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CHAPTER – 4: ENGINEERING GEOLOGICAL & GEOTECHNICAL INVESTIGATION

1.1 Collection and Collation of Existing Data (The Desk Study)

1.1.1 Introduction
Collection and collation of existing data is the essential first stage in any site investigation. It is necessary for the establishment of the conceptual ground model which can then be used to scope and plan appropriate field investigations to develop the model through to design stage. These activities are often called the ‘desk study' even though site reconnaissance (‘walkover survey’) and possibly some more detailed mapping may be, and ideally should be, included in this stage of an investigation. The engineering geologists should develop the necessary skills for this work which often requires the evaluation of data from different sources and the assessment of confidence levels where there is an absence of information or conflicting evidence. 
1.1.2 Retrieval of Information

Existing data arises from a variety of sources including, but not limited to, the Department of Geology and Mines, public libraries and the libraries of learned and professional bodies, university and copyright libraries, the Environment Agency, Local Planning Authorities and records held by the client.

1.1.3 Collation, Synthesis, Interpretation and Presentation of Results

The best way to present data summaries will depend on the details of the site and the project. In many cases it will be best to present the desk study results as a report including a series of plans and cross sections. The Engineering Geologists should gain experience in producing output of this type and of other useful techniques such as graphs, histograms, annotated photographs, sketches and block diagrams and learn to select the best method of presenting information. 

1.1.4 Conceptual Ground Model

As mentioned in previous sections once the data has been gathered a conceptual ground model and assessment of the associated risks can be produced. Ideally this should relate to both geotechnical and geo-environmental risks so that the planned investigation can address all potential issues associated with the site, but this is generally dependent on the project brief which the engineering geologists/ geotechnical engineers should be aware of before commencing the work.

1.2 Site Reconnaissance and Mapping

Site reconnaissance and mapping can form part of the desk study or may be carried out as a separate phase of the investigation. The purpose of site reconnaissance is to confirm information obtained from the desk study and to note any relevant features that may not be evident from the documentary records. Mapping may be used to obtain a basis for the conceptual model, or it may be of a more specialist nature aimed at a particular feature of the site, such as the extent of soft or waterlogged ground, a contamination association such as a spoil tip, the morphology of an old or active landslide, or other geohazard. Specialist mapping may be carried out at any stage of a project and might consist of one of the following:

· Geomorphological mapping for geotechnical/asset management purposes

· Resource maps for extractive industries and hydrogeological purposes

· Contamination delimitation for geo-environmental purposes.

1.2.1 Field Work

Field experience is one of the most important aspects of an Engineering Geologist's

training and it is the specialist skills in this area that often distinguish the Engineering Geologist from other ground specialists. Accurate and detailed field observations and the recognition of the geological and ‘man-made’ processes which affect the site are often crucial to the effectiveness and the safety of the final design.

1.2.2 Mapping and its Interpretation

It is essential that an Engineering Geologist demonstrates an ability to record and transmit data in the form of plans and sections derived from systematic engineering geological mapping. The mapping may be factual or interpretative, with the difference clearly indicated, and should always include a key to symbols, north point and scale. Experience should be gained at working at a variety of scales depending on the size of the site and the degree of detail required. An ability to think in three dimensions and to recognize the effects of natural and man-made processes is an essential part of the science of the Engineering Geologist.

The Engineering Geologist/Geotechnical Engineer should become familiar with the use of remote sensing data in field operations.

1.3 Ground Investigation

1.3.1 Introduction

This section deals with ground investigations as they are most commonly used in the following industries:

· Geotechnical

· Geo-environmental

· Hydrogeological

· Extractive/Mining Industries

An Engineering Geologist must regard a site investigation as an evolving process and not attempt to follow a predetermined plan. The results must therefore be continually reevaluated as work progresses, particularly if subsurface conditions are complex, or not as anticipated. All Engineering Geologists must have a detailed knowledge of the more commonly used site investigation methods and be able to supervise and control the works and carry out a progressive interpretation of the data.

1.3.2 Planning the Ground Investigation

A ground investigation is generally required to provide much of the information that forms the conceptual ground model on which any future design work will be based and to provide the parameters required for the design. The Engineering Geologist/Geotechnical Engineer will require a knowledge of the project as well as an understanding of the ground model derived from the earlier studies in order to plan a successful and cost effective investigation.

Planning the investigation should address three fundamental questions:-

· What is already known about the site?

· What is the proposed development (nature, size and effect on the ground)?

· What further information is required at this stage of the design (feasibility, preliminary, detailed design)?

Ideally the investigation should be carried out in stages, with the results of each stage being used to plan the subsequent work. Each stage of the investigation must be planned so as to be as flexible as possible to allow for any reasonable changes arising from unexpected ground conditions or changes in scheme proposals.

Investigation should be planned with the above objectives in mind and the Engineering Geologist/Geotechnical Engineer should have a clear understanding of the reason, whether specific or general, for the location of each exploratory hole, and of the ways in which the necessary information will be obtained from each hole.

1.3.3 Geotechnical Parameters Required

In order to plan an effective investigation, the Engineering Geologist/Geotechnical Engineer will be required to have some knowledge of the type of geotechnical parameters that are to be used in design, how the parameters are related to the predicted ground conditions and how they can be obtained from insitu testing and sampling for laboratory testing. Implicit in this is an appreciation of any shortcomings of the chosen methods, of the quality of samples that can be obtained by various methods and the likely effects of sample disturbance on the testing.

1.3.4 Geo-environmental Parameters Required

As for the geotechnical parameters the Engineering Geologist/Geotechnical Engineer is required to have knowledge of the previous industrial land uses of the site so that an appropriate and targeted investigation can be carried out. It is important that the Engineering Geologist/Geotechnical Engineer understands how sampling strategies, chains of custody, sample size and storage can affect the results obtained and know how to limit the loss in reliability of the results obtained from the laboratories.

1.3.5 Groundwater Observations

The Engineering Geologist/Geotechnical Engineer must learn to appreciate the role of groundwater in the conceptual ground model and its effect on the project requirements. He/she must also understand the ways in which groundwater information can be obtained during an investigation and the benefit of long term monitoring and sampling to obtain information that is representative of the equilibrium conditions at the site. The aim of the groundwater investigation should be an understanding of the groundwater table, hydraulic gradients, nature of flow and the ground permeability.

1.3.6 Ground Gas Observations

Ground gas as with water can be an issue particularly on sites close to landfills,

contaminated site, marshes and carbonate rocks and will need to be incorporated into the conceptual ground model. Therefore, the Engineering Geologist/ Geotechnical Engineer should be aware of these potential issues and be able to design an appropriate monitoring and if required sampling regime so that the risks associated with ground gas can be designed out.

1.3.7 Evaluation of Possible Techniques

Once it has been decided where investigation is required and what parameters are

needed, decisions can be taken on the most appropriate techniques for obtaining the data. These will all have limitations, for example depending on the ground conditions, quality of samples required, depth of investigation, working area and cost. The Engineering Geologist/Geotechnical Engineer will require knowledge of these in order to determine which techniques to use.

1.3.8 Description and Classification

An Engineering Geologist/Geotechnical Engineer must be able to use standard descriptive terminology for soils and rocks to draw detailed and consistent trial pit and borehole logs to recognized standards. The Engineering Geologist/ Geotechnical Engineer should develop an understanding of the various systems that are available for classifying engineering characteristics of particular rock types and become familiar with the use of some of those used in his/her area of work.

1.3.9 Laboratory Testing

An Engineering Geologist/Geotechnical Engineer will frequently be asked to schedule the laboratory testing for a site investigation. In order to do this effectively he/she should have knowledge of the soil properties that are required, how they can be obtained and the way in which they will be used in characterizing the soil and in design. In acquiring these skills the Engineering Geologist/ Geotechnical Engineer should appreciate the effects of sample disturbance, how representative the sample is likely to be, and the probable rate of deterioration of the sample. For geotechnical testing an understanding is also required of the stress changes that will occur during construction and any relevant details regarding the method of construction and/or proposed use of the site.

For contamination testing an understanding of the type of contaminants likely to be

encountered based on the previous industrial uses, construction methods likely to be used, the requirement to remove waste material and the proposed end use need to be taken into account. An understanding of laboratory test scheduling can be gained by attending specialist courses or by studying previous reports, but work place training leading to experience of scheduling tests and the subsequent application of the test data often constitutes the best training. It is particularly beneficial if the Engineering Geologist/Geotechnical Engineer can also obtain ‘hands on’ experience of testing in a laboratory.

2 INTERPRETATIONS, ANALYSIS AND DESIGN 

2.1 Geotechnical

2.1.1 Interpretation and Analysis

Data will arise from a variety of sources and at several stages of an investigation. This data needs to be recorded, manipulated as necessary, and analyzed to extract the required information and parametric values. Data analysis may be used to reappraise and refine some aspect of the engineering geological model for further analysis or be used directly in engineering design. Training in this area should give an appreciation of the sufficiency and reliability of the data, an understanding of the most appropriate method of analysis and the meaning of the results as they relate to the project requirements and the site conditions. Data to be analyzed can be presented in a variety of ways and come from a variety of sources such as these listed below:-

· Information on geological surfaces as point data sections or contours

· Laboratory or field test results in tabular or graphical form

· Geophysical information in plan and section

· Groundwater or pore water pressure monitoring information as time sequence graphs

· Remote sensing imagery as annotated maps

Key skills required in data analysis are listed below and the Engineering Geologist/Geotechnical Engineer should be able to demonstrate competence in a variety of techniques. Typically these processes provide the basis for detailed geotechnical design. The Engineering Geologist/Geotechnical Engineer should develop a critical consideration of the approach to be adopted for a specific project and data set, for example whether to analyze data in relation to ground level, reduced level or depth below a marker horizon, rather than working to a formula. The Engineering Geologist/Geotechnical Engineer should develop an appreciation of the distribution of data and the extent of natural variation and hence be able to identify the effects of sample disturbance and the presence of rogue results and to differentiate real and meaningless statistical relationships. When using computer programmes it is particularly important that the Engineering Geologist has a clear appreciation of the assumptions implicit in a particular programme and an understanding of the way in which the programme works. Software should always be used with understanding of the principles and appreciation of the sensitivity to the input variables. Results should be critically appraised to ensure that the model and analysis are appropriate and the results are correct, and relevant. The Engineering Geologist/Geotechnical Engineer should be in the habit of systematically or spot checking the input data and results as appropriate.

2.1.2 Geotechnical Design

Geotechnical design is the end product of much of the work that an Engineering Geologist employed in the construction industry will undertake. However, the extent to which he/she will be involved can vary considerably, depending on the organization they work for, the extent of their own engineering capability and on the nature of individual projects. Engineering Geologists are more likely to obtain design experience in relation to shallow foundations, excavations, small retaining walls, slope stabilization, soil nails, rock bolts and dewatering systems than in more complex aspects of mathematical modeling and soil structure interaction. In all aspects of geology, but particularly in design, it is important that the Engineering Geologist/Geotechnical Engineer understands and acknowledges the limits of his/her expertise and is mindful of the Code of Conduct of the Geological Society.

2.2 Contamination

2.2.1 Interpretation and Analysis

A contamination assessment comprises the assessment of a site in terms of the likely presence of, and potential risk posed by, any likely contaminants in the soil or groundwater, the possible effects of those contaminants and the way in which the nature of the contamination may affect, or be affected by, the proposed development of the site. Contamination assessments are increasingly forming part of site investigations either as a routine measure to safeguard the health of site workers, or as part of the overall assessment of a site for planning permission for a change of land use. From an engineering geological point of view the basic skills required for a contamination assessment are very similar to those required for a geotechnical assessment, investigation and design. Both operations require the gaining of an understanding of the nature of the site, its geology and its history both natural and man-made. This understanding is then used to develop a conceptual ground model which in turn permits the Engineering Geologist to identify contaminant sources and to determine the processes affecting migration of contamination which are the prime considerations in assessing the risk and remediating a site. The Engineering Geologist/Geotechnical Engineer needs to become familiar with the various soil guideline values and their derivation together with the more sophisticated assessment techniques, including programmes such as CLEA, RBCA, CONSIM and BP.RISC which can be used to predict the effects of contaminant concentrations within the framework of the conceptual ground model on the current or proposed end land use and any construction activities. Such an assessment is then used as the basis for recommendations for mitigating risks during each of these phases, possibly including remediation measures.

2.2.2 Remediation Design

The Engineering Geologist/Geotechnical Engineer should be familiar with the techniques of soil remediation including:

· Bioremediation (insitu and exsitu)

· Soil stabilization and solidification

· Soil washing

· Permeable reactive barriers

· Insitu groundwater remediation techniques

· Monitoring natural attenuation
Drainage is often a crucial remedial measure due to the important role played by pore-water pressure in reducing shear strength. Because of its high stabilization efficiency in relation to cost, drainage of surface water and groundwater is the most widely used, and generally the most successful stabilization method. As a long-term solution it suffers greatly because the drains must be maintained if they are to continue to function (Bromhead, 1992).Surface water is diverted from unstable slopes by ditches and pipes. Drainage of the shallow groundwater is usually achieved by networks of trench drains. Drainage of the failure surfaces, on the other hand, is achieved by counter fort or deep drains which are trenches sunk into the ground to intersect the shear surface and extending below it. In the case of deep landslides, often the most effective way of lowering groundwater is to drive drainage tunnels into the intact material beneath the landslide. From this position, a series of upward - directed drainage holes can be drilled through the roof of the tunnel to drain the sole of the landslide. Alternatively, the tunnels can connect up a series

When dealing with a slope of precarious stability and/or presenting a risk which is considered too high, there are three main options:

1. Do nothing to the slope and possibly reduce its possible consequences;

2. Do nothing but install a warning system in order to ensure or improve the safety of people;

3. Improve the safety of the slope to a satisfactory level in order to reduce the risk to an acceptable level.

Design of a remediation strategy should include provision of a validation methodology with target values and clearly defined steps to be taken if the values are not achieved. The aim of the validation programme should be to ensure that the site has been remediated to the required extent and that this has been demonstrated. The remediation strategy may also include long term monitoring programmes.

2.3 Construction Experience 

It is essential that the Engineering Geologist gains some experience of construction processes in order better to understand the practicalities of design options. Not all firms can provide site experience as part of an Engineering Geologist/Geotechnical Engineer normal employment and time may have to be specifically set aside for site observation, or an opportunity sought for secondment to a firm involved in a suitable construction project. 
2.4 Risk Assessment

In most industries today risk assessment is a common tool to ensure that design risks associated with a projected are reviewed and managed appropriately. An understanding of the conceptual ground model provides the Engineering Geologist with an appreciation of both the geotechnical and geo-environmental risks associated with a particular project, or one or the other depending if the Engineering Geologist is specialising in a particular field. The Engineering Geologist/Geotechnical Engineer should be able to identify key geotechnical and/or geo-environmental risks associated with design, construction and maintenance phases of a project, including risks that might affect safety, cost and programme. The risk assessment should be carried out at the earliest opportunity and is generally started as part of the desk study phase; this is then reviewed as each stage of the site investigation process is undertaken. The Engineering Geologist/Geotechnical Engineer should be able to carry out a quantitative risk assess in which the level of risk is quantified, mitigation measures are defined and an assessment is made of the extent to which such measures will reduce the risk. Typical mitigation measures may include additional or specific desk studies or ground investigation, monitoring before, during and after construction and, defining contingency measures which can be prepared and ready for deployment when required. The Engineering Geologist/Geotechnical Engineer should be able to manage the mitigation of risks for aspects of work for which he/she is responsible. The Engineering Geologist/Geotechnical Engineer should gain experience in drafting and maintaining a geotechnical/geo-environmental risk register as a live document throughout the life of a project.

3.0 SLOPE STABILITY PROBABILITY CLASSIFICATION SYSTEM (SSPC)
Weathering classification

:
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:
Roughness small scale

:
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:
Water condition


:
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:
4.0 ENGINEERING CHARACTERIZATION OF SOIL AND ROCK
4.1 Rock core logging

4.1 .1
Introduction

-Obtaining rock core is expensive

-Must therefore maximize amount of data recorded

-Should be presented in a readily understanding format

·  This involves the careful systematic logging of rock cores by a qualified engineering geologist

4.1.2 Introduction  to Systematic rock sample description and grade classification
-It is recommended that the final log should include

4.1.3 General information

-Bore Hole Number

-Location and orientation of borehole

-Depth 

-Core Box No.

                     -Drilling Technique

-Contract details

4.1.4 Drilling Progress

-Drillers daily record

-Flush returns/Return water

-Colour of return water

-Standing water levels

4.1.4.1 Introduction
-State of recovery of core

-Systematic rock sample description

-Rock grade classification

4.1.4.2 Handling-labeling & core preservation

-Expensive information may be lost if cores are not properly labeled

-Cores are contained in core boxes:

 -Must be  sound and robust

-Core is heavy so must be an appropriate size to be handled by two person

-Normally 1.5 m long (DGM 1.0m long)

-Should be made wooden planks/hard board for durability
4.1.4.3 Core Box labeling
· Core box should be read as book i.e shallow core start at top left

· Box must have

· Site Name

· Bore Hole Number

· Contractors name

· Contract

· Labels should appear on the box lid plus on the side

4.1.4.4 State of Recovery of the core

-State of core recovery is dependent on the drilling methods used and the care taken

-This needs to be taken into account when analyzing core recovery

-The state of the rock recovered is a valuable indicator of the insitu conditions and mass behavior

4.1.4.5 State of recovery of the core-fracture state

-The core recovered can be divided into five categories:

· Solid core > 0.1m in length

· Solid core < 0.1m in length

· Fragmented  rock not recovered as core
· Additional rock lost from the core above

· Reduced length/diameter due to core loss (weak or friable rock)
4.1.4.6 Solid core

· This is the key term to be defined in the assessment of fracture state;

·  CORE WITH AT LEAST ONE FULL DIAMETER MEASURED ALONG THE CORE AXIS BETWEEN TWO NATURAL FRACTURES

4.1.4.7 Quality of recovered core
· Total core recovery

· Solid core recovery

· Rock Quality Designation(RQD)

· Fracture Index

4.1.4.8  Total core recovery
-Percentage of the rock recovered during single core run

· Gives indication of material that has been washed into suspension of the presence of natural voids

4.1.4.9 Solid Core Recovery
-Percentage of full diameter core recovered during a single core run

· Gives indication of fracture state

4.1.4.10 
Rock Quality Designation (RQD)
· Percentage of constant diameter solid core greater than 0.1m in length recovered during a single core run

· Can give indication of fracture state

-Does not take into account changes in diameter of core

- Diameter of core should preferably be not less than 55mm
4.1.4.11
Fracture Index (or fracture log)
-A count of the number of natural fractures and discontinuities measured over an appropriate length

· Gives indication of fracture state

· Logger decides on how to split the core into zones associated with different fracture spacing

4.1.4.12 Identification of man-made fractures

· Natural discontinuities will normally be:

· Planar

· Discolored-weathered

· Form in sets

· Sometimes in filled

· Where as man made fractures will normally be:

· Irregular

· Fresh

· Random
5.0 LANDSLIDES NOMENCLATURE,MORPHOLOGY,TYPE AND CLASSIFICATION 

5.1 Nomenclature

Varnes, D. J. 1978. Slope movement types and processes. In: Special Report 176: Landslides: Analysis and Control (Eds: Schuster, R. L. & Krizek, R. J.). Transportation and Road Research Board, National Academy of Science, Washington D. C., 11-33.
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Figure-1: An idealized slump-earth flow showing commonly used nomenclature for labeling the parts of a landslide (Source: USGS)

5.2 Parts of Landslides – Description of Features

Accumulation - The volume of the displaced material, which lies above the

original ground surface

Crown – The practically undisplaced material still in place and adjacent to the

highest parts of the main scarp

Depletion – The volume bounded by the main scarp, the depleted mass and the

original ground surface

Depleted mass – The volume of the displaced material, which overlies the rupture surface but underlies the original ground surface

Displaced material – Material displaced from its original position on the slope by movement in the landslide. It forms both the depleted mass and the accumulation.

Flank – The undisplaced material adjacent to the sides of the rupture surface.

Compass directions are preferable in describing the flanks, but if left and right are used, they refer to the flanks as viewed from the crown.

Foot – The portion of the landslide that has moved beyond the toe of the surface

of rupture and overlies the original ground surface.

Head – The upper parts of the landslide along the contact between the displaced

material and the main scarp.

Main body – The part of the displaced material of the landslide that overlies the

surface of rupture between the main scarp and toe of the surface of rupture.

Main scarp – A steep surface on the undisturbed ground at the upper edge

of the landslide, caused by movement of the displaced material away from

undisturbed ground. It is the visible part of the surface of rupture.

Minor scarp – A steep surface on the displaced material of the landslide produced

by the differential movement within the displaced material.

Original ground surface – the surface of the slope that existed before the

landslide took place.

Surface of separation – The part of the original ground surface overlain by the

foot of the landslide

Surface of rupture – The surface that forms the lower boundary of the displaced

material below the original ground surface.

Tip – The point of toe farthest from the top of the landslide.

Toe – The lower, usually curved margin of the displaced material of a landslide,

it is the most distant part from the main scarp.

Top – The highest point of contact between the displaced material and the main

scarp.

Toe of surface of rupture – The intersection (usually buried) between the lower

part of the surface of rupture of a landslide and the original ground surface.

Zone of accumulation – The area of landslide within which the displaced material

lies above the original ground surface.

Zone of depletion – The area of the landslide within which the displaced material lies below the original ground surface.

5.3  Landslide types based on process of failure

Based on process types, there are five types of landslides i.e. Fall, Topple,

Slide,  Spread, Flow and Subsidence.

5.3.1 Fall: is a very rapid to extremely rapid movement which starts with

detachment of material from steep slopes such as cliffs, along a surface on

which little or no shear displacement takes place .The material then descends through the air by free falling, bouncing or rolling onto the slopes below.

• The detachment of soil or rock from a steep slope along a surface on which little or no shear displacement takes place.
• Movement very rapid to extremely rapid.

• Free fall if slope angle exceeds 76 degrees and rolling at or below 45

degrees.

[image: image2.emf]
Figure-2: Sketch showing mode of failure in fall

[image: image3.emf]
Figure-3: Field photograph of a rock fall site

Diagnostic features of falls

	Sl.No.
	Potential Falls
	Relict Falls



	1.
	Steep to vertical slopes,

overhanging; undercut; open cracks lose to slope face


	Where rockfalls have taken place these may be curved hollows, beams, bridges of rock on buttresses

	2.
	Dip of discontinuities dip or open towards the free slope face are vulnerable


	Look for piles of debris, loose rock, scree slopes, open-work rock textures in colluvium, detached boulders, massive

debris in valley floors, valleydams.


	3.
	Discontinuities with gouge or other soft infillings and interbedded materials are common locations


	If the fall source is mainly debris,

then the relict form may be

boulders set in a redistributed

matrix or colluvium



	4.
	Falls occur where high water

pressures are possible. Melting

permafrost or seasonally frozen

faces are vulnerable areas


	

	5.
	Any eroded slope in debris or soil is vulnerable . Such slopes rapidly unload or weather so that boulders fall in heavy rains or similar disturbances.


	


5.3.2.Topple : involves overturning of material. It is forward rotation of the

slope mass about a point or axis below the centre of gravity of the displaced

mass. Topples range from extremely slow to extremely rapid movements .

• The forward rotation out of the slope of a mass or a rock about a point or

axis below the centre of gravity of the displaced mass.

• Movement varies from extremely slow to extremely rapid.

• Driven by gravity and sometimes by water or ice in cracks in mass.

[image: image4.emf]
Figure-4: Sketch showing the end-over-end motion of rock down a slope during toppling

[image: image5.emf]
Figure-5: Field photo showing topple failure

[image: image6.emf]
Figure-6: Toppling Failure in Rocks

Diagnostic features of topples
	Sl.#
	Potential 
	Relict Falls



	1.
	A free face, steep slopes or

cliff with sufficient unloading potential
	Cliff top may be marked by residual,

unemployed tension cracks, partially

detached columns.

	2.
	Sufficient height (weight)

relative to the width of base to

provide disturbing force
	Rock face will show open vertical cracks. Cracks may have chaotic infill
from overlying material

	3.
	Sufficient rock strength to allow a column to stand. Usually hard or coherent rock layer overlying a weak stratum
	Base of cliff shows disturbed strata or

bulging material.

	4.
	Strong vertical joint development which divides face into columnar units; Strong jointing or unloading

tension cracks parallel to face.
	Where a column has fall the weathering

detail on the face may be less well

developed. Very fresh scars will be

smooth.

	5.
	Critical dip in basal materials
	Debris will be very chaotic. Huge

boulders or partially broken columns

will be scattered across the lower slopes. The texture will be coarse with

open works and extensive voids.


5.3.3 Slide: movement of material along a recognizable shear surface e.g.

translational and rotational slides

• Downslope movement of a soil or mass occurring dominantly on surfaces

of or on relatively thin zones of intense shear strain.

• The sign of ground movement are cracks of the original ground.

[image: image7.emf]
Figure-7: Sketch showing movement parallel to planes of weakness and occasionally parallel to slope.

5.3.3.1 Modes of Sliding:

• Translational / planar slides

• Wedge slides

• Rotational slide

[image: image8.emf]
Figure-8: Planar rockslide

[image: image9.emf]
Figure-9: Wedge rockslide due to intersection of two joint planes hading towards valley

Diagnostic features of rotational slides
	Sl.#
	Potential 
	Relict Falls



	1.
	Single rotational slides require

steep slopes, undercut areas,

erosion by streams and the sea
	Hummocky ground

	2.
	Rise in piezometric surface or

changes in water regime
	Toe area recognisable as a pronounced

lobe with a steep front

	3.
	Usually, unconsolidated clays

and uniform clay outcrops
	Crown will have a back-tilted or

horizontal surface.

	4.
	Multiple slides commonly occur

where permeable rocks overly impermeable rocks
	Hollows infilled with washed debris

and organic material common at

head

	5.
	A weak layer is usually required

to allow development of a

common shear surface for multiple slides
	All irregularities will be smoothed

out and infilled in time. Form may be

completely erased to a smooth slope,

but the structure and shear surface

will remain beneath the ground

	6.
	Retrogressive unloading could

generate new slides
	Tension cracks may be visible at the

head


[image: image10.emf]
Figure-10: Example of a Rotational Landslide at Chilla Tal-Valley

5.3.4 Flow: is a landslide in which the individual particles travel separately within a moving mass (Figs. 1.11 to 1.13).

• Spatially continuous movement, in which surfaces of shear are short-lived, closely spaced and usually not preserved.

• Flows are differentiated from slides, on the basis of water content, mobility and evolution of movement.

5.3.4.1 Features for recognition of flows are

i. Crown may have few cracks.

ii. The main scarp typically has serrated or funnel shaped upper part; is long and narrow, bare and commonly striated.

iii. Flanks are steep and irregular in the upper part; may have levees built up in the middle and lower parts.

iv. The body has flowlines, follow drainage ways, is sinuous, and is very long compared to width.

v. The toe spreads laterally in lobes; if dry, may have steep front.

[image: image11.emf]
Figure-11: Sketch showing Viscous to fluid-like motion of debris, often channeled

5.3.4.2  Modes of Flow

• Open-slope debris flow

• Channeled flow

[image: image12.emf]
Figure-12: Debris flow after a cloudburst at Balta, Uttarakhand

[image: image13.emf]
Figure-13: Debris Flow near Sikkim Supreme Factory on NH-31 A, Sikkim

5.3.5 Spread

• Sudden movement on water- bearing seams of sand or silt overlain by

homogeneous clays or loaded by fills.

• May result from liquefaction or flow of softer material.

5.3.5.1 Modes of Spreading:

• Block Spreads

• Liquefaction spreads

• Complex spreads

• Lateral Spreading: is usually used to describe the lateral extension of a cohesive rock or soil mass over a deforming mass of softer underlying material in which the controlling basal shear surface is often not well defined.
• Rock Spreading: is the result of deep seated, plastic deformation in a rock mass, leading to extension at the surface. e.g. cambering, horsts and grabens and valley bulging.
• Soil Spreading: takes place as a result of plastic deformation in the soil mass, only it occurs generally in response to a loss of strength, and by the application of stresses over a long period of time.
5.3.6 Slump

It is a type of rotational failure on slopes. The trees bend or fall backwards on towards the slope, as shown in the figure 1.14.
[image: image14.emf]
Figure-14: Sketch showing slump type failure

5.3.7 Creep

Very slow rates of slope movements, usually a few millimeter per year, that is

imperceptible in nature) are covered under this category (Fig. 1.15).

[image: image15.emf]
Figure-15: Gradual movement of slope material during creep

However, one may find landslides that do not fall directly under any of these typical singular types of slope failures. Such landslides may be composite, complex or multi-tier. The following examples indicate some mixed processes

5.3.8 Multi-tier / Multi-rotational landslides – When more than one main scars

appear in a landslide site and slope mass has more than one slip surface along

which movement takes place (Fig.1.16).

[image: image16.emf]
Figure-16: Multi-tier Rotational Landslide at Sataun, H.P.

5.3.9 Complex Landslides – Those landslides where the nature of failure process is not consistent but changes with time (Fig.1.17). For example, a landslide that begins with rock sliding changes its nature to a rock-fall due to steepening of slopes during a failure, may again result into a debris flow due to formation of a channel during the process of past failures. Thus, it becomes, often very difficult to prevent and control such complex landslides. It requires a persistent study to understand the causes of such landslides properly. These landslides are also found to be chronic and recurring in nature. For example, Kaliasaur landslide in Alaknanda valley, Uttarakhand has displayed complex failure.

[image: image17.emf]
Figure-17: Complex Landslide at Kaliasaur, Alaknanda Valley, Uttarakhand

5.3.10 Composite Landslides – The slopes which fail in different manners simultaneously at the same site are termed as composite landslides (Fig.1.18).

These landslides display a composite nature as different parts of the landslide indicate a different process type. The types of failure vary due to changes in slope aspect, gradient, heterogeneity in slope mass, landcover, structural / tectonic controls etc. For example, Matli landslide in Bhagirathi valley, Uttarakhand is an example of composite landslide.

[image: image18.emf]
Figure-18: Matli landslide exhibiting composite landslide failure

In addition to the classification based on process types and their combination, the landslides can be classified in more different ways. Some examples of such landslide classifications proposed by different researchers, are given here for better understanding of the slope failures.

According to age (Huang, 1983), slope movements are classified into contemporary, dormant and fossil movements. Contemporary movements are generally active and relatively easily recognizable by their configuration (the surface forms produced by mass movements are expressive) and not affected by rain wash and erosion. Dormant movements are usually covered by vegetation or disturbed by erosion so that the traces of their last movement are not easily discernible. However, the causes of their origin do not die down and the movement may be renewed. Fossil movements generally developed in the Pleistocene or earlier periods, under different morphological and climatic conditions, cannot be repeated.

According to stage (Huang, 1983), slope movements can be divided into initial, advanced and exhausted movements. At the initial stage, the first signs of the disturbance of stability (equilibrium) appear and cracks in the upper part of the slope develop. In advanced stage, the loosened mass is propelled into motion and slides downslope. In the exhausted stage, the accumulation of the slide mass creates temporary stabilization (equilibrium) conditions.

The degree of activity of landslides enables an assessment of the possibility of future movement. Erskine (1973) provided the following definitions on various

degrees of activity. Active slopes represent those moving at the present time or within last cycle of seasons. Whereas Inactive slopes have not moved within the last cycle of seasons and are therefore, dormant. They may later renew their activity or remain dormant for so long that their features become degraded.
The following table outlines the major differences between active and inactive landslides.
Table 1.5: Features indicating Active and Inactive Landslides

	Sl.No.
	Active   
	Inactive

	1.
	Scarps, terraces and crevices with sharp edges
	Scarps, terraces and crevices

with rounded edges

	2.
	Crevices and depressions without

secondary infilling
	Crevices and depressions

infilled with secondary deposits

	3.
	Secondary mass movement on

scarp faces
	No secondary mass movement

on scarp faces

	4.
	Surface of rupture and marginal shear planes show fresh slickensides and striations
	Surface of rupture and marginal shear planes show old or no slickensides and
striations

	5.
	Fresh fractured surfaces on blocks
	Weathering on fractured surfaces of blocks

	6.
	Disarranged drainage system; many ponds and undrained depressions
	Integrated drainage system

	7.
	Pressure ridges in contact with

slide margins
	Marginal fissures and abandoned levees

	8.
	No soil development on exposed surface of rupture
	Soil development on exposed

surface of rupture

	9.
	Presence of fast growing

vegetation species
	Presence of slow growing

vegetation species

	10.
	Distinct vegetation differences

`on’ and `off’ slide
	No distinction between vegetation `on’ and `off’ slide

	11.
	Tilted trees with no new vertical growth
	Tilted trees with new vertical growth above inclined trunk

	12.
	No new supportive, secondary

tissue on trunks
	New supportive, secondary tissue on trunks


5.4 Other Classifications

Besides the process based classification, the landslides have also been categorized based on velocity of landslides (Table 1.6), depth of landslides (Table 1.7) and area affected by landslides (Table 1.8) etc.
Table 1.6: Proposed Landslide Velocity Scale (Varnes, 1996)

	Class 
	Description
	Velocity

(mm/sec)
	 Typical Velocity
	Probable Destructive

	7
	E x t r e m e l y rapid
	(5 x 10 3
	(5m/sec
	Catastrophe of major violence; buildings destroyed by the impact of displaced material; many deaths; escape unlikely

	6
	Very Rapid
	(5x10 1
	(3m/sec
	Some lives lost; velocity too great to permit all persons to escape

	5
	Rapid
	(5 x10 -1
	(1.8m/hr
	Escape evacuation possible; structures, possessions and equipment destroyed

	4
	Moderate
	(5 x 10 -3
	(1.3m/month
	Some temporary and

insensitive structures can be temporarily maintained

	3
	Slow
	(5 x10 -5
	(1.6m/year
	Remedial construction can be undertaken during movement; insensitive

structures can be maintained with frequent maintenance work if total movement is not

large during a particular acceleration phase

	2
	Very Slow
	(5 x 10 -7
	(16mm/year
	Some permanent structures undamaged by movement

	1
	E x t r e m e l y

slow
	< 5 x10 -7
	<16mm/year
	Imperceptible without

instruments; construction

possible with precautions


Speed of a running man is ~5 m/sec (It matches approximately with velocity of extremely rapid and rapid landslides).

[image: image19.emf]
Figure-19: Field example of a fast moving landslide /rock fall

Table 1.7: Classification of Landslides on the basis of its depth

	Sl.No.
	Depth of slide below surface
	Class Name

	1
	<1.5 m
	Surficial Slide

	2
	1.5 m - <5 m
	Shallow Slide

	3
	5 m - <20 m
	Deep Slide

	4
	>20 m
	Very Deep Slide


 Table 1.8: Classification of Landslides on the basis of its magnitude (after USSR State Committee on Construction, 1981

	Sl.No.
	Scale of Landslides and Mudflows
	Volume of Landslides and

Mudflows in m3

	1
	Small  
	Hundreds

	2
	Fairly Large 
	Thousands

	3
	Large 
	Tens of thousands

	4
	Very Large
	 Hundreds of thousands

	5
	Enormous 
	Millions

	6
	Collosal 
	 Tens and hundreds of millions


5.5 Causal Factors for Landslides – There can be several different causative factors for the occurrence of landslides which may work individually or collectively to cause a landslide. Broadly these factors can categorized into ground conditions, geomorphological processes, physical processes and man-made processes. A brief list of these causal factors is given in the table below.

Table 1.9: A brief list of landslide causal factors

	A GROUND CONDITIONS

• Plastic weak material

• Sensitive material

• Collapsible material

• Weathered material

• Sheared material 

• Jointed or fissured material

• Adversely oriented structural discontinuities including faults,

unconformities, flexural shears, sedimentary contacts • Adversely oriented mass discontinuities (including bedding, schistosity,

cleavage)

• Contrasts in permeability and its effects on ground water 
• Contrasts in stiffness (stiff, dense material over plastic material)

B GEOMORPHOLOGICAL PROCESSES

• Tectonic uplift

• Volcanic uplift

• Glacial Rebound

• Fluvial erosion of the slope toe

• Wave erosion of the slope toe

• Glacial erosion of the slope toe

• Erosion of the lateral margin

• Subterranean erosion (solution, piping)

• Deposition loading of slope at its crest

• Vegetation removal (by erosion, forest fire, drought)

• Ground Cracks 

• Subsidence 

C PHYSICAL PROCESSES

• Intense rainfall over a short period

• Rapid melt of deep snow

• Prolonged heavy precipitation

• Rapid drawdown following floods, high tides or breaching of natural dam

• Earthquake

• Volcanic eruption

• Breaching of crater lake

• Thawing of permafrost

• Freeze and thaw weathering

• Shrink and swell weathering of expansive soils

D MAN-MADE PROCESSES

• Excavation of the slope or its toe

• Loading of the slope or its crest

• Drawdown of reservoir 

• Irrigation 
• Defective maintenance of drainage system 
• Water leakage from services like water supplies, sewage, storm water

drains 
• Vegetation removal (deforestation)

• Mining and quarrying in open pits or underground galleries 
• Creation of dumps of very loose waste

• Artificial vibration including traffic, pile driving, heavy machinery,

blasting and explosion 

• Poor maintenance of remedial measures 


5.6 Classification of Conditions/Factors responsible for Landslides

Some slopes are susceptible to landslides whereas others are not so. Many factors contribute to the instability of slopes but the main factors indicating stability conditions are relief, drainage, bedrock, regolith, vegetation, climate, earthquake, paleo-features and man-made conditions. The conditions/factors governing landslides can be classified as inherent (terrain) and external factors as given below.

5.6.1 Inherent or basic conditions

Geology

Lithology

Structure

Hydrologic conditions and climate

Vegetation

5.6.2 External Factors/conditions include precipitation, vibrations induced by earthquake / blasting / explosion, loading or unloading of slopes etc. These factors may actually produce two different types of changes, i.e. changes in stress conditions and changes in strength of materials. The different factors producing different changes are given below for illustration.

5.6.3 Factors producing unfavorable changes in conditions

Those that change stress conditions

• Erosion or deposition

• Fluctuation in water level

• Seismic vibrations

• Construction activity

• Cuttings

• Reservoir fluctuations

• Landuse practices

Those that change strength of materials

• Progressive softening of fissured clays

• Disintegration of granular rocks (freeze & thaw)

• Hydration of clay minerals

• Drying and cracking of clays

• Loss of cementitious material from coherent material by solution

5.6.4 Landslide’s Driving Force

The principal driving force for any landslide is the gravitational force and the tendency to move of this mass will be proportional to the hill slope angle. The resisting forces preventing the mass from sliding down the slope are inversely proportional to the same hill slope angle and proportional to the friction angle of the material. Stability of the material resting on a slope will be reduced with an increased slope angle. In addition, the resisting forces can be significantly reduced in case of rain or earthquake vibrations.

5.7 Identifying Landslide Areas – The identification and prediction of a landslide is essential to minimize or control the hazard. Usually this is done using costly procedures as surveying, monitoring or soil testing, which are not affordable or feasible in rural regions with almost no resources. Therefore, simpler but still effective methods have to be used to assess the stability of slopes and decide if a given location is safe for construction. The following features may be used to identify probable landslide prone areas.
· Existing or old landslides or places of historic landslides

· Areas at the base of slopes

· Within or at the base of minor drainage hollows

· At the base or top of a fill slope

· At the base or top of a cut slope

· Any sloping ground in an area known to have a landslide problem

· V-shaped valleys, canyon bottoms, and steep stream channel
·  Fan shaped areas of sediments and boulders accumulation at the outlet

of canyons

·  Areas with large boulders (2 to 20 feet diameter) perched on soil near fans or adjacent to creeks

· Steep hill slopes above a home or hamlet

·  Logjams in streams above a home or hamlet

· Steepened road cuts, sunken or down-dropped road beds

·  Areas that have been extensively disturbed by excavation into steep slopes

· Moderately steep slopes that are exposed to high water flow

·  Burn areas, intensively irrigated agricultural field, canyon, hillside, mountain and other steep areas are vulnerable to landslides

5.8 Potential landslide risk indicators – 

The following simple observations and inspection by community, municipal officials and property owners, may assist in assessing potential landslide hazards. It is important to note that some of these features can also be due to causes other than landslides, such as swelling clays.

·  Saturated ground or seeps in areas that are not typically wet

·  New cracks and scarps or unusual bulges in the ground, roads or pavements

· Movement of ancillary structures such as decks and patios in relation to a house 

· Sticking doors and windows, and visible open spaces indicating jambs and frames out of plumb 

·  Soil moving away from foundations

· Tilting or cracking of concrete floors and foundations

· Broken water lines and other underground utilities

·  Leaning telephone poles, trees, retaining walls or fences.

· Offset fence lines or retaining walls 

·  Sunken or displaced road surfaces

· Rapid increase in creek water levels, possibly accompanied by increase in turbidity (soil content)

·  Sudden decrease in creek water levels though rain is still pouring or just recently stopped

·  Springs, seeps or saturated ground in areas that are not typically wet

·  Thorough cracks in walls, gaps between roof and wall etc. 

·  Damage to building elements 

In most cases in the field, one may find the presence of combination of landslide risk indicators.
It is important that local bodies provide a means of keeping records, preferably in written format, about the occurrence of landslides, with photographs and / or diagrams where-ever possible. This will provide a means to sustain landslide knowledge through time and it is important that such landslide information be made available, in some manner, to general public.

5.9 Effects and Consequences of Landslides

Landslide effects can be classified as direct and/or indirect.

Direct effects – are those first order consequences which occur immediately after an event, such as deaths and damage caused by landslides directly Indirect effects – may emerge after the landslide event and may be much less easy to attribute directly to landslides. This includes psycho-social impacts, bereavement and evacuation. Similarly the effects may be classified as tangible and/or intangible.
Tangible effects – are those to which it is possible to assign reasonable reliable monetary values, such as replacement of a damaged property.

Intangible – can not be satisfactorily assessed in monetary terms; for example, loss of human life, has proved difficult to assess financially Landslides effects occur in 2 basic environments – built environment and the natural environment. Sometimes there is intersection between the two; for example agricultural lands and forest lands that are logged.

· Physical Injuries and Loss of human lives.

·  Property / Infrastructural damages and economic losses

· Affect a variety of resources like water supplies, fisheries, sewagedisposal systems, forest, dams and reservoirs etc.

5.9.1 Effects of Landslides on Built Environment

Landslides affect manmade structures whether these are directly on or near a landslide. Residential buildings on unstable slopes may experience partial damage to complete destruction as landslides destabilize or destroy foundations, walls, floors, surrounding property, utilities such as water pipelines, power lines, communication lines, transport routes etc.

Commercial structures may also face similar consequences as the residential

buildings but the consequences may be greater due to disruption in business

due to damage of access routes. Fast moving landslide such as debris flows and rock falls/topples are more destructive and life-taking as they often occur without precursors or warnings, move too quickly for any safety measures to be taken, with

high momentum due its mass and velocity that can destroy anything that comes in its way; whereas slow moving landslide may only cause slight damage and its slow pace may allow implementation of mitigation measures as well. However, left unchecked, even slow landslides can completely destroy the structures over time (USGS Circular 1325). The nature of landslide movement and the fact that they may continue after days, weeks, or months preclude rebuilding on the affected area, unless mitigation measures are taken appropriately. As the world population grows, they are increasingly vulnerable to landslides. People tend move on to new lands that might have been deemed too hazardous in the past but are now the only areas that remain for the growing population. Poor or non-existent landuse policies allow building and other constructions to take place on the land that might better be left to agriculture, parks or other such uses. Communities are not geareded to

regulate unsafe buildings practices and may not have legitimate or adequate means / expertise to do so,

5.9.2 Impacts on buildings (including residential, commercial,

private, public and government)

Landslides result in development of cracks in the buildings in case of slow moving / creeping landslides but may cause collapse or complete damage / burial of buildings in cases of sudden massive and fast moving landslides (Figs.1.38, 1.45

& 1.47). Figure 1.62 depicts the impact of Varunawat Landslide in Uttarkashi

City of Garhwal Himalaya, Uttarakhand State, where nearly 400 houses were affected by the massive landslide.

[image: image20.emf]
Figure-20: Landslide buries both commercial and residential buildings besides blocking the highway

5.9.3 Impact on highways, roads and railways

One of the greatest consequences of landslides is its impacts on transportation system (roads and railways) which indirectly affects large number of people in

any locality. Blockages of highways by landslides occur very commonly around the world, and many can simply be cleared by bull dozer or shoveled away. Others may require temporary diversion of traffic or even closure of road traffic or a major excavation. National / State highways and connecting roads are also very vulnerable to the impacts of landslides. A large number of landslide that occur along the roads and highway result in damage / destruction of transportation / access routes as well as pose risk to the vehicles and passengers / passersby on the road-side. Figure  depicts the destruction of national highway to Badrinath due to Lambagar Landslide in Uttarakhand state and Figure 1.40 show the impacts of a rock-fall on a bus parked close to a landslide spot near Sukhi on Bhatwari-Gangotri National Highway in Uttarkashi district, Uttarakhand state.

5.9.4 Impact on essential services like power, communication,

water supply etc.

Besides the buildings and roads, the landslide affect our essential services like power, communication and water supply etc. Particularly the rigid pipelines and structures are more badly affected compared to flexible / elastic pipes and structures. The photograph (a) below shows the inundation of a power tunnel in

Sub-Module 1 a hydel project (Sanjay Jal Vidyut Yozna in Satluj Valley) due to blockade of river by a landslide on the downstream side, thus, hindering the operations for power generation. The photograph (b) reveals the problems of power transmission due to their location just close to the crown of retrogressive landslide, thereby endangering its stability and functionality.

5.9.5 Impacts on health and education sectors

Entire population in landslide prone areas is at risk; the most vulnerable are patients, pregnant ladies, and school children, especially the young ones. In a devastating landslide incidence of 18 August 2011 in Uttarakhand state, 18 school children aged between 5 and 11 years, were buried alive while attending the school. Similarly, there were instances when hospital buildings at Shimla and Rampur in Himachal Pradesh were damaged by the landslides. Thus, safety from landslides in educational and health buildings has prime importance as the people in them are dependent on others.

5.9.6 Effects on natural environment

Landslides may have the following impacts on natural environment

6.0 The morphology of earth’s surface - mountain valley system, both on continents and beneath oceans, are most significantly affected by landslide due to morphological changes
7.0  The forest and grassland cover changes

8.0  The native wildlife, its rivers, lakes and seas.
The following landslides may occur in natural environment.

(a) Submarine Landslide is general term used to describe down slope mass movement of geologic materials from shallower to deeper regions of the oceans. Such events may produce major effects to the depth of shorelines. These types of landslide can occur in rivers, lakes and oceans. Large submarine landslides triggered by every intense earthquakes can cause deadly tsunamis.

(b) Coastal cliff retreat or cliff erosion – Falling rocks from eroding cliffs can be especially dangerous to anyone occupying areas at the base of cliffs, or on the beaches near cliffs. Large amount of landslide material can also be destructive to aquatic life such as fish.

(c) Landslide dams can naturally occur when a large landslide blocks the flow of river, causing a lake to form behind the blockage. Most Landslides Introduction of these dams are short-lived as the water will eventually erode the dam. If the dam is not destroyed, it creates a lake. Lakes created by landslide dams can last a long time, or they may suddenly be released and cause massive flooding downstream.

5.9.7 Impacts on natural resources and cultural heritage

During Varunawat landslide at Uttarkashi, more than 300 pine trees got uprooted

and about 300 tress were cut for treating the landslide. Besides the pine trees, numerous other varieties of trees and shrubs were also affected. Therefore, it can be surmised that a huge loss to the natural resources occur due to such landslides. Figures 1.56 and 1.57 depict the impacts of landslides at heritage structures in Uttarakhand.

5.9.8 Strategic Impact on National / Border Security

The occurrence of landslide can lead to security problems if it happens and blocks roads in international border areas. The movement of army vehicles and troupes on the ground can get hurdled by the landslides (Fig.1.43). The photograph below is depicting the situation of army movement when a landslide happened on a border road to Bhaironghati in Uttarakhand state. The insurgency by terrorists and anti-social elements also rises when the army movement is restrained by landslides in border areas.

5.9.9 Economic effects of landslides
· Cost of repair.

·  Loss of property value

·  Disruption of transportation routes

·  Medical costs (injury)

·  Water availability, quality and quantity

Direct Losses – are the most visible consequences of landslides. They may be comparatively easy to measure but they are not always the most significant outcome. They are caused by the immediate damage done to humans, resources and environment.

Indirect Losses – rise mainly through the second order consequences of landslides,

such as disruption of economic and social activities in a community or onset of ill-health amongst disaster victims. These effects often outlast those of direct losses by months or even years and can be highly intangible.

5.10 Inter-relationship of landslides with other natural hazards

The Multiple Hazard Effect
Natural Hazards such as floods, earthquakes, volcanic eruptions and the landslides can occur simultaneously, or one or more of these hazards can trigger one or more of the others. Landslides are often the result of earthquakes, floods, and volcanic activity and may in turn cause subsequent hazards; for example an earthquake induced landslide can cause a deadly tsunami if sufficient landslide material goes into a body of water to displace a large volume of water. Another example would be a volcanic eruption induced or earthquake induced landslide that blocks a river, causing water to back up behind the mass and flood the upstream area. Should the dam fail, the impounded water will be suddenly unleashed to cause flooding downstream. The flooding can then add to riverbank and coastal erosion and destabilization through rapid saturation of slopes and undercutting of cliffs and banks. It is therefore, imperative, when evaluating an area’s vulnerability to landslides, to examine all other possible hazards. Thus, a multiple hazard susceptibility should be produced for showing all multi-hazard events involving landslides.

5.11Communicating Landslide Hazard

The successful translation of natural hazard information into a form useful for non-technical users conveys the following 3 elements in one form or another.

· Likelihood of the occurrence of an event of a size and in a location that would cause casualties, damage, or disruption to an existing standard of safety
· Expected location and extent of the effects of the event on the ground, structures or socio-economic activity
·  Estimated severity of the effects on the ground, structures or socioeconomic activity
The non-technical user must be able to perceive likelihood, location and severity

of the hazard so that they become aware of the danger, can convey the risk to others, and can use the translated information directly to reduce the risk.

5.12 Landslide Warning Signs

Some simple warning signs can be placed in hazardous areas along with some information that can be used in emergency management. Some basic information about safety tips for landslide prone areas may be posted and distributed among the public in such places.

5.13Minimizing the effects of Landslides

Planners and Decision Makers should learn from past tragic events and should impose stringent planning and design requirements in landslide-prone and unstable areas. These may include:

· Implementation of regional hazard and risk assessments into land planning policies. This ensures that appropriate processes are in place whereby new development applications are assessed with respect to slope stability issues and zoning for future development is directed towards areas with a low or very low risk of slope instability.

·  Engineering and geotechnical investigation that define the landslide hazard and risk at site specific levels of investigation.

·  Mapping of landslide vulnerability that can help with the development of emergency response scenarios.

The following photographs exhibit some of the above features noticed in the field.
6.0 LANDSLIDE RISK TREATMENT
6.1 Introduction

Risk Treatment is the ultimate aim of Risk Management and provides the tactic of mitigating the effect of the natural hazard. Once the risk has been analysed, the strategy is to identify the options and methods for minimizing it. Some typical options would be to accept the risk, avoid the risk, reduce the likelihood, reduce the consequences, install monitoring and warning systems, transfer the risk, or, if there is sufficient uncertainty from the available data, postpone the decision. The relative costs and benefits of the options are required to be considered so that the most economic solutions, consistent with the overall needs can be identified. Combination of options or alternatives may be appropriate, particularly where relatively large reduction in risk can be achieved at relatively small cost. A treatment plan for each option may be used to delineate how the option will be implemented. Each plan also needs to identify responsibilities for each stakeholder during and after implementation, the extent of work required, cost estimates and programme, performance of measures and the expected outcome. Monitoring of the treatment plan and risks is needed to ensure that the plan is effective and changes in circumstances do not alter risks. It is essential to reconsider all stages of the analysis, assessment and prioritisation as the treatment plan evolves and is implemented. The results of monitoring may enable feedback for reassessment of the risks. Landslide risk can be mitigated by five approaches used individually or in combination, to reduce or eliminate losses.

Restricting Development in Landslide-Prone Areas: Landuse planning is one of the most effective and economical ways to reduce landslide losses by avoiding the hazard and minimizing the risk. This is accomplished by removing or converting existing development or discouraging or regulating new development in unstable areas. However, in many States in our country, there are no widely accepted procedures or regulations for landslides

Codes for Excavation, Construction and Grading: Excavation, construction and grading codes have been developed in many countries for construction in landslide-prone areas. There is no uniform code to ensure standardization in the country

Protecting Existing Developments: Control of surface and subsurface drainage is the most widely used, and generally the most successful, slope-stabilization methods. Stability of a slope can be increased by removing all or part of a landslide mass, or by adding earth buttresses placed at the toes of potential slope failures. Retaining / Restraining walls, piles, caissons, or rock anchors, soil nailing are commonly used to prevent or control slope movement. In most cases, combinations of these measures are used.

Monitoring and Warning Systems: Monitoring and warning systems help to protect lives and property, these cannot to prevent landslides. However, these often result in issuing warning of slope movement in time to allow the construction of physical measures that will reduce the immediate or long-term hazard. Site-specific monitoring techniques include field observation and the use of various ground motion measuring instruments, trip wires, radar, laser beams, and vibration meters. Data from these devices can be telemetered for real-time warning.

Landslide Insurance and Compensation for Losses: Landslide insurance would be a logical means to provide compensation and incentive to avoid or mitigate the hazard. Landslide insurance coverage could be made a requirement formortgage loans. Controls on building byelaws, development, and property maintenance would be needed for mandatory insurance. Insurance and appropriate government intervention can work together, each complementing the other in reducing losses and compensating victims.

4.2 Mitigation Measures

4.2.1 Structural measures:

Adopt remedial techniques (i.e., buttresses, shear keys, sub-drains, soil reinforcement, retaining walls, etc.) of existing landslides that are in close proximity to public structures.

4.2.1.1 Drainage Corrections:

The most important triggering mechanism for mass movements is the water infiltrating into the overburden during heavy rains and consequent increase in pore pressure in the overburden. Hence the natural way of preventing this situation is by reducing infiltration and allowing excess water to move down without hindrance. As such, the first and foremost mitigation measure is drainage correction. This involves maintenance of natural drainage channels, both micro and macro, in vulnerable slopes.

4.2.2 Non-structural Measures

4.2.2.1 Proper landuse measures: Adopt effective landuse regulations and building codes based on scientific research. Through landuse planning, discourage new construction or development in identified hazard areas without first implementing appropriate remedial measures.

4.2.2.2 Afforestation: The afforestation  programme should be properly planned

so the little slope modification is done in the process. Bounding of any sort using

boulders etc. has to be avoided. The selection of suitable plant species should

be such that can withstand the existing stress conditions of the terrain.

4.2.2.3 Awareness generation: Educate the public about signs that a landslide is imminent so that personal safety measures may be taken.

Some of the signs include:

(i) Springs, seeps, or saturated ground in areas that have not typically been wet before

(ii) New cracks or unusual bulges in the ground, street pavements or sidewalks

(iii) Soil moving away from foundations, and ancillary structures such as decks and patios tilting and/or moving relative to the house

(iv) Sticking doors and windows, and visible open spaces

(v) Broken water lines and other underground utilities

(vi) Leaning telephone poles, trees, retaining walls or fences

(vii) Sunken or dropped-down road beds

(viii) Rapid increase in a stream or creek water levels, possibly accompanied by increased turbidity (soil content)

(iX) Sudden decrease in creek water levels even though rain is still falling or just recently stopped

4.3 Three elements for translating technical information tousers

i. Likelihood of the occurrence of an event of a size and location that wouldcause casualties, damage or disruption

ii. Location and extent of the effects of the event on the ground, structuresor socio-economic activity

iii. Estimated severity of the effects on the ground, structures or socioeconomic activity

Translate hazard information so that nontechnical users are also able toperceive likelihood, location and severity of the hazard.

Mitigation includes any activity that prevents an emergency, reduces the chanceof an emergency happening, or lessens the damaging effects of unavoidable emergencies. Investing in preventive mitigation steps now such as planting ground cover (low growing plants) on slopes, or installing flexible pipe fitting to avoid gas or water leaks, will help reduce the impact of landslides and mudflows in future. For more information on mitigation, contact your local emergency management office.

4.4 Techniques For Reducing Landslide Hazards

Discouraging new developments in hazardous areas by:

Disclosing the hazard to real estate buyers

Posting warnings of potential hazards

Adopting utility and public facility service-area policies

Informing and educating the public

Making a public record of hazards

Removing or converting existing development through:

Acquiring or exchanging hazardous properties

Discouraging non-conforming uses

Reconstructing damaged areas after landslides

Removing unsafe structures

Clearing and redeveloping blighted areas before landslides

Providing financial incentives or disincentives

Conditioning financial assistance by the state or by central government

Clarifying the legal liability of property owners

Adopting leading policies that reflect risk of loss

Requiring insurance related to the level of hazard

Relating to new developments in hazardous areas by:

Enacting grading ordinances

Adopting hillside development regulations

Amending landuse zoning districts and regulations

Enacting sanitary ordinances

Protecting existing developments by:

Controlling landslides and slumps

Controlling mudflows and debris flows

Controlling rockfalls

Operating monitoring, warning and evacuating systems

Emergency plans (life-saving, evacuation and facility specific)
5.0 Investigation of Landslides

The investigation of landslides should be carried out in the following sequence:
5.1 Preliminary Investigations

5.1.1 Collection and Review of Existing Data,

Landslides often occur at specific locations under certain topographic and geologic conditions. Therefore, it is important to utilize existing data (history of the problem, records of restoration work, and data review) along with the topography, geology, and properties of similar landslides. It is also important to understand their relationship with meteorologic factors such as rainfall, period of activity, existence of any warning sign, ground water conditions, chronology of topographic change or erosion by rivers, earthquakes, and other factors which may have a relationship with the slope deformation/displacement surrounding the investigation site area prior to the detailed investigation.
5.1.2 Topographic Investigations

It is necessary to identify any changes in the site topography. That can be accomplished by recognizing;

a) The overall topographic feature of the site;

b) Understanding the topographic characteristics of the site slopes; and

c) Estimating the regional geologic structure of the site.

Such methods include comparing the aerial photographs of the site and vicinity taken prior to and after the sliding, and interpreting the topographic maps and aerial photographs. The latter can be used to understand the chronologic and

topographic changes over a period of time. By utilizing aerial photographs, it is possible to interpret landslide phenomena and warning signs, geology and geologic structure, topography and distribution of vegetation types. For landslide investigations, it is useful to identify and interpret the distribution and continuity of knick points, gentle slopes, gullies and cracks in the photos to aid in preparing a photo interpretation map which can then be utilized during field investigation.
Remote sensing using satellite imageries has been particularly useful for estimating the distribution of slide areas and ground water, and vegetation at regional levels. Remote sensing can also be used for analysis of topographic characteristics in terrain susceptible to landslides

5.1.3 Field Investigations

With an assessment of the overall topographic features and knowledge of the distinctions of movement and areal extent of the sliding blocks (viewed from

the opposite hillside), a detailed field investigation plan can be developed to delineate the areal extent and a general direction of movement of the landslide zone, assess the lithologies and geologic structures, estimate the causes of the sliding, and predict future movement. The field investigation should not include just the actual landslide area, but also extend to slope limits or local drainage basin area. The field investigation should also include areas where aerial photographic interpretation is difficult or unclear, and in areas that could aid in the understanding of particular topographic features and characteristics.
5.2 Preparing a Detailed Investigation Plan

A detailed investigation which will satisfy the following objectives, should be planned.

(i) areal extent of the slide, differentiation of moving blocks and identification

of the type, direction and extent of movement; if possible, the time and duration of movement as well

(ii) location and shape of slide planes

(iii) nature of landslide blocks

(vi) possibility of further or future movement on slopes above the existing slide

(v) possibility of further, future or accelerated sliding

(vi) distribution of ground water and heterogeneity of slope mass

5.2.1 Survey lines can be established on each moving block on the ground where the slide mass is expected to be thickest and where the stability analysis and plan for control works will be emphasized.

5.2.2 Exploratory borings : At least three borings should be drilled along the main survey line with one going at least 5 to 10 m below the slide plane. During the early stage of investigation, it is particularly important to have an accurate estimate of the configuration and location of slide plane(s) for planning an adequate boring depth (Figs.5.11 & 5.12).

5.2.3 Geophysical survey : Seismic survey should be conducted along the  main survey line as well as along the longitudinal survey lines that cross the main survey line and subsidiary survey lines. For the seismic survey, the survey points should be established at 5-10m intervals, and for electrical surveys, 20-50m. Furthermore, to verify the results of the geophysical surveys, it is important to drill at the survey line intersections.

5.3 Geological Investigations

Landslide investigation and mitigation, requires mapping landslide hazards and creating a knowledge /database with the fullest appreciation of the scale and degree of reliability of the information gathered. For estimation of destructive potential of a landslide, one needs to know its expanse/spatial extent and also time scale of landslide activity, mechanism, run out distance, elements at risk and recurrence history. For prediction of a landslide, one needs to find out where and when will it occur and how far and how fast will it move. For design of control measures to manage landslides, one needs to know what the landslide type is (its classification) , what could be different possible modes of failure, where are the slide boundaries, what the operating shear strength characteristics of boundary shears and how will the pore pressures vary on slide boundaries with time. For measuring the efficacy of control measures, one would need to know the actual performance of the slope measured vis-à-vis the design performance. The plan of geotechnical investigation should clearly state its purpose. The term geological investigation covers both surface and subsurface explorations to be carried out for determination of the extent of the landslide in all the dimensions, nature and disposition of geological formations, structures in the area, physical and geotechnical characteristics of the material involved in the landslide process and factors responsible for activating the slide and severity of hazard. The extent of geological investigations should be planned keeping the above factors in view.

5.3.1 Preliminary Stage Geological Investigations

The preliminary stage investigations involve collection of available information, desk studies as well as initial recognoitory traverses in field to collect regional as well as local information and data. Extensive use of remote sensing products including high resolution CARTOSAT-1 & 2 should be made to demarcate the area likely to be affected further to understand the dynamic behaviour of slide, delineate modified slope conditions by preparing DEM etc.
Field Surveys and Investigations: The first task to be taken in the field after finishing the desk work is to verify and validate the data collected during desk studies and plan further course of work. The preliminary field surveys in the slide area should be carried out with a view to assess:
i) The dimensions, geometry and nature of the landslide and status of sliding activity.

ii) The condition of the ground beyond the boundaries of landslide.

iii) Record orientation, spacing and openings of all cracks.

iv) Disposition of zones of accumulation, depletion and scarp faces and distribution pattern of different size fractions in debris.

v) Disposition, attitude of bedding, foliation and all other planar structures,

lithological variation of rocks, state of weathering, joint/fracture spacing, openness, roughness, continuity, joint/fracture wall alteration etc.

vi) Locations of seepage, spring, natural drainage courses and slushy ground.

vii) Recording the movement of different parts of slide during period of investigation

viii) Location of human habitation, communication corridors and other civil

engineering structures.

ix) Weathering profile, nature of slope forming material, study of overburden and rock contact, nature of drainage, springs, scarps etc.

x) Demarcation of Buffer zone based on the trajectory of the falling rock blocks, between the toe of the hill and the human settlements or other structures to avoid any risk factor during treatment of the slide.

5.3.2 Detailed Geological Investigations

The detailed geological investigations, both surface and subsurface, which are required to be carried out at this stage are further to the studies already carried out. The extent of area to be covered by geological mapping and the extent of subsurface geological investigations required are guided by the geological complexity of the site. Detailed investigations at this stage should be planned and executed in close cooperation and interaction between engineering geologist and geotechnical engineers.

After completion of surface geological mapping, the behavior of surface material and other features in depth are required to be explored. The subsurface explorations required for this should aim to establish:

· Depth to bedrock or thickness of overburden and weathering limit. Lithological characters of various rock units and their significance, limit of slump joints and glide cracks, if any.
· Nature, condition, opening, spacing and continuity of prominent joints, slip surface, minor and major shear zones. etc.
·  Depth of ground water table.

· Permeability of strata and

·  If possible, the depth and disposition of plane along which failure has taken place.
The above parameters can be determined by employing non- destructive geophysical techniques that are easily available. Geophysical exploration should be done especially in the areas covered by debris or river-borne material/terrace deposits. Geophysical surveys including, resistivity surveys, seismic refraction surveys have been found helpful in determination of above parameters. With developments in electronic and software technologies, the results are becoming more and more precise, accurate and dependable. Ground Penetrating Radar (GPR) can be initially employed in such surveys for evaluating depth and nature of bedrock and also ground water conditions. GPR surveys are very quick and provide results quickly. These can be followed by seismic (reflection) and resistivity surveys.
The preliminary and detailed geological investigations of landslides constitute the bedrock on which sound geotechnical investigations must be built. Detailed guidelines will be developed on diverse aspects of slope engineering for ensuring

systematic geological investigations and mapping.

5.4 Geotechnical Investigations

These include mapping of problematic slopes on an appropriate scale, scientific

understanding of its kinetics, elucidation of landslide boundaries, determination of representative shear strength parameters, pore pressure variations on the slide boundaries and finally evaluation of factor of safety. It is important to understand the distinction between the first time and the reactivated slides. The boundaries of the former are not known in advance and also the investigation needs and mitigation measures for imminent landslide of this kind may be different.

Geotechnical Investigation for mass movements like rapid motion landslides, multi-tier landslides, rock falls, debris flows and avalanches may throw up many other investigational requirements. There could also be cases of landslides changing their character. For instance, in its wetter manifestation, a landslide may partake the character of a flow and acquire rapid motion. In such cases, laws of fluid dynamics may take over from the laws of classical soil mechanics. A good geotechnical slope investigation is usually driven by the leads thrown

up by the large scale geomorphological map of the area. It should always begin with careful study of field evidences that can be closely observed by a trained landslide investigator. For instance, study of the slide boundaries, surface geology, discontinuities, shear zones; water springs, aquifers, slope subsidence, heave, cracks and behaviour of buildings/walls/floors etc., provide a sense of direction to the nature and quantum of ensuing detailed sub slope geotechnical investigations. A vigilant eye can express much more by looking at an exposed roadside cutting than the whole gamut of geotechnical investigation made after huge expense of time and money. No amount of drilling can ever replace the practice of observing and careful characterizing the fissures, slip surfaces and shear zones, joint fillings, the erratic nature of soil profiles, the sand and the silt lenses, the solution cavities, the evidences of underground erosion and more, visually seen in the open exposures and cuttings.

No matter how thorough is the geotechnical investigation, uncertainties involved would always call for making design assumptions based on engineering judgment. Every geotechnical report must clearly state the assumptions made and the basis there of. It would, therefore, be a big mistake to prescribe a rigid programme of soil investigation at the outset. The best soil investigation programmes are those which advance and get modulated with every new shred of investigational information.

A geotechnical investigation often tends to get expensive and even wasteful if it does not relate closely to the slope information to be gathered and answer the specific questions. For instance, it has become a common practice to prescribe an extensive programme of drilling to locate basal boundary shear of a landslide even without a site visit. One must remember that even with extensive drilling, the basal boundary of a landslide may defy attention in the core logs. Imagine the savings and time effectiveness in investigation that will accrue if one were to succeed in locating traces of basal boundary shears in, for example, a road side cutting.

Selection of equipment for slope investigation, drilling and in situ testing and decision on scale, scope and type of undisturbed sampling and laboratory testing are highly specialized matters. The present tendency of making divergent uninformed choices without adequate scientific reasoning must end. There is a need to develop guidelines on this, especially for the training of geotechnical

engineers engaged on landslide projects as also for the benefit of those responsible for building institutional capacities. Deterministic analyses of slopes can be either two or three dimensional. The former under-estimate the factor of safety and are, therefore, done where either side resistance to landsliding is negligible or uncertainties are large and quick conservative designs are required for further planning. For important projects where high quality investigation is
mandatory, a three dimensional analyses should be done for ensuring economy in design. Since there are uncertainties involved at various steps of investigation and design, and it is not always possible to justify single value inputs, the need and merit of probabilistic analyses of slope must also be considered.
Deterministic analyses could either be in terms of effective stress or as total stress. The unhealthy practice of ignoring this essential requirement must stop. There is a need to develop guidelines for scientific analyses of slopes and landslides in terms of total and effective stresses as the ground situation demands. Every report will specifically point out assumptions made and limitation of the data used in slope analyses and design. The efforts must clearly focus on neglected but vital aspects such as techniques of undisturbed sampling of shear zones and boundary shears and evaluation of shear strength parameters using appropriate stress path. It is often meaningless to spend money doing tests such as SPT and DCPT in drill holes or unconfined compression tests in a laboratory, since shear strength is not a unique property of a soil sample. Laboratory tests without obtaining representative high quality undisturbed samples and without picking the right type of test could also be misleading. Besides, one must remember that soils are non-homogeneous and anisotropic and their non-linear behavior is greatly influenced by their stress-strain history and structure.
Most landslides being the result of poor slope and sub-slope drainage, detailed hydrological studies of the catchments associated with landslides are essential.

In the areas of complex landforms with water streams, springs and ill defined

overland flow; radioisotope studies are often useful to map subterranean water flow while investigating the causative factors of a landslide.

For achieving the objectives of an investigation, the coupling between study of landslides through remote sensing and ground surveys should be logical and strong. Landslide investigation without remote sensing is often blind. By the same logic, landslide investigation without ground studies and validation is lame.

Landslides in meta-stable deposits of granular (sandy) nature, especially in the high rainfall areas, tends to liquefy due to seismic shock or external vibration.

Similarly earthquake-induced landslides could be co-seismic or post-seismic.

Reference to geotechnical reports prepared for different civil and infrastructure development projects at or close to the location of a landslide will serve the

triple purpose of consolidating the available body of geotechnical information,

pin pointing the inconsistencies, inadequacies and gap areas and provide a cost effective and sound basis for deciding the geotechnical scope of a landslide

investigation.

The Engineering Geologists/Geotechnical engineers should have the ability to demonstrate the following seven components of relevant experiences:

(i). An ability to understand the complexities of geology and of geological processes in space and time in relation to his/her speciality.

(ii). An ability to use geo-science information to develop predictive models.

(iii). An ability to communicate clearly verbally and in writing.

(iv). A clear understanding of the meaning and needs of professionalism

(v). An awareness of Health and Safety issues and other statutory obligations

applicable to his/her discipline or area of work (that is, including appropriate

industry standards).

(vi). A knowledge and understanding of the Code of Conduct.

(vii). An appreciation of the role of Continuing Professional Development during training and after validation (that is, once Chartered).
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