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Abstract

In Hong Kong, slope failure in weathered granite and volcanic rocks has been studied extensively, but the impact of

hydrogeological conditions on slope stability has received much less attention. It is customary in Hong Kong to assume that the

hydraulic conductivity (K) of weathered igneous rocks decreases with depth or as the rock mass becomes less weathered.

Generally studies of groundwater for determining slope stability treat the saprolite above the rockhead as an aquifer and the

rockhead as an impermeable boundary. This paper examines direct and indirect aquifer hydraulic information scattered in

various sources and demonstrates that such a model may be inappropriate. Evidence is cited to show that, at least in some

places, a relatively high hydraulic conductivity (K) zone (HKZ) may exist at depth, either in the lower saprolite or at the

rockhead.

The completely decomposed igneous rocks, if significantly kaolinized, may have low permeability and behave as a

confining zone for the HKZ. The groundwater flow regime in such an HKZ may be confined, resulting in a higher rise in

water pressure in response to rainfall than might otherwise be expected. These high pressures may result in a significant

reduction in slope stability. An examination of the cross-sections of some well-known landslides in Hong Kong reveals a chair-

shaped rockhead profile. Numerical models coupling saturated and unsaturated subsurface flow are used to investigate the

saturation process in the presence of an HKZ in slopes in response to typical rainstorms. The simplified Bishop’s method is used

to calculate changes in the factor of safety for slopes during such rainstorms. The saturation process and pressure distribution in

a slope are complicated by the presence of an HKZ. An HKZ that is blocked at the toe represents the worst hydraulic condition

for slope stability. The paper concludes that, although slope stability studies in Hong Kong have tended to focus on perching

within the regolith, a critical hydraulic boundary condition may exist locally at the base of the regolith.
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Heavy rainfall is a critical factor in triggering land-

slides in Hong Kong because it generates rapid
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increases in pore pressure in the vadose zone and

groundwater flow in the saturated area. Slope instabil-

ity in weathered igneous rock in response to rain-

storms has been studied world-wide (Terzaghi and

Peck, 1967; Deere and Patton, 1971; Zhang et al.,

2000), and it has been noted that a relatively perme-

able zone may exist in a weathered profile of igneous

rock. The sequence of permeable and impermeable

layers in slopes underlain by residual soils was dis-

cussed by Terzaghi and Peck (1967, p. 432). Such a

sequence was later described in detail by Deere and

Patton (1971, pp. 91 and 97) who regarded the pre-

sence of a permeable zone in the middle of a weath-

ered profile of intrusive igneous rock to be a common

feature and suggested that slope instability is often

associated with such a zone. A landslide with a rela-

tively high conductivity zone confined by a clayey

surface layer of low hydraulic conductivity was

reported by Rogers and Selby (1980). They hypothe-

sized that failure was induced by excess pore pressure

that developed in the confined layer after heavy rain-

fall. Montgomery et al. (2002) observed artesian flow

in bedrock fractures on a failured slope surface.

Recently, Sidle and Chigira (2004) studied landslides

and debris flows in Kyushu, Japan and suggested that

the landslides were triggered by rapid buildup of pore

water pressure in fractures and interstices of the

weathered andesite, or at the soil–bedrock interface.

Groundwater numerical modeling has been used to

understand the patterns of groundwater flow in slopes

and their impact on slope stability. As Hodge and

Freeze (1977) pointed out, gravity-driven ground-

water flow in slopes is dependent on topographic

conditions and the distribution of materials with dif-

ferent hydraulic conductivity. Richard and Mark

(1992) and Mark and Richard (1992) used numerical

modeling to study the gravity-driven groundwater

flow in saturated slopes under steady state, and dis-

cussed the potential for slope failure associated with

different seepage force fields. The effects of slope

morphology, material properties and hydraulic hetero-

geneity were investigated, and it was found that where

a slope-parallel low hydraulic conductivity layer acts

as a bcapQ on the flow system, large outward-directed

seepage forces occur at the slope toe leading to high

failure potential.

In Hong Kong, the principal rock types are

granite and silicic volcanic rocks. The weathered
rock materials are classified into six grades by the

Geotechnical Engineering Office (GEO) (formerly

Geotechnical Control Office (GCO)) of Hong

Kong (GEO, 1997): residual soil (VI), completely

decomposed rock (V), highly decomposed rock (IV),

moderately decomposed rock (III), slightly decom-

posed rock (II), and fresh rock (I). Saprolite is defined

as the zone dominated by Grades V and IV. The

brockheadQ, which is the upper boundary of bedrock,

is defined as the upper surface of a zone dominated by

Grade III.

Slope failure in weathered igneous rocks has

long been the subject of local research, but the

impact of hydrogeological conditions on slope sta-

bility in Hong Kong is still poorly understood

(Hencher et al., 1984; Hencher, 2000). The first, and

still the most comprehensive, study related to hillside

hydrogeology in Hong Kong is the slope stability

investigation in the Mid-levels area carried out more

than 20 years ago (GCO, 1982). Over 400 boreholes

were drilled in the Mid-levels area of Hong Kong

Island and many hydraulic conductivity tests (bore-

hole tests, infiltration tests, pumping tests, and labora-

tory tests, etc.) were carried out. The hydraulic

conductivity test data from all of the boreholes were

plotted together (GCO, 1982, pp. 142–144). There is

significant scatter but there appears to be a trend of

declining hydraulic conductivity with depth. Since

then, a characteristic reduction in hydraulic conduc-

tivity with depth has been widely assumed in engi-

neering studies. The default hydraulic conductivity

profile is a permeable saprolite on impermeable bed-

rock, although perching may be assumed at the base

of the colluvium, where such material is present.

Either a gradual or step decrease in hydraulic con-

ductivity with depth is compatible only with an

unconfined aquifer model. The regionally influential

and internationally cited Geotechnical Manual For

Slopes (GEO, 1994) states that bIn Hong Kong, aqui-

fers are usually unconfinedQ.
Groundwater flow modeling associated with

slope stability studies of igneous rocks in Hong

Kong has been carried out since the 1980s. Leach

and Herbert (1982) and Lerner (1986) developed sim-

ple finite difference numerical models for the Mid-

levels area using over 30 node points to assist in

understanding the hydrogeology of the steep hillside.

Assuming that the granite bedrock was effectively
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impermeable, the models only simulated the saprolite

and colluvium regolith. Because the models were

unable to reproduce the measured high water level,

a recharge from the bedrock had to be added to the

model. Since the 1980s, computer techniques and

numerical algorithms have advanced enormously.

However, the understanding of hydrogeological char-

acteristics of hillslopes in Hong Kong has not

advanced equally (Hencher, 2000). The model pro-

posed by Leach and Herbert (1982) and Lerner (1986)

remains the norm. Generally, groundwater flow mod-

eling still focuses on the so-called unconfined ground-

water flow in the narrow strip of saprolite around the

landslide scar and recharge from the bedrock is

entirely ignored (Nash and Arthurton, 1987; GEO,

1996).

A research team in the Department of Earth

Sciences, the University of Hong Kong has carried

out a series of studies on coastal hydrogeological

conditions with special reference to Hong Kong

(Jiao and Tang, 1999; Jiao and Li, 2004; Jiao et al.,

2004). This paper summarizes the findings related to a

confined groundwater zone in weathered igneous

rocks and its impact on slope stability. The paper

first examines critically the widely accepted hydraulic

conductivity profile by reviewing published hydraulic

conductivity data and groundwater observations from

various geotechnical activities in Hong Kong, includ-

ing tunneling, pile construction, deep excavations,

site investigations and slope works. Evidence is

cited to show that, at least in some locations, a

relatively high hydraulic conductivity zone may

exist at depth, either in the lower saprolite or at the

rockhead. This paper then examines the common

failure features of some well-known deep-seated

landslides in Hong Kong. Cross-sections of some

deep-seated landslides reveal a chair-shaped rockhead

profile. Finally, numerical models are used to inves-

tigate the groundwater flow and slope stability in

weathered igneous rocks under different hydrogeolo-

gical conditions.
2. Geological and hydrogeological evidence of a

permeable zone

Hong Kong has a long history of geotechnical

engineering activities including deep excavation,
tunnel construction, and landslide investigations.

An attempt has been made to collect and exam-

ine all the direct and indirect aquifer hydraulic

information scattered in various site investigation

reports and academic papers for possible evi-

dence of a permeable or confined groundwater

zone in weathered profiles developed on igneous

rocks.

2.1. High hydraulic conductivity zone (HKZ) indi-

cated by hydraulic conductivity profile at a deep

excavation site

Davies (1987) presents data from borehole rising

and falling head tests, packer tests and pumping tests

at the MTR (Mass Transit Railway) Wanchai station

construction site. The site is 60�40 m and was

described as being underlain by fill, marine deposits

and alluvium, residual soil, completely decomposed

granite, highly decomposed granite, and granite bed-

rock, as shown in a representative cross-section of

Fig. 1. Hydraulic conductivity (K) vs. depth from

numerous boreholes scattered over an area of

several square kilometers, such as the Mid-levels

area, may be misleading. However, in a small

area such as that at Wanchai station, measured

K data from various boreholes may correctly reflect

the change of K with depth. The measured hydraulic

conductivity profile at this site is reproduced in Fig. 2.

The K of the fill material at the top is greater than

10�5 m/s. Below the fill material, K increases with

depth in the completely decomposed granite (CDG),

achieves a maximum around a depth of 50 m where

Grade III rock predominates, and then decreases with

depth in the Grades I and II rock. Pumping tests

further confirmed that an HKZ exists in the dLower
CDGT (Table 1).

These results are not unreasonable. It could well be

that a more permeable region exists in the lower

saprolite and upper weathered bedrock zone due to

the presence of well-developed jointing systems

which are hydraulically conductive.

2.2. Permeable zone revealed by tunnel construction

Observations on the groundwater conditions dur-

ing construction of the southern portal of the

Aberdeen tunnel in Hong Kong suggest the exis-
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tence of a permeable zone at depth in the hillside.

From the site investigation bIt appeared that an

artesian condition could exist in the lower part of

the hillside where the base of the hill was covered

by residual soil and colluvium, and the main source of

water and water pressure was from the more perme-

able zone at the weathered rock and fresh rock con-

tact. Following rains, this zone could have sharply

increased piezometric levels because of its continuity

in an uphill direction, where it could be charged by

infiltration in areas of thin colluvial or residual soil

coverQ (Twist and Tonge, 1979, p. 18). During con-

struction it was noted that ba sharp interface between

the sound and decomposed monzonite produced water

inflows that could only be controlled by pumpingQ
(Bevan, 1984, p. 33).
Increasing K with depth was also revealed

during construction of the Hong Kong and Shanghai

Bank seawater tunnel in the Central district of

Hong Kong. Cowland and Thorley (1985, p. 4) say

that b. . . a considerable thickness of completely to

highly decomposed granite exists in the area. . . It is
interesting to note that whilst the permeability tests

undertaken in this material showed a wide variation of

values, there was a trend of increasing permeability

with depthQ. An HKZ at this site was confirmed by

Troughton et al. (1991, p. 414): bA series of constant

head water extraction tests which had previously been

done in the completely decomposed granite also

showed (that) at a depth of 10 m above rockhead

the average permeability was 6�10�6 m/s whereas

close to rockhead it was 6�10�5 m/sQ.
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2.3. Highly confined groundwater in the Mid-levels

area, Hong Kong Island

Two standpipes, one 15 m and the other 20 m

long, were installed in boreholes that were drilled to

a depth of 58 m in 2000 for site investigation

purposes at No. 52, Hollywood Road, Hong Kong

Island. This site consists of fill, colluvium, and

completely to highly decomposed granite. Detailed

description can be found in Jiao et al. (2003).

Groundwater was observed to flow continuously

from the standpipes. After extensions were added to

the top of the standpipes, the water level in the pipes
Table 1

Hydraulic conductivity in the weathering profile at a construction

site for the MTRC Wanchai station, Hong Kong (Davies, 1987)

Zone Permeability (m/s)

Fill N10�4

Marine deposits 5�10�5

Upper CDG 5�10�7

Lower CDG 5�10�6
rose to 0.6 and 3.7 m above the ground surface,

respectively. This indicates that the groundwater at

this site is well confined. Chemical analysis of the

water samples from the standpipes confirms that the

water was from deep groundwater, not leakage from

service mains (Jiao et al., 2003).

A further examination of the borehole and piezo-

metric information collected from various sources

indicates that the overflow phenomenon is quite com-

mon in the Sheung Wan and Mid-levels area, Hong

Kong Island. These areas are underlain by volcanic

rocks with a granite intrusion. The most plausible

hydrogeological model to explain the presence of

confined groundwater is that the highly decomposed

rock and saprolite (Grades V and IV) form an aquitard

that confines the water near the rock head (Grades III

and higher) (Jiao et al., 2003).

2.4. Kaolin-rich saprolite, a possible aquitard

A series of studies have been carried out by the

Geotechnical Engineering Office (GEO) to improve
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the understanding of the origin, distribution and char-

acteristics of kaolin-rich zones in weathered rocks

(Campbell and Parry, 2002). Manganese oxide and

variably kaolinized, highly to completely decomposed

volcanic and granitic materials are common within the

kaolin-rich zones. Fig. 3 shows a typical kaolin-rich

zone, which is in Grade IV/V. As can be seen from

this figure, Grade IV/V consists of firm and dense silt

and clayey silt, with relict joints filled with clay.

Consequently, the overall hydraulic conductivity of

Grade IV/V material is believed to be poor. Fig. 4

shows a kaolin infill exposed in a cut slope in Hong

Kong. The kaolin infill was approximately 150 mm

thick and was overlain by fill. The basal surface of the
Grade III 
corestone 

Fig. 3. Kaolin-rich soil dominated by Grade IV/V decomposed from coa

Campbell and Parry, 2002).
infill was bounded by Grade III granite rock (Camp-

bell and Parry, 2002). This kaolin zone is approxi-

mately parallel to the slope surface. Similar kaolin

zone was also found at the Shum Wan Road landslide

(Kirk et al., 1997).

In few cases, the kaolin infill was observe to be

laterally extensive (GEO, 1996) and at the site of Shek

Kip Mei, the infill was proven to extend continuously

for up to 60 m laterally (Fugro Maunsell Scott Wilson

Joint Venture, 2000). Although in most cases, the

infill was of limited extent, giving the appearance of

a bpocketQ (Campbell and Parry, 2002), but such a

pocket of clay is believed to be widely disseminated in

the weathered igneous rocks (Fig. 5).
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Fig. 4. Kaolin Infill Exposed at a cut slope in Hong Kong. The kaolin infill was approximately 150 mm thick and was overlain by fill. The basal surface of the infill was bounded by

Grade III granite rock (Campbell and Parry, 2002).
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Fig. 5. Schematic representation of kaolin in weathered granite and volcanic rocks in Hong Kong (from Campbell and Parry, 2002).
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Most kaolin occurs in Grades IV–VI and its

vertical distribution is controlled largely by relict

discontinuities in the saprolite. The thickest kaolin-

rich zones and kaolin infills are associated with

low-angle discontinuities dipping sub-parallel to nat-

ural slopes. Kaolin and kaolin-rich zones are rela-

tively uncommon in Grades I to III rock. Fig. 5

presents schematically the distribution of kaolin in a

typical weathering profile (Campbell and Parry,

2002).

The vertical distribution of kaolin-rich zones on a

hillslope has important hydrogeological implications.

Both lithologic and geological evidence show that

saprolite can sometimes be a good confining unit for

the underlying groundwater because of its overall low

hydraulic conductivity caused by widely distributed

kaolin.

2.5. Possible confined groundwater zone indicated in

landslide studies in Hong Kong

It is important to determine whether or not any

Hong Kong landslides that have been investigated in

detail show a confined aquifer. So far, the reports of
10 large landslides have been examined. Unfortu-

nately, comprehensive hydrogeological studies were

not carried out at any of these sites. Reports from only

three sites give some description of the hydrogeology.

These sites are Tsing Yi (1) (TY), New Territories

(GCO, 1983), Tuen Mun Highway at Chainage 550

(TMHC) near Tsuen Wan, New Territories (Choot,

1984), and Siu Sai Wan (SSW), Hong Kong Island

(Ho and Evans, 1993). These sites are all in the areas

of igneous rocks.

Weepholes and shallow horizontal drains at the TY

and SSW sites were found to remain dry after rainfall

but deeper horizontal drains produced water. Perhaps

this is because the deeper drains were connected with

groundwater in the bedrock.

At TY and TMHC water levels measured in the

piezometers in the completely decomposed rock did

not show a large response to rainfall. For example, a

shallow piezometer in the highly decomposed granite

near the top of the cut slope at TY showed a rise of

about 1.5 to 2.0 m after a rainfall. However, the

groundwater level in a piezometer installed in the

bedrock near the toe of the slope showed a rise of 7

m in response to the same rainfall. These differences
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reflect the confining effect of the saprolite or perhaps

a cleft water pressure was intercepted by chance.

In SSW piezometers above bedrock generally

showed no response to rainfall, whereas those in

or near the bedrock showed a strong response (Ho

and Evans, 1993). An upward groundwater flow from

the bedrock was noted, although it is not clear if this

was caused by the confinement of a low permeable

zone in the weathered rock profile or if the slope is at

the discharge zone of a regional groundwater flow

system.
3. Shape of the bedrock in some slope failures

The slip surfaces of most of the deep-seated and

slow-moving landslides in Hong Kong appear to be

controlled by the boundary between completely

decomposed rock and moderately decomposed rock.

Examination of the cross-sections of some well-

known landslide sites reveals a strikingly common

feature—the rockhead profile has a depression near

the toe of the slope (this is referred to as a chair-

shaped rockhead profile hereafter). Fig. 6 shows the
Saprolite

Water level in Grades II-III
after heavy rainfall

Seepage or
soil piping

Seepage

Possible sliding
surface

Top of
bedrock

Fig. 7. A conceptual model for some deep-seated landslides in
interface between saprolite and bedrock in eight well-

known failures in Hong Kong (GCO, 1983; Choot,

1984; Martin, 2000; Ho and Evans, 1993; GEO,

1998a,b, 2000; Sun and Campbell, 1998). Most of

the failures are ductile or deep-seated landslides (Mal-

one, 1998). Although the interface is generally parallel

to the slope surface, it becomes rather flat (Fig.

6C,E,H) or slightly depressed (Fig. 6A,B,D,F,G) at

the toe of the slope. In most of the slopes the saprolite

thins toward the toe of the slope and the sliding sur-

face is usually located above the flat or depressed

areas. It is unclear whether this shape is simply a

coincidence or if it has some important implication

for the failure mechanisms.
4. A possible conceptual hydrogeological model

Based on the preceding discussion of kaolin-

enriched saprolite, the distribution of hydraulic

conductivity in slopes and the shape of the rock-

head, a conceptual hydrogeological model is pro-

posed for situations where a permeable zone

exists at depth (Fig. 7). The upper saprolite behaves
Grade I
(Freshrock)

Grades II-III
predominates

(Moderately
to slightly

decomposed)

Groundwater
flow

Zone of maximum
infiltration Interception

of drain lines

Soil
pipes

cut slopes of weathered igneous rocks in Hong Kong.
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as an aquitard and a confined aquifer exists in the

lower saprolite or in the notional rockhead zone.

The aquifer should not be considered to be a typical

confined aquifer as defined in traditional hydrogeo-

logical studies; rather, this aquifer may be only half-

full or completely dry in the dry season. It may

become fully confined following periods of heavy

rainfall.

The pore pressure rise may be very high in the

confined permeable zone following exceptionally

heavy rainfall. Such high pressures, transmitted per-

haps via rock discontinuities, might lead to the for-

mation of soil pipes as shown schematically in Fig. 7.

The occurrence of soil pipes in saprolite may be an

indicator of such a confined aquifer. This conclusion

differs from the traditional idea that soil pipes in

saprolite are indicators of high permeability of the

saprolite itself (GCO, 1983). Critical water pressures,

perhaps even artesian pressures, may be generated in

saprolite at the toe of a slope.

A piezometer in the saprolite may still show a

measurable water level, but its response to rainfall is

usually insensitive or rather random, depending

mainly on the local hydraulic conditions around the

piezometer and the degree to which the soil is dis-

turbed during installation of the piezometer. Usually

piezometers in this zone cannot provide a reasonable

pattern of water level.

The bedrock is essentially a fractured aquifer,

which can be extremely heterogeneous and anisotro-

pic. In many cases, it crops out on the upper part of

the hillside and forms a zone of maximum infiltration

(Terzaghi and Peck, 1967; Twist and Tonge, 1979).

Infiltration may be facilitated by boulder-filled rock

cut gullies, which are commonplace. A piezometer at

rockhead will therefore be more sensitive to rainfall

than one installed in the overlying saprolite. For a

fractured aquifer, the hydraulic conductivity can be

large but the storage capacity may be generally low.

Thus, the pressure can build up quickly during periods

of heavy rainfall and can dissipate quickly after the

rainfall stops if the slope has a good drainage system.

Some of these features will be further discussed later

using numerical models.

Water pressure is crucial information for evaluat-

ing slope stability. When water pressure information

in a slope is unavailable, as it commonly is, geo-

technical engineers in Hong Kong assume a worst
case scenario. Usually, the worst case assumes that

the water table reaches the ground surface. This may

well be the worst case for an unconfined aquifer, but

is certainly not the worst case for a slope with a

confined groundwater zone. In such a slope, the

piezometric head can be much higher than the

ground surface (Fig. 7).
5. Modeling studies of the impact of high hydraulic

conductivity zone (HKZ) on subsurface flow and

slope stability

A correct conceptual hydrogeological model based

on a good understanding of hydrogeological condi-

tions in slopes is essential for numerical studies. If the

conceptual model is incorrect, advanced numerical

modeling can only lead to nicely presented garbage.

In Hong Kong, a typical groundwater flow model to

study the impact of pore water pressure on slope

stability is a two-dimensional cross-sectional uncon-

fined flow model with fixed-head boundaries near

both the crest and the toe of the failure site (e.g.,

GEO, 1996).

Some aspects of this model are questionable.

Firstly, most of the models proposed so far have

assumed that the saprolite is an unconfined aquifer

and the interface of saprolite and bedrock is an

impermeable boundary. Secondly, the model do-

main usually covers only a narrow superficial

strip of the saprolite around the immediate vicinity

of the landslide area. It may be adequate to choose

such a small area for studying the engineering

properties of soil and rock, but if groundwater

flow through the failure area is to be studied, a

much larger area, preferably one that includes the

entire flow system of the hillslope, is needed (Jiao

et al., 1999, 2004; Jiao and Nandy, 2001). Ground-

water exists in a system with recharge, by-pass, and

discharge areas. It is inappropriate to isolate a small

portion of the system for flow modeling. Thirdly, a

fixed-head boundary means that the boundary can

take (release) unlimited amounts of water from (to)

the model domain when there is a source (sink) in

the aquifer. Theoretically, such a boundary condi-

tion is appropriate only when the boundary is

located at the sea or a major river. A fixed-head

boundary near the toe may be a reasonable approx-
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imation if the toe is near the sea, a stream, or a

spring, but a fixed-head boundary near the crest of

a landslide is physically unreasonable for most Hong

Kong situations and may lead to entirely misleading

modeling results. Usually errors in placing the upper

boundary will have much greater impact on the

modeling results than those in placing the lower

boundary.

5.1. Slopes of chair-shaped bedrock surfaces under

various hydrogeological conditions

Typical slopes based on the configurations shown in

Fig. 6 are used here for detailed numerical model-

ing. The slope consists of saprolite and bedrock

(Fig. 8). The HKZ may or may not outcrop at the

crest. Only the HKZ which outcrops at the crest may

present adverse hydraulic condition for slope stability

and is the focus of this hypothetical study. The right

boundary is extended to a surface water divide. A

stream with a surface water level of 26 m (for

hypothetical study this value can be arbitrary) runs

through the boundary on the left. Toward the toe, the

slope turns into a fairly flat surface due to either
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Case 3: HKZ buried deep below the toe

Fig. 8. Slope profiles with/without a high
geological factors or human activities such as excava-

tion or slope cutting.

Four cases with different K profiles are considered

(Fig. 8). In Case 1, an HKZ exists along the chair-

shaped rockhead and crops out near the crest, accept-

ing recharge from precipitation. Case 2 is the same as

Case 1 except that the HKZ is blocked at the toe of the

slope. The blockage may be due to natural causes,

e.g., the HKZ pinches out or is deeply buried, or to

human activities such as road construction, building

foundations, or emplacement of low-permeability fill

in coastal reclamation sites (Jiao et al., 2001). Case 3

has an HKZ but it does not bend toward the toe of the

slope. Case 4 consists of more permeable saprolite

overlying less permeable bedrock, a model widely

used in Hong Kong.

A failure surface is identified in Case 1 using the

simplified Bishop’s method in absolute dry condition

(Fig. 8). The same circular surface is used to calculate

the factor of safety under different hydrogeological

conditions in the other three cases. A hydrogeological

condition which leads to the lowest factor of safety for

the fixed circular surface is identified as the worst

hydrogeological condition.
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hydraulic conductivity zone (HKZ).
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5.2. Controlling equations of unsaturated–saturated

seepage

The controlling equation of two-dimensional unsa-

turated and saturated flow can be written as:

B

Bx
Kx hð Þ BH

Bx

�
þ B

Bz
Kz hð Þ BH

Bz

�
þ Q ¼ S hð Þ BH

Bt

��
ð1Þ

where x, z are relevant horizontal distance and eleva-

tion, respectively (L); t is time (T); H is hydraulic

head (L); Q is a source or sink term (L/T); Kx(h),

Kz(h) are horizontal and vertical conductivities (L/T)

dependent of matric suction. For the hypothetical

study, it is assumed that Kx(h)=Kz(h)=K(h); h and

S(h) are matric suction head (L) and specific storage

of pore water (1/L), which can be expressed respec-

tively as:

h ¼ z� H ; Hbz; Unsaturated

0; Hzz; Saturated

�
ð2Þ

and

S hð Þ ¼ C hð Þ ¼ � Bh
Bh

; hN0; Unsaturated

Ss; h ¼ 0; Saturated

(
ð3Þ

where C(h) is the storage capacity of unsaturated

materials (1/L); h is the volumetric water content

(dimensionless); Ss is the specific storage of saturated

materials (1/L).
Imperviou

Constant head
Ground su

rfa
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Fig. 9. Finite-element mesh system and boundary conditions used in C
5.3. Finite-element mesh and boundary conditions

A finite-element mesh system mixed with trian-

gular and quadrangular elements (Fig. 9) is designed

to adapt the irregular structure and shape of the hill-

slope system. Elements are fine in the shallow part of

the model area where groundwater is the main con-

cern and gradually become coarser toward the bottom

of the model. The mesh systems for all four cases are

similar. The same mesh system is used for Cases 1 and

2 and is shown in Fig. 9. Total number of elements

and nodal points in this mesh system are 2334 and

2598, respectively.

The ground surface boundary conditions may

change from prescribed flux (rainfall) to prescribed

head-type conditions (and vice-versa), depending on

the applied flux on the surface and the infiltration rate.

Excess flux on the surface is assumed to be removed

immediately. The method has been introduced in

detail by Neuman (1975). Usually a stream penetrates

only partially into the soil profile, so only a few

elements at the stream channel on the top-left have

heads fixed at 26 m. All other boundaries are repre-

sented by no-flow boundaries.

5.4. Model parameters

The volumetric water content function h(h) and the

hydraulic conductivity function K(h) for unsaturated

soil, together with the saturated hydraulic conductiv-

ity, are presented in Fig. 10. These data are based on
s boundary

Ground surface

ases 1 and 2 for numerical analysis of subsurface flow in slopes.
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Ng (1988) and Li (2003). A single curve of relative

unsaturated hydraulic conductivity is used approxi-

mately for rocks of different degrees of weathering.

Such an approximation can be found in previous

research (Fredlund and Rahardjo, 1993). This

approximation is acceptable because the hypothe-

tical study in the paper focuses on the slope with

a zone of high saturated hydraulic conductivity.

The specific storage capacity function C(h) of the

unsaturated materials can be derived from the volu-

metric water content function. The specific storage

values, based on Leach and Herbert (1982), are
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Fig. 11. Simulated hydraulic head, water table and water flow direction at
10�3 m�1 for saprolite and 10�6 m�1 for HKZ and

bedrock.

The mean annual rainfall in Hong Kong is 2225

mm and about 80% of the rainfall occurs between

May and September. Rainfall intensity can be extre-

mely high. In some years, over 10% of the annual

rainfall falls within several hours in a single rainstorm.

Based on actual rainfall records, the extreme rainfall

intensity in Hong Kong has been predicted for various

durations corresponding to various return periods

(Lam and Leung, 1994). In this study, rainstorms of

3-day duration with an intensity of 163 mm/day and
3
0

40

50
60
70

40
50

60

80
90

Groundwater
 table

 
b: Case 2 

3
0

90

Groundwater
   table

40 5
0

60

70

80

40
50

70

60

 
d: Case 4 

the initial steady state in slopes. Rainfall of 1.0 mm/day is applied.
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5-day duration with an intensity of 107 mm/day,

which are equivalent to the rainfall intensity of a 10-

year return period, are selected as rain pulses on the

surface of the slope.
6. Modeling results of transient seepage

6.1. Initial condition for transient flow

An initial condition is required before running the

transient model in response to rainstorms. The initial

condition is achieved by running a steady-state model

with a so-called basic rainfall of an intensity of 1.0

mm/day, the mean daily rainfall during the dry season
Seepage velocity
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near ground surface

Hydraulic head in HKZ

Local s
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rated 

     
zone

(a) Case 1 

(b) Case 2 

(c) Case 3 (d
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G

Fig. 12. The patterns of seepage in slopes at the end of the rainstorm of 3-d

the rainfall intensity of a 10-year return period. The figure for Case 1 is e
in Hong Kong. Using a recharge determined for the

basic rainfall, the initial flow conditions for the

steady-state models for different cases are simulated

and shown in Fig. 11. Because the basic rainfall of 1.0

mm/day is the mean daily rainfall in dry seasons, the

initial steady state can represent the seepage condi-

tions on some slopes during the dry season. Slopes

can be quite dry with a low water table in slopes with

an HKZ (Fig. 11a–c), or wet with a fairly high water

table when saprolite sits directly over a bedrock with

low K (Fig. 11d).

The simulation is intended to understand how the

transient flow and the factor of safety change over a 2-

month period in response to storms of a few days

duration with a rain intensity equivalent to 10-year
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ay duration with an intensity of 163 mm/day, which is equivalent to

nlarged so that some sophisticated features can be observed.



J.J. Jiao et al. / Engineering Geology 80 (2005) 71–9286
return period. The model period is therefore selected

to be 60 days, including the first few days in which the

rainstorm occurs. After the first few storm days, the

basic rainfall is applied again.

6.2. Transient seepage response to rainfall pulse

It is commonly believed that the first response of a

slope to rainfall is an increase in saturation near the

surface, followed by gradual groundwater recharge by

vertical infiltration, resulting in a rising water table.

However, a different situation arises if an HKZ exists

beneath the slope. Figs. 12 and 13 show the changes

in the saturated area, water table and hydraulic head

produced in a slope after 3 and 10 days, respectively,

by a 3-day rainstorm with an intensity of 163 mm/day.

The changes produced by a 5-day rainstorm with an

intensity of 107 mm/day are similar and not shown

here.

In Case 1, the surface of the slope is saturated after

3 days, but immediately below the slope surface the

soil is still unsaturated (Fig. 12a). As indicated by the

flow directions, significant infiltration occurs at the

outcrop of the HKZ due to the large hydraulic con-

ductivity. The water then flows down the HKZ and a

groundwater mound is generated at the location where

the HKZ meets the water table. Immediately on the

right-hand side of the mound, water flows to the right.
Groundwater
   table

Seepage velocity   

  

(a) Case 1 (b

(c) Case 3 (d

0 20 40 m 

0 20 40 m 

Fig. 13. The patterns of seepage in slopes 10 days after the beginning of
This is opposed to the overall groundwater flow direc-

tion, which is from right to left.

Near the toe of the slope, only the superficial soil is

saturated and the wetting front has not yet reached the

HKZ because the soil between the ground surface and

the HKZ is still unsaturated. However, the water level

in the HKZ has already increased. In this case, the

water level increase is not caused by local infiltration

but by downhill movement of groundwater, which

infiltrated at the crest of the slope, along the HKZ.

In the HKZ a local saturated area develops near the

outcrop (Fig. 12a). The presence of the HKZ makes

the groundwater condition very complicated, and

piezometers installed in different parts of the slope

(near the slope surface, in the HKZ near the outcrop,

and in the regional saturated zone) may all detect

saturated groundwater and show a measurable water

level. An attempt to draw a water table based on these

measurements will fail because the water levels do not

represent the same groundwater body. As is com-

monly the case for slopes underlain by weathered

igneous rock, the piezometric response in different

parts of the slope appears to be quite random and

does not show a reasonable pattern (e.g., Ho and

Evans, 1993).

In Case 2, the HKZ is blocked and the water cannot

be easily drained (Fig. 12b) so that the water level in

the slope increases much faster than for Case 1. The
Head in HKZ

 

Local saturated 
     zone
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the rainstorm of 3-day duration with an intensity of 163 mm/day.
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water level near the blockage rises due to the down-

slope movement of water through the HKZ. The

saprolite at the lower part of the slope is saturated

due to an upward-moving bwetting frontQ. In this case,
the saprolite is saturated by water infiltrated from the

crest of the slope rather than by local infiltration. This

is different from a slope underlain by uniform soil

where the slope is saturated by a downward-moving

wetting front. As a result of the upward wetting

process, the saprolite is saturated much faster than in

Case 1.

Case 3 has an HKZ which is deeply buried toward

the toe of the slope. Overall, the water level and

saturation situation in Case 3 are similar to those of

Case 2. In Case 4, due to initial high water level, the
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Fig. 14. Simulated pore water pressure profiles along the vertical section A

of 3-days duration with an intensity of 163 mm/day. The bedrock is locat
slope is saturated more quickly than in the other three

cases. As seen in Fig. 12, for all four cases, most of

the saprolite is still unsaturated at the end of the 3-day

storm with an intensity of 163 mm/day, although the

water level in the bedrock has increased by varying

degrees.

Fig. 13 shows the saturation situation and water

level distribution 10 days after the storm. In Case 1

where the HKZ is in good hydraulic connection with

the stream, infiltrated groundwater can discharge to

the stream easily, thus the water level in Case 1 has

almost returned to the initial condition in Fig. 11a.

Unsaturated flow, however, still occurs along the HKZ

above the water table, as shown by the arrows in the

HKZ in Fig. 13a, although rain ceased a week ago.
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Fig. 13b shows that in Case 2 the water level is

much higher in the seat area of the chair-shaped bed-

rock compared to Case 1. In Case 3, due to poor

drainage conditions, there is still an obvious ground-

water mound in the HKZ. Overall water level distri-

butions in Cases 2 and 3 are similar, except in the seat

area. In Case 2 the water level in the seat area is flatter

than in Case 3. As will be discussed, this difference

causes a different factor of safety between the two

cases. Water levels in Case 4 have also almost

returned to the initial condition, as shown in Fig. 13d.

6.3. Modeled variation of pore water pressure in the

slope

Fig. 14 shows the theoretical distribution of pore

water pressure with depth versus time along a vertical

cross-section A–B in response to the 3-day rainstorm

with an intensity of 163 mm/day for each of the

different cases. This cross-section is located near the

toe of the slope, as shown in Fig. 8. The soil thickness

along this section is 18 m. In all the cases, when the

rainstorm begins, negative pore water pressure at the

ground surface rapidly increases to zero. The thick-

ness of the saturated zone at shallow depth increases

as the rainstorm continues. After the rainstorm ceases,

pore water pressure at the ground surface decreases.

However, the wetting front with minimum matric

suction in the unsaturated zone keeps moving down-

ward toward the water table, as shown by the curve

for time=6 days.

The time for the wetting front to reach the water

table depends on the initial depth of the groundwater

level. In Case 1 where the initial groundwater level

near the toe is lower than the top of the HKZ (see Fig.

11a), it takes 10 days after the beginning of the rain-

storm for the wetting front to reach the water table.

However, in Cases 2 to 4 with high initial water

tables, it takes only 6 days.

Fig. 14 shows that in Cases 1 and 2 the pore water

pressure at the bottom of the saprolite, where the

potential sliding surface lies, increases significantly

before the wetting front in unsaturated zone reaches

the water table. This is due to rapid movement of

infiltrated water along the chair-shaped HKZ and

shows that the water level rise is not caused by local

vertical infiltration. However, in Cases 3 and 4, such

an early increase of pore water pressure is not
obvious. As a result, the stability of the cut slope

during the rainstorm differs with individual cases, as

will be discussed later.
7. Slope stability analysis

7.1. Simplified Bishop’s method for unsaturated–

saturated soils

In accounting for the stability of the slope and its

variation with individual cases, the factor of safety is

calculated using the simplified Bishop’s method, with

a well-accepted modified Mohr–Coulomb failure cri-

terion to allow for shear strength enhancement due to

increasing of matric suction (Fredlund et al., 1978), as

follows:

s ¼ c Vþ rn � uaÞtan/Vþ ua � uwÞtan/b
��

ð4Þ

where rn is the normal stress; ua and uw are the

pressures of pore air atmosphere and pore water,

respectively. Shear strength of the unsaturated–satu-

rated soil is subject to three factors: cV, the effective

cohesion; /V, the effective friction angle; /b, an angle

indicating the increase in shear strength for an

increase in matric suction. For slope analysis, the

pore air pressure is assumed to be atmospheric and

constant. According to data available in Hong Kong,

cV is set at 3 kPa and /V at 338 for this study. It has
been found that /b is a nonlinear function of matric

suction (Gan et al., 1988), however, it is difficult to

determine the detailed pattern of decreasing of /b

with increasing suction.

Applying the equation of effective stress developed

by Bishop (1959) for unsaturated soil, the shear

strength equation can be written as follow:

s ¼ c Vþ r � uaÞ þ v ua � uwÞð �tan/Vð½ ð5Þ

where v is a factor to account for effective stress that

depends on saturation.

Comparing Eqs. (4) and (5) leads to a relation

between /b and v:

v ¼ tan/b=tan/V ð6Þ

Similar to /b, v is also subject to matric suction.

Vanapalli et al. (1996) and Oeberg and Saellfors

(1997) proposed that the v factor can roughly be
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J.J. Jiao et al. / Engineering Geology 80 (2005) 71–92 89
replaced by the degree of saturation or the relative

degree of saturation. This approach is adopted in this

study, i.e., it is assumed that v =Se d Se= (h�hr) /
(hs�hr) is the effective degree of saturation where

hr and hs are the residual and saturated volumetric

water contents, respectively. The factor /b can thus be

obtained from Eq. (6).

The simplified Bishop’s method is calculated by a

computer code developed for this study. The code

uses the pressure output from the flow model as direct

input.

7.2. Modeled change of stability with time in response

to transient flow

As a consequence of transient seepage, the factor

of safety (Fs) of the slope changes with time. Two

different cases with the 3-day and 5-day storms are

examined. Fig. 15 shows how Fs changes with time.

Table 2 shows the theoretical relative percentage

decrease of Fs for different cases at some selected

times after the start of the rainstorms.

As shown in Fig. 15a, for all the cases, Fs

decreases appreciably with time in response to the
Table 2

Decrease of factor of safety in response to transient seepage induced by r

Rainstorm: duration=3 days, a recurrence interval of 10 years

Time (days) Decrease of factor of safety (%)

Case 1 Case 2 Case 3 Case 4

3 0.2 4.9 0.7 0.4

12 2.0 9.0 3.2 2.6

24 2.4 10.4 6.0 4.6

60 0.8 6.9 8.2 4.5
3-day rainstorm. Case 2 shows the largest decrease

in Fs within the first 24 days. This can be found also

from Table 2. As the pore pressure dissipates gradu-

ally, Fs becomes stable and in some cases it increases

slightly. However, Fs in Case 3 keeps declining.

Because the HKZ is deeply buried and the drainage

conditions are poor, it takes time for the pore pressure

to dissipate. The lowest Fs for Case 4 is significantly

delayed with respect to the storm pulse.

As shown in Fig. 15b and Table 2, when the rain

duration increases to 5 days but with a lower intensity

of 107 mm/day, the decrease in Fs in all cases is more

significant. In Case 2, the slope could fail 7 days after

the rainstorm because Fs decreases to less than 1. The

Fs reaches its lowest value at about 24 days. Fs for

Case 3 drops to about 1 in approximately 40 days,

which leads to a marginal safety for the slope.

When there is no HKZ (Case 4) or the chaired-

shaped HKZ has free drainage (Case 1), the Fs changes

only slightly with the rainfall pulse and the cut slope is

always safe (FsN1.0) during the calculation period.

It can be seen from Table 2 that slope stability is

most affected by a rainstorm when a chair-shaped

HKZ is blocked at the toe. In this case, 3–5 days of
ainstorms

Rainstorm: duration=5 days, a recurrence interval of 10 years

Time (days) Decrease of factor of safety (%)

Case 1 Case 2 Case 3 Case 4

5 0.2 8.4 1.1 1.3

12 3.0 13.4 3.9 3.4

24 4.1 17.2 8.2 6.2

60 1.3 8.7 10.9 6.5
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intense rain reduces the Fs by 10–20%. The second

dangerous case is the slope with an HKZ which is

deeply buried toward the toe of the slope, with a

reduction in Fs of 8–11%. Case 1, which has a well-

drained HKZ, has the highest factor of safety.
8. Summary and conclusions

Generally in groundwater flow modeling for slope

stability studies in Hong Kong, the saprolite has been

treated as an aquifer with perched horizons within it,

or at its base, whereas a bedrock is assumed to be an

impermeable boundary. Not all local hydraulic con-

ductivity data are consistent with this model. Evidence

presented here shows that in places a permeable zone

is present at depth, even in the bedrock. This paper has

also examined the shape of the rockhead in some of

the well-known landslide sites in Hong Kong and it

appears that a bchair-shapedQ rockhead is a common

feature of deep-seated landslides. The interface

between saprolite and bedrock is generally parallel

to the slope surface. At the toe of the slope, the

interface becomes rather flat or slightly depressed.

The sliding surface is usually located above the flat

or depressed areas. A further study is needed to under-

stand whether this shape has some important implica-

tion for the failure mechanisms.

Based on the hydraulic conductivity profile and the

chair-shaped rockhead, a conceptual hydrogeological

model for slopes has been postulated and the impor-

tance of a correct hydrogeological model is discussed.

If a confined groundwater zone is present it is of

fundamental importance to slope engineering. The

reliability of a slope stability assessment usually

depends on the reliability of the pore pressure infor-

mation. Different hydrogeological models may give

quite different pore pressure predictions. The water

pressure rise following rainfall may be much higher in

a confined hillside aquifer than in an unconfined

aquifer. For slope stability study, it is commonly

assumed that the worst groundwater situation is the

case where the water level reaches the ground surface.

This can be the worst scenario for an unconfined

aquifer, but is certainly not the worst case for a

slope with a confined groundwater zone. An effective

water depressurizing system, which intercepts the

groundwater in the relatively more permeable zone,
would be a direct way to increase the stability of such

a slope.

A numerical model has been developed to simulate

saturated and unsaturated flow in slopes with or with-

out a high hydraulic conductivity zone (HKZ) in

response to rainfall. In the presence of an HKZ, water

level in the deep can rise even when the wetting front

through the saprolite has not yet reached the HKZ. The

water level increase is not caused by local infiltration

but by the downhill movement of infiltrated water

through the HKZ, which crops out at the top of the

slope. There may be an upward-moving wetting front,

which saturates the saprolite from the bottom.

The HKZ plays an important role in controlling the

subsurface flow and slope stability. The presence of an

HKZ makes the saturation process and pressure dis-

tribution very complicated. Piezometers installed in

different parts of the slope, such as the slope surface,

the HKZ near the outcrop, and in the regional satu-

rated zone, may all detect saturated groundwater and

show measurable water levels. An attempt to draw a

water table based on these measurements will fail

because these water levels represent different satu-

rated water bodies.

An HKZ underlying a saprolite can play an impor-

tant role in slope stability. When the zone can drain

groundwater freely at the toe, the HKZ behaves as a

drainage blanket for the saprolite and then improves

the stability. This implies that excavation at the toe of

a slope may increase the stability if the cutting hap-

pens to remove the less permeable saprolite, which

originally covered the toe of the HKZ. If the HKZ is

blocked or is deeply buried at the toe, the HKZ will

generate the worst hydraulic conduction and lead to a

reduction in the safety factor of 10–20% in response

to a few days of heavy rainfall.
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