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Where pre-existing landslides are expected or suspected, then where practical, use should be made of either test pits (to
enable sufficient sample/material to be seen for identification of shear planes or other relevant structure) or boreholes
(with appropriate sampling and installation of inclinometers for monitoring for evidence of movements).

524 Assess likely groundwater levels and responses to trigger rainfall events.

Consideration of the likely ground water response will enable assessment of response to rainfall trigger events. Use
may be made of experience in the area, as observation of site specific data will frequently require prolonged periods of
monitoring to enable formulation of a groundwater response model taking into account the statistical significance of
rainfall events during the monitoring period. For relatively straightforward projects with low to moderate risks, a basic
qualitative estimate of groundwater levels and responses may be appropriate when there is a lack of data. However,
other more complicated projects, or where risk levels are higher, will require a greater level of understanding of
groundwater levels and responses.

For more detailed analysis, particularly of possible stabilisation measures by subsurface drainage, observation of
groundwater levels and their response to significant rainfall events is advisable to enable subsequent assessment of the
effectiveness of subsurface drainage measures. Careful consideration must be given to the location of piezometers and
their construction details.

525 Prepare a cross section drawing (to scale) through selected parts of the site to demonstrate the
geotechnical model of site conditions and on which landslides may be identified.

The resulting geotechnical model should integrate all the data obtained from the mapping and investigations.

The section should demonstrate the likely variation in subsurface conditions on the section including groundwater
levels. On large or complex sites, more than one section may be required. All sections are to be drawn to natural scale.
If exaggerated vertical scale is required for clarity, then a summary section at natural scale should also be included.

Adequate investigation has been completed when the geotechnical model is sufficiently defined to understand the slope
forming processes relevant to the site and surrounds, the form and extent of landslides, likely triggers for the landslides
and process rates associated with the landslides. The report should include explanation of uncertainties associated with
the model.

5.2.6 Take into account slope forming process rates associated with the geotechnical model and landslides.

An understanding of the slope forming process relevant to the landslides and associated process rate is fundamental for
evaluation of likelihood.

5.2.7 Identify landslides types/locations appropriate to the geotechnical model based on local experience and
general experience in similar circumstances.

The types of landslides will be dependent on the geotechnical model and to some extent on the nature of existing and/or
proposed development. The expected characteristics of the landslides (such as the size, type of material involved, rate
of failure and travel distance) need to be assessed. The range of landslide sizes can vary from the very large landslides,
which may encompass a whole hillside or region, to a small site specific landslide. The model should include
assessment of the fundamental cause as well as likely trigger events. The report must document the hazard assessment
which will include the estimated likelihood for each landslide type.

The hazard assessment must address areas upslope from the site, downslope from the site and across the slope adjacent
to the site where these may affect the site.

5.2.8 If required, further detailed investigations should be completed to better define the model, the
landslides, the triggers, the frequency (likelihood) or design of stabilisation measures to control the
risk.

Such additional investigation is most likely to be required on sites where the risk is judged to be intolerable and/or
where further input is required to resolve uncertainties.

53 LANDSLIDE CHARACTERISATION

Characterise the landslides based on the desk study and field investigations. Use Appendix B for terminology to
describe the landslides.

The characterization should include the classification, volume, location and potential travel distance of all landslides
which may occur on the site or travel on to or regress into the site.

54 FREQUENCY ANALYSIS
54.1 Techniques for Frequency Analysis
a) Adopt a frequency analysis technique appropriate to the level of study and complexity of the

geotechnical model and slope forming process.

The appropriate technique may change with different levels of study, or for different stages of a project, or with the
project brief and available budget. For example, techniques and level of detail may be different for:
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Subdivision stage LRM

Residential dwellings LRM

Infrastructure and utilities LRM

Natural resource and environmental LRM

It is essential that the assessment be based on the best estimates available and that expert judgment be applied to
answers so derived.

It is essential to understand the slope forming process before moving on to the frequency assessment.
The assessment must document the reasoning in a transparent manner.

b) Gather local and historical knowledge of slope performance and landslide characteristics and
occurrence. The resulting inventory enables assessment of frequency.

This technique is a basic starting point and essential for all studies. However, a common shortcoming is that “local
knowledge” is often poorly documented and difficult to collate and assess. Local Council records and experience
should be accessed via a landslide inventory made available to practitioners. Analysis of aerial photographs and
possibly maps may provide additional data.

Documentation of events by local newspapers may also be a useful source, depending on the quality of reporting and
what events are judged at the time to be of local interest.

c) Empirical methods based on slope instability ranking systems.
These methods are often devised by expert groups to assist with prioritisation of treatment measures.

The methods are usually based on subjective judgment of the relative importance of contributory factors. The results
obtained may be difficult to calibrate or it may be difficult to obtain consistent results and hence may be inaccurate.
The methods do not usually allow assessment of frequencies.

d) Relationship to geomorphology and geology.

This method is based on the principle put forward by Varnes (1984) that the past and present are guides to the future.
Hence, this leads to the assumptions that:

1. itis likely that landsliding will occur where it has occurred in the past and

2. landslides are likely to occur in similar geological, geomorphologic and hydrological conditions as they have in the
past.

The use of historic records and landslide inventories of past performance are likely to be required to enable frequency
values to be assessed. However, it should be noted that landslide frequency, size and intensity may differ from past
performance where altered trigger events are introduced, e.g. due to man made changes or climate change. In addition,
other factors (such as periodic or seasonal wetting and drying cycles resulting in soil creep, cyclic degradation and
strength loss) can also result in failures after relatively “normal” rainfall events.

The use of other slope attribute factors (such as slope angle, slope drainage, slope age, presence of groundwater, slope
orientation) may assist with assessment of particular slopes relative to the broad geomorphic model.

e) Prepare a statistical evaluation of rainfall and relate to history of landsliding and population of slopes
within area of similar slope type.

Rainfall, and the consequent effect on groundwater levels, is widely recognized as a main trigger event for landsliding.
Therefore, indicative frequency values may be related to the frequency of rainfall provided there is sufficient historical
data to enable the relationship between rainfall frequency, antecedent rainfall and landslide events to be correlated.

A similar approach may be adopted for other forms of triggering events such as earthquakes.
f) Consider use of simulation models and Monte Carlo sampling analyses to derive a frequency of failure.

These methods (including simulation modelling of groundwater response to rainfall, evapotranspiration, and ground
water flows) can be difficult to carry out reliably. Picarelli et al. (2005) outline some of the difficulties with these
methods. Simulation modelling is most likely to be applicable only to medium to large, deep seated landslides where
extensive monitoring data is available to enable calibration over a range of rainfall and piezometric responses.

Experience shows that full probabilistic analysis is difficult and time consuming (Robin Fell personal comm.).
Therefore this method should only be carried out for special cases where sufficient data is available to enable the results
to be meaningful.

g) Use knowledge based expert judgment or ‘degree of belief” method which combines experience,
expertise and general principles.

For most assessments this may be the only suitable option to estimate frequency due to the lack of objective data. The
assessment relies to a large degree on subjective assessment of available data where other more rigorous methods are
not available or viable. The method still requires some degree of research to obtain relevant data and an understanding
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of the geological model to qualify the judgment of likelihood. Nonetheless, the approach requires the proposition of
various possible scenarios followed by the systematic testing and elimination of options as a result of investigation,
discussion and judgment to develop an estimate of frequency (Lee and Jones 2004).

The result is conditioned by the ‘degree of belief’ of the practitioner. Typically, the resulting accuracy for a frequency
assessment and, perhaps, a consequence assessment could vary from half an order of magnitude at best, to one order of
magnitude or perhaps two orders of magnitude. As a result, the risk assessment should clearly display its sensitivity to
the input parameters and, unless justified by further investigations, a conservative outcome should be adopted.

h) Where appropriate, use event trees to provide a structur

i) ed and auditable approach for the use of expert judgment and subjective
probability assessment.

An event tree analysis uses a graphical construct to show the logical sequence of events or considerations that can be
used to analyse the system leading to a particular outcome. It can be used for evaluation of probability of failure of a
landslide, or consequence of failure, or risk. The logical sequence within the system is mapped as a branching network
with conditional probabilities assigned to each branch of a node. The frequency of achieving a certain outcome is the
product of the conditional probabilities leading to that outcome times the frequency of the initiating "trigger” such as
rainfall.

i) Other methods.

The above may not be an exhaustive list but covers the principal methods/approaches. Specific circumstances of a
particular area or project may enable other approaches or combinations of approaches to be used. Field techniques may
develop to offer alternatives, for example remote sensing by satellite.

Further comment is given in the Commentary together with some guidance on different site investigation methods.
5.4.2 Estimation of Annual Probability (Frequency) (P)) of Each Landslide

a) Use ‘best estimates’ for frequency but consider range / uncertainty / sensitivity.

Suitable methods are outlined in Section 5.2.

It is important not to infer greater accuracy than is reasonably possible. Evaluation of the sensitivity arising from
uncertainty is part of the consideration.

A best estimate is to be derived for each landslide which is then applied to both risk to property and risk to life
assessments. The estimate may be related to the size of the landslide and/or the expected amount of movement as part
of the hazard assessment. The appropriate qualitative term is chosen from the estimated probability based on the
frequency assessment. Note that the reverse, the adoption of a probability value from a qualitative term, should not be
undertaken as it has been demonstrated that this results in a range of estimates of frequency several orders of magnitude
apart depending on the practitioner.

b) Estimates of frequency may be derived by partitioning the problem to (Annual probability of trigger
event) x (Probability of sliding given the trigger event) over the range of trigger events.

Landslides of the one ‘type’, but having varying possible scales (magnitude/travel distance/velocity etc.) need to be
assessed separately. Each could well have a different frequency of occurrence. The landslide inventory of performance
for an area will provide some basis for the assessment.

A trigger event for a particular locality (e.g. a certain intensity/duration or recurrence interval of rainfall) will not
necessarily cause each potential landslide event in that locality to occur. There will be a finite probability (value) that
the landslide under consideration may not be set off by the trigger event.

The frequency of landsliding should be assessed over the full range of the triggering events, and the total frequency
carried forward in the risk analysis. In practice this process may be simplified to consider only the highest frequency
triggering events. An example is presented in the Commentary.

c) Complete a review of the assessed frequency in relation to the implied cumulative frequency of the event
occurring within the design life and known performance within the area.

This is a “sanity check’ on the result of the assessment. It is import to apply judgment or bias on the final outcome only,

not on the input estimates.

Values of the cumulative probability are shown on Figure 2 for different annual probability values as a function of time
over usual design life intervals.  The resulting cumulative probabilities should be checked to confirm they are
reasonable in relation to experience. The implications of the cumulative probability values shown in Figure 2 are
discussed further in the Commentary.
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FIGURE 2 INDICATIVE PROBABILITY OF
OCCURRENCE AFTER GIVEN NUMBER OF YEARS
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54.3 Assess the Travel Distance and the Probability of Spatial Impact (Ps.y)) of the Elements at Risk

When assessing risk arising from landsliding, it is important to be able to estimate the distance the slide mass will travel
and its velocity. These factors determine the extent to which the landslide will affect property and persons downslope
and the ability of persons to take evasive action.

The travel distance depends on:

e  Slope characteristics
- Height
- Slope
- Nature of material

e Mechanism of failure and type of movement such as
- Slide, fall, topple etc.
- Sliding, rolling, bouncing, flow
- Strain weakening or not
- Collapse in undrained loading (static liquefaction)
- Influence of surface water and groundwater
- Comminution of particles

e  Characteristics of the downhill path
- Gradient and gradient direction
- Channelisation
- The potential for depletion/accumulation
- Vegetation

Information on travel distance from previous events on or near the site may be collected during the site inspection.
Predictions of travel distance and travel direction should be based on the assessed mechanism of future events and site
characteristics.

For rotational landslides which remain essentially intact, the method proposed by Khalili et al (1996) or experience with
landslides in similar geological, topographic and climatic conditions can be used to estimate the displacement. Further
discussion is given in the Commentary.

For slides which break up, and in some cases become flows, and slides from steep cuts, the travel distance is usually
estimated from empirical methods, such as Hunter and Fell (2002) and Corominas (1996). These methods are only
approximate, and the wide scatter of data on travel distance angles reflects the range of topographical, geological and
climatic environments, different slide mechanisms and limited quality of data from which the methods are derived.

If the empirical methods are to be used for predictions of travel distance and the probability of spatial impact of the
elements at risk, much judgement will be required and it is important to try to calibrate the methods with landslide
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