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ABSTRACT :

The current code of practice for building desigiiong Kong does not require any seismic considmratanc
generally there is no requirement to consider sSeigound motion in the design of skg However, th
Chinese Code for seismic design of buildings, GB130-2001, categorises Hong Kong as being in Zone
with a 10% in 50 year peak ground accelerations8bd. Conventional earthquake design for a slope is lys
based on a pseudo stasslope stability calculation. To limit the slopmovement in earthquake, it
recommended that the critical acceleration of slphg shall be no less than half of design peak gr
acceleration. The critical acceleration of slop¢his ground acceleration that gives a FoS agaailstré of
unity. This paper presents an estimation of théhgaake induced displacemaerfttypical slopes subjected
various levels of seismic ground motions usingfthie difference package FLAC with the dynamiciopt
The input earthquake time histories are based ®@sdanario events obtained from theadgregation of rece
seismic hazard study in Hong Kong. These scenagats, in terms of earthquakeagnitude and distance, :
those that contribute the madst the seismic ground motion at each seismic ldalesel. The current desi
practice for new slopes in Hong Kong requires aimim FoS against failure of 1.4 for slopes with a |
consequence to life. This study shows that for suchope subjected to a rare earthquake ef&a75 yea
return period), the earthquake-induced resultaspgldcement is less than 30mnar Fan existing slope with
minimum FoS of 1.2, the induced displacement ceslteed 100mm under such an earthqu@ike movemer
is concentrated on the shallow slope surface. Heweahis may stillthreaten the integrity of a particu
hazardous installationnIsuch circumstances, it is recommended to consieismic loading specifically fi
essential and hazardous facilities above or beh@nekisting slopes with a FoS against failure s$ lgnan 1.2.

KEYWORDS: earthquake, seismic, slope stability, FLAC, Honggo

1. INTRODUCTION

The Hong Kong Special Administrative Region is kechin an area of moderate seismicity. The ctircede
of practice for building design do not require asgismic considerationgdowever, the Chinese Code
seismic design of buildings, GB 50012601, categorises Hong Kong as being in Zone Vith & 10% in 5(
year peak ground acceleration of 15%g.

In the study by Pappin and Bowden (1998), a raffiggpacal slopes had been considered and the pilitlyaddf
seismically induced down slope movement is quadifiThe results show that, for a slope to be
meaningful risk from seismic activity, it would reéo have a static FoS of less than about 1.1yfoical
structures and less than about 1.2 for essentdititzs. This is based on the conventional practisat for
down slope movements of less than 20mm the rislatse damage is lowhareas a displacement of 100
is associated to a high risk of failure in mosps®It then follows on to conclude that current desiggthod:
in Hong Kong of ensuring safety are sufficientlynservative. The only case where seismicity may riedx
considered is where a slope failure could thretitenntegrity of a particularly hazardous instadiat
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A preliminary quantitative risk assessment (QRAgtof earthquake-induced landslides at man-mamjzes|

in Hong Kong (GEO Report No. 98) had bammried out by the Geotechnical Engineering OftiE¢he Hong
Kong Government (Geotechnical Engineering Offic®8)9 The assessment systematically considered the
seismicity in Hong Kong, the effects of earthquakeslope stability and the likely consequences vaspect

to loss of lives in the event of slope failuresisiconcluded that the risk of earthquake-indueedislides at
slopes designed or upgraded to current geotechsiiaatiards is much smaller than the risk of railuired
landslides for pre-1978 man-made slopes that hatebaen upgraded to current standards. The current
geotechnical standards appear to be adequate maiming the overall risk of earthquaketuced failures o

new slopes at a relatively low level.

However, no detailedtudies have been carried out to investigate e snovement subjected to earthqu
ground motions of different hazard levels. This gragetermines the earthquake-induced displacenssng u
the finite difference package FLAC. Slope modelthwypical geometry and soil strength parameters |
been modelled with earthquake time histories dedeint hazard levels. The input time historiestha finite
difference model are based on the scenario ealtbger@ents obtained from the de-aggregation of antec
seismic hazard study. These scenario events, rimstef earthquake magnitude and source distancehese
that contribute the most to the seismic ground omotat each seismic hazard level. A summary of the
probabilistic seismic hazard assessment studiesrtaken in recent years is presented to estimatpdtential
seismic ground motion levels in Hong Kong.

2. REVIEW OF SEISMIC SLOPE STABILITY ANALYSIS

The simplest method of seismic slope stability ysialis to compute the FoS using a pseudo-sagjgcoach
Newmark (1965) proposed that the induced permadmsplacement using a sliding block method beir
more appropriate measure of slope performancerthqake. This has since become widely acceptathéiu
changes in the computation have been made withisgh®f numerical methods in geotechnical engimegeri

2.1. Pseudo-static Analysis

Pseudo-static analysis simply extends the staityasis and determines the FoS of slope subjectedstatic
horizontal acceleration. lilme analysis the horizontal inertia force inducgdb earthquake is represented t
static horizontal force as a product of a seisnaiefficient k and the weight of the potential sliding me
Based on the principal of the limit equilibrium redl, the critical acceleration.As derived as that which
produces a FoS of unity. The main advantages efahproach are that it makes use of the well-astegal
limit equilibrium method and it is easy to use. Hwer, the transient nature of earthquake motiomaiabe
considered using the pseudo-static approach.

2.2. Newmark’s Sliding Block Model

Newmark (1965) showed that the earthquake indutgaladtement in slope can be explored by considehag
equilibrium of a rigid block on a slope subjectedhbrizontal accelerations. The acceleration oftfoek is
limited by the available shear resistance betwéenblock and a pre-determined sliding plane. Wien t
acceleration imposed on the soil mass exceedsititatacceleration (8, the net disturbing force on the soil
mass will be larger than the net resisting force slope displacement will result. Newmark (1965 gented
the results that little displacement occurs untessAJ/A, ratio is less than about 0.5, wherg & the peal
earthquake ground acceleration.

Sarma (1975) used similar approach but incorportedilominant period of the earthquake motion §hjich
is defined as the period corresponding to the meathe acceleration spectrum of the input moticarnt'’s
data can be expressed by equation 2.1.

m

T? .
X = CAZ 10(1_07 383A./ Ay) (2-1)



th
Thel1l4 World Conferenceon Earthquake Engineering
October 12-17, 2008, Beijing, China

where X, is the maximum displacement, T is the dominaniopeof earthquake, C = cds¢ 3 - ¢) / cosp,
0is the angle of the earthquake acceleration tazbotal,3 is the slope angle anglis the angle of internal
friction of the soil. C generally has a value nigaone.

Ambraseys & Menu (1988) also used the sliding blasgkumptions to assess statistically the displactnodé
slopes with different ratios of AA,, based on 48 near-field earthquake records witragnitude of between
6.6 and 7.3 and recommended another correlatiorbraseys & Srbulov (1994) further expanded thekwor
and incorporated the function of source-site distan

2.3. Numerical Modelling of Earthquake-induced Peanent Displacement

As mentioned above a pre-determined sliding planequired in Newmark’s method. This involves arcea
for critical failure, depending on the assumptidfiadlure mode. However, if numerical modellingused, this
assumption is no longer required and the displaneroan be computed based on the distortion in
element according to the stress-strain relationdhighis paper, numerical calculations are performed u
FLAC with the dynamic option. FLAC is a finite diéffence package and has been extensively usedlysana
dams and slopes, e.g. Chugh & Stark (2005), Marcesal (2007), Cetin & Isik2005) and Kong (2003).

3. ANALYSISMETHODOLOGY OF THISSTUDY

Numerical analysis has been carried out on a typigaslope (45 degrees) in Hong Kong with two efiént
weathering profiles comprises completely decompagadite (CDG) underlain by moderately decompc
granite (MDG) (Figure 1). The slope is assumedegalty in this study. The material properties arewieined
from the range of parameters recommended in GeuitadtEngineering Office (1993) and are listed ables
1 and 2.

(@ (b) coG

28m |

Figure 1: Weathering profiles: (a) deep weatheprafile with horizontal bedrock;
(b) shallow bedrock (10m thick CDG)

Table 1: Material properties of CDG
Soil Model Mohr-Coulomb

¢'=5 kPa, phi'=39 (Soil 1)
¢'=10 kPa, phi'=468 (Soil 2)

Cohesion (c¢") and friction angle (phi’)

Densityp 1900 kg/m
Poisson’s Rati@ 0.3
Shear Wave Velocity Vs 200m/s
Shear Modulus G (G p Vs?) 76 MPa
Young'’s Modulus E (E = 2G/(24 198 MPa
Bulk Modulus K (K = E/3(1-2) 97 MPa

Tensile Strength 6 kPa (Soil 1) 11 kPa (Soil 2)
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Table 2: Material properties of MDG

Soil Model Elastic
Densityp 2400 kg/m
Poisson’s Rati@ 0.25
Shear Wave Velocity Vs 1000m/s
Shear Modulus G (G p V) 2400 MPa
Young’'s Modulus E (E = 2G () 6000 MPa
Bulk Modulus K (K = E/3(1-2)) 4000 MPa

3.1. Static and Pseudo-static Analysis

Limit equilibrium method has been adopted to deteenthe static and the pseudo-static FoS of slopgee
two soil types listed in Table 1. This was donengdDasysSlope programme and a constant horizontal
acceleration is applied to the slopes until the B&B8ome unity. This force is regarded as the alitic
acceleration, Aof the slope (Table 3).

Table 3. Static FoS and Critical Acceleration ffes

Static FoS Critical Accderation, A.
Slope in Soil 1 (¢'=5 kPa, phi'=39 1.2 0.11g
Slope in Soil 2 (c'=10 kPa, phi'=4p 1.4 0.23g

3.2. Numerical Analysis using FLAC

FLAC (for Fast Lagrangian Analysis of Continua) sisxplicit finite difference scheme to solve thdl fu
equation of motion using lumped grid point massessvdd from the surrounding zone. uses an update
Lagrangian procedure for coping with large deforore. For this study 2-dimensional (2-D) plane istra
analyses have been carried out using FLAC versionwgh the dynamic option. More details regardihg
program can be found in the User’'s Manuals (It&wmasulting Group, 1993).

3.3. Methodology

The models with the boundary condition are showfigure 2. The boundary at the base of the modetes
in both x- and y-direction. The vertical boundarégs fixed in x-direction. For dynamic boundary divions,
free-field boundaries and quiet boundaries are leauf® simulate an infinite domain and ensure thyatamic
waves are not reflected at the boundaries.
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Figure 2: Boundary conditions for slope model:diatic; (b) dynamic.
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The gravity acceleration of 9.81rh/s applied to the model and run until an equilibri state is obtaine:
The equilibrium state of the geometry can be askwith the horizontal and vertical displacementdrigs
and the unbalanced force become constant. Onde atgiilibrium is reached, the displacements adefieed
as zero. Earthquake record is inputted along tise lo& the slope in terms of velocity time histoDetailed
discussion on the derivation of the input timedmgtrecord is provided in section 4. Soil dampisgtitical to
the displacement and a sensitivity analysis has bagied out considering soil damping ratio betwB% anc
15%. It was found that the magnitude of displacdmanies within 50%. Similar results have been wled
by other researchers (Kong 2003, Rathje and Br&2Y19The average value, soil damping of 10% is &atbp
in the analysis which corresponds to the rangehefihduced strain levedubject to the input earthqua

motions The time histories of the displacement, veloaty] acceleration at various locations of the sfape
have been recorded.

4. SEISMIC HAZARD OF HONG KONG

In recent years, a probabilistic seismic hazarésseent studies have been undertaken by the Oy akidi
Partners Hong Kong Lttb estimate the potential seismic ground motiaele on bedrock in Hong Kong.
detailed catalogue of historical and recent eadkgevents occurred within the South China regas ieen
compiled. A suite of recent published empirical atmchastic attenuation relationships has been (Bagapin

et al, 2008) with published source models and soparameters in a logic tree analysis. Uniform tthza
bedrock ground-motion spectra having various priitias of being exceeded in 50 years have been
calculated. The results have been de-aggregatdadvestigate what earthquake magnitude and distance
combinations have contributed most to the hazarelddor the different probabilities of earthquakes

4.1. Peak Horizontal Ground Acceleration on Rock

The calculated hazard levels, in terms of peakzbaotal ground acceleration (for 5% damping) on ratkhe
three probabilities of being exceeded, are summaiis Table 4. The assessment has been underiakesak
ground acceleration and periods of 0.1, 0.2, 0@, 2.0 and 5.0 seconds. The uniform hazard respgpectra
at each probability of being exceeded are showRigure 3. It is considered that the 2% in 50 yezas
represent the design earthquake event for slopesiated with typical structures and the 1% in Barg can
represent the rare earthquake of extreme magnitudezardous facilities in Hong Kong, such as Ltd@k.

[ 5% damping

=o—1% in 50 year
——2% in 50 year
—&—10% in 50 year

——50% in 50 year

Spectral Acceleration (m/s2)

0 0.5 1 1.5 2 25 3
Period (sec)

Figure 3: Horizontal acceleration UHRS on rockssite
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Table 4: Seismic hazard assessment results

. Peak Spectral Acceleration (m/s?)
Bzgggaé))'(lc':tg e%lfe d Acceler?tion Period (s)
(m/s?) 0.1 0.2 05 1.0 2.0 5.0
50% in 50 years 0.39 0.78 0.70 0.39 0.21 0.10 0.03
10% in 50 years 1.13 2.27 1.92 0.96 0.46 0.22 0.06
2% in 50 years 2.46 4.98 4.06 1.96 0.86 0.37 0.10
1% in 50 years 3.32 6.72 5.42 2.59 1.12 0.46 0.12

4.2. De-aggregation of Hazard

The hazard results have been de-aggregated, irs terrmagnitude and distance, to investigate earthq
occurrences that have contributed the most to ¢salting ground-motion hazard. The de-aggregatias w
undertaken in accordance with the procedure recomete by McGuire (1995). De-aggregation has been
carried out for peak horizontal acceleration, drel@.2 and 2.0-second response spectral ordiniaties three
probabilities of being exceeded (10%, 2% and 1%¢ fesults of the de-aggregation represented tuefinél
and far-field scenario earthquake events at theaBd22 second respectively and are summarisedhle Ta
The neaffield earthquake magnitude in seismic sources afrdiong Kong have maximum of M = 5.5 to (
and the Dangan Island source zone 30km south ofjHkng has a maximum magnitude of M = 7. The
farfield large earthquake is dominated by the Shafiism’'ao) earthquakes with distance of 300km or
Taiwan earthquakes with distance of 600km.

Table 5: De-aggregated earthquake scenarios fog Hong

bP_robability of Return Period | Short/ Long Period M-d pair Scaling
eing Exceeded (years) (s) Factor
10% in 50 years 475 géz ,\'>|/| :8538dd=: gc?oklirn (1)2
2% in 50 years 2475 232 |\I>|/I - 76.'5?’::: ;(;mn 12
1% in 50 years 4,975 (2)?)2 ,C,A :fﬁ’dd:;fokli?n 22

4.3. Input Ground Motions

In the absence of appropriate measured strong-mogicords in the South China region, time histfrom
stable continental regions have been modified ystidg them to match the target spectrum in teguency
domain. Table 6 shows the selected earthquaked&athn similar de-aggregated magnitude and distqace
for short period motion as presented in Table & ifiput time histories were selected in order tnimise the
degree of adjustment needed, alternatively stoichsishulations of the seismological model, usingnpater
program GENQKE, developed in the University of Hdfgng and the University of Melbourne (Lam et al,
2000) were also used. The analyses of the eartegudkiced displacements in slopes are the averfatpe o
results using the scaled real time histories amdraber of random artificial simulated records.

Table 6: Selected real time history for near-fieddithquake
Name of Earthquake Moment Magnitude Distance l'§hart Period Motion
North Palm Springs, USA,
07/08/1986, Silent Valley

6.2 26 km 2,475 years and 4,975 yearls
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5. FINITE DIFFERENCE ANALYSIS

The finite difference analysis results are presgéimerable 7 and examples of the output displacemamtour
plots are presented in Figure 4. It was found #r¢hquake induced movements are generally shaliminttze
maximum residual displacements occurred near tgestrest. The displacement at the slope toe isrgkyn
negligible. It was found that the maximum resultdigplacements for 4,975 years return period amutab
45mm for slopes in flat bedrock and 20mm for slojpeshallow bedrock with a static FoS of 1.4. Hoewv
the maximum displacements increase to 200mm whensthtic FOS reduces to 1.2 (see Table 7). This
magnitude of displacement is sufficient to expéape failure. It is found that there is a lbgear relationshij
between the displacement and Ac/Am and return gefisee Figure 5).

X-displacement contours

-1.25E-01 Y-displacemernt contours

-1.256-01

-1.00E-01 N
- o
— - -5.00E-02 -5.00E-02
_— = -2.50E-02 -2.50E-02
0.00E+00

0.00E+00

Figure 4: Example of FLAC analysis output: WeathgrProfile 2 — Shallow Bedrock, Static FoS 1.2 sabj
to earthquake motion of 4975 year return perioddisplacement in metre (LHS) and y-displacement in

metre (RHS)

Table 7.  Maximum Resultant Horizontal Displacemarflopes
. Flat Bedrock Shallow Bedrock
Return Period
FoS=1.2 FoS=1.4 FoS=1.2 FoS=1.4
475 yrs 11mm 2mm 12mm 0.1mm
2,475 yrs 124mm 24mm 93mm 4mm
4,975 yrs 208mm 44mm 156mm 20mm
(a) (b)
Earthquake Induced Resultant Displacement Earthquake Induced Resultant Displacement
1000 17
1000 3 | Flat Bedrock FoS 1.2
. _ 2.7807x ] < Flat Bedrock FoS 1.4 =0.0035x 3102
c 100 4 %D y= 343.64e O Flat Bedrock —~ 100 77A Shallow Bedrock FoS 1.2 y ):/l‘
é 3 ~N J & Shallow Bedrock 1 % A Shallow Bedrock FoS 1.4 ¥ = 0.011 1511383
‘ac'; ] ~ E ] o~ o
qE) 10; AN 5 10: /// 8
8 ] N 0 % | oo 7T s g
% 1 El ~ S y=0 X // Ve = 1E-07x2 2%
a & y = 474,159 & s o VTR
S o a 14 P
0.1 - 7
] /s
] 1 s
] . s
0.01 T 1 0 ]
0 0.5 1 1.5 2 2.5 100 1000 10000
Ac/Am Return Period (Year)

Figure 5: (a) Resultant displacement in slope esAf ; (b) Resultant displacement in slope vs.mreperiod
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In order to compare the results with the publistiath based on Newmark’s sliding block method, #terél
slope displacement is represented by an “equivalept displacement”. The equivalent slope displed is
determined by averaging the resultant displacemgtite sliding mass, which was approximately 40%hef
maximum displacement. In order to adopt AmbraseysSSr&ulov (1995) for comparison, agarthquake
scenario with magnitude of 6.0 has been assumadAfbraseys & Menu (1988), a dominant period of
second in slope is used.

As shown in Figure 6, the results in this studyegalty agreed with the data from Ambraseys & Meth®88).
However, it shows that the results from Sarma (19l Ambraseys & Srbulov (1995) are lower than the
predicted values in this study.

Equivalent Resultant Displacement in Slope

10000 1

1000 A
1 5km
25km
50km N
~
100 4 ~ = gy
] ~ ~
~
~

Disp (mm)

10 4

A Flat Bedrock RN
& Shallow Bedrock )
Sarma, 1975
197 — = Ambraseys & Srbulov 1995 M=6, 5km ~ ~

=== = Ambraseys & Srbulov 1995 M=6, 25km X

= =Ambraseys & Srbulov 1995 M=6, 50km

= = =Ambraseys & Menu 1988

0.1 —tt———————F———————+————————F——————
0 0.1 0.2 0.3 04 05 0.6 0.7 0.8

Ac/Am

Figure 6: Comparison between the numerical aremhgsiults from this paper (equivalent displacemamd)
published results from sliding block method.

6. RESPONSE SPECTRUM ON SLOPE

In addition to the earthquake induced displacerimetite slopes, the response spectra have alsocoegputed
to further investigate the dynamic response ofstbpes. The acceleration pemse spectrum and spectral ri

of slope with static FoS of 1.2 are presented gufés 7 and 8. The maximum soil amplificationshatriatural
period ranged from 3 to 5.

7. CONCLUSIONS AND RECOMMENDATIONS

This study shows that the rare earthquake eved?%2year return periodpr Hong Kong, only induces
maximum displacement of less than 30mm in slopéis wistatic FoS of 1.4. However, for an existingpsl
with a FoS of 1.2, earthquake induced displacensentd exceed 100mm under earthquake in 2,475-year
return period. This magnitude of displacement nhagdten the integrity of an adjacent installation.
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Response Spectrum
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Figure 7: Acceleration response spectrum for 4)@&ss return period ground motion (Static FoS 2j 1.

Spectral Ratio
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-
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Spectral Ratio
w
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Figure 8: Spectral ratio for 4,975 years returriqueground motion (Static FoS of 1.2)

It is noted that the displacement computed basdfedistortion in each element according to thesststrain
relationship in the numerical modelling can be guiifferent to the sliding block analysis. The diifon of
slope displacement for both methods of analysecaare different criteria of failure for a slopeidas
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The earthquake induced displacement in the slople fiét bedrock is generally larger and movemenmés a
deeper than in the slope with shallow bedrock. $bi amplification factors are also estimated frtme
analytical results and they are within the rang8 ahd 5.

The results indicated that the current geotechrsitzaidards for slopes with FoS of 1.4 are geneealBquate
for extreme earthquake scenario events of 2,47b+@tarn period. However, for slopes with FoS &, the
induced slope displacement with similar events thagaten the integrity of essential facilities lerbabove
or below the slopes.
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