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Abstract—Shallow landslides are often linked to high magnitude rainstorms. Research has attempted

to establish threshold rainfall totals that trigger shallow landslides, based mainly on field evidence.

Complications arise because not all regolith has the same hydrological behaviour, and research frequently

fails to take this into account. This paper uses a combination of field and modelling approaches to explore

the triggering rainfall thresholds for shallow failures in deforested hill country of New Zealand. It

emphasises the role of variations in regolith hydrology, focussing on unsaturated and saturated zone

responses. By using a modelling approach, detailed variations in pore pressure (positive and negative)

responses are investigated, developing ideas initially derived from field evidence. This paper defines and

develops earlier research that establishes values for maximum and minimum probability thresholds for

shallow landslides, and provides a more generalised model that can be applied more widely. Hydrological

mechanisms for shallow landslides are investigated in greater detail than previously possible using a

Combined Hydrology And Stability Model (CHASM�).

Key words: Shallow landslides, soil hydrology, triggering rainfall thresholds, physically-based

modelling.

Introduction

Shallow regolith failures affect much of New Zealand hill country and are

responsible for considerably accelerated soil erosion in recent times. While there is

evidence for periods of accelerated soil erosion in the Holocene related to warming

trends and associated enhanced cyclonic activity (GRANT, 1983), it has been shown

that a major factor responsible for the recent increase in the occurrence of shallow

regolith failures is removal of indigenous forest and conversion to pasture by

European settlers (PAGE and TRUSTRUM, 1997; WILKINSON, 2000).
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Currently, the hill slopes of much of New Zealand are undergoing episodic

regolith stripping (CROZIER and PRESTON, 1999; BROOKS et al., 2002), involving an

upslope progression of regolith removal by landslides and exposure of the underlying

parent material. The main agent responsible for this process is rainfall (generally

cyclonic rainfall associated with tropical storms), although seismic activity can also

remove large amounts of material under both shallow and deep-seated failure

(CROZIER, 1997). Climatic triggers to shallow slope failure can be isolated from

seismic factors since the latter produce clusters of both shallow and deep-seated

failures, while the former tend to result only in shallow failures (CROZIER, 1997).

Shallow planar slope failures, occurring within the regolith above the bedrock

substrate provide the focus for this paper.

There is now a large body of field evidence from the hill country of New Zealand

regarding the distribution of shallow failures caused by high-magnitude rainstorms in

recent years, in a variety of regoliths forming on different bedrock substrates

(CROZIER and PILLANS, 1991; CROZIER et al., 1980; PRESTON, 1996; GLADE, 1997,

1998, 2000; GLADE and CROZIER, 1996; GLADE et al., 2000). Detailed accounts of the

storm properties that produce shallow landslides are also available. A major impetus

for these field observations has been the possible identification of climatic thresholds

for slope failure, and a closer understanding of the landslide-climate link, especially

for slopes that have undergone removal of vegetation. As CROZIER (1997) states:

‘‘Most modelling efforts to date have been spent on the development of

regional empirical threshold models. These appear to have been successful for

the place and period from which they were derived but most of them require

further testing and refinement.’’

(CROZIER, 1997: p. 344)

In general, many empirical thresholds are available in the literature. The simplest

involve linking the properties of individual storms, such as intensity or duration, to

the occurrence of slope failure (e.g., CAINE, 1980; PAGE et al., 1994), although there is

now a range of thresholds based on antecedent moisture levels as well (KIM et al.,

1992; CROZIER, 1997). The results of KIM et al. (1992) are particularly interesting, as

they suggest that the significant climatic parameters vary between regions. Areas of

central Korea, for example, have failures that are controlled mainly by the 3-day

cumulative rainfall total while in southern Korea, daily rainfall is more important.

Implicit in this is that a complex interplay operates between rainfall and regolith/

substrate material hydrology, similar to that modelled by FREEZE (1980), both of

which vary regionally. Hence, as CROZIER (1997) suggests, results from empirical

threshold models are not spatially and temporally transferable.

Rigorous definition of climatic thresholds for slope instability can be misleading

in so far as they imply that failure will inevitably occur once the threshold is

exceeded. However, it is often the case that these thresholds are exceeded without

failure occurring (CROZIER, 1997). A more applicable approach possibly involves

recognition of minimum and maximum probability thresholds (GLADE and CROZIER,
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1996). The minimum probability threshold defines the point below which failure will

not occur, but above which it may occur under certain circumstances. The maximum

probability threshold defines the condition above which there is 100% probability of

instability. GLADE (1997) has defined these thresholds for three regions of North

Island, New Zealand, using different types of model: the daily rainfall model (GLADE,

1997, 1998, 2000), the antecedent rainfall model (GLADE, 1998, 2000) and the

antecedent soil water status model (GLADE et al., 2000).

These regions are shown in Figure 1. The daily rainfall model suggests that the

minimum probability threshold is around 20 mm per day for the three regions of

Wellington, Hawkes Bay and Wairarapa, while the maximum probability threshold

varies from 120 mm per day at Wairarapa, through 140 mm per day at Wellington to

300 mm per day at Hawke’s Bay. The larger events have approximate recurrence

intervals of 3.7, 10.5 and 32 years respectively, although the smaller threshold might

be exceeded about once every 9 days in Hawke’s Bay and every 91 days in

Wairarapa/Wellington. These different rainfall amounts between the three regions

suggest that there may be significant variations in regolith-bedrock substrate

hydrology that affect the occurrence of shallow slope failures. In particular, the

differences may be expected to be greatest between Hawke’s Bay and Wellington/

Wairarapa. The latter two regions have similar thresholds, implying either similar

regolith-substrate hydrology or the presence of some other factors that dictate

similar susceptibility to a given rainfall input. Investigation of rainfall/stability

relationships will thus be focused on only two of the regions, Wellington and

Hawke’s Bay.

Identification of such climatic thresholds provides no causal mechanisms for

failure, although it is suggested in this paper that the hydrological behaviour of the

regolith/parent material is fundamental. To address this issue, CROZIER (1997) has

attempted to apply a simple model to provide a preliminary process-based

explanation of the link between climate and slope failure (Fig. 2). The model is

based on the interplay between rainstorm properties (event water) and antecedent

water, in relation to soil transmissivity at the ground surface. Two cases are

identified, the first involving a situation in which rainfall intensity exceeds soil

transmissivity, and water is lost to overland flow. In this case both storm total and

rainfall intensity are poor properties from which to derive landslide-triggering

thresholds. In the second case, rainfall intensity is lower than soil transmissivity at

the ground surface and all water enters the soil. It is argued that in this case, storm

totals and rainfall intensities do provide good measures for deriving landslide-

triggering thresholds. Such general models are potentially of greater applicability to a

range of soils having a range of transmissivities.

In most humid regions, where soi1 cover exceeds about 1 m and has an

uncompacted open porous structure, saturated hydraulic conductivities are of the

order 30–40 mm/h, but with great variability. With soil of very fine texture and heavy

compaction, often due to anthropogenic activity, these rates are much lower. In most
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circumstances, however, the former condition applies and it is only under the most

extreme events that rainfall intensities exceed soil transmissivities for sustained

periods. It therefore follows that case one, identified by Crozier, is comparatively

uncommon.

In much of New Zealand hill country, regolith depths are of the order 1–2 metres,

especially on the steeper slopes undergoing shallow failure. Vertically-percolating

water encounters the bedrock or substrate relatively quickly after the start of rain

where regolith has a saturated hydraulic conductivity in excess of 30–40 mm/h. Of

Figure 1

Location of the study sites at Hawkes Bay and Wellington New Zealand.
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significance in this case is the hydraulic conductivity of the bedrock relative to

rainfall intensity. Excess water will not be lost but may facilitate the generation of

positive pore water pressures within the lower part of the regolith. If the regolith has

Figure 2

The Crozier (1997) model to assess the links between climate and landslides (see text).
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a higher hydraulic conductivity than the underlying bedrock or substrate, and the

rainfall intensity falls between the saturated hydraulic conductivity of the regolith

and the bedrock, then the situation is similar to that of case 1 (described above), with

the significant boundary being the regolith-bedrock junction rather than the ground

surface. However, unlike for case 1 where the ground surface acts as the boundary,

this situation does not involve the loss of event water to overland flow or

evaporation, and triggering thresholds might well be determined by rainfall totals

and/or intensities.

Case 2 with all rainfall entering the soil, is most commonly found at the onset of

rainfall. Hence it is the unsaturated behaviour of the regolith that is significant. This

determines both the response rate and the minimum suctions (negative pore water

pressures) that develop. Again, assuming that the regolith-substrate boundary is the

significant boundary, then the most important relationship is the transmissivity of

the regolith relative to the bedrock. Under conditions where both regolith and

substrate transmissivity remain higher than rainfall intensity, and regolith transmis-

sivity is lower than that of the substrate, unsaturated conditions determine slope

stability criteria. Conversely, if regolith transmissivity is greater than that of the

substrate, saturated conditions are readily attained at the regolith-substrate

boundary and slope failure occurs via the development of positive pore water

pressures.

To assess this in detail is problematic in the field, and requires a more detailed

modelling approach in which dynamic unsaturated and saturated hydrology can be

examined at depth in layered structures. The model used needs to have a sound

process basis to be applicable to a range of regolith-substrate combinations and to be

able to capture the effect of dynamic variations in rainfall intensity. It also needs to

be capable of simulating the effect of lateral flow under saturated conditions which

may develop at the regolith-substrate boundary. The model therefore needs to be

formulated in at least 2 dimensions.

In this paper we apply a 2-D version of the dynamic, physically-based combined

soil hydrology and slope stability model (CHASM�) to investigate the hydrological

mechanisms that produce shallow regolith failure and hence, elucidate in some detail

the climate-landslide coupling. Contrasting scenarios are selected for analysis

involving different substrate and regolith hydrological properties, the first from the

Wellington region and the second from Hawke’s ’Bay.

Although it is not the aim of this paper to predict the occurrence of slope failure,

in order to use the model to elucidate the hydrological and climatological thresholds

for slope instability, then it is necessary to ensure that the model is suitable for such a

purpose. Predominantly this involves assembling evidence that the model has the

correct process basis and is correctly discretised in space and time to perform

robustly under the conditions being investigated. Hence some initial model

validation was attempted. A detailed assessment of both saturated and unsaturated

hydrological behaviour was then carried out to show how both are important in
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determining climatic thresholds for failure. Finally, the model was used to examine

variations in bedrock-regolith hydrology resulting in differing climatological

thresholds, and to show how these thresholds can be defined rigorously in physical

terms, rather than simply stating a single rainfall intensity applicable to a given

region.

A Physically-based Model for Assessing Climate Thresholds for Slope Failure

The Combined Hydrology And Slope Stability Model (CHASM�) is a generally

applicable model for shallow and deep-seated slope failures that are governed by

changing pore water pressures. This paper examines its suitability for exploring links

between climate and regolith-substrate hydrology, in particular for the hill country of

New Zealand. Unlike previous applications of slope stability models that make

simplifying assumptions about the position of the water-table (CARSON and PETLEY

1970; CARSON, 1975; ROUSE and FARHAN, 1975), the focus here is on dynamic

hydrology, with unsaturated zone behaviour being represented in detail.

The model is capable of a high degree of spatial and temporal discretisation

allowing the significance of hydrological discontinuities, such as occur at the regolith-

substrate boundary, to be represented in detail. In many regions of the World, such

discontinuities have commonly been cited as the cause of shallow slope failures

(CAMPBELL, 1975) as well as promoting positive pore water pressures and lateral

through flow in the regolith. The capability to represent systems in a highly-

discretised manner also enables short-term (hourly or less) variations in rainfall

intensity to be included in the analysis.

The CHASM� model has been described in other papers (ANDERSON et al., 1988;

BROOKS et al., 1993a; 2002) and will not be described further in this paper. The most

comprehensive outline of the early model developments can be found in ANDERSON

et al. (1988) and the most recent developments in model capability are outlined by

WILKINSON (2000). The model has recently been applied to landslides occurring in

the Hawke’s Bay region (BROOKS et al., 2002), and preliminary evaluation of

model applicability to landslides triggered by heavy rainfall in New Zealand can be

found there. In this paper the model will be used more generally to advance

understanding of climate-landslide links.

Two sites in New Zealand provide a suitable basis for model parameterisation,

with a focus on those parameters important for both unsaturated and saturated

hydrological behaviour of the regolith and substrate. The sites provide significant

contrasts in regolith hydrology, and are from areas for which considerable effort has

been expended in deriving empirical climatic thresholds for landslide initiation

(GLADE, 1997, 1998, 2000; GLADE et al., 2000). The same sites also enable

preliminary validation to be attempted, as a check for robust model performance

under appropriate conditions for these climatically-triggered shallow slope failures.
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Study Sites from the Hill Country of North Island, New Zealand

Two study sites were selected for detailed analysis (Fig. 1). Both are located on

the North Island of New Zealand, the first being on the southwest coast (Wellington)

and the second being on the east coast (Hawke’s Bay). Both regions have been the

subjects of detailed field observations of contemporary slope failures occurring since

deforestation. The general setting for slope failures in the Wellington region is

described by CROZIER et al. (1992), while Hawke’s Bay slope failures have received

detailed attention from PRESTON (1996), CROZIER and PRESTON (1999), and BROOKS

et al. (2002). A high-intensity rainfall event occurring on 19–20th December, 1976 in

Wellington/Hutt Valley delivering over 300 mm of rainfall in 24 hours, and Cyclone

Bola (which occurred in Hawke’s Bay from 6–9th March, 1988 with a total rainfall of

724.75 mm, and over 300 mm on 7th March alone) stand out from all recent events

as they were both associated with widespread shallow translational failure. These two

events were used in the validation.

In Wellington, failures were observed on both artificial cut slopes as well as on

natural slopes. In the latter case the slips seemed to emanate from colluvial-filled

bedrock depressions, similar to those described by RENEAU et al. (1989). CROZIER

et al. (1992) describe the geotechnical properties of the regolith, modal slope angles

and typical depths. During failure the regolith is stripped to the bedrock surface

which in this region, is an indurated Mesozoic greywacke. However, CROZIER et al.

(1992) point out that these colluvial-filled bedrock depressions can also be found on

unconsolidated river gravels and on soft Tertiary marine sediments.

Modal slope angles for slopes experiencing regolith failure in the Wellington

region are typically around 34�. The colluvium in bedrock depressions in which the

slope failures take place averages around 2–3 m in depth, but in places reaches

depths of 6 m. It possesses an open porous structure, with overall porosity being

around 56%. Hence it is of comparatively low density (@1.3 g/cc), similar to most

unconsolidated soils. Triaxial tests produced values for residual cohesion and angle

of internal friction of 0.8 kPa and 32�, respectively. The angle of friction of the

underlying bedrock is similar to that reported for Grade IV weathered greywacke

(CROZIER, 1989), with lower values for porosity (17–25%), hence higher bulk

densities (2.02–2.54 g/cc). Grade IV weathered greywacke has been found to possess

negligible cohesion and has a residual angle of internal friction of 35 degrees.

As well as the geotechnical properties, it is vital to consider the hydrological

characteristics of the regolith and parent material. Measurements of saturated

hydraulic conductivity in this regolith suggest values of around 50 mm/h. Given the

higher density of the Grade IV weathered greywacke, saturated hydraulic conduc-

tivity is an order of magnitude lower, being about 2 mm/h. Soil moisture

characteristic curves have been measured for the A, B and C horizons of soils in

the locality (McConchie, pers comm). Typical curves for surface regolith and

underlying bedrock are plotted in Figure 3.
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Within the Tutira area, near Hawke’s Bay, the geology is somewhat different

from that of Wellington. Here a combination of Tertiary and early Pleistocene

marine sandstones and silty mudstones dominates, with interbedded limestone

outcrops. The regolith is composed of a combination of weathering products from

the silty and sandy parent material, along with Aeolian inputs of tephra and tephric

loess (PAGE and TRUSTRUM, 1997; PRESTON, 1996). The area experienced widespread

slope failure during Cyclone Bola, which is fully described by PAGE and TRUSTRUM

(1997), and has recently been modelled by BROOKS et al. (2002).

Using a variety of sites around the Tutira catchment, PRESTON (1996) found

regolith depths averaging 1 m, but reaching 1.6 m in places. These depths are slightly

shallower than for Wellington. The regolith is also more porous, having bulk densities

Figure 3

Soil moisture characteristic curves for the bedrock substrate and regolith for Wellington (dashed line) and

Hawkes Bay (solid line) (note lower moisture contents at given suctions for the bedrock substrate

compared with the regolith).
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in the region of 1.21 g/cc. The colluvial deposits downslope from the exposed failure

surfaces are slightly denser (@1.27 g/cc), consistent with similar measurements for the

Wellington colluvium. However, it is not the colluvium which is undergoing failure

but the regolith further upslope. Bulk densities of the parent material are in the region

1.6 g/cc. PRESTON (1996) also carried out extensive direct shear box tests and found

unexpectedly low values for residual angle of internal friction in the regolith, around

18�. However, this is consistent with the idea that angles of friction vary with normal

load to become relatively high near the ground surface. At depths of 1.5 m, direct

shear measurements show that residual angles of internal friction may reach up to 30�
(CROZIER and PRESTON, 1999). For simplified comparison of the hydrological

behaviour in regolith from both Wellington and Hawke’s Bay, it will be assumed that

the angles of internal friction are similar in both regoliths. An appropriate value,

justified by drained direct shear measurements is 30�.
Hydrological data are also available for the regolith and bedrock of the

Hawke’s Bay region. Measurements of saturated hydraulic conductivity of the

regolith have been carried out by MERZ (1987), who obtained mean values of

58 mm/h for a variety of surfaces excluding recent slide scars. HENNRICH (2001),

who calculated hydraulic conductivities by measuring rates of movement of the

wetting front, found values from 41–145 mm/h with a mean of 83 mm/h. CROZIER

et al. (1980) in similar hill country in Wairarapa provided an average value of

150 mm/h for soil supporting undisturbed pasture, appropriate for the failures

being investigated in this paper. Measurements taken at the exposed shear surface

representative of the saturated hydraulic conductivity of the bedrock substrate, are

two orders of magnitude lower at 3.7 mm/h. Again, soi1 moisture characteristic

curves were obtained by Jensen (pers. comm.) for soils in the region, and these are

also plotted in Figure 3.

While it is argued that it is realistic to maintain similar values for the

geotechnical properties of both regolith types (those of the bedrock, below the shear

surface, are not relevant), there are two important distinctions in hydrological

properties. Firstly, bedrock saturated hydraulic conductivity is lower than that of the

regolith for both sites, but is somewhat lower in Wellington than Hawke’s Bay.

Secondly, there is a greater difference in the saturated hydraulic conductivity of the

regolith, with the less dense material from Hawke’s Bay having higher values than

Wellington. Following from this is a greater difference between the regolith and

bedrock saturated hydraulic conductivity for Hawke’s Bay compared with Welling-

ton. The differing densities of both types of regolith and of the bedrock in the two

regions result in variations in the soil moisture retention curves. The combination of

contrasting saturated hydraulic conductivities as well as soil moisture retention

curves is expected to result in varying hydrological behaviour in both the saturated

and unsaturated phases of water redistribution. This will be investigated further for

its the significance to the derivation of appropriate climatic thresholds for slope

failure in the two regions.
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Model Validation Using Contemporary Slope failures

Several key issues concerning applications of physically-based models have been

identified recently, summarized by BEVEN (1989, 1997) and BROOKS et al. (1999). It is

frequently suggested that validation may be impossible (FAWCETT et al., 1992; DE

ROO, 1996). However, it is necessary to ascertain that the model selected provides

insight into the general behaviour of physical systems, is robust and suited to the

problem being addressed. Process representation is central. If a model completely

fails to predict slope instability, even when it is observed in the field, then the model

almost inevitably has an incorrect process basis, an insufficiently-detailed discreti-

sation routine or an inaccurate parameter set. Such would be the case were

CHASM� to be used to assess tectonically-triggered deep-seated landslides.

This paper uses a model that represents hydrological behaviour in detail. There

are several shallow failures known to be triggered by rainstorms alone (CROZIER,

1997), and these form the basis for testing model performance. Successful prediction

of shallow failure under the same conditions as measured in the field indicates that

the model is appropriate. An alternative validation strategy (FAWCETT et al., 1992)

involves measurement of internal variables (pore water pressures). For this paper,

such an opportunity was not provided, although monitoring programmes are

currently being established to meet this requirement.

For the different sites described above, for which appropriate parameterisation

data are available, several recent shallow slope failures have been observed (GLADE

and CROZIER, 1996) and associated hourly rainfall has been measured. CHASM�
simulations were carried out for the two sites using the two-dimensional version. The

modelled factors of safety are shown in Figure 4. Under both storms failure is

predicted by the model and is observed in the field. Significant differences are

apparent between the two sites. The storm affecting the Wellington region is of

higher intensity, shorter duration and lower total rainfall than that of the Hawke’s

Bay region. Despite higher rainfall intensities, the Wellington site takes longer to

respond to rainfall, reaching a factor of safety of unity some 20 hours after the peak

in intensity. In Hawke’s Bay the lower peak rainfall intensity of 25 mm/h produces

failure after just 4 hours. The rainfall data for the entire Cyclone Bola show that such

intensities are readily exceeded later in the storm. Consequently, the factor of safety

remains below unity for some time.

These model results imply that there are different thresholds for slope failure in

the two regions, as suggested from empirical evidence by GLADE (1997, 1998, 2000),

and that these are dictated by regolith and bedrock hydrology. The two storms are

very different in intensity and duration, making it impossible to use these storms to

directly compare the pore pressure response between the two regions, and thereby to

ascertain general thresholds for landsliding. However, since Figure 4 shows that the

model is capable of predicting actual occurrence of slope failure, it is be possible to

use the model to investigate the hydrological mechanisms that generate low factors of
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safety under ‘synthetic’ storms of similar intensity. This analysis should allow more

rigorous definitions to be provided for the climatic thresholds identified empirically

by GLADE (1997, 1998, 2000). Additionally it is the aim of this paper to provide a

generalized conceptual model that builds on the ideas suggested by CROZIER (1997).

Hydrological Mechanisms Underlying Shallow Slope Failure

The most informative output from the combined hydrology and stability model

is the variation in pore water pressure (positive and negative) over time for

different depths in the regolith. To investigate contrasting hydrological responses in

more detail, four simulations were carried out for each site involving steady rainfall

intensities of 1 mm/h, 10 mm/h, 30 mm/h and 50 mm/h, applied for 24 hours.

These intensities span the range identified by GLADE (1997, 1998, 2000) as

representing minimum and maximum probability thresholds for Wellington/

Wairarapa and Hawke’s Bay, as well as taking the investigation to the

higher intensities that may be sustained for shorter durations than 24 hours.

Figures 5(a-h) plot pore water pressures for depths of 25 cm, 75 cm and 125 cm for

the four intensities, for Hawke’s Bay and Wellington. Figure 6 shows pore water

pressure (positive and negative) variations for a depth of 125 cm. This is simply to

enable comparison at a depth where both negative and positive pore water

pressures occur under the different storms.

Figure 4

Changes in factor of safety under extreme events occurring at Hawkes Bay (dashed line) and Wellington

(solid line) (rainfall ¼ bars; factor of safety ¼ lines). (Note both regoliths are predicted to fail during these

events, consistent with field observations).
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Under 1 mm/h rainfall intensity, both regoliths remain unsaturated with a

progressive lag in response with depth. Minimum suctions (negative pore water

pressures) attained are lower for Wellington than for Hawke’s Bay regolith. 1 mm/h

is close to the minimum probability threshold for both regions (20 mm in

24 hours � 0.83 mm/h). When the rainfall intensity increases to 10 mm/h, there

are several notable differences in response. Pore water pressures drop ultimately to

lower values and do so at a faster rate. While the regolith at the Hawke’s Bay site

remains unsaturated throughout, the deepest part of the Wellington regolith becomes

saturated after 18 hours. For an intensity of 30 mm/h complete regolith saturation

occurs for Wellington after 11 hours (all three depths showing positive pore water

pressures), and for Hawke’s Bay after 17 hours. Finally, for 50 mm/h complete

regolith saturation also occurs, but in both cases the response is faster.

It is clear that there are threshold rainfall intensities that control whether the

regolith remains unsaturated, becomes saturated only at depth, or becomes saturated

throughout the whole profile. Rainfall intensities of 1 mm/h are insufficient for

saturation at any depth, but 30 mm/h produces complete saturation. Taking

Figure 5

Pore water pressure variation at depth for different rainfall intensities and locations: (a–d) Hawkes Bay

region.
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Hawke’s Bay, the minimum and maximum probability thresholds as defined by

GLADE (1997, 1998, 2000) are approximately 1 mm/h (0.83 mm/h) and 10 mm/h

(12.5 mm/h) respectively. In Wellington, the minimum probability threshold is the

same, but the maximum is 5.6 mm/h, somewhat lower. The significance of these

thresholds is more readily seen from a plot of unsaturated hydraulic conductivity

variation with suction (Fig. 7). Several methods exist for deriving this relationship

from soil moisture retention curves and saturated hydraulic conductivity (MILLING-

TON and QUIRK, 1959; CAMPBELL, 1974; VAN GENUCHTEN, 1980). In these examples,

the method of Campbell was selected since the required parameters are readily

available from measured data and the method is simple to apply for this initial

analysis.

The minimum probability threshold in both Hawke’s Bay and Wellington relates

to a rainfall intensity for which saturation is impossible (shown as ‘x’ on the

‘‘horizontal axis’’ in Fig. 7). The rainfall rate remains lower than the saturated

hydraulic conductivity of both the bedrock and the regolith. All rain will enter the

regolith and will percolate through to the underlying bedrock without generation of

Figure 5 (e-h)

Wellington region
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excess water at this boundary. Even when sustained over a significant period,

unsaturated conditions will persist at all depths. The pattern of pore water pressure

variation involves downward migration of a wetting front such that successively

greater depths respond with an increasing time lag. The deepest regions are the last to

see a reduction in negative pore water pressure. The ultimate pore water pressures

that could develop show a greater reduction for Wellington than for Hawke’s Bay,

consistent with the model results plotted in Figures 5a and 5e.

The maximum probability thresholds (12.5 mm/h and 5.6 mm/h for Hawke’s Bay

and Wellington, respectively) on the other hand, relate to rainfall intensities greater

than the saturated hydraulic conductivity of each of the bedrock substrates, but still

below those of each regolith type (shown as ‘�’ on the horizontal axis in Fig. 7).

From Figure 7 it can be seen that these rates relate to similar pore water pressures

in each regolith. However, at these intensities in excess of the saturated hydraulic

conductivities of the bedrock, a more complex hydrological response applies. All rain

enters the regolith but a point will be reached when the rate of flow through the

regolith exceeds the rate of flow into the bedrock substrate. Excess water generated at

the regolith-substrate boundary will further reduce the suctions in the regolith to a

point where saturation is approached at this depth. It seems that with these

thresholds involving rainfall intensities just in excess of the saturated hydraulic

Figure 6

Detailed pore water pressure variation for different rainfall intensities (1, 10, 30 and 50 mm/h) and

locations (solid line ¼ Hawkes Bay; dotted line ¼Wellington).
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conductivity of the bedrock but lower than those of the regolith, comparatively little

excess water is generated. It is only sufficient to saturate the entire regolith if it

persists for periods longer than 24 hours. According to GLADE (1997), failure will

take place under these conditions. It appears that the deepest parts of the regolith will

be saturated, but the high pore water pressures associated with a rise in the water-

table to the ground surface are not necessarily developed. Hence the hydrological

mechanisms leading to potential instability under the maximum probability

threshold involve both a downward progression of a wetter zone, as well as a

buildup of water at the regolith base.

Figure 7

The relationship between unsaturated hydraulic conductivity and suction (negative pore water pressure)

for regolith and bedrock substrate (solid line ¼ Hawkes Bay; dashed line ¼Wellington) (marks along the

bottom axis represent rainfall intensities corresponding the minimum and maximum probability thresholds

for each location – see text).
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The plots relating to a rainfall intensity of 10 mm/h (Figs. 5b and 5f) show these

mechanisms operating. For Wellington (threshold of 5.6 mm/h), the shallowest

depth has the fastest initial response. The deepest region experiences a rapid decline

in suction only after 18 hours, once excess water begins to be generated. Hawke’s

Bay (threshold of 12.5 mm/h) requires more water for saturation given its higher

porosity, and does not actually become saturated at an intensity of 10 mm/h, since

this is below its threshold. The two scenarios just described, corresponding to

rainfall intensities at just below the minimum probability threshold and at just

above the maximum probability threshold (CASE 1 and CASE 2) are shown in

Figure 8.

At even greater rainfall intensities, two mechanisms of regolith wetting operate at

each site, but with a changing balance as intensity increases. Firstly, once rainfall

intensity exceeds the transmissivity of the regolith, excesses are transmitted at the

ground surface. A saturated region develops and downward percolation occurs.

Secondly, as the region at the regolith-substrate boundary is encountered a buildup

of positive pore water pressures occurs. In these ways the entire regolith becomes

saturated. The relative order in which different depths become saturated enables

assessment of the changing dominance of these different hydrological mechanisms.

For an intensity of 30 mm/h, significant differences are apparent in the behaviour of

the Wellington and Hawke’s Bay regoliths.

In the former case, this intensity is very close to the saturated hydraulic

conductivity of the regolith. The surface region becomes saturated first of all (3

hours), rapidly followed by the lower regions (10 hours). All water infiltrates to

bring the surface region of the regolith close to saturation. As the saturated zone

migrates downwards, it encounters the deeper region where excess water is being

generated, and the entire regolith becomes saturated. For Hawke’s Bay, the

rainfall intensity is some way below the saturated hydraulic conductivity of

the regolith. In this case, regolith saturation occurs through the upward

development of a perched water-table from the regolith-substrate boundary.

Lower regions become saturated first of all followed by downward percolation of

a wetting front. In general, it takes longer for the entire regolith to become

saturated at Hawke’s Bay than at Wellington, reflecting the differences in regolith

hydrology.

Under a 50 mm/h intensity, both regoliths become saturated rapidly, with

Wellington again showing a response in the surface region first of all as rain enters

the regolith at a rate close to the saturated hydraulic conductivity. Lower regions

then become saturated due to both downward movement of the wetting front and

upward movement of the perched water-table. For Hawke’s Bay, all regions become

saturated more-or-less simultaneously. Saturated hydraulic conductivity of the

regolith remains below the rainfall intensity, hence saturation of the surface zone can

take place. Both profiles ultimately become entirely saturated, but with somewhat

different patterns in the way this occurs. It is also pertinent to note that several hours
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of sustained rainfall intensities of 50 mm/h are required for total saturation. Such

conditions have unrealistically long recurrence intervals, and the implications of this

will be discussed further below. The effect of high rainfall intensity in excess of the

saturated hydraulic conductivity of both regolith and bedrock is shown as CASE 3 in

Figure 8.

Whether slopes actually fail depends on the above hydrological responses in

combination with slope angle and geotechnical properties. A slope angle of 34� and

an angle of internal friction of 30� were used in all simulations, reflecting

approximate field conditions. Figure 9 plots minimum factors of safety for the

different rainfall intensities and shows that for a rainfall intensity of 10 mm/h the

Figure 8

A revised model for assessing landslide-climate links, incorporating minimum and maximum probability

theresholds.
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Wellington slopes are unstable while the Hawke’s Bay slopes are stable. This is

consistent with the empirically-established maximum probability thresholds for each

region, 5.6 mm/h for Wellington and 12.5 mm/h for Hawke’s Bay. For lower rainfall

intensities stability is maintained, while for higher intensities failure occurs. In both

regions the point where the factor of safety reaches unity coincides closely with the

field-identified daily rainfall thresholds. The fact that Hawke’s Bay has a higher

threshold than Wellington is established both from field observations and from

model simulations, with close similarity found from both methods. The higher

saturated hydraulic conductivity as well as differences in soil moisture retention

curves in both the regolith and the bedrock substrate in each region account for these

differences in thresholds. Further work is required to assess the significance of even

greater contrasts in regolith and bedrock hydrology in combination with variations

in geotechnical behaviour. Such contrasts need to be assessed in relation to

antecedent moisture levels, which also have a bearing on landslide-triggering

thresholds (GLADE, 1997). These are not addressed in this paper. Finally, this

assessment takes no account of rainfall intensity variation within storms. These issues

are the subjects of ongoing research.

Discussion

‘‘Worst case’’ hydrological conditions which dictate angles of limiting stability in

the landscape have been much debated since the initial suggestion that they involve

Figure 9

Factor of Safety variation with rainfall intensity showing rainfall intensity thresholds for which the factor

of safety equals unity (dashed line ¼ Hawkes Bay; solid line ¼Wellington).
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total regolith saturation (CARSON and PETLEY, 1970; ANDERSON et al., 1980; BROOKS

et al., 1993b). Originally the hydrological mechanism for total regolith saturation

was thought to be rise in the groundwater system or the development of a perched

water-table reaching the ground surface (CARSON and PETLEY, 1970). Downward

migration of a wetting front was not considered. Fully-saturated conditions were

thought to dominate the occurrence of shallow translational failures, and hence

determine angles of limiting stability.

The hydrological response of most regolith is more complex, and involves a

significant role for unsaturated zone processes as well. Hence most empirical

thresholds derived from observations of landslides and rainfall characteristics are

not spatially or temporally transferable. The model of CROZIER (1997) attempts to

incorporate this through discussion of regolith transmissivity relative to rainfall

intensity. In this model, the role of the unsaturated zone is emphasised in one of

two key scenarios for interpreting the links between climate and slope failure. The

basis for this model is laboratory experimentation (KIM et al., 1992). In this paper

it is argued that one of the two key scenarios identified by Crozier is inapplicable

in most humid temperate regions, since commonly occurring rainfall intensities

almost always remain below the maximum capacity of the regolith to transmit the

water.

Such conclusions were established in relation to the generation of surface runoff

in humid temperate regions sometime previously, where the Hortonian infiltration-

excess mechanism for runoff generation was discounted (HORTON, 1993; SCHUMM,

1956; CHORLEY and KIRKBY, 1969; HEWLETT and HIBBERT, 1967). Given the

fundamental importance of subsurface hydrology to slope stability, the modified

version of the CROZIER (1997) model shown in Figure 8 could form a useful

framework for formulating a general scheme for the links between climate and slope

failure.

The significant rainfall thresholds identified by GLADE (1997, 1998, 2000), and the

model simulations carried out using CHASM�, provide a basis for interpreting the

hydrological mechanisms that are fundamental to shallow translational failures.

Along with a modified version of the general model of Crozier, these probability

thresholds can be redefined in general terms rather than simply as a single value for

the triggering rainfall intensity. A general scheme for the modified model is shown in

Figure 8, emphasising the regolith-substrate boundary rather than the ground

surface. The modified model makes a number of assumptions. Firstly, under most

cases appropriate to humid temperate regions, regolith transmissivity at saturation is

greater than rainfall intensity and all rain infiltrates. However, some high intensities

may occur in excess of the regolith transmissivity, but are of comparatively short

duration. Secondly, in situations where shallow regolith failure is likely to take place,

bedrock transmissivity is less than regolith transmissivity at saturation. Thirdly, there

is a hydrological discontinuity at the regolith-bedrock substrate boundary which is

sharp and spatially continuous.
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The model suggests that for rainfall intensities below the minimum probability

threshold (@l mm/h in New Zealand), rainfall intensity is less than transmissivity

of both the regolith and the bedrock substrate. The regolith and parent material

remain unsaturated, hydrological response is governed by a simple downward

migration of a wetting zone, and shallow translational failure is unlikely.

Additional shear strength is gained through the maintenance of suctions (negative

pore water pressures) in the soil. The minimum probability threshold can now be

redefined as the maximum rainfall intensity that maintains unsaturated conditions

within the regolith (i.e., an intensity equivalent to the maximum transmissivity of

the bedrock at saturation).

The maximum probability threshold relates to the attainment of regolith

saturation in the deepest regions of the profile. This occurs if rainfall intensity

exceeds the saturated transmissivity of the bedrock, enabling the generation of excess

water at the regolith-bedrock boundary. Continued application of rainfall at this rate

will eventually lead to total regolith saturation under a mechanism involving a rise in

the perched water-table to the ground surface. However, provided significant lateral

throughflow does not occur, regolith transmissivity must be greater than both the

rainfall intensity and the transmissivity of the substrate. This is likely in well-

weathered soil profiles.

Modelling has shown that durations in excess of 24 hours are required for total

regolith saturation. Partial saturation (i.e., only of the deepest region in the profile) is

sufficient to promote failure. This then represents the situation for which shallow

failure always occurs (100% probability). The maximum probability threshold is

redefined as the minimum rainfall intensity that allows excess water to be generated

at the regolith-substrate boundary. This would lie between the saturated hydraulic

conductivity of the bedrock and that of the regolith, but must be sufficient to allow

the lower layers of the regolith to become saturated. In this paper a duration of 24

hours has been studied as it can readily be compared with field observations.

However, higher intensities probably require shorter durations and lower intensities

require higher durations for shallow failure. The intensity-duration combination that

defines the maximum probability threshold requires further detailed evaluation using

modelling for a range of regolith-substrate hydrological combinations, involving

different amounts of lateral throughflow. However, this is more difficult to test

against field conditions because rainfall totals are commonly collected over 24-hour

periods.

For higher rainfall intensities equivalent to or greater than the saturated

hydraulic conductivity of both the regolith and the substrate, true ‘‘worst case’’

conditions are generated where total regolith saturation results. This can occur due

to the combination of a downward migrating saturated zone and the generation of a

perched water-table at the regolith-substrate boundary. These higher intensities can

create positive pore water pressures at depth in the regolith that exceed those

generated at the maximium probability threshold. At the maximum probability
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threshold, partial saturation develops over a 24-hour period. The higher rainfall

intensities permit more rapid attainment of ‘‘worst case’’ conditions, so storm

durations can be lower. Again periods less than 24 hours need to be researched

thoroughly.

The above discussion has focussed wholly on the hydrological controls of slope

failure under varying rainfall intensities with respect to regolith-substrate hydro-

logical behaviour. Several issues remain to be investigated further. Variations in the

geotechnical behaviour of the regolith were not taken into account in the above

analysis. However, once ‘‘worst case’’ conditions are generated, the actual slope

angles which fail are those for which the combination of cohesion, friction and

pore water pressure result in shear resistance dropping below the downslope shear

force. The latter is determined predominantly by slope angle. It has been assumed

that the two regoliths have similar geotechnical properties, and exist at similar

modal slope angles to enable simple scenarios to be considered involving only

variations in regolith and bedrock hydrology. The two regolith types from

Wellington and Hawke’s Bay are similar in that they vary only slightly in their

geotechnical properties. When other regions are considered, greater variation in

regolith properties is likely, and we would expect both the hydrological and the

geotechnical properties to vary. This combination needs to be built into any

generalised model.

Shallow regolith failures have increased in occurrence in the past 150 years largely

due to vegetation removal. In this paper we have only considered slopes that have

grass cover, as this is the prevailing vegetation in New Zealand hill country. It is

under grassland that shallow slope failure is occurring today. However, to assess in

detail how vegetation change affects slope stability we need to make intercompar-

isons of relative stability under different vegetation types. This is the subject of

ongoing research.

Finally, we have employed simple scenarios in which the depth of regolith was

kept constant in all cases. 150 cm represents the modal regolith depth for the slopes

of both Wellington and the Tutira catchment near Hawke’s Bay. The development of

complete regolith saturation provides ‘‘worst case’’ pore pressures, with their

magnitude being determined by the overlying depth of material. In the Wellington

region in particular, regolith depth is relatively ‘‘variable’’ especially where

accumulation is in hollows. Such situations require three-dimensional analysis of

hydrological processes, along with the inclusion of depth effects on ‘‘worst case’’ pore

water pressures.

The facilities offered by physically-based models are ever-increasing, extending

their scope for addressing issues of significance in slope stability processes. This

paper has shown how a simple application of a two-dimensional physically-based

coupled soil hydrology-slope stability model has enhanced our general understanding

of the links between climate and shallow regolith failure for New Zealand hill

country. The model focuses on dynamic hydrology in both unsaturated and
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saturated zones, making it especially relevant to this application. Future develop-

ments linked to vegetation inclusion and representation of three-dimensional

hydrology should enable further refinement of the generalised conceptual model

developed in this paper, modified from the earlier work of CROZIER (1997). Hence

application under a range of spatially and temporally changing conditions may be

possible, to produce a transferable model of the climatic thresholds that govern

shallow translational hill slope failure for a wider range of regolith-bedrock substrate

combinations.
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