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ABSTRACT

This paper describes an extension to the Combined Hydrology And Stability Model (CHASM) to fully include the effects
of vegetation and slope plan topography on slope stability. The resultant physically based numerical model is designed
to be applied to site-specific slopes in which a detailed assessment of unsaturated and saturated hydrology is required in
relation to vegetation, topography and slope stability. Applications are made to the Hawke’s Bay region in New Zealand
where shallow-seated instability is strongly associated with spatial and temporal trends in vegetation cover types, and the
Mid-Levels region in Hong Kong, an area subject to a variety of landslide mechanisms, some of which may be subject
to strong topographic control. An improved understanding of process mechanism, afforded by the model, is critical for
reliable and appropriate design of slope stabilization and remedial measures. Copyright © 2002 John Wiley & Sons, Ltd.
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INTRODUCTION

This paper outlines an integrated hydrological model for slope stability analysis. Whilst there have been
considerable recent advances in terms of geotechnical modelling (Griffiths and Lane, 1999), there remains a
critical need to establish models that fully integrate hydrological process controls on slope stability. Hydro-
logical controls such as hillslope soil-water convergence and vegetation cover have direct impacts on pore
pressure conditions and hence slope stability (Montgomery and Dietrich, 1994; Greenway et al., 1987). These
factors reflect complex two- and three-dimensional aspects of soil-water movement within the slope mass
and provide important dynamic pore-pressure boundary conditions at the slope surface which impact on
slope stability.

At present there is no available slope stability model that fully incorporates and combines the resultant
effects on dynamic (temporally changing) pore pressure of slope plan topographic form and vegetation inter-
action. The principal aim of this paper is therefore to develop a high-resolution fully integrated hydrological
model capable of investigating spatially and temporally complex slope stability analysis. Such an integrated
approach to slope stability modelling and analysis is a prerequisite for the correct identification of dominant
slope stability process controls.

CURRENT MODELLING APPROACHES

Common techniques used in geotechnical engineering for the assessment of slope stability are Bishop’s (1955)
simplified circular method and Janbu’s (1954) non-circular method. These limit equilibrium methods are used
to determine the shear stress along the failure surface, the mobilized shear strength, and the ratio between
these two, the factor of safety (FOS), providing a measure of the relative stability of the slope (Nash (1987)
provides a major review of limit equilibrium methods of analysis). Pore pressures along a slip surface may
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be incorporated in a number of ways, although hydrostatic conditions (i.e. definition of a hydrostatic phreatic
surface, ry, or static piezometric pressure) are often assumed in preference to incorporating full hydrodynamic
computations.

Like dSLAM (distributed Shallow Landslide Analysis Model; Wu and Sidle, 1995), CHASM (Combined
Hydrology And Stability Model) allows assessment of the effects of three-dimensional form and vegetation
on slope stability. However, CHASM operates at a scale consistent with standard engineering slope stability
analysis and therefore places the spatial resolution on slope-specific cross-sections, as opposed to topographic
plan (dSLAM integrates GIS-driven topography into an infinite slope stability analysis). Additionally, CHASM
allows direct investigation into the hydrological effects associated with vegetation, such as interception and
evapotranspiration, and their resultant effect on slope stability.

DEVELOPING AN INTEGRATED HYDROLOGICAL MODEL FOR SLOPE STABILITY

The procedure adopted to model the hydrological system is a forward explicit finite difference scheme,
in which the slope is divided into a series of rectangular columns, each subdivided into regular cells (see
Figure 1; cell centre point computational nodes are shown). The model simulates detention storage, infiltration,
evaporation, and unsaturated and saturated flow regimes. More specifically, rainfall is allowed to infiltrate
the top cells at a rate governed by the infiltration capacity. Unsaturated vertical flow through each column
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Figure 1. Finite difference model scheme: v, matric suction (m), Qr, lateral flux (m s~1h), W, column width (m), M, column number;
NL, vertical node spacing (m)
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is computed using Richards’ (1931) equation solved in explicit form (Equation 1), with the unsaturated
conductivity being defined by the Millington—Quirk (1959) procedure:

Bl 3/ )\ K
LN et (1)
ot 3z \ oz dz

where 6 is the volumetric moisture content (m® m~3), dt is the time step (s), z represents the vertical depth
(m), K is the vertical unsaturated hydraulic conductivity (m s~!) and v is the matric suction (m) (negative
pore-water pressure). Flow between columns is modelled using the Darcy (1856) equation for saturated flow.
As is usual in such finite difference formulations, unsaturated flow is assumed to take place only in the
vertical direction (see for Marshall and Holmes, 1979, p. 94). At each major time step of the simulation the
hydrology module is directly coupled to a limit equilibrium method for determining slope stability. In the
model formulation outlined here, pore pressures, both negative and positive, are incorporated directly into the
effective stress determination of the Mohr—Coulomb equation for soil shear strength:

s=c + (o0 —u)tang’ 2)

where s is the soil shear strength (kN m~2), ¢’ is the effective soil cohesion (kN m~2), ¢’ is the effective angle
of internal friction (degrees), o is the total stress acting normal to the slip surface (kN m™2), u represents
pore-water pressure (both positive and negative, kPa). This approach, though a simplification, approximates
that used by Fredlund ef al., (1978) to incorporate the effects of negative pore pressures on slope stability in
the range 0—10 kPa.

Whilst the scheme has the facility to incorporate the full Fredlund et al. (1978) formulation, Equation 2
does provide a sound approximation in the 0—10 kPa range (due to uncertainty in the estimation of ¢”, the
angle of internal friction with respect to matrix suction, and the requirements for very precise experimental
control (Anderson and Kemp, 1987; Lloyd 1990)).

The three-dimensional topographic nature of slopes has been ignored with respect to pore-pressure impacts.
However, slope failure often occurs in areas of convergent topography where subsurface soil water flowpaths
give rise to excess pore-water pressures downslope (Anderson et al., 1988). Failure to reflect, in some way,
this three-dimensional impact on both total and soil-water potentials is likely to result in an over-estimation
of the slope factor of safety. In the integrated model structure developed here, slope plan curvature (convexity
and concavity) is represented by variable column breadth, with the stability computation being made in two
dimensions in the downslope direction. Computational node consistency is thereby maintained for both the
hydrological and geotechnical determinations. The soil-water flux computation is effectively treated in the
same manner as the two-dimensional scheme described above. However, downslope saturated fluxes are
enhanced (slope plan convergence) or reduced (slope plan divergence) in accordance with the downslope
cell breadth changes specified. This formulation is designed to be consistent with two-dimensional stability
analyses, in that the model is not distributed in the third dimension in terms of hydrological properties, but is
capable of reflecting the process of soil-water convergence and divergence. Additionally, it is geometrically
consistent with the slope plan index measure provided by the Hong Kong Geotechnical Control Office (1980).

It is equally necessary to reflect the upper boundary conditions of the slope in terms of hydrological
behaviour, in that surface cover can have a significant impact on both the hydrological and geotechnical
aspects of slope stability. Surface cover effects can be complex in terms of both achieving sufficiently detailed
process representation and appropriate parameterization. Vegetation affects slope hydrology and slope stability
through the three principal hydrological mechanisms of interception, root water uptake and evapotranspiration,
as well as through changes to the soil saturated hydraulic conductivity (Wu et al. 1979; Greenway et al., 1987).
In addition to this there are also mechanical vegetation effects in the form of root reinforcement and added
surcharge. The model structure outlined below is designed to reflect these complex interactions (Figure 2).

Interception of precipitation depends on the type of vegetation. For example, dense stands of tall grass can
be flattened by intense rainfall to form a semi-permeable barrier. (Lamb and Premchitt (1990) showed from
experimental plots in Hong Kong that between half and three-quarters of all rain formed runoff without the
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Figure 2. Vegetation—slope interactions. 1, Rutter model (Rutter et al., 1971); 2, Penman—Monteith (Monteith, 1973); 3, permeability
model (Collison, 1993); 4, root reinforcement (Wu et al., 1979); 5, water uptake model (Feddes et al., 1976), where RAR is the
root-area ratio

infiltration capacity of the soil having been reached). For a grass cover, this process is modelled by reducing
the hourly rainfall intensity applied to the surface of the slope, according to grass depth. For interception by
trees, canopy structure is described by the free throughfall coefficient ( p), the stemflow-partitioning coefficient
(p:), the canopy storage capacity (S) and the trunk storage capacity (S;) (Rutter et al., 1971; Valente et al.,
1997). The model estimates throughfall, stemflow and interception loss from input rainfall and meteorological
data, based on the dynamic calculation of the water balance through the equations:

(l—p—p,)/Rdt:/Ddt+/Edt+AC (3a)
p,/Rdt:Sf—}—/E,dt—}—AC, (3b)

where R is the intensity of gross rainfall (m s~!), D is the rate of drainage from the canopy (m s~!), E is
the evaporation rate of water intercepted by the canopy (m s~!), AC is the change in canopy storage (m),
Sy is the stemflow (m), E; is the evaporation rate of the water intercepted by the trunks (m s™h) and AC,
is the change in the trunk storage (m). The free throughfall coefficient, p, is a function of the canopy cover
and ranges from O (no canopy cover) to 1 (complete canopy cover), and thus determines the appropriate
partitioning of precipitation between direct ground surface input and input into the Rutter interception model.
Evaporation from a saturated canopy is calculated using the Penman—Monteith equation with the canopy
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resistance (r.) set to zero, since leaf stomata close under saturated conditions and the process of transpiration
is halted (Wilkinson et al., 1998).

AR, + pc,VPD/r,
TOMA + (1 re/ra)]

“

In Equation 4, E, is the potential evapotranspiration rate (m s7!), r, and r. are the aerodynamic and
canopy resistances, respectively (s m~!), A is the slope of the saturation vapour pressure-temperature curve
(kg m™3 K!), VPD represents the vapour pressure deficit (kg m~! s72), ¢, is the specific heat of air
(Jkg!' K™, and R, represents the net radiation (W m~2). It is assumed in the model that evaporation
from the trunk and canopy stores occurs at the same rate.

The second hydrological mechanism relates to evapotranspiration and root water uptake. The extraction
of moisture from the soil via the root network and loss of water from the leaf surface result in reduced
pore-water pressures within the slope (Hoogland et al., 1981; Lafolie et al., 1993), potentially leading to
increased effective shear strengths and increased slope stability. Factors such as type, size and species of
vegetation, climatic and seasonal factors, and features of the growing site must all be considered for an
accurate representation of evapotranspiration rates and the associated effect on slope stability. To determine
the magnitude of this effect, the Penman—Monteith (Monteith, 1973) equation for evapotranspiration is adopted
(Equation 4, with the inclusion of a canopy resistance term, r.). This is coupled with the spatial distribution
of the roots and the soil moisture content to determine the rate of water uptake from each portion of the soil
(Wilkinson et al., 1998). To link the transpiration rates to actual root water uptake, the hourly transpiration
values are converted to metres per second according to the leaf-area index and density of water:

T
T,= (—) LAI 5)
Pw

where T is the transpiration flux density (kg m=2 s~!), T, is the transpiration rate (m s~'), p,, is the density
of water (kg m~3) and LAI represents the leaf-area index (m> m~2). To calculate the amount of moisture
removed from the soil, the rate of transpiration is distributed throughout the depth of the roots, providing
variation in water extraction with depth according to the rooting density. The maximum rate of water uptake,
assuming a homogeneous root distribution (Feddes ef al., 1976) is as follows:

Smax = T?;/Zr (6)

where Spa = maximum uptake rate (m s~') and z, is the root depth (m). Under non-optimal conditions (i.e.
either too dry or too wet) Spax is reduced by means of a pressure-head-dependent «-function:

S(h) = o(h)Smax (N

where S(h) is the actual root water uptake (m s~') and «(h) is a dimensionless factor based on the pressure
head, i (Feddes et al., 1976). Water uptake below |h;| (oxygen deficiency) and above |hs| (wilting point) is
set equal to zero. Between |h;| and |h,| a linear variation is assumed. This is also the case for pressure heads
between |hz| and |hy|. At each iteration time step, the computed water uptake term for all cells containing
roots (S(k), Equation 7) acts as a sink term in Richards’ equation (Equation 1). The final hydrological effect
is concerned with the increase in soil hydraulic conductivity as a result of the root network. The magnitude
of this effect is well documented and can be determined by an equation relating the root-area ratio to the
saturated hydraulic conductivity:

AK, = a + BRAR (8)

where AKj is the increase in saturated hydraulic conductivity (m s’l), o and B are constants, and RAR is the
root-area ratio (%) (see Collison, 1993; Collison et al., 1995).
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In addition to the hydrological effects, vegetation has a geotechnical impact on slope stability through the
mechanical effects of root reinforcement and vegetation surcharge. The interaction between roots and soil can
be quantified using a simple perpendicular root model (Wu et al., 1979; Wu and Sidle, 1995). This considers
roots as elements initially crossing a slip plane perpendicularly. The effect of shear displacement on elastic
vertical roots crossing the shear zone is to increase the confining stress and direct shear resistance along the
failure plane at the onset of shear. The mobilization of the tensile resistance of roots in vegetated soils can
be modelled as an increase in ¢ (denoted as cg), the total cohesion of the soil:

Ac = cg = tg(cosBtan ¢ + sin 0) )

where 0 is the angle of shear rotation (degrees), ¢ is the angle of internal friction (degrees) and tg represents
the average tensile strength of the roots or fibres per unit area of soil (kN m?):

tr = Tr(Ag/A) (10)

Here, Ty is the average tensile strength of root or fibre (kN m~2) and Ag/A is the root-area ratio (m> m~2).
Schiechtl (1980) provides a comprehensive review of root tensile strengths for a range of trees, shrubs
and grasses (see also Abernethy and Rutherford, 2001). The only unknown in Equation 9, 6, varies with
thickness of the shear zone and the amount of shear displacement. Field observations by Wu et al. (1979)
indicate that this value varies between 45° and 70°. In situations where very detailed parameterization data
are available, the shearing resistance and, therefore, the contribution of root reinforcement to the effective
cohesion can be represented by root depth distributions, root system morphology and root pullout resistance
(e.g. Riestenberg, 1994).

The effect of the final mechanical component, vegetation surcharge, depends on the stress—strain properties
of the slope material, soil permeability, slope geometry, and in particular the presence or absence of cohesion
(Greenway et al., 1987). Gray and Megahan (1981), for instance, showed that surcharge would be beneficial
when cohesion is low, groundwater level is high and slope angles are relatively small compared to the friction
angle of the material. In order to model the effects of surcharge, the weight of the vegetation on the slope
surface is distributed through the soil profile according to the vertical and horizontal distance from the source
of loading, and added appropriately to the overall weight of the slice.

The vegetation model described above is implemented within the scheme using the Janbu (1954) non-
circular limit equilibrium technique. The normal force acting perpendicular to the slice base, P,, is calculated
as follows:

1
Po= (W4 8.) = 2oc((e 4 el sina — (= )l tan @' sina) | /me (11)
where
sin o tan ¢’
_ a 12
My = COS o + 705 (12)

In Equation 11, vegetation surcharge is represented by S,, (kPa), u, represents the combined effects of
interception, evapotranspiration and increased permeability (kPa) and cg is the additional cohesion derived
from root reinforcement (kPa). The term u, pore-water pressure, is derived from the hydrological model
scheme with the inclusion of variable plan topography. In addition, / represents the length of the slice base
(m), W is the slice weight (kPa) and « is the slice angle (degrees). The final FOS is expressed as:

> (& + el + (Py— (u—uy)l)tan ) sec
FOS = =2 (13)

n
> (WS, tana
i=0
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Equation 13 is determined on each hour of the simulation using the numerical schemes for slope plan topog-
raphy, vegetation interaction and the unsaturated and saturated hydrodynamics. To complement the enhanced
slope hydrological representation afforded by the incorporation of these model components, it is appropriate
to develop a non-circular slip search procedure as part of the slope stability determination. Traditionally,
engineering approaches have approximated the shear surface as circular. Although this method may be used
to search for the most critical slip surface, which defines a range of the centres of rotation via a grid search
technique, failures are often non-circular due to hydrological and geotechnical discontinuities within the slope
profile (Waldron and Dakessian, 1981; Brooks et al., 1993). To assess these non-circular failures an engineer
typically defines the position of the slip surface. In cases where the failure plane is known (e.g. back analysis
of an existing failure with an exposed failure surface) this approach may be viable. However, where the
most critical slip surface is unknown, assuming a single position for the slip surface is clearly inadequate.
Furthermore, a manual search for the critical failure surface is time-consuming and potentially inaccurate.
Accordingly, it is appropriate to incorporate an automated non-circular slip surface routine within the model
structure. This is especially the case for vegetated slopes where imposed hydrological and geotechnical
variability in soil properties may produce complex slip surfaces.

The unique element of the procedure adopted here, unlike previous search algorithms based on hydrostatic
conditions (Jade and Shanker, 1995; Shanker and Mohan, 1987), is that it employs hydrodynamic pore-pressure
conditions. The numerical method is based on a search technique for finding the global minima of a constrained
non-linear optimization problem. Initially, the feasible search domain is defined according to an upper and
lower bound defined by the user, and slip surfaces are generated within the specified domain. The FOS is then
calculated for each slip surface according to the Janbu limit equilibrium technique (Equation 13) and then
optimized via quadratic interpolation to determine the most critical non-circular slip surface, according to the
prevailing hydrological and geotechnical controls. Wilkinson et al. (2000), in outlining the full analytical basis
of the scheme, have shown that implementation of such an automated slip search leads to an improvement
in the evaluation for stability conditions compared with less rigorous methods. The resultant integrated
hydrological model, incorporating the effects of vegetation, slope plan topography and a non-circular slip
method for stability analysis, is shown schematically in Figure 3.

DISCUSSION OF NUMERICAL RESULTS

The integrated model developments allow investigation of scenarios that hitherto have not been possible
due to the inherent process representation limitations of existing models. Two case studies are provided as
examples. The first illustrates the importance of surface cover in relation to two-dimensional slope stability
dynamics and is based on the Hawke’s Bay region of the east coast of the North Island, New Zealand.
The second illustration incorporates convergent slope plan curvature chosen to demonstrate the relation of
hillslope soil-water convergence on resultant pore pressures and slope stability, with differing cover condi-
tions, for the Mid-Levels region of Hong Kong. In both cases the fully automated non-circular slip surface
is employed.

Hawkes Bay, New Zealand

Over recent years commercial plantations have become widespread as a component of the forestry industry
throughout the North Island of New Zealand. The management of this land with regard to cutting procedures
has been shown to have a significant impact on slope stability (Sidle, 1992, 1999) and therefore it is of interest
to further investigate the relationship between vegetation and landslide activity. To this effect the vegetation
model described in this paper can now be applied to a scenario comparing the stability of a slope covered
with Radiata pine with a slope cleared of vegetation (i.e. bare slope with no vegetation effects). Radiata pine
has been the subject of in-depth studies with detailed examination of both above- and below-ground biomass
characteristics (O’Loughlin and Watson, 1979; Watson and O’Loughlin, 1990); this information enables full
parameterization of the vegetation model outlined above (Table I). A typical slope configuration is shown in
Figure 4a.
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Figure 3. Representation of the integrated hydrology slope stability model

Table 1. Model input parameters for Radiata pine

Variable Radiata pine
Root tensile strength (kN m~2) 17
RAR (m?> m™?) 0-1
Ground cover (%) 20
Spacing (m) 2
Lateral root extent (m) 4
Vertical root depth (m) 2
Surcharge (kN m~2) 3
LAI (m*> m™?) 16
Canopy resistance (s m™!) 100
Aerodynamic resistance (s m™!) 10

A one-in-2-years, 24 h design storm event was simulated following a 24 h period of simulation without
precipitation (total simulation time = 48 h, rainfall intensity = 10 mm h~'). In this example, the upslope left-
hand boundary condition was treated as a zero flux boundary, thereby allowing focus on the vegetation—slope
interactions and removing the need to model a potential upslope catchment area. However, if required,
appropriate upslope fluxes can be applied to the left-hand boundary to represent upslope contribution to
groundwater flow. The top boundary condition is set in accordance with the rainfall event with the infiltration
capacity being governed by the unsaturated hydraulic conductivity achieved after running the model without
rain for the first 24 h of the simulation.

During the period of precipitation the non-vegetated slope fails when positive pore-water pressures develop
along the soil-bedrock interface with the formation of a perched water table (an average pore-water pressure
of 3 kPa along the slip surface with failure occurring 14 h into the simulation at hour 38, after 144-2 mm of
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Figure 4. (a) Slope form and associated soil hydrological and geotechnical properties for Hawke’s Bay, New Zealand, scenario (collu-
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storm event

precipitation has fallen). The non-circular failure surface associated with the minimum FOS was located at
an average depth of 75-100 cm below the surface of the slope, above the soil-bedrock interface.

By contrast, with a vegetated slope cover comprising Radiata pine, effective shear strength is enhanced
through the processes of transpiration, root water uptake and root network reinforcement. The modelled
processes of interception and evapotranspiration under Radiata pine combine to maintain soil suction above
the critical threshold for slope stability. In this case the minimum FOS attained was 1-59 (Figure 4b). In fact,
for such a vegetated slope a storm event of 280 mm in 24 h was required for slope failure to occur. Such
a storm has a return period of approximately 9 years; correlating well with historical evidence (Marden and
Rowan, 1993; Blaschke et al., 1992).

A comparison between measured and model-predicted volumetric moisture contents in response to a three-
day, medium-intensity storm event (total rainfall = 179-3 mm) in the Hawke’s Bay region has provided basic
validation of the hydrology component of the model. At depths of 25 cm and 100 cm the model-predicted
changes in the volumetric moisture content to within 10 per cent of the measured values (for a pasture-
covered slope; Wilkinson, 2000). Although this type of validation is limited in both spatial and temporal
terms it does provide some initial indication that the process of infiltration and downward percolation towards
the soil-bedrock interface is being represented in a realistic manner.
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Further investigations into the relationship between vegetation cover and landslide occurrence (total length
of landslide scars and landslide density associated with pasture, scrub, pine and indigenous vegetation covers)
have provided support to model results by allowing comparison on the basis of threshold landslide-triggering
rainfall events and associated probability of landslide occurrence with observed temporal trends (Blaschke
et al., 1992; Marden and Rowan, 1993; Hicks et al., 1993).

Comparisons to such historical datasets provide a useful means of assessing the overall performance of
the model as opposed to rigorous internal validation of individual model components and associated process
representation.
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Figure 5. (a) Slope form and associated soil hydrological and geotechnical properties for Hong Kong scenario (colluvium: ¢’ = 4 kPa,
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mated non-circular critical slip location and illustrative slices (W = total slice weight (kN), « = angle at base of slice (degrees)).

(b) Topographical effects on slope stability for bare surface two- and three-dimensional convergent and vegetated three-dimensional
convergent scenarios for a one-in-10-year, 24 hour return period storm in Hong Kong
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Application of the integrated vegetation—slope model to the Hawke’s Bay region has highlighted the
importance of model process representation. The numerical results have illustrated that omitting vegetation-
related processes (root water uptake, interception and root reinforcement) in such a sensitive area could result
in a miscalculation of the FOS and misrepresentation of the dominant process controls on stability.

Mid-Levels, Hong Kong

Inclusion of surface cover effects can be complemented by a consideration of plan topographical form
effects on the pore pressure regime. In tropical residual soils the importance of sub-surface hydrology as
a landslide-triggering mechanism has been thoroughly investigated over the last 20 years (Fredlund et al.,
1978; Anderson et al., 1988; Anderson and Kemp, 1991). In terms of dimensionality there are circumstances
where topography and its effect on the conveyance of both surface and sub-surface flows will influence slope
stability. In this case the standard two-dimensional approach is insufficient, typically leading to over-estimation
of the factor of safety in areas of plan convergence.

The second illustration provided is based on conditions typical of the Mid-Levels area of Hong Kong. Here
steeply vegetated slopes, residual soils and complex plan topography provide an ideal context for illustrating
the factor of safety differentials that can result from hydrological controls on slope stability. Figure 5 shows
the results of applying the scheme using a one-in-10-year 24 h storm to the slope profile given in Figure Sa.
The slope plan convergence modelled had an upslope breadth of 50 m reducing to 10 m at the downslope toe
location; as such the slope plan curvature corresponds to category C1 in the slope plan curvature classification
used by the Hong Kong Geotechnical Control Office CHASE Report (1980).

Analysis of the convergent slope with a bare soil cover yields a minimum factor of safety of 0-98, cor-
responding to a near-circular failure surface. This figure increases to 1-15 when the slope has a vegetated
cover (of Radiata pine) and further to 1-28 when the effect of slope plan convergence is removed (i.e. a
two-dimensional planar slope, retaining the vegetated cover). These scenarios provide important evidence of
the need to develop slope stability models that integrate relevant hydrological processes. Clearly, amongst
the benefits of such a modelling scheme is the fact that inter-comparisons of different vegetation effects on
slope stability processes can be made.

CONCLUSIONS

Previous stability models have been limited in terms of the hydrological processes they include and yet
such processes can have significant impacts upon both negative and positive pore-water pressures. This
paper has presented a model that seeks to develop these process-based inclusions. Incorporation of variable
plan topography combined with surface cover has been shown to significantly affect the predicted rainfall
threshold required for slope failure. Such a finding has profound implications on the identification of the
resultant processes that control slope stability and, importantly, on slope design and specification of remedial
and stabilization measures. The further development of integrated hydrology—stability models is therefore
considered a major avenue of research that needs to be pursued.
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