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Unsaturated seepage flow taught by Prof. Lumb in 1982

(HN Wong s notes)
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Slope Failures in Hong Kong €= LUMb (1975)

P. Lumb
Department of Civil Engineering, The University of Hong Kong

Summary: The recurrence of slope failures in residual soils of Hong Kong is analysed for the period 1950 to
1973, and various factors contributing to the instability are described. It 1s postulated that the prime cause of
the failures is direct infiltration of rain water into the surficial zones of the slopes, producing a loss of effective
cohesion following the saturation of the soil. Prevention of slips implies protection against excessive infiltration.

“the prime cause of the failures
[1950 to 1973] IS direct infiltration
of rain water into the surficial
zones of the slopes ...”

“Prevention of slips implies
protection against excessive
Infiltration”

Figure 10. Types of slip




Bridging the Gap between
Theoretical and Actual
Slope Performance

(1) Is there a gap ?



“Engineered” slope

Hlure
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Doing well, but
not good enough

Ching Cheung Road landslide
after upgradmg works
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Cumulative Rolling Average Annual Failure
Rate of Registered Man-made Slopes

0.64

0.61 0.61

Un-engineered slopes (0.61% — 0.38%)

0.29 0.40

Engineered slopes (0.12% — 0.06%)
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1997

» 2020
Annual Failure Rate = 0.06% (326 landslides in 24 years)




Annual Failure Rate (Permanent Structures in Hong Kong)

Type Unengineered Engineered
M one | ~1/200 ~1/2000" 3 :
Re\t/?/g;: | ~1/500 Negligible
Building not known Negligible

# ~ 6% of the slopes would fail at least once
In notional 120-year design life



Bridging the Gap between
Theoretical and Actual
Slope Performance

(2) Where come the gap ?



Systematic Landslide Investigation (1997 onwards)

~—~~

All landslides ~10% ~ 1%
> I > | >
1) Examination | (2) Landslide | (3) Forensic
(~300 nosfyr) | study/review ! investigation

1994 Kwun Lung Lau Landslide

Systematic

landslide investigation
as part of the
Landslip Preventive Measure
(LPM) Programme
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Morgenstern (1995 & 2000)

Model

Parameter

Human

R

Failure mechanism

differs from
the model
analyzed in design
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Wash-out failures

Concentrated = Environmental Factors in Triggering Slope Failures
surface water flow
in urban

S.W.C. Au & R. Y. C. Suen
Geotechnical Engineering Olffice, Civil Engineering Department, Hong Kong
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(i) Topographic

e.g. concentrated discharge at low point
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(i) Topographic e€.g. road bend

¢ ‘I
»

Surface
waterflow

-

&

Rourface
Qaleier flow




Roads flow like river

Typhoon Lionrock Oct 2021
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(if) Blockage  e.g. surface drainage channel

Blockage by debris and
unplanned vegetation

Channel
blocked

watersflows




Lack of slope maintenance
HiSoil |
eresion

) \Vegeta éltm ’?~1

Cracked/broken / ' £

g Slnpe surface..

& Bloc.ked
dramage
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19938 Tong Fuk
debris tlood




faillire at fill
embankment

(ii) Blockage

e.g. catchwater blocked by
landslide debris

Cut slope
failure

Surface
water flow
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(ii) Blockage e.g. road blocked by landslide debris

Cut_ slope \\Surface
failure YRl
N\, ¥flow

- as;f
e
Blockage by

landslide
debris

\ .
¥ Washout failure




Fill slope + eroded to weathered rock




(iii) Deficient drainage alignment and detailing

-

(HN Wong 8.10.2021) (Raymond Cheung 8.10.2021)
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Relationship between Rainfall and Landslides in Hong Kong

E. W. Brand, J. Premchitt & H. B. Phillipson

Geotechnical Control Office, Engineering Development Department, Hong Kong

Brand et al
<— (1984)

. landslides in Hong Kong are heavily dependent
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Percentage of total no.
landslides reported

~Washout (erosional)

~Washout
(increased
infiltration)

_——-~

12 14 16

0 2 4 6

; = - - :
Hours after maximum hourly rainFall Tintensity

SRR
e
e ateesst

s \
e
e
2

sl ()
SOOSONS
e

on the magnitude of the short duration rainfall
Intensity, with a threshold value of about 70 mm/hour”

Soll infiltration rate
<5x10%m/s
=18 mm/hr << 70 mm/hr

Thickness of wetted zone
<0.5min2hrs

“Genuine” landslides
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Travel Angle (degree)

10

Wong & Ho (1996 & 2000)

52 o Washout
COO OO ° O
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Worst Credible Limit
(Washoqut & Liguefaction)

A

e SLIDING (FILL)
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Nov 2021 Peak Road

Triggered by burst of water main, mobile but
NOT washout failure

Leaky water main

ﬁL" Caissons
e

Slip surface
Loose fill (liquefied?)

Weathered
volcanics

Schematic Cross-section
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Morgenstern (1995 & 2000)

Model

Parameter

Human

(1) Washout failure

(2)

|ocal weakness
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Local weakness: Relict Discontinuities

Weathered profile in saprolite
(from Geoguide 3)
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1997 University Station (20 m3)

l_ KCRC Boundary ——

mPD Pavement
0 TAI PO
4 Loose pale Xellow brown
fine to medium-grained
slightly silty SAND
35 — (Granitic Residual Soil)
CDG
Pre-failure surface
30 Minor quantities of debris
SDG
25 Minor gulley and surface erc
Exlremel{ weak light brow Shotcreted
20 completely decomposed slope section
medium-to coarse-grained Approxin
GRANITE (CDG) debris es
discussio

15 —

10 - S
Up Down
line line

5 T | T T T T T T T l |

0 5 10 15 20 25 30 35 40 45 50 55
Distance (m) :
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1993 Cheung Shan Estate (50 m3, 1 fatality)

Colluvium

P Ground profile

before landslip

1051 300mm U-channel
4
Ground profile .y

after landslip

i 100

Weathered
granodiorite

Approximate position
of bus at the time
95k of landslip

Position of temporary
shed before landslip

901

85t
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Perched Water Table (near slope crest)

Rain Upslope
infiltration
Loose Perched 1 | __—recharge
’ water table N /0

permeable 5y
(colluvium)

/ N\

, L
Significant ¢

reduction of ¢°, ¢
due to high Ru Dense, less permeable

(saprolite)
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Original FOS (if d = 0)

2.4 .
59 Failure due to
Perched : formation of

Water g » | Perched water table

level \_—" CoMuvium ~ 1g ...

i 1.6

¢ L ~ 1.4 |--------

| A 1.2
1

02 04 06 08 1
d/h

(rise in perched water level)
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Model

_ <:: (1) Washout failure

Parameter

Human

] <1]: (2) Local weakness

_ )
<ﬁ Mayjor latent defect

[

B “concealed:

could not be discovered by
reasonable and customary
observation or inspection”
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1997 Hong Tsuen Road (250 m3)

it o ¢ %

' 'ung Outdoor: ¥

[ .

Government slope
formed in 1981
(16 yrs before 1997 landslide)
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1997 Landslide CDV

: soft sandy silt
(slope gradient = 28 °) (to sandy glay)

\ |

45 ____Hong Tsuen Road Cut Slope No. 8SW-C/C3 , Natural terraid
Borehole S2 @
Npper layer - CDV (offsct o e
40- 250 mm H )
Lower layer \ CDV Urchannel E
Extent of highly to moderately B
decomposed volcanic rock unknown -
Rupture surface = _—
35 (with measured angles) E C‘Dv
Landslide debris gﬂtﬂ;‘;‘e S§E - ; _ .
250 mm U-channel N ’)” E (Stiff sandy silt
B </ E clagy)
. = - =
Gl Original ground profile " - A
.§ Rock exposed at toe of slope, \ -7
= 10 m SW of section 7
>
o 25+
25

le debris

20

= v v
| |
]
- \%
» Postulated
\% \% \Y, Y \Y \% v rockhead Y, Y, Vv
. M/SDV
\Y \" V \% A\ \" \' \% \" A Vv A
A\ \' \% \Y \% \ \" Vv g Vv A\ Vv A\ \
(I) 5 10 m
10- 1 1
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Design Cross-section
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Design parameters for CDV1.:
¢’=0;¢=37°;y=18 KN/m?

FOS| 1in10Yrs | 1in1000YTrs
S1 2.17 2.03

S2 2.04 1.72

S3 1.83 1.63
397 1.61 1.61

1 1n 1000 yrs cwL
11n 10 yrs gwL

1997
landslide (S,;)

ACALA s
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Clay-rich CDV Subsurface flow
with low permeability bands) Seepage concentration

ﬁbse I’Vﬁ‘d Core
after
landslide

~5m
stone slab ,*
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1999 Shek (6000 m3)

Tension cracke=
(Displaced firea)z







Elevation8 (mPD)

10

Failure controlled by
Kaolin-rich discontinuities

’/

5 K Infilled cracks
RS N 0ld chunam-
/ covered surface
—Main scarp =

Landslide
= |
§ Blo«
3.
\
-
Silty clay layer

(approx. 10 mm thic!
== o B (P, i,
(offset 5.5 mﬁ 4 (offset 6 m)
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Safety margin from original FOS = 1.4 1.6 2.0

Due to
kaolin-rich
structures

Due to
kaolin-rich
structures

and
elevated
water level

> — E

1999 Shek Kip Mei Best-fit (Kaolin: 20°)
(Saprolite: ¢’=8 kPa; ¢’=38°) i i I 68% Lower B (Kaolin:16°)

1998 Sai Sha Road m Best-fit (Kaolin: 19°)
(Sap[rolite: ¢’=6.5 kPa; ¢’=33°) P 76% Lower B (Kaolin:10°)
1 1

1995 Shum Wan Road [T Best-fit (Kaolin: 21°)

(Saprolite: ¢’=5 kPa; ¢’=38°)

1995 Fei Tsui Road [INNETZY

(Saprolite: ¢’=10 kPa; ¢’=35°)

est-fit (Kaolin: 29°)
Lower B (Kaolin: 22°)
I I 1 I 1 I I 1 I I 1

49%

0% 20% 40% 60% 80% 100%

Percentage Drop from FOS of Original Design

Best-fit

1999 Shek Kip Mei 77% Lower B

Best-fit
83% Lower B

1998 Sai Sha Road

1995 Shum Wan Road Best-fit

Best-fit

1995 Fei Tsui Road
63% Lower B

0% 20% 40% 60% 80% 100%




Lamb vs Lion

Roman
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1997 Ching Cheung Road (5000 m3)

Three ‘Phases’ of Detachment

I R |

Upslope lim it-of exlenarlvel
first observed -on_28° July

Z—

3 Augl997
17 July 1997

7 July 1997

Approximate extent of landslide
debris, 7 July 1997

Old Ching Cht
area at the L

Approximate extent of landslide gggrril;:d‘x;m'lflyex:begrl’l og)le

debris, 3 August 1997

Legend:
S L ted/
Q d:‘og:gccir;‘spn‘xv%rekdsr|e9%r(‘)ogzled []:D:]:ﬂ Landslide scar Landslide debris
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2000 m? detachment
on 3.8.1997
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582 mm of rain recorded
between | July and 4 July

821 mm o’ rain recorded
between | July and 7 July
et L
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Delay Failure (w.r.t. heavy rain)

219 mm of rain recorded between 278.5mmi of rain recorded between
15 July and 17 July 3:00p.m. | August and 3 August 11:15a.m.
[ |

__First fatlure

(500 m®) Second failure
on 7.7.1997 (700 m3)

Third failure
_ o on 17.7.1997 (2000 m3)

M ~ on38. 1997

\

R [11) S— \.M

$ 9 30 H 1’ B M\)" l(l7 18 19 20 21 22 23 24 25 26 27 28 29 30 3l I\ll 4 &

———

Date in July 1997 Date in August

S-day delay
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 1INW-A/C55 Landslip

\ preventive
JINW-A/CE6 s {557 RN Works
e TR & (cutting back)
— -1 : . by GEO
Chlng Cheung Road after Cutting Back (1992) in 1991-92

A\

Ll j\ \/\ B AVACS)5)

1INW-A/C56

g

Photo No. I
Ching Cheung Road before Cutting Back (1990)
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Bridging the Gap between
Theoretical and Actual
Slope Performance

(3) What have we done ?



Enhanced Slope Engineering & Management

Prescriptive measures
(+ attend to surface water)
(1) Washout A Robust <~ Emergency
failure design response

(Mixed, usually A
smaller scale)

(2) Local

weakness 4
(Smaller scale)

00

a0

(3) Major latent

defect Slope
(Larger scale) N Mmaintenance <~

48



Prescriptive Measures

pre-determined, experienced-based and suitably conservative
modules of works prescribed to improve stability or reduce risk,
without detailed ground investigation and design analysis

APPLICATION OF
PRESCRIPTIVE MEASURES
TO SLOPES AND
RETAINING WALLS

GEO REPORT No. 56
(Second Edition)

H.N. Wong, L.S. Pang, A.C.W. Wong, W.K. Pun & Y.F. Yu

GEOTECHNICAL ENGINEERING OFFICE
CIVIL ENGINEERING DEPARTMENT
THE GOVERNMENT OF THE HONG KONG
SPECIAL ADMINISTRATIVE REGION

49
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Prescriptive Measures

| Type 1: surface drainage & protection

DEALING WITH S

?)Lri’i'{ y\\ (\2,[ CONCENTRATED
AND . SURFACE WATER IS
; FLOW 5

PROTECTION—

LOCAL
TRIMMING
& SUPPO RT—l

Type 2:
subsurface
drainage

Type 3. 4w  E -
support, e.g. i o ¥ -..venlarged

soil nails & Y channel




Robust Design Scheme (e.g. soil nailing)

Cut back Soil nails

Very sensitive to uncertainties Less sensitive to uncertainties

51



Effect of Cutting Back on FOS

1.4
Fos 1
1.3

Shallow 4’
Cut back

: Possible
clay seam

Design intent:

cut back to increase FOS

But:

may reduce FOS
of failure
controlled by

latent defect or
local weakness
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Elevation (mPD)

90

80

70

60+

50

40

30 _
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1997 Lai Cho Road (35 md)
1 m thick colluvium overlying weathered granite

West-Northwest . Rock slope . Soil slope \ East-Southeast

‘ Fcnc: School playground
\ i‘IJOOhmm-dleep
Slope upgraded 1988
by cutting back 2
Superficial erosion of ground o 3D0

surface by debris movement

D114
or water Mow

(offset 17 m north)
D135P

{offset 3 m north)

Debris deposited at
toe of the soil slope

“weathered
granite

Schematic respresentation of
rock slope component

Planting
berm
Footpath

Lai Cho Road




Improved reliability:

Bow - L ess sensitive to adverse
{ ground conditions

w411 + Less vulnerable to local
failure (large integral
mass)

Improved ductility:

days/weeks before full
detachment
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FOS

Probability
of failure

Risk
of failure

Robust A TR
Design Soil-nailed

“outsfope- -

R =
-
Improved
. “~~.__reliability
RS T u

/

.. Improved
*._ductility

2
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Slope Maintenance (since late 1990s)
... to avoid deterioration and upkeep function

Geoguide 5

Guide to
Slope Maintenance

Geotechnical Engineering Office

Civil Engineering and Development Department
The Government of the Hong Kong

Special Administrative Region

Y VYV

Routine inspections and
maintenance

Engineer Inspections

Checks of buried water-carrying
services

Monitoring of special measures




Aug 1999 Tsing Yi Road
(detached 300 m3 + displaced >5000 m?)

pe St . 5 e,
e B LN,

S -
Pl
______

-
-
-
s, e 4
)
-
——

—
el e ==
-
—
—
s, e

=
-

—— -
- . c
- -

Tsing Yi Road U-channel & steps
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Engineer Inspection & Emergency Response
(reduce consequence, hence risk)

' ~\: 1INE- B/C254
11NE B/C262 :

1
\
\
\
1
1
1
\
\
1
1
\
1

>
Photo taken-in Feb 1999 | } 5
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Improvement (1997 to 2020)

10-Year Rolling Average Annual Failure Rate ( % )

0.8

0.7 +

06 +

05 +

04 +

03 +

02 +

01 +

0.0

10-yr Rolling Average Annual Failure Rate of -
Registered Man-made Slopes

“* 4| Un-engineered slopes (0.61% — 0.29%)

... 043
-

LTI Y

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Note: 10-yr rolling average adopted to
“even out” rainfall effects

Reduced
by ~2/3
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To minimize, yet
(2) Local weakness smaller  difficult to eliminate

(Smaller scale) scale !
(1) Washout failure ~ + holistic
(Mixed) = 1— - risk management
4
3) Major defect Larger .
( )(Largjler scale) scale To avoid

as far as possible

60

‘ Major (= 50 m?) \’

Minor
| > (<50 m3)

Minor
(<50 m?)

1997 & 1998 (42 cases) 1997 to 2020 (326 cases)




Apparently improved

*s — 10-yr Rolling Average Annual Failure Rate of
Registered Man-made Slopes

“' Un-engineered slopes (0.61% - 0.29%) | |~ [ Deg ree of

T R improvement
from the
S — e " UL
S — Optimistic
Minor

M
L (s50md) ’ — (<531r?1§)

1997 & 1998 (42 cases) 1997 to 2020 (326 cases)

10-Year Rolling Average Annual Failure Rate ( % )
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Bridging the Gap between
Theoretical and Actual
Slope Performance

(4) What next ?

HONG KONG

GLIMATE
CHANGE -

REPORT 2015

More Rain + More Extreme Rainfall

BH#IPCCRMMBIER &
BRAERBAEERT Bt
Ei RS FMNE HH1885-
2005 MM3%E - EFAZ2006- o
210089125 « Jpoh - 218 (k)
LRFENBFERBE RiEEK 100
1986-200568) FHREME LA 5o
#180%K - WRMEBEHTE

AR - o0

400

P
ﬁéhﬁi%%ﬁﬁ%@m%%

EHEBF
‘Bﬂb 20055 F

200

-600 -

7 =
! /
-200 e
-400 —— P s

1951- 1971- 1991- 201- 2031- 2051- 2071~ 2091-
E ﬁ ﬁ ﬁ 1960 1980 2000 2020 2040 2060 2080 2100
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Overall Risk Assessment

Annual Probability Consequence Risk
%x88% | Minor failure 10% of -
(<50 md) | x | referenced
: = 0.035% landslide #
Engineered |0.04% ’ L Sum
slope Major failure 100% of
(=50m3) | x| referenced
x12% | =0.005% landslide # | -
# Potential loss of life (PLL) by 50 m?3 direct hit (Wong & Ho, 1995)
Facility Group, FG (Example) Consequence (PLL) #
1 (densely used building; road with very heavy traffic) 3
2 (lightly used building; road with heavy traffic) 1
3 (densely used open space; road with moderate traffic) 0.1
4 (lightly used open space; road with low traffic) 0.01
5 (remote area; road with very low traffic) 0.001




Risk of Engineered Slope Failure, PLL / yr
(PLL = Potential Loss of Life)

As Low As Reasonably Practicable

(ALARP) Unacceptable
FG Risk Risk / 500 m long Consultation Zone (PLL per year)

/Slope |11 slope/zone | 2 Slopes/Zone | 4 SlopesiZone | 8 Slopes/Zone
1]25x10*1"26x10%4 | 51x10% | 1.0x103% | 2.0x10°"
2| 85x10° | 85x10% | 1.7x10% | 3.4x10* | 6.8x10*
3|85x10° | 85x106 | 1.7x10° | 3.4x10° | 6.8x10°
4| 85x107" | 85x107 | 1.7x10°% | 3.4x10® | 6.8x10®
5| 85x10° | 85x108y 17x107 | 3.4x107 | 6.8x107

Broadly Acceptable Ngtgt: I\'IZ > l'aigdS'l'/?%SL'E Ef




Note: Frequency iIn the late 1990s was ~5 times higher

FG1 QEG1 (8!slopes) I
‘I[ PeH4sIopes)
__l('l\?% Ql ,,,,LD Q)
) FG1 (1/sione Unacceptable
y ; I 1l ARae \\
— et
N
NG b
QT AL SIOPE) ~
A T FG4 88 esS) A L A N
FG4 \\\‘ | N
) hﬁcsﬂc’s ope) ~
FG>5 J Broadly Acceptable™
1 10 100 1000

Number (N) of fatalities

1x102

1x10-3

1x104

1x10°

1x10%

1x10-7

Frequency (F) of N or more fatalities per year

(o)}
U



Way Forward
1. Continue with enhanced practices

» Robust design >> “over precise” calculation

(44

» Holistic risk management >> “zero” failure

» Professional skill >> “standard” procedures

“In the soil engineering world
It 1s all too easy to spend time
on calculating what can be calculated
rather than on what should be calculated, to giving

an over precise answer to the wrong question ...”
(Lumb, 1980)
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2. Enhance drainage

Chal Wan Ho Man Tin
» Launch slope (Oct 2016) (Oct 2021)
drainage = 1T
enhancement
projects

» Improve drainage
design & detailing

» Provide redundancy
(give up self-
cleansing velocity)




3. Attend to slopes with severe consequence

™ » ldentify these slopes
(“Super” Category 1
—PLL >>3)

» Call for risk
assessment (apart
from FOS)

» Require robust design,
or risk management
measures (e.g. warning
system)

68



4. Communicate risk with stakeholders

» Know where we are

Engineered Slope
Overall Annual Failure Rate

Not -3
Not robust | maintained sl

Maintained ~8x10*

Average | Maintained | ~4x10%

Robust Maintained <4x10°

» Explain & engage
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