3.3.3 Pore water pressure changes in the saturated

one

A number of attempts have been made o relate
rainfall to water table fluctuations. assuming satur-
ated conditions (Jacob, 1943, Maasland (1959). They
generally assume that a change in piezometric head &
h following a rainfall event is given by

Ah=(R/IS-Q

Where R is net infiltration (allowing for cvapotrans-
piration), S is the specific storage (the volume of
water taken into the soil structure in response to a
unit change in pore water pressure) and Q is a term
expressing groundwater recession. A recent exampie,
(Sangrey et al 1934) uses the one dimensional
Boussinesq continuity equation for a sloping. uncoa-
fined aquifer beneath a hiilslope. ie where

Soh/ot=R +Q
and Q = - k.hy x 6°H/0x?

Terms are as before except k is the permeability of
the aquifer. h, is the depth through which flow occurs
(k x h, = ransmissivity) H is the piezometric height,
t is time. and x is the horizontal distance from the
crest of the slope. The value of Q is difficult to
estimate and Headworth (1972) has shown that the
recession rate (decline of water level with time) in a
piezometer can be used to obtain an appropriate value
in practice. An estimatc of S can then be included in
the equation for calculating h. In this method the
decline in water level, h is measured with time
(dh/dt) to obtain a minimum value h, . When time t =
0. h =h,, and Headworth shows

.

(h - hy) = (h, - hy)ekt

where k is a recession constant obtained from field
readings. If the water level changes to h; due to a
combination of recharge and recession then he also
shows that

hy = R/S + Zh, - (hy - h)ekt - h,
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©in mewes ! 4
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m/s .
- -« r &
‘ T c=10"

Rainfall Cycle in days

Figure 16. Rate of pore pressure decrease with depth
as a function of rainfall cycle using ficld data from
California (After Iverson and Major.1987)

Harper (1975) and Barton and Thempson (1986)
have used this method as a basis for predicting
groundwater levels in rock slopes and landslides.

The rate at which a change in piezometric head at the
upper surface of the saturated zone travels dowr.
through a landslide is considered by Iverson and
Major (1987). They assume a transient head, h, at the
ground surface varies sinusoidally with a given
amplitude and frequency (to simulate a rainfall
input). The solution to the one dimensional consolid-
ation equation with this boundary condition suggests
that the duration of rainfall cycles and the hydraulic
diffusivity control the amplitude. speed and phase
delay of pore pressures at depth. Figure 16 from their
paper illustrates the theoretical depths at which
pressure waves attenuate to 10% of their surface
amplitude as a function of rainfall cycle. The figure
indicates the important control exerted by the
hydraulic diffusivity. Their calculations (with an
appropriate value for diffusivity) show that weekly.
monthly and yearly rainfall cycles take 2.5. 22, and
130 days to reach shallow. intermediate and deep
wells in the landslide respectively (with a 90%
pressure attenuation). Field measurements indicated
that piezometric levels at depths between 0-3m,
3-6m, and 6-9m, fluctuated by 3m, 3m, and 0.5m,
although the amounts varied in different parts of the
slide. The results suggest that some pressure atienua-
tion occurred beyond the depth of sliding. which was
at 6m. The times of high piezometric head (delaved
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by a few weeks) corresponded with rapid landslide
1otion and they suggest that the critical water levels
are a better predictor of landslide movement than
rainfall.

Another example of the link between rainfall,
groundwater levels and landslide meovements in the
aturated zonc can be found in Skempton ¢t al
{1989). They have adopied an approach used in Hong
Kong (Lerner, 1986) where piezometer readings are
classified according to whether rainfall response is
seasonal or due to storms. Figure 17 from their paper
shows that groundwater levels in tfypical UK land-
slide sites (in clays) are at their lowest in October
following summer recession, rising to a maximum in
January and February after the winter recharge. The
records suggest average seasonal fluctuations range
1.I and 1.5m in slipped ground.
fect the

v

from between
However, long-term climatic tends may
scasonal rise from year to year. For example
piezometric records published by Huichinsen and
Gostelow (1976) in a landslipped London Clay slope
at Hadleigh. UK illustrated that a negligible winter
response was recorded following the dry summer of
1973. An increase of 1.3m occurred however in
1973/1975, following increased rainfall and water
surplus.
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Figure 17. Typical seasonal variations in piczometric
levels from landslides on clay slopes. UK (After
Skempton et al 1989)

These seasonal fluctuations are not untypical of other
areas. Ogawa et al(1989) quote 2-4m for slides in
Japan., and Iverson and Major (1987) measured
fluctuations of up to 3m in California. However,
greater seasonal fluctuations are not unknown, for
cxample. Skempton et al (1989) quote a figurc of
newrly 9m near the centre of the Mam Tor slide.

Landslide reactivation is usually caused by excep-
tional storm rainfall which raises the groundwater
table {and porewater pressures) above the seasonal
fluctuations. Skempton et al (1989) have introduced a
simple parameter called the winter storm response
ratio h/R where R s rainfall in mm and h is
piezometric head increase in metres. They suggest,
following Lerner (1986) that in sawrated ground
there is a linear relationship between the two
parameters and this may be characteristic of any
particular site. At Mam Tor they suggest h/R = 3
and that the ansient rise of the water table following
a winter rainfall event capeble of initizting movement

is about 0.5m.

Earlier discussions suggest that greater increases in
pore pressure (head) are theoretically possible in the
unsaturated zone (with this level of rainfall). but
coniparable seasonal or storm measuremients are not
yet available.

3.3.4 Discussion

Because of the difficulties of modelling porewater
pressure increases it seems likely that simple field
relationships between rainfall, piezometric head. and
mass movement processes will be continue to be used
to provide the basic ‘stability rules’ for regional
hazard zoning in landslide susceptibility studies.

4. Failure Mechanisms

4.1 First Time slides and Post-Failure Displace-
ment

4.1.1 General

The increase in pore water (u,) or air pressure (u,)}
decreases the effective stress and reduces the average

- 153 -



frictional strength of the soil and this ultimately leads
to0 shear tailure. Landslide morphology. mechanisms.
and methods of analysis, which consider such factors
as progressive failure, are described in engincering
geology and geotechnical engineering texts, and have
been dealt with in the accompanying lectures to this
course, They will not be considered again, here.

4.1.2 Post Failure Displacement
Large post failure dispacements are commonly
associated with first-time rainfall induced failures. A

simple material parameter which predicts post failure
behaviour is the brittleness index, Iz (Bishop, 1973)

where
Ig = S¢- S5/
4 g-ag/2
Strength /_///’,7"’
Envelope ™ .~
s.1 ___«N._‘._.‘._;/_//" CD‘
ey
e /s e
Cfleeennn - Compressxt\e‘i'. U
' erT\\é’ {Dilatant)
: : o+a/2
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Stress Range

Figure 18. Stress path for field failure in comparison
to those followed in conventional triaxial tests. I=the
initial condition, CU=consolidated undrained,
CD=drained tests (After Brand 1985)

Sy and S, are the peak and residual shear strengths in
terms of effective or total stresses.

High drained Iy values are associated with high
plasticity clays with a low residual frictional strength.
Most of these are overconslidated and tend to dilate
during shear, but they arc, nevertheless sususceptible
to large post-failure displacements.

Brand (1983) has suggested that the scil structure and
siress paths which are followed during infiltration
may be imporiunt controlling factors in rainfall

induced faifure in lower plasticity materials. Figure

18 iliustrates that failure takes place under constant
total stress, unlike the conditions normally experien-
ced in a conventional undrained or drained triaxial
test.

Some low plasticity materials have a low relative
density. high in situ void ratio. and a high undrained
brittleness (sec Gostelow, 1990, this volume). Stress
controlled triaxial tests have shown that an almost
complete transfer of the total normal stress to the
pore water takes place if the soil structure is able to
collapse. This could arise following rainfall infiitr-
ation and be responsible for the large post-failure
displacements which are characteristic of the debns
slides described earlier. Typical materials which
have a high undrained brittleness are the sensinve
‘quickclays’ in Scandinavia and some residual or
weathered soils. The latter are commonly associaied
with shallow, rainfall induced slides and Vaughan

Void Ratio
: T 3

{2 OneDimensional -~
Compression Line

Lo, e - L
~. .
08 Critied o~ v
! State Line ¢ - N
H T ——— ~
Q5. T =
10 30 100 500 1060

(c+ 2.0V/3 KPa

Figure 19. Compression curves for soils with dif-
ferent initial structure in relation to ‘critical state' and
one dimensional compression line (After Vaughan.
1989)

(1989), has suggested that three structural states.
reiated to overall porosity and the eritical state void
ratio {the void ratio reached in granular materials at
large strains. for a given confining pressure) can be
recognised (fig 19):

1. Swble dilatant - Seil expands towards the critical
state line. but can exist in a destructured state at the

same stress level.

19

. Stable contractive - Seil contracts during shear
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towards the critical state line. but can exist in a
destructured state al the same stress level,

3. Metastable - Soil exists at a void ratie which is
impossible for the same soil in a destructured state or
at the same stress level.

The metastable state has the highest void ratio and
porosity, is alsp contractive, and Yaughan suggests
that soil prafiles which develop an open structure by
weathering and the formation of grain to grain bonds
are most prone to first time debris slides. Fig (9
summarises the three states for soeils which have the
same grading and bond strength, but different veid
ratios. The plot shows the rapid void ratio decrease in
soil state three as the constani stress ratio in the
triaxial test increases. Vaughan (1989) has proposed a
simple index parameter. known as the relative void
ratio. e, [o help distinguish metastable soils prone to
large post failure disptacements. ie

e = le - g lieg - ey

where e is the in situ void ratio. e, is the void ratio
ar optimum density and g, is the void ratio at the
liquid limit, High values of e are associated with
metastable soils.

4,2 Other possilrle first-time failure mechanisms
Natural liguefaction by piping is a

may also be triggered by rainfall. Hack and Goodlert
{1960) use the term 'water blowout’ to describe a

process which

number of circular heles up o 15m in diameter
which they ohserved on slopes in the Appaluchians
after a heavy storm in 1949, Their posilions were
closely related to the underlying structure, ie inper-
meable rock bands, and groundwater conduits. lver-
son and Major (1986} have analysed the conditions
which are necessary lo induce piping failures. which
might arise from shallow groundwater fiow. and
show that they are theoretically pessible only if
groundwater flow lines are detlected upslope. This
can theorctically occur in the vicinity of loeal
groundwater discharge where high hydraulic grab-

Iﬂﬂ Strength Rave
5i5a

Londen Clay
{Plasticity index, 49%)

Weathered Edale Shale
{Plasticity index, 23%)

gt TR ST 160
Rate of displacement, mm/day

Figure 20. The effects of displacement rate on the
residual strength of London Clay and Edale Shaie
{After Skempton, [985)

dients are set up, for example from the underlying
bedrock. This could be a cause of failure, although
there are no field measurements to confirm the
process. However, the hydrogeological role of macro-
pores or subsurface chamnels in the soil mantle are
still poorly understood, and these may provide the
physical conditions for piping. or even hydraulic

Fracture in some soil types.
4.2 Slides on pre-existing shear surfaces

Must slides of this type are close to a factor of safety
of 1.0 and small increases in piezometric head
ffollowing rainfall} raise the pore water pressures on
the shear surface and induce movement Skempton et
al (1989} call this n storm response movement.
However, Fig 20 shows that the shear strength
increases with the rate of displacement in clays of
medium to high plasticity (examples are shown for
the London Clay and Edale Shale at MamTor) where
S, is the static strength corresponding to a factor of
salety of 1.0. When the strength drops below 1.0 as a
result of o piczometric head increase the displace-
ment rate increases according to the relationship in
the figure, but is limited by the associated incrcase in
strength €5). Table 2 summarises the displacements
for different storm rainfell assumptions and approxi-
mate nronthly rainfail. It shows the head response
and displacement assunting the initial water table is
(i) al the level where the factor of safety is equil to
1.0 (i} 0.lm below that Jevel, and i) 0.2m below
that level. Skemipton et al {1989) suggest that on a
long time-scale. slides of this type become more
stable because a greater piezometric rise is required
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Table 2. Figures from Mam Teor Derbyshire  how
storm wad menthly rainfalis have been related o
piezometric levels and landslide displacements {After

Skemipron et al, [959)

for a given displacement Evemivally a stage is
reacked when the clide is stable under all but the
most extreme conditionst

Discrete shear surfaces do not form in materials of
low piasticity (Lupini et al, 1981) and the sume
raintail control does not apply. The sirengths of most

[+N

ehris flows at the gme of failure are centroiled by
srain-induced pore pressures and. as  suggested
ahove. the fricrional stengths at fatlure are probably
‘ess thun those comesponding to a drained residual
fction angle.

Slopes -

5. . ldentification of Susceptible

Engineering geology mapping

The previous sections have shown that it is difficult
o consider the role of rainfall as a landslide trigger
without wking into account the nature of the ground
conditions. Two broad groups can be identified. L.
Those slopes greater than about 23°, which consist of
weak. brittle (in the soil mechanics sense} materials
ansd exhibit the greatest water pressure 11Credses can
be defined as susceptible to rainfall-induced, first-
time failure. 2. Any slopes. clase to a factor of safety
of 1.0 which are underlain by pre-exisiiing slides
with high plasticity shear surfaces are also suscep-
tihle o periodic deformation. A techaigque for
identifving and zoning criical areas {from most fo
least susceptille). which is able to take into account a
nuniber of relatred factors, is thus required. The most
impoertant of these can be listed as:

1. Local Climate

3. Freguency of 24 hour rainfalls greater thon 100
i

3, Topography/slope angles and geometry
4. Soil classifieationfstrucure

5. Depth of water table {saturated zone) und regional
hydrogeoiogy

t. Geotechrical properties. inciading  stress-strain
churacteristics and sheor strength (see further discus-

sion in Gostelow, 1990, this volume}

1. Potential change in pore-water pressure in i) the
unsaturated zone. and it} saturated zone

These fuctors are spatially variable and can ideaily be
presented in map form. There are a number of
publications which provide guidelines for the map-
ping of landstips. and areas susceptible to mass
maovement. However. the UNESCO review by Yames
{1984 considers examples from several countries and
provides the best overall summary of the techrigues
currently available. Two additional  approaches.
which have been developed recently. in Hong Kong
and California are briefly described here.

Hong Kong:

Regional werrain classification and susceptibility  stu-
dies have been camied out in the dominantly urban
area of Hong Kong (Brand. 1988) at different scales.
as an input to strategic planning. For example, at
1:2500 scale maps are presented as a series of
overlays and include i) terrain classification. i)
surface hydrology, iii) vegetation, iv) engineering
data. v) enginecring geology, vi} and geotechnical
land use. They have also experimented with a
computer based geolechnical terrain classification
system.

An overall geotechnical assessment is made in which
stabifity considerations form a part. The information
is summarised on an interpretaiive map of four
classes based on a graded system of five charactenis-
tics: i} geotechnical limitations. i} suitability For
development. iii} engineering development costs, iv})
extent of site investigation required. and v) terrain
characteristics.
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Caiifornin:

A terrain evaiuation system specifically for first time
slides has recently been developed in California by
FEllen or al (1988) for planning purposes. They make
a basic distinction between 'hard' and “soft’ iemains.
The former are undedain by hard intact rock and
form steep slopes. The latter are miore rounded wnd
consist of weak. sheared, and broken materials with
iower overall siope sngles. Intermediate forms are
dso recognised. These divisions are useful. because
each umil represemis & combination of material
strength and topographic formt

v

The ferain units are  sub-divided inio three Dasic
slope habitats, i) amphitheatres. or hollows, 1) slopes
adiucent to non-afluvial channels, but without amphit-
heatres. and i) slopes which adjoin alluvial chan-
neis. These habitats are wvery w fose
originaily recognised by Hack and Goodlest (1960} in
the Appalachians. although they also used two further

gimilar

categories. e, iv) channelways. a continuation of the
jrollow. and v) footslopes. which form u link beiween
the channeiway and habitat (i1} zhove. Evidence
coilected so far in California suggests most {irst-time
stides are associgted with habitat (1} environments.

These lavered. hierarchical approaches to mapping. ie
using map overlays. and identfying different siope
types or habitats likely to contain soils of different
sail moisture characteristics within larger terrain
groupings is potentially useful for relating to the
environmental factors reviewed here. A number of
pathways can be established which contain dala sets
at different levels. These can be used in appropriate
stability models for cstablishing the most and least,
suscentible arsas 1o rainrail-induced stiding. Howe-
ver. this appreach is difficult end ume consuming to
cary out with conventional maps. where data
(usually from seversl sources) must be extracted
manually, and entered. or re-entered into the models.
It is therefore anticipated that future susceptibility
mapping will increasingly use computer based Geog-
raphic [nformation System {GIS) technology. This is

purticularly  suited for interfacing large spatially
referenced darasets with physical models. The dan

scis. niocelling and suscepubility zonation czn asg

be continually updated as new developments are
made and local requirements change.

. Conclusions

This review has shown that a aumber of interclated
factors centrol the susceptibility of siepes to rainfail
induced mass movement. The most dnporiant of
these have been discussed above and must be
considered in cngincering investgations and regional
planning studies. They can be lsted under broad
headings as:

1. Rainfall statistics

12

. Geology and geomorpholegy

3. Brittleness of stopc forming materials {first ume
stides)y

A Presence of pre-existng siides consistng of
medium o high plastieity matenials.

5. Regional hydrogeology

The rclationship between rainfail and porc-warer
pressure change is difficult to predict from theoretical
considerations. althiough two separate effects can be
identified

1. A comparatively rapid change of pressure in the
unsaturated zone {where present} witich reduces
suctions to either zero or. craefes a posilive pressure,
A rainfail intensity in excess of the surface hydraulic
conductivity and sufficient to induce ponding favours
loss of suctjon, In a homegeneous soil the antecedent
soil moisture condition affects the rate al which
suction is lost (to a zero value and saturated/ nearly

saturated conditions).

2 A delayed increase in the water table level ar
depth. which results in a positive (hydrostatic) tise in
the pors-water pressurc. Shallew water tables favour
rapid increase in  level

the greatest and most

following rainfall.

Ruinfail data from a number of countries suggest that
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there is no general thresheld for landsliding. although
high intensity storms within wet periods which resuit
in 24 hour totals of 100mm or more seem o be most
critical. If the models are comrect then this may reflect
the figure which is generally necessary 1o induce
infiltration and ponding in weathered soil profiles.
However, there are few examples of pore-water
pressure measurements in the unsaturated zones of
both landslips and slopes susceptible o landsliding.
Further research is required before the theoretical
nadels can be used confidently for prediction.

Many of the worlds most destructive landstides have
been triggered by rainfall, and it is suggeated that
advances in the understanding of their spatial and
remporal distribution will follow climatic and terrain

analvsis of past and potenrial slides within suscep--

ubie areas using Geographic Information System
databases (GIS).

7. Referetices

Anderson MG, Kemp MJ. Loyd DM (1989} Rcfine-
ment of hydrological factors far the design of cut
slopes in tropical soils. Proc. 2nd Int. Conf. Geomee-
hanics in wopical soils, Singapore, 1. 233-240

Antoine P, Giraud A, Havrie JL, Pinchinot H (1988)
The geological historv of the Piron des Neiges
velcano and its effect on slope stability. Proc. 5th Int.
Conf. Landstides, Lausanne., 1, 67-72

Barton ME, Thomson RI (1986) A niodel for
predicting groundwater response o meteorologicat
changes. Groundwater in Engineering Geology. Geol.
Soc. Spec. Pub. 3. 299- 311

Beil DH. Peuninga JR (1988) Bedding controlled
landslides in New Zealand soft rock errain, Proc. 5th
Int. Conf. Landslides. Lavsanne, 1, 77-83

Beven K (1985) Distributed models, in Hydrological
Forecasting, ed by MG Anderson. TP Burt. J. Wiley
and sons. Chichester. 604 pp

leasdale A (1969) A selection of technical reports
submitted to the Aberfan gibunal. HMSO. 207-218

Brund EW (1988) Predicting the performunce of
residual soil slopes. Proc. lith Int. Conf. SM. Found.
Eng., 3. 3541-2578

Brown WM (1988} Landslides. floods and marine
cffects of the storm of Jun 3-5 1982, in the San
Francisco Bay Region, California: Historical setting
of the storm. USGS Prof. Pap. 1434, 7-17

Cainc N (1980) The rainfall intensity-duration control
of shallow landslides and debris flows, Geografiska
Annal. 62A, 23-27

Calver A (1988} Calibration sensitvity and validarion
of a physically based rainfail-runoff medel. J. Hyd..
103-115

Campbell RH (1973) Soil slips. debris flows and
rainstorms in the Sanwa Monica mountains and
vicinity. southern Californtia. USGS Prof. Pap. 831,

Sipp

Cannon SH. Ellen SD (i988) Landslides. floods and
marne effects of the storm of Jan 3-5 1982, in the
San Francisco Bay Region, Califomia :Rainfall that
resulfted in abundant debris flow activity during the
storm. LUSGS Prof. Pap. 1434, 27-33

Capecchi F. Focardi P {1988) Rainfall and landslides:
Research into a critical precipitation coefficient in an
area of Italy. Proc. Sth. Iat. Conf. landslides,

Lausanne. 1,

Church M, Miles MJ (1987) Meteorological antece-
dents to debris flow in British Columbia; some case
histories. Geol. Soc. Am. Reviews in Engineering
Geology. 7, 83-79

Corominas J. Moreno M (I988) Mechanism of
mudflows: A case study in the Spanish Pyrenees.
Proc. 5th. Int. Symp. Landsiides, 1. 380-594

Crozier MJ (1985} Landslides: Causes, consequences
and eavironment. Croom Helm. London.

Eisbacher GH, Clague JJ {1981} Urban landslides in

the wvicinity of Vancouver. British Columbia with

- 168 -



special reference to the December 1979 rafnstorm.
Can. Geotech. J. 18, 205-216

Ellen SO Cannon SH (1988) Landslides. floods and
marine effects of the storm of Jan 3-5 1982, in the
San Francisco Bay Region, California : Distibution of
debris flows in Marin County. USGS Prof. Pap.
113133

Frediund DG (1987) Slope stability analysis incarpor-
ating the effect of soil suction. in Slope stability, ed
MG Anderson. K5 Richards, J Wiley and sons Itd

Freeze RA (1969 The mechenism of natural
groundwater recharge and discharge 1. One dimen-
sicnal, vertical unsteady unsaturated flow above a
recharging or discharging groundwater flow system.
Water Res. Res, 5. 1. 153-171

Fresze RA, Witherspoon PA {1968} Trheretical
analvsis of regional groundwater flow, 3. Quantitative
interpretations Water Res. Res. 4. 581-554

Freeze RA (1971} Three dimensional, transient
saturated-unsaturated flow in o groundwater basin.
Water. Res. Res, 7. 2. 347-366

Freeze RA Cherry JA (1979 Groundwater. Prentice
Hall, Englewood Cliffs. NJ 604pp

Fukuoka ™M {1980) Landslides associated with rain-
fall: Geotechnical Engineering, 11. 1-29

Gesielow TP (1977) The development of complex
landstides in the Upper Coal Measures at Blaina. S
Wales. AGI The Geotechnics of structurally complex
formations, Capri. 1, 255-268

Gostelow TP, Loucaides G (1988) Slope stability in
allochthonous sediments Proc. 3th Int Symp. Land-
stides. Lausanne

Govi M, Sorzanna PF (1980} Landslide susceptibility
as o function of critical mainfall amount in Piedmont
basins (NW [taly) Studia Geomorphologica Carpatho-
Balcanica 14, 43-61

Green GW (1955} North Exmoor {loods Avgust
1952, Butl. Geol. Surv. Gt Britain, 7, 68-84

Hack JT. Geoodlett JC (1960} Geomorphology and
Forest ecology of a mountain region in the central
Appalachians. USGS Prof. Pap. 347. 65pp

Harper TR (1973} The ransient groundwater pressure
response to rainfuil and the prediction of rock stope
instability. Int. §. Rock. Mech. Min. Sci. 12, 175-179

Hawkins AB (1973) The geology and slopes of the
Bristol Region. Q. J. Eng. Geol. 6, 3 and 4, 199-203

Hutchinson JN, Gosielow TP (1976) The develop-
ment of an abandoned <liff in London Clay at
Hadleigh Essex. Phil Trans. Roy. Soc. Lond. A. 383,
557-604

Iverson RM. Major IJ (1986) Groundwater seepage
vectors and the potential for hillslope failure and
debris flow mobilisation. Water, Res. Res. 22, 11,
1343-1548

Iverson RM. Major J} (1987} Rainfall, groundwater
flow and seasonal movement at Minor Creek land-
stide, NW Califomnia: Physical interpretation of
empirical relations. Geol. Soc. Am Bull, 99, 579-394

Jacobson RB. Cron. ED, McGeehin JP (1989} Slope
movements tiggered by heavy rainfall, Nov 3-5,
1983, in Virginia and W Virginia. USA. Geol. Soc.
Am. Spec. Pub. 236, 1-13

Jibson RW (198%) Debris flows in southern Puerto
Rico. Geol. So¢. Am. Spec. Pub. 236, 29-53

Jones FO (1973} Landslides of Rio de Janeiro and
the Serma da Araras escarpment Brazil. USGS Prof.
Pap. 697. 42pp

Kawamura K. Sano H, (1989) Procedure for embank-

ment design -in mountainous areas with heavy

rainfall. Soils and Foundations, 29, 4, 3548

Kidson C. Gifford J (1953) The Exmoor storm of
13th August 1952, Geography 38. 1. 1-17

- 159 -



Kirkby MJ (ed} (1978} Hiilsiope hydrology

Lermer DN (1986) Predicling piezomettic levels in
sicep slopes. Groundwater in Engineering Geology.
Geal. Soc. Eng. Group. Spec. Pub. 3, 327-333

Lumh P {1975) Slope failures in Hong Kong. Q. Inl
Eng. Geol. &, 21-63

Lupini JF. Skinper AE. Vaoughan PR {1981) The
drained residual smength of cohesive soils. Geotech-

aigue 31, 2. 181-213

“Maasland M (1959) Water table fluctuarions induced
oy intermigent recharge. J. Geophs. Res. 65, 5
549-359

Mark REK Newman EB (1988) Landsiides. floods and
erine effects of the storm of Jan 3-3 1982, in the
Sun Fruncisco Bay Region, Caliternia: Rainfall totals
sefore and during the storm USGS Prof. Pap. i43=

17-27

Moser M Hohensin F (1952 Ceotechnical aspects of
soii siopes in alpine regions. Engineering Geology.

19, 185-211

Nutural Environment Research Courncil (1673) Flood
Studies Report, NERC, London, HMSO

Neary DG Swift LW {1987) Rairfail thresholds for
wigeering a debrs avalanching event in the soutbern
Apalachian mountains Geol. Sec. Am. Rev. in Eng.
Geol. 7, 31-92

Northmore KJ. Charalambous M. Hobbs PRN.
Peuides G (1986) Engineering geology of the
Kinnaviou "melange’ and Mamimonia complex form-
ations - Phiu/Statos Cyprus:
Geology of cohesive soils associated with ophiolites,
with puticular reference te Cyprus. Rep EGARP
Res. Group. Br. Geol. Surv. Ne. 86/, Z(op

arzas. Engincering

Ceawa 5. fkeda T. Kamier T. Wada T (1987} Fleld
investigations of seasonal varations of the groundw-
ater leveis and pore waer pressures i landslide
wreus. Soils and Foundations. 27,1, 30-60

Ovphort I Tath T (1989) Characterisation of groundw-
awer flow by field mapping and oumericel simuiation,
Ross Creek Basin. Alberta. Canada. Groundwarer, 27,
2, 19320t

Pomeroy J5 (1980) Storm induced debris avalanching

and related phenomena in the Johnstown arca.
Pennsvivania, with refersnos to other studics in the

Appalachians, USGS Prof. Pap, 1191, 24pp

Phillips CJ {1988) Geomorphic affects of two storms
on the upper Waitehaia river catchment. Raukumarn
peninsula N. Zealand. J. Hyd. (NZ) 27, 2, 99-111

Sargrey DA. Harop-Williams, Klaiber JA (1984)
Predicung groundwater response Lo precipitation. .
Geotech. Eng. 110. 7. 857973

Shimiza M (1958}
heavy rmiins using the tank model. 3t Int. Symp.
Ladslides, Lausanne. 1. 771-777

ediction of siope fajlures due to

Skempron AW, Leadbeuer AD. Chandler RJ (198%:
The Mamn Tor Lundsiide, N. Derbyshire. Phil. Trans.
R. Soc. Lond. AL 329, 503-547

Toth J (1962) A theory of groundwater motion in
small drainage basins in central Alberta Canade I
Geophys. Res, 67, 43754381

Vandine DF (1980} Engineering geology and geo-
technical study of the Drynoch landslide. British
Columbia, Gea!l, Surv. Can. Pap. 79-31, 34pp

Vandine DF (1955) Debris flows and debris torrents
in the southern Canadin Cordillera. Can. Geotech, J.
22,1, 4469

Waughan PR {1983) Pore pressures due to infiltration
into partly saturated slopes. Proc Ist Int. Confl
Geomech. in Trop. Soils. Brasilin, 2, 61-71

Vaughanr PR (1989 Characterising the mwechanical
propertes of in sitw residual seil. Pree. Ind. Int
Conf. on Geomechanics in Tropical Soils. Singapore,
2, 469187

- 160 -



Wicerorek GF (1UST) Effect of ruinfuall intensity and
duration on debris flows in central Santa Cruz
muotiniains. California. Geol. Soc. Am. Reviews in
Eng. Geol. 7, 93-104

Wieczorek GF, Sarmiento J (1988) Landslides. {floods
and marine effects of the storm of Jan 3-5 1982, in
e San Francisco Bar Region, Californin: Radnfafl
piezometric levels and debris flows near La Honda,
California, in storms betweer 1975 and 1083 .
USGS. Prof. Pap. 1434, 43-63

Published with permission of the Director, British
Geological Survev (NERC)

- 161 -



COMMISSION OF THE EUROPEAN COMMUNITIES
Course on

"Natural Hazards and Englinesring Geoloﬁy -
Prevention and Control of Landslldes and other Mass Movements®™

4. LANDSLIDE ANALYSIS AND LAND USE LEGISLATION



