.97 402.94
0.50000 58.33 76.06 218.38 392.62
0.60000 45.24 59.69 188.09 350.23
0.70000 41.04 55.27 183.62 355.68
0.80000 35.56 48.49 161.94 315.38
1.00000 27.37 37.32 133.34 272.13
1.20000 21.73 29.37 109.02 227.52
1.50000 16.79 22.50 87.59 188.21
1.70000 13.34 17.52 67.32 144.89
2.00000 10.99 14.21 53.76 115.61
2.40000 6.71 11.31 38.65 88.08
3.00000 1.98 434 23.42 56.57
4.00000 1.00 1.87 15.93 35.11

5.00000 0.97 1.15 12.33 23.18

6.00000 0.92 0.99 9.65 16.96
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A selected list of major GEO publications is given in the next
page. An up-to-date full list of GEO publications can be found at
the CEDD Website http://www.cedd.gov.hk on the Internet under
“Publications”.  Abstracts for the documents can also be found at
the same website. Technical Guidance Notes are published on
the CEDD Website from time to time to provide updates to GEO
publications prior to their next revision.

Copies of GEO publications (except geological maps and other
publications which are free of charge) can be purchased either
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Information Services Department,
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North Point Government Offices,
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Tel: (852) 2762 5380

Fax: (852) 2714 0247

E-mail: jsewell@cedd.gov.hk

For other publications which are free of charge:
Chief Geotechnical Engineer/Standards and Testing,
Geotechnical Engineering Office,

Civil Engineering and Development Department,
Civil Engineering and Development Building,

101 Princess Margaret Road,

Homantin, Kowloon, Hong Kong.

Tel: (852) 2762 5346
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