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SUMMARY

The document “Report on Evaluation of Mass Movement Indicators” focuses on physical
parameters which could be monitored in relation to landslide triggering processes, and which
could potentially be used as early warning parameters of slope instabilities.

The first part of the report reviews potentially available monitoring parameters, including
basic definitions, units, typical values, and formulas. Not only the well-established parameters
are included, but also those with a potential for a future application as early warning
parameters.

The second part presents and summarizes results from the SafeLand test sites. The analysis of
each of the monitored parameters is described with a focus on investigating the correlation
between each of the parameters. An additional goal was to define their critical values
(alerts/thresholds) in relation to the triggering of mass movements and to evaluate their role as
an early warning parameter on the background of their geological settings.
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1 INTRODUCTION

As stated by the International Strategy for Disaster Reduction Platform for the Promotion of
Early Warning (ISDR), the effective early warning (EW) system is comprised of four main
elements, including Risk knowledge, Monitoring and warning service, Dissemination and
communication, and Response capability. Failure in any one part can mean failure of the
whole system (web of ISDR: http://www.unisdr.org/2006/ppew/whats-ew/basics-ew.htm).
The essence of the monitoring element is to keep in mind the basic requirements of the
successive EW systems, i.e.: “Are the most effective parameters being monitored?; Is there a
sound scientific basis for making forecasts?; Can accurate and timely warnings be issued?”
(Figure 1-1).

Dissemination and
communication

Rigk Knowledge Monitoring and Response capability

warning service

Systemalically collect Develop hazard Communicate risk Build national and

data and undertake risk
assessments

Are the hazards and
the vulnerabilities well
known? What are the
patterns and frends in
these factors? Are risk
maps and dala widely
available?

monitoring and earty
warning services

Are the right
parameters being
monitored? Is there a
sound scientific basis
for making forecasts?
Can accurale and
timely warnings be

information and early
warnings

Do warnings reach all
of those at risk? Are
the risks and the
warnings understood?
Is the warning
information clear and
useable

community response
capabilities

Are response plans up
to date and tested?
Are local capacities
and knowledge made
use of? Are people
prepared and ready to
react to warnings?

generated?

Figure 1-1. The chart of the four elements of effective early warning systems (Source: web of ISDR)

The “Report on Evaluation of Mass Movement Indicators” will try to summarize the state of
the art of the monitoring parameters and will present some examples from the SafeLand test
sites, which represent prominent European landslides. The report is one of the final
deliverables of the SafeLand project, Work Package 4.3 “Evaluation and development of
reliable procedures and technologies for landslide early warning”. The aim of the report is to
summarize the knowledge acquired from observing the controlling factors, triggers and other
monitoring parameters of landslides gained by the SafeLLand project, and to explore the role of
the critical values of the monitored measures as early warning parameters. It is closely related
to other SafeLand project reports (see Figure 1-2).
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Figure 1-2. Thematic scheme, showing how deliverable D4.6 is related to other SafeLand project reports.

Originally, the report was entitled “Report on geo-indicator evaluation”. The term “geo-
indicator” was, however, too broad. The “geoindicators”, as defined by Berger (1996), are
measures of any geological processes and phenomena that can change significantly in less
than 100 years. They can be used to describe both catastrophic changes (landslides) and those
that are slower and more pervasive (soil and sediment erosion). Based on a general agreement
by the research group, the title was changed in order to better fit the research aim.

For better clarity of the text, basic terms were defined, i.e.:

—  “Monitoring parameter” as any phenomenon or factor related to slope (area of
interest), which could be quantified and monitored in time;

—  “Mass-movement indicator” as any monitoring parameter, which characterizes
directly or indirectly the dynamic state of mass-movement processes;

—  “Early warning” (EW) as a social process with a pre-defined set of steps and actions
to warn authorities or the public and to prevent/eliminate the impact of any natural
disaster;

— and finally, “Early warning parameter” (of landslides) as a mass-movement
indicator allowing detection of an impending critical activation or acceleration of the
landslide(s).

Key issues of any EW are the understanding of the behaviour of those monitoring parameters
(which are simultaneously also mass-movement indicators), and especially the evaluation of
their role as an early warning parameter by identifying their critical values/thresholds through
advanced knowledge of their temporal evolution, correlation and coupling.

Project No.: 226479 Page 8 of 382
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The EW parameters are, however, strongly site-specific. They usually depend on (1) the
geometry and internal structure of the unstable mass, (2) the deformation pattern (surface and
subsurface displacement), (3) the variation in the stress field, and (4) geomechanical and
rheological characteristics of the materials.

The first part of the report is a review of monitoring parameters related to slope failure, such
as:

(i) Slope movement/deformation/activity parameters (displacement, velocity and
acceleration, strain, mass loss/increment balance for landslide EW, macro-cracks
and surface fissures, micro seismicity/acoustic emissions, rockfall event
frequency);

(ii)  Hydrologic properties (ground water level/pore-water pressure, soil suction, soil
humidity, water balance, surface and subsurface water quality);

(iii)  Ground geophysical properties (geoelectrical parameters, seismic velocity,
passive electromagnetic emission, Proton Magnetic Resonance (PMR));

(iv)  External triggers (meteorological conditions, seismicity/earthquakes, volcanic
activity, and tides).

The second part presents data and results from the SafelLand test sites obtained during the
project. The analysis of each monitored parameter is described with respect to site-specific
conditions and with a focus on investigating the correlation between each of the parameters.
The goal was to find possible critical values (alerts/thresholds) and to evaluate their role as
EW parameters on the background of their geological settings. The results are briefly
summarized in the Discussion and Conclusions chapter.

Project No.: 226479 Page 9 of 382
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2 REVIEW OF MONITORING PARAMETERS

This chapter provides a review of monitoring parameters which could be observed in relation
to landslides and which also have potential to be applied as a landslide EW parameter. The
challenging idea was to include not only the well-established parameters, but also those with a
potential future application as indicators or EW parameters.

The chapters on individual parameters include basic definitions and formulas, units, typical
values and background signals. Possible applications for landslide monitoring are identified.
Each chapter includes illustrating figures and tables, and they are concluded by a list of
essential references.

Parameters are grouped in the following chapters:

Slope movement/deformation/activity
Displacement
Strain
Mass loss/Increment balance for landslide EW
Macro-cracks and surface fissures
Micro seismicity/Acoustic emissions
Rockfall event frequency
Hydrologic properties
Ground water level/Pore-water pressure
Soil suction
Soil humidity
Water balance: inflow and outflow, surface flow
Surface and subsurface water quality
Ground geophysical properties
Geoelectrical parameters
Seismic velocity
Passive electromagnetic emission
Proton Magnetic Resonance (PMR)
External triggers
Meteorological conditions
Seismicity/Earthquakes
Volcanic activity
Tides

Project No.: 226479 Page 10 of 382
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2.1 SLOPE MOVEMENT/DEFORMATION/ACTIVITY

The first section describes parameters for direct monitoring of the actual state of slope
failure activity. These parameters define the dynamic status of a mass movement, which is
suspended, dormant or already activated. An important issue is the recognition of the
reactivation phase, its quantification, the detection of thresholds approaching critical
acceleration and, in the ideal case, forecasting the catastrophic phase in order to warn the
society in advance. The described parameters comprise displacement, strain, mass
loss/increment balance, cracking, micro seismicity/acoustic emissions, and rockfall event
frequency.

2.1.1 DISPLACEMENT

Mario Lovisolo
Centro Servizi di Geoingegneria S.r.1., Italy

Displacement is the main parameter of active landslides monitoring. The detection of
displacements on the surface or in the subsurface is a clear indicator of the activity state of a
phenomena. Continuous monitoring allows the possibility of detecting displacements in real-
time and therefore of updating in the shortest possible time the conditions of the phenomena
under investigation. By analyzing the displacements it is possible to classify the state of
activity of active, suspended, quiescent or dormant, reactivated and suspended landslides.

In the case of suspended or quiescent landslides, the scope of monitoring is to detect, through
analysis of displacements, the exact moment of reactivation (Figure 2.1.1-1) or to confirm the
stability of the phenomena. As the quiescent state before a reactivation may last for years,
long-term reliability and stability of instrumentation are essential for an early warning system
to detect displacements in real-time.

T > REACTVATED <
e—SUSPENDED—
’t DCRMANT
!
% .
“E’ — SUSPENDED —=
@
g 1
g
a
- & =
3 1 4
Time 1n years
Figure 2.1.1-1. Activity state of landslides (After: Varnes 1996)
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Surface and subsurface displacement

For the continuous monitoring of displacements several instruments are available. To detect
surface displacements the most common are GPS, laser scanners and interferometers, while
for subsurface monitoring the most common are probe and in-place inclinometers, wire and
fixed borehole extensometers, and DMS columns.

Through analysis of displacements it is possible to detect the mechanical behaviour of a
landslide and consequently to understand its kinematics. Landslides can have different
mechanical behaviour according to their morphology and planar profile displacements, for
example signal sliding phenomena, or on the contrary, viscous behaviour characterized flow
phenomena. In soils with various structures the contemporary development of the two
phenomena is possible (Figure 2.1.1-2). By the study of subsurface displacements it is
possible to understand which phenomena are developing and their nature and direction. These
elements are not detectable with surface monitoring alone because surface displacements can
be considered an integral of subsurface displacements, where direction is the vector result of
the singular displacements:

Ds:zn:Du

i=1

Where: Ds = Surface Displacement Du = Underground displacement n= strata

In this way, surface monitoring results alone are not suitable for a complete differential
analysis of the active phenomena.
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Figure 2.1.1-2. Sketch of different mechanical behaviours of a landslide body

To deeply understand the nature of the detected displacements it is necessary to continuously
monitor the entire vertical extent of the landslide. The analysis can be realized through DMS
continuous monitoring columns positioned to cover the whole landslide body. The columns
are made of instrumented modules, and on each module it is possible to detect the
displacements occurring in the soil in real-time, displaying their depth, intensity and direction.

This instrument also gives a complete overview of micromovements, raising
system effectiveness and allowing a deep analysis of the phenomena before

phase.

Project No.: 226479
SafeLand

the monitoring
the paroxysmal

Page 13 of 382



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

| —

Bt g = %

P owss iy

x Ld = e

Figure 2.1.1-3. Displacement graph

Cumulative and differential displacement analysis

By means of specific software, displacement data measured in the vertical direction can be
visualized both in differential and in cumulative ways. Displacement is calculated along the
monitoring column by tilt measurements « (Figure 2.1.1-4).
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Figure 2.1.1-4. Cumulative and differential displacement

Cumulative displacement allows the amount of displacement occurring in the vertical
direction to be visualized more clearly. Differential displacement allows for clear
identification of sliding surfaces and the most deformed areas at different depths. Moreover,
for early warning applications differential analysis allows new activation zones (which can be
identified as outliers) to be visualized more easily.

Velocity and acceleration

Detection of velocity and acceleration of displacements during monitoring is crucial to
optimizing warning and intervention times. Phenomena occur with different velocity as a
function of their typology, and within the same typology velocity can vary. For instance,
rockfalls are characterized by high velocities, as are debris flows. In contrast traditional
landslides can be very slow or very fast in function of the morphologic characteristics in
which the phenomena is developed.

Moreover acceleration of displacements is an effective indicator of the approach to the critical
phase of detachment and consequently it is essential to keep it under close surveillance.
Through historical and morphological analysis it is possible to calculate site-specific alarm
thresholds and to foresee the approach to the detachment phase, in order to promptly
implement mitigation and safety interventions. An example of the use of velocity to choose
alarm thresholds is shown in “The Aknes rock slide: monitoring, threshold values and early-
warning, Blikra, L.H. 2008 (Figures 2.1.2-5 and 2.1.2-6). Multi-level alarm thresholds are
defined on the basis of velocity of displacements. In the case of values exceeding one

Project No.: 226479 Page 15 of 382
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threshold, activities and responses shown in the table are to be implemented in function of the

threshold exceeded.

Alarm level

Lewvel 3
Incréase awarensess

Activities and alarms

Response

Mlingr seasomal varianons
| ™o alarm

EPC staff only
Technical maintenance

Tmportant seasonal flnetuations for
individual and multiple sensors
Walues<excess thresholds for Level

-

Tncrease frequency of data review, compare
difterent sensors

Call in geotechnical’ genlogical/ monitoring
expert

Increased displacement velocity,
seen on from several individual

SENE00S

Values<excess thresholds for Level

3

Do continuons review. do field survey. geo-
expert team at EPC fll time

Inform police and emergency/preparadnegss
teams in municipalities

| Accelerating displacement velocity
observed on muliple sensors

Values=excess thresholds for Level
| 4

Increase preparedness. continnous data
amalysis

Alert municipalities to stand prepared for
cvacuation

Continnons displacement

acceleration

Values=excess thresholds for Level

4

Evacuation

EPC = Emersency Preparedness Centre mn Stranda

Figure 2.1.1-5. Example of alarm level table with activities and responses (L.H. Blikra 2008)

Time

Level
5

|—
M
<
o

4

Displacement velocity

Figure 2.1.1-6. Displacement velocity and alarm level (Blikra 2008)

Displacements are correlated with different phenomena; among them the easiest to correlate is
the piezometric level changes. Historical analysis shows how rising of the water table level is
often followed by displacements in the sliding area because of changing of pressures and
stresses on the body of the landslide. It is also possible to detect a periodicity of displacements
in a period of heavy rainfall or snow melting, due to a rise of the water table level. The high
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correlation between the two parameters allows for the verification of data detected by the
monitoring system and consequently to improve its efficiency.

Settlement

Settlement is the lowering of the topographical surface or of a structure due to deformation of
the soil below. If the structure lays over one or more strata of soil that are very compressible,
and if those strata are located between strata of uncompressible soil (like sand), settlement
depends principally on the characteristics of compressible strata and on intensity and
distribution of vertical pressure on that strata. Settlement can be calculated with different
models, but it is generally complex to detect it accurately. The available instrumentation
(GPS, fixed borehole extensometers, etc.) is often accurate for detection of settlements,
establishing reference points at specific depths, and in detecting direction of movement at
different depths.

Detection of settlements inside a pipe is not accurate due to the mechanical coupling
behaviour existing between the pipe itself and the nude borehole, which affects the
measurements lowering the final accuracy of the survey.

Short-term forecasting of slope failures based on displacement

Methods of short-term forecasting of slope failures based on different monitoring parameters
were summarized by Busslinger (2009). The following is a brief summary of his report,
focusing on displacement velocity.

The approach of Fukuzono (in Busslinger 2009) is based on predicting the failure time using
the inverse number of surface displacement velocity (1/v). If the displacement velocity v at a
slope surface increases over time, its inverse number (//v) decreases. When (//v) approaches
zero, failure occurs (see Figure 2.1.1-7). This method was then successfully developed by
other authors.
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Figure 2.1.1-7. Typical figures for changes of the Inverse number of velocity in surface displacement just before
the failure (After Fukuzono in Busslinger)

Rose and Hungr (in Busslinger 2009) summarized the following general rules for the inverse
velocity method. (i) The method must not be applied in isolation, and displacement
monitoring is only one component of a complex process that comprises slope stability
management. (i1) The method cannot be used for rockslides dominated by brittle failure, and
particular care should be exercised when dealing with relatively small failures in hard rock.
(i11)) The monitoring data must be processed to remove the effects of instrument error and
eliminate records distorted by local movements. (iv) Failure forecasting relies on the
identification of consistent trends. The possibility of trend changes, driven by observable or
unknown factors, must always be kept in mind. Monitoring must be continued as long as
possible prior to failure. The results must be constantly re-evaluated and any established best-
fit functions must be revised in view of the latest data. (v) The treatment of cyclic changes
depends on the magnitude of their amplitude, relative to the distance from the horizontal axis
on the inverse-velocity plot. If the ratio between these two quantities is high, it may be
necessary to assume that the low point of any given cycle may produce sudden rupture. (vi)
Data fitting using non-linear inverse-velocity trend lines may provide a more accurate
assessment of some longer-term trends, but is more complex, which may limit practical use.
Crosta and Agliardi (in Busslinger 2009) proposed a method to obtain alert velocity
thresholds for large rockslides. The method is based on Voight’s (1988) accelerating creep
theory, where failure is assumed to occur at the time corresponding to a particular rate of
displacement. Velocity thresholds can be obtained and incorporated in an emergency concept.
This method is only applicable to cases with invariant external conditions.

Project No.: 226479 Page 18 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

References:

Blikra. LH. (2008): The Aknes rockslide; monitoring, threshold values and early-warning. — In Landslides and
Engineered Slopes, ed. Z. Chen, J.-M. Zhang, K. Ho, F.-Q. Wu and Z.-K. Li . Proceedings of the 10th
International Symposium on Landslides and Engineered Slopes, 30 June - 4 July 2008, Xi'an, China.
Taylor and Francis. ISBN: 978-0-415-41196-7. 6 p.

Busslinger M. (2009): Landslide time-forecast methods - A literature review towards reliable prediction of time
to failure. — MS. HSR University of Applied Sciences, Institut fiir Bau und Umwelt, Rapperswil,
Switzerland, 31 pp.

Voight, B. (1988): Materials science law applies to time forecasts of slope failures. — In: Bonnard (Editor): 5th
Int. Symp. Landslides Lausanne 1988. Balkema, Rotterdam, 1471-1472.

Project No.: 226479 Page 19 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

2.1.2 STRAIN

Jean-Philippe Malet & Julien Travelletti
Centre National de la Recherche Scientifique, France

Displacement monitoring of surface markers on slopes, either in the pre-failure stage or in the
case of continuously active landslides subject to period acceleration, indicates often that in the
time period (months, days) before large surge displacements, there are always small
displacements caused by shear deformation. In general, shear distortions occur within
landslides during the early phases of a displacement surge and are caused by the reactivation
of failure at residual strength in basal shear zones. These pre-failure strains can be potentially
useful precursors of the main movements, and thus embedded in early warning systems.
Continuous strain measurements on deformable slopes are also useful observations for a
detailed understanding of the failure mechanism in terms of soil and rock mechanics, and for
the calibration/validation of coupled hydro-mechanical deformation models. Strain
observations are then useful to define the complex interactions between mechanical and fluid
properties and states (Van Asch et al., 2007) and reflect spatio-temporal trends in the effective
strength and rheological properties of the material. As landslides are not rigid moving bodies,
zones of compression and extension are caused by heterogeneity of the moving pattern. This
often creates undrained loading in low permeability materials leading to the generation of
excess pore water pressure (Figure 2.1.2-1).
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Figure 2.1.2-1. Fully coupled hydro-mechanical simulation of an acceleration of the Super-Sauze mudslide,
South French Alps with the GefDyn finite-element code. The soil is described as an elasto-visco-plastic Hujeux
material. At the start, the overall safety factor is 1.2. A pore water pressure increase from 56 to 62 kPa over five
days leads to a partial acceleration of the soil mass (stage A). Consequent undrained loading and ongoing
infiltration lead to a second acceleration (stage B). This local failure is rapid enough to generate excess pore
pressures, causing the global failure of the secondary scarp of the mudslide (stage C). This type of analysis
permits investigation of the interaction between landslide movements and the development of pore pressures
induced by both infiltration and undrained compression of the soil (modified from Malet, 2003).
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Strain of objects can be expressed using the stress field that is applied to them. Accordingly,
the subject of strain constitutes an important area of interest in geophysics and geodesy in
order to obtain information about the stress fields of deforming slope and relief (Brunner,
1979). The concept of strain is closely related to the concept of displacement. To explain it in
terms of coordinate change, we can say that, it is the proportion of transformations of
coordinates in the direction of axes to those of the initial coordinates. Since it is without a unit
and basically expresses a ratio, it is also known as unit strain (Acar et al., 2008). The strain
that accumulates within a landslide can be determined using three categories of methods,
namely using seismic data, geodetic data or specific geotechnical sensors. The expectation is
that the results obtained from the methods should be in accordance with each other. These
sections first describe the indirect measurements of strains from geodetic and image
processing techniques and, second the direct strain measurements from in-situ sensors. The
possible use of seismic data to infer strains is not presented here.

Indirect (remote-sensed) strain measurements from geodetic (GPS) and image
processing techniques

The measurements performed by geodetic techniques are repeated at different times in order
to determine strains. The time intervals for the measurements used in determination of strain
values are designed on the basis of the magnitude of the possible strains or the change in the
forces that affects the slope. The basic assumptions for the use of geodetic observations for
the determination of strains are linear displacement over the time interval of measurements
and uniform strain accumulation (Denli, 1998).

A first indirect estimation of strain values is related to the use of repeated GPS measurements
on benchmarks located on landslides. Despite the many advantages that the GPS technique
provides, due to the geometrical weakness of the satellite system, inefficiencies of
atmospheric modeling used during the evaluation process, and sources of error that cannot be
eliminated, the accuracy of the vertical component of the 3-dimensional (3D) positioning
information is lower than that of the horizontal component (Featherstone et al., 1998; Krauter,
1999; Celik et al., 2001). Therefore, two-dimensional (2D) strain tensors must be determined
instead of 3D strain tensors and the vertical component must be handled separately.

Homogeneous strain parameters can be obtained from the strain vectors calculated for the
points of a geodetic network or from the differences of the repeated observations made on
these points. Since the geodetic network is evaluated according to the coordinate system,
strain is determined in accordance with this coordinate system. The linear extension of a
baseline between the two points of the network is then expressed as:

58

ArS

where: S’ expresses the length that has changed at the end of the Az period while S expresses
the unchanged length.

On the other hand, the linear extension of a baseline whose azimuth is ¢ is given as:
E=e_cos'I+e, sin2r+e, sin’r

where: e,,, is the change in the unit length in the direction of the x axis; ey, is the change in

the unit length in the y axis and e,, is the shear strain.
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Components of the strain tensor are calculated using this basic correlation; the strain analysis
involves the division of the geodetic network into triangles and calculation of the components
of the strain tensor for the area that each triangle covers. Three equations are established for
the three baselines of the triangle, and e.., e, and e, are calculated. The strain tensor
components calculated for each triangle are valid for equilibration of the triangle (Deniz and
Ozener, 2008).

D=ext+ey (dilatancy)

Vi = €xx - €y (principal shear strain)

Y2=2e (engineering principal shear strain)
Y=v1+7v2 (total shear strain)

The principal strain parameters are calculated with the equations below:

Ei=A+y (maximum principal shear strain)
E,=A-vy (minimum principal shear strain)
A= '.uL'I:Hl{ E —t_. |

(direction of maximum principal shear strain arc)

GPS observations can be acquired on benchmarks located within a landslide. Application to
18 benchmarks at the Buyukcekmece landslide along the Marmara Sea, Turkey allows an
evaluation of the adjusted coordinates and variance-covariance matrix and the horizontal
displacements. The control network in the research was then divided into 28 triangles using
the Delaunay method to calculate strain parameters (Figure 2.1.2-2). Strain parameter
components of ey, e,,, and ey, can then be calculated for each triangle.
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Current Sea-level

Number of triangle  ex.10° ey.10°  eq.10®
i 9.59 132.45 32.32
s Q.38 71.39 -97.99
3 9.38 -453.44  252.53
4 108.75 2883.22 -B1B.60
5 2138 1898.39 487.53
6 283.81 147401 223.33
’ T0H. 7h 2693 22 -H1H.69
8 2058 -3709.32  §14.88
a -1047.81 1381 1315.83
10 217.02 -87.58 -443.36
11 216.02 80.17 42,07
2 216.02 B36.45 208.3

13 217.02 4198 469.44

Figure 2.1.2-2. Strain value parameters estimation at the Buyukcekmece landslide (Marmara Sea, Turkey), from
the analysis of the deformation of Delaunay triangles through repeated GPS measurements. Top: Location of the
measurement area within the landslide body. Bottom left: Delaunay triangles determined from the location of the
different benchmarks. Bottom right: Estimation of strain parameter values for the different components of the
triangles baselines.

Another technique to infer stain parameter values is to use very dense and multi-temporal
point clouds, preferably acquired at the ground using terrestrial laser scanners. An application
has been realized by Montserrat and Crosetto (2008) on a rocky slope, and by Travelletti et al.
(submitted) within the SafeLand project at the Super-Sauze landslide (South French Alps).
Their application consisted in calculating the 2D Cauchy’s strain tensor £ on repeated
terrestrial laser observations to characterize small deformation (Pollard and Fletcher, 2010):

du l(dux +duyj
dx 2\ dx dy

1(du, dv, dv,
5( dx i dy ] dy

where: u and v refer to displacement increments along the x-direction and y-direction in the
local coordinate system (u = AX and v = AY). A local least squares fitting technique is used to
compute the 2D strain tensor at each location of the grid (Pan et al., 2009).

E:
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A strain window of (2m+1) *(2m+1) grid meshes is defined assuming that the displacement
distribution follows a linear plane. Therefore, the following equations are solved at each mesh
of the grid:

u(i,j)=ax+by+c,

v(i,j)=a,x+b,y+c,
where: 1) = -m:m are the coordinates in the strain window; u(i,j) and v(i,j) are the
displacement components at the location (i,j); a;, by, a, b, are the displacement gradients to
be determined, and c¢; and ¢, are constant values.
The overdetermined system of equations is then formulated in a matrix form and is solved in a
least squares sense. To find the unknowns a,, by, ¢, the following equation is used:

1 —m [ u(-m,—m) ]

u(—-m+1,—m)

1 0 015 |= u(0,0)

. . e, .

1 m-1 m u(m—1,m)
1 m m | u(m,m)

The procedure is similar to find the unknowns a,, by, ¢;. The component of the Cauchy strain
tensor are estimated with a, = %, b = d&,a2 = v, and b, = v, .
dx dy dx dy

As the regular grid displays a homogenous distribution of the displacements, the least squares
fitting is not influenced by important differences of point densities inside the strain window,
thus making the gradient estimations more robust. Because the strain tensor £ is real and
symmetric, the two eigenvalues e; and e, corresponding to the change of length per unit of
length in the direction having the maximum and minimum extension (positive for extension)
without shearing are then computed. The deformation is presented in this study by the surface
strain defined as & = e + e, (positive for extension) and the shear strain defined as y = | e; -
es|. A strain window of 3 x 3 m is selected (m = 1 for a grid mesh size of 1 m).

The method has been applied on a series of 10 terrestrial laser point clouds acquired over the
period 2007-2010 at the toe of the Super-Sauze landslide. For example, the strain field
derived from the acquisition over the periods July - October 2008 and 2009 is used to
illustrate the kinematics of the toe. The first step consists in determining the accuracy of the
computed strain field. Therefore, a null hypothesis is performed on the stable areas assuming
that the strain error in these parts is similar to the strain error in the landslide. The accuracy
analysis on the stable parts shows that more than 90 % of the surface strain and shear strain
ranges between + 2.10° which is therefore considered as the lowest interpretable value. The
importance of the compression and shear strain affecting the toe front explains why the
correlation computation sometimes tends to fail in that part of the landslide.
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Figure 2.1.2-3. Strain field obtained by TLS measurements related to the acquisition periods of July — October
of the years 2008 and 2009. Maps of the surface strain (a positive value means extension) (A) and of the shear
strain (B). The strain maps are draped on their corresponding point clouds (intensity values).

The strain analysis allows the discrimination of areas under extension/compression and
affected by shearing (Figure 2.1.2-3). Note that because of the finite size of the correlation
window and the strain window, a significant smoothing of the strain fields is introduced,
associated with a spatial spreading of the structures. The upper part of the toe is characterized
by a succession of approximately parallel bands (width of 5 to 10 m) in compression and
extension whose main orientation is perpendicular to the sliding direction (Figure 2.1.2-3A).
Except at the proximity of the stable part, the upper part is not affected by important shearing
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(Figure 2.1.2-3B). The location of the compression and extension zone changes from 2008 to
2009, thus suggesting a possible displacement of these areas with the landslide material. The
behaviour of the toe front is very different between the years 2008 and 2009. In 2008,
extension is observed, thus inducing compression in the material located in the very front of
the toe near the boundary of the landslide (Figure 2.1.2-3A). The consequence of this
extension results in the development of tensile fissures identifiable on the field (Figure 2.1.2-
4). The toe front is also affected by important shearing concentrated along the landslide
boundary. The important shear magnitude in these areas is confirmed by very persistent shear
and tensile fissures affecting the landslide material (Figure 2.1.2-4). In 2009, the deformation
affecting the toe front is less important than in the previous year because the displacements in
that part are very low and uniform.

A more objective validation of the computed strain field will be to compare the ellipse of
deformation with the density and the orientation of the fissures automatically determined with
object-oriented techniques applied on very high-resolution orthophotographies (Stumpf et al.,
2011). Actually both techniques give information on the behaviour of the mudslide and are
thus complementary.

Figure 2.1.2-4. Tensile fracture (1) and shear fracture (2, 3) observed at the front of the toe tbloc 4 in Figure
2.1.2-9) on an orthophotograph acquired in October 2008 by Niethammer et al. (2010). The location of the
pictures is indicated in Figure 2.1.2-3.

Direct in-situ strain measurements with FO cables and large strain Rosette

Fiber optic (FO) strain sensors are a promising new technology for advancing the state of the
art in in-situ landslide monitoring. General performance advantages include high resolution,
rapid sampling rate, multiplexing potential, and insensitivity to electrical disturbances (such
as lightning). To date, however, there are only a few cases where FO strain sensors have been
used for monitoring slope deformations in landslide investigations (Brunner et al., 2007;
Woschitz and Brunner, 2008), because the application is restricted to slow-moving landslides
characterized by very small strain deformation. Different types of FO sensors are available
with varying resolutions and costs. Fiber Bragg grating (FBG) sensors offer a good balance
between performance and investment.

Application of FO strain sensors has been tested at the Randa landslide (southern
Switzerland), installed at the ground surface and in a deep borehole (Moore et al., 2010).
Fiber Bragg gratings are short sections of optical fibre that contain a periodic variation in the
index of refraction. When illuminated by broadband light, each FBG reflects a particular
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wavelength while transmitting all others undisturbed (Ferraro and de Natale, 2002). In this
way, multiple sensors can be placed in a series on the same optical fiber, tuned at
nonintersecting wavelength bands. The reflected wavelength is measured by an optical
interrogator, and changes proportionally with the FBG strain within a linear regime.
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Figure 2.1.2-5. Detail of fiber optic sensor installation in borehole sb120 at the Randa rockslide. Two
monitoring intervals were selected to span three active fractures showing normal mode offset (see slip arrows).
The expected rates of shortening, calculated from previous extensometer surveys, are shown. Two active parallel

sensor chains were installed for redundancy and security, and a third inactive chain (not shown) acts as reserve
(in Moore et al., 2010).

FO borehole sensors were emplaced to span known active fractures showing normal mode
offset (Figure 2.1.2-5). The targeted fractures were previously characterized in borehole
surveys, and slip rates determined from inclinometer and extensometer measurements
(Willenberg et al., 2008). The deepest fracture (68 m) dips approximately 50" and has a long-
term shear rate of 2.8 mm/year, resulting in an axial shortening rate of 1.6 mm/year. The
fracture at 40 m dips roughly 60" and shows an axial shortening rate of 0.3 mm/year, while the
fracture at 38 m dips about 30" with an axial shortening rate of 0.5 mm/year. The upper two
fractures may be part of a fault zone. The FO sensors measure only the component of
deformation in the line of the sensor, or along the borehole axis. Therefore we expect these
sensors to shorten (de-stress) over time.

From the long-term displacement and velocity trends (Figure 2.1.2-6), we observe that all
borehole sensors are shortening (negative extension values) as expected. Qualitatively, the
rates of shortening match with previous extensometer surveys.
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Figure 2.1.2-6. Deformation time series at the Randa rockslide. Right: Deformation time series measurements
from the three sensors at different monitoring intervals in borehole sb120 (data from just one sensor chain are
shown). All sensors are shortening as expected. Accelerated shortening is seen immediately following sensor
installation, which likely results from shrinkage of the grout. A number of transient steps and drops occur
throughout the time history. Left: Velocity time series for the different sensors in borehole sb120. Dots indicate
calculated half-day average velocities, while the solid lines are the data filtered with a binomial smoothing
algorithm. The inset table shows comparison of the long-term average velocities with those determined from
previous extensometer surveys. Accelerated shortening is clearly visible in the first 2—3 months of operation.
Dates are m/d/y. (in Moore et al., 2010).

The primary performance advantage of FO strain monitoring systems is the improvement in
resolution and accuracy. Our system resolution is about two orders of magnitude better than
that of the high quality traditional sensors, and rapidly improves with data averaging. We can
easily detect sub-micrometer deformations in the long-term record, which allows us, for
example, to resolve daily strain patterns or small transients associated with different
deformation processes. The possibility of triggered 100 Hz sampling offers the advantage of
being able to capture dynamic deformations associated with passing seismic waves, and will
enable us to investigate the seismic performance of the unstable rock mass.

FO systems have the general advantage of being insensitive to electrical disturbances such as
lightning, which can be a significant source of difficulties for field applications. Furthermore,
the optical cabling is robust and suitable for use in harsh landslide environments. Finally, the
FBG system offers the possibility of placing many sensors on only a few cables, which makes
for easier and more secure installations. The primary disadvantage of FO strain systems is
cost. These systems are several times more expensive than their traditional in-situ monitoring
counterparts. Another drawback is the relatively large power consumption, which in our case
was roughly 50W and required construction of large solar arrays.

Another type of in-situ strain sensor is embedded extensometers installed in a Rosette array
(separation in orientation of 120°). The measurement technique is based on long gauge (5 m)
fibre optical low coherence interferometers, yielding a precision of 2 um for length changes.
The same sensors can also be used for dynamic measurements with a precision of better than
10 nm with sampling rates of 1 kHz. The extensometers are long gauge fibre optical sensors
of the SOFO type (Inaudi et al., 1994; Inaudi, 1997) whose advantage is its use of the same
embedded sensors for the measurement of the static (absolute) and the dynamic (relative)
length changes.
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When installing the large strain Rosette in the field and embedding the sensors, the main
challenges are the proper connection of the SOFO sensors with the soil and their protection
from other disturbances. The set-up of this installation (Figure 2.1.2-7) and results of its
investigation are shown in Brunner et al. (2007).

. SOFO sensor
... BBABOFE anchor

. enwvironmontal sensors
(temperature, moiehira)

concrete block

........... . E reinforcement bars

Figure 2.1.2-7. Scheme of the strain Rosette installed at the Gradenbach landslide (Austria) in a trench (Brunner
et al., 2007).

Figure 2.1.2-8 shows the collected data of the strain Rosette from 2007 until 2010, which
were corrected for temperature changes. The sum of the thermal corrections is less than 12 pm
for an internal RU temperature difference of about 30°C and a difference of about 7°C for soil
temperature.
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Figure 2.1.2-8. Length change measurements with the three sensors of the strain Rosette and the measurement
time of the terrestrial surveys (vertical lines). (b) Length change measurements of the reference sensor.

Error propagation was used to derive the precision of the strain parameters using an ellipse
approach for the three sensors. The precision depends inversely on the magnitude of the
strain, i.e. the larger the strain the better the precision of the parameters. Using the strain of
the third epoch (g;= -261 ppm) the calculated precision (1-c-level) of the principal strain is
about 0.6 ppm and the ¢ of its direction is about 0.1 gon. The computed orientation of the
strain ellipse is in agreement with the direction of the slope’s motion.
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2.1.3 MASS LOSS/INCREMENT BALANCE FOR LANDSLIDE EW

Clément Michoud, Marc-Henri Derron, Michel Jaboyedoff
University of Lausanne, Switzerland

We investigate here the possible use of mass balance in EW systems. This kind of system is
regularly used for snow avalanches, in which a local device or a remote sensor (such as
Terrestrial Laser Scanning (Sailer et al. 2008)) first records the thickness of the snow mantle
particularly in locations where wind is expected to cause its accumulation. Once the volume
reaches a predefined critical value, an alarm is automatically sent (Rice et al. 2002). It can
even be coupled with a “controlled” gas-explosive system to trigger small avalanches in order
to prevent a large accumulation of snow and mitigate the risk caused by huge snow
avalanches.

Presently we are not aware of any actual application of this system to landslides. But
considering that with shallow landslides, for instance, the soil thickness is the main
controlling factor of stability (Melchiorre & Frattini 2011), can we imagine any similar
application to earth-, debris- or landslides or flows?

Debris flow source areas:

In active watershed, loose material accumulates over time and can be suddenly released in
debris flows (Figure 2.1.3-1). The monitoring of the volume of potentially mobile material in
key locations of the watershed could help to prevent large debris flows with long run out. Like
with snow avalanches, controlled small volume scouring of source areas could be considered.

Figure 2.1.3-1. Accumulation of potential mobile material during a debris ﬂéw. event in the Illgraben channel,
Switzerland (courtesy of T. Oppikofer).
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Landslide foot areas:

Two mass balance processes may affect the stability of a landslide toe. First a progressive
erosion of the foot may debuttress the whole sliding mass, such as in quick clays (Jaboyedoff
et al. 2009). Secondly, compression ridges may form at the foot of instability, concentrating
important stress. The rupture of such a compression zone may provoke a sudden debuttressing
of the toe too (Michoud et al. 2010). Regular monitoring of volume changes (positive or
negative) at the toe of a landslide can help to prevent a general collapse of the instability.
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Figure 2.1.3-2. Comparison of the ALS (before) and TLS (after) point 1ods of a landslide occurred in clayey
soils in 2006 along the Nicolet River, Canada. It underlines the localizations of the first and secondary slide
scarps and quantifies the slide volume. It helps to design a new slope profile to stabilize it (from Jaboyedoff et al.
2009).

Presently with laser scanning techniques, it is possible to estimate volume changes and make
mass wasting budgets (Figure 2.1.3-2). Then calculating volumes of displaced material allows
the fixing of threshold values for alarms based on these mass balances. Indeed, it should be
possible to calculate with complex numerical models the maximum material volume at the toe
that can be displaced before it collapses. Monitoring systems based on mass balances could
then be implemented at the toes of potential instabilities, for which no displacements are
observable on the rest of the slope such as for retrogressive landslides in clayey banks along
Canadian rivers (Levy et al. in press).

Nevertheless, three major issues must be overcome to implement a monitoring network and
establish threshold values. First, as far as we know, there are only few automatic routines
allowing continuous monitoring with a TLS device. Moreover, the estimation of mass
balances comparing two point clouds are not automatic with traditional acquisitions and need
an operator to be exported. Finally, it assumes that threshold values must be estimated with
complex models that require a lot of input and a good conceptual model of the landslide to be
as reliable as possible for alarms.

Project No.: 226479 Page 33 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

These limitations explain why the mass balances concepts are not used in EWS as far as we
know today. On the other hand, this new parameter could overcome the difficulties of
monitoring only surface displacements in some specific landslide contexts.
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2.1.4 MACRO-CRACKS AND SURFACE FISSURES

André Stumpf

International Institute for Geo-information Sciences and Earth Observation, Netherlands /
Centre National de la Recherche Scientifique, France

This sub-section is focused on the significance of surface fissures preceding and
accompanying slope failures. They must be distinguished from internal fractures that are not
visible at the surface (described in subsection 2.1.5). Several studies that focused particularly
on the mapping and mechanical interpretation of surface fractures accompanying landslides
can be found in the historical (Krauskopf et al., 1939; Ter-Stephanian, 1946) or more recent
literature (Fleming et al., 1999; Fleming and Johnson, 1989; Parise, 2003), and surface
fractures preceding final failures are frequently mentioned in numerous publications. Ter-
Stephanian (1946) suggested a classification scheme based on the mechanical significance of
the surface cracks but in present day the terminology still varies among different authors,
often adopting concepts from structural geology. The terms ‘crack’ and ‘fissures’ are often
used synonymously; “crack” seems more commonly used to refer to the fracturing process
(Mode I, II, III, Figure 2.1.4-1a), and “fissures” is more frequently adopted in description of
resulting openings in the surface. In certain cases cracks induced by desiccation and by
mechanical deformation may have a similar appearance, and particularly in environments
with an abundance of swelling clays, special attention should be given to the proper
differentiation of those features.
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Figure 2.1.4-1. Overview of typical fissure patterns that may occur at the surface of a landslide. (a): The
predominant fracture mechanisms for individual cracks is typically Mode 1. (b) Different fissure patterns may
indicate tension (d), shear (c), or compression occuring preferentially at distinct parts of the the landslide.
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From a mechanical point of view, there must be a distinction between rather plastic materials
(most soils and unconsolidated sediments) that may experience considerable ductile
deformation before the occurrence of brittle fractures and rather brittle materials such as hard
rocks. In practice most slope forming o

materials are deformable to some degree
and this division is transient, however, the
interpretation of observed fractures must
take into  account the  material
characteristics at the time the rupture
occurred.

Fissure depth [m]
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Typical values:

According to Grifith’s crack theory, surface fissures will generally develop from pre-existing
material flaws and thus their minimum size is determined by the detection technique rather
than by physical constraints. While the typical width of fissures observable in the field ranges
from a few millimeters to 100 cm (Fleming and Johnson, 1989; Krauskopf et al., 1939;
Stumpf et al., 2011) there are also examples where such features are several meters wide and
hundreds of meters long (e.g. Margielewski and Urban, 2003). Relationships between the
width and the depth of the fissures (Figure 2.1.4-2) are suggestive but the parameters of this
relationship certainly depend on the material strength and the sub-surface geometry. In more

brittle material, a width/depth ratio lower than in plastic materials can generally be expected.

Dependencies on other parameters:

The formation of surface fissures depends on the fracture toughness of the material, the
geometry of the slope and the applied forces. Generally there must be a distinction between
fissures in hard rock, where brittle fractures have a rather direct link with the applied stresses,
and fissures developing in rather plastic materials, where brittle fracturing will only occur
after the strain reaches a critical rate. Most soils and soft-sediment can undergo considerable
plastic deformation before fracturing and their plasticity typically depends on the saturation of
the material. Clay-rich sediments in particular display rather brittle behaviour when dry.
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Measurement techniques:

Detailed maps of surface fissures can be obtained through time consuming field surveys by
direct observation of the topography (e.g. Fleming et al., 1999; Meisina, 2006). Relatively
large landslide-induced fissures may also be discernible in very high-resolution (VHR)

spaceborne images (Youssef et al., 2009) but typically those structures reach widths that
require very high-resolution aerial photography. Only recently, Unmanned Aerial Vehicles
(UAVs) are becoming a flexible and cost-efficient tool for the acquisition of imagery with
sufficiently high resolution (Eisenbeiss, 2009; Niethammer et al., 2011). Manual image
interpretation can support field campaigns and it has also been demonstrated that pattern
recognition techniques provide a more objective and largely automated way to map surface
fissures from such images (Stumpf et al., 2011). For the structural analysis of rock joints and
the mapping of larger fissures it has also been demonstrated that terrestrial and airborne
LiDAR scans are valuable data sources that enable the localisation of fissures and a better

understanding of possible failure mechanisms (Pedrazzini et al., in press; Sturzenegger et al.,
2007). For studies of the landslide hydrology, relating seismic tomography and electrical
resistivity measurements to the fissure density in the landslide body has been suggested
(Biévre et al., 2011; Grandjean et al., 2011). Those techniques require intensive field
instrumentation and are at present only applicable for local studies of known hotspots. The
development of previously detected fissures can be monitored through repeated field or flight
surveys but the installation of fixed crackmeters (crack gauges) is probably the most
commonly used technique for monitoring the evolution of cracks (e.g. Chelli et al., 2006;
Froese et al., 2009; Greif et al., 2006; Petro et al., 2004; Read et al., 2007).

Conceptual geotechnical model

Strongly simplified models of the influence of the presence of fissures on the stability of a
rock slope are described by Hoek and Bray (1981) and Hoek (2007). Due to its simplicity
those models are often adopted to estimate slope stability for engineered rock slopes. Figure
2.1.4-3 illustrates the simple case of a tension crack in a planar surface where the probability
of a failure will depend on the geometry of the slope and material properties, the position of
the tension crack, the depth of the tension crack and the water level inside, and temporarily
external forces such as seismic shaking. Hoek and Bray (1981) emphasized the importance of
knowledge about the existence, position and characteristics of such tension cracks to assess
the stability of slopes formed in hard rock.

For soils and soft rocks the situation is typically more complex since the plasticity of the
material may vary considerably in space and time (Figure 2.1.4-4).
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Figure 2.1.4-3. One-dimensional geotechnical model to describe the influence of a tension crack on the stability
of a planar slope in hard rock (modified afterHoek and Bray, 1981).
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Figure 2.1.4-4. One-dimensional geotechnical model to describe the mechanism of retrogressive failures in
sensitive clays (Quinn et al., 2011) after (Bjerrum, 1955).

Geotechnical models that involve fracture mechanics to describe landslide types developing
soft-rock materials often consider the development of shear zones at the base of the sliding
mass as one of the most important processes preceding the failure (e.g. Quinn et al., 2011). In
many cases the surface fissures may occur where the developing shear zones reach the
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surface, and thereby provide an indicator for the occurrence of subsequent fast moving events.
In return the surface characteristics will also influence hydrological processes, such as
infiltration and drainage patterns, which affect the groundwater system and the kinematic
response of slopes to hydrological events (Malet et al., 2003; Malet et al., 2005; van Asch et
al., 2009). In particularly, open tension cracks modify the infiltration and pore-water response

considerably, and their integration into physically-based models may yield more reliable
kinematic forecasts and estimates of the hazard level (Baum and Fleming, 1991; Corominas et
al., 2002; Iverson, 2000; Lindenmaier et al., 2005; Malet et al., 2005; van Beek and van Asch,
1999).

Usability as EW parameter:
The presence and characteristics of surface fissures can be relevant inputs for early warning
systems from three different directions:

1. The observation of newly occurring surface fissures is a basic qualitative warning
sign, which in most cases will raise the alert level and trigger further investigations.
The main challenge is therefore the timely detection of such fissures that may often
become visible only days or even hours before a catastrophic event. Though very
high-resolution remote sensing datasets become more frequently available, reliable
techniques for an automatic detection of surface fissures are still largely missing. At
present field surveys, image interpretation and observations made by the local
population remain the most common information source for the detection of new
surface fractures.

2. For the monitoring of known fissures, crackmeters (crack-gauges) are valuable
instruments to measure already minimal deformation at the most critical slope
sections. The possible integration of such devices in early warning networks has been

demonstrated at the Turtle Mountain Monitoring project
(http://www.ags.gov.ab.ca/geohazards/turtle_mountain/crackmeter.html, Figure 2.1.4-
5)

3. An indirect use of information on the spatial distribution of surface fissures could be a
more reliable parameterization of precipitation-based early warning systems, since the
presence of fissures will influence the infiltration rate into the landslide body and
along potential shear planes.
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Figure 2.1.4-5. Relationship between displacement rate measured by three crack meters (violet, red, green),
temperature (blue), and precipitation as measured over a 25-day period in 2005 at the Turtle Mountain
Monitoring Project (Moreno and Froese, 2007).
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6(4), 353-360.
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2.1.5 MICRO SEISMICITY/ACOUSTIC EMISSIONS

Michael Roth
NORSAR, Norway

Alice Tonnellier & Jean-Philippe Malet
Centre National de la Recherche Scientifique, France

Small-scale shear failures, sudden and tiny movements on sliding planes and falling rocks
generate elastic waves propagating in the subsurface. These microseismic signals, sometimes
also called acoustic emissions (AE) since their frequency can reach the audible range, are an
additional indicator on the state of an unstable slope, complementary to directly observable
parameters. Mass movements of brittle material are generating microseismic events and an
acceleration of the movement will result in an increase of strength and number of seismic
events. The ambient seismic background noise (natural and manmade) and the rate of
seismicity varies from site to site and also varies temporally. Microseismicity monitoring is a
passive seismological method that can be used to continuously observe the varying dynamic
processes during landslide movement in the pre-failure, failure and post-failure stage,
according to the case studies. It is necessary to monitor a site over long-term periods in order
to assess the natural variations, to optimize the monitoring parameters and to be able to
identify significant changes in seismic activity.

The typical frequency range of the microseismic signals is between a few Hz up to several
hundred Hz and the signal amplitudes are between micrometers down to nanometers,
depending on the strength of the seismic source and its distance to the seismic sensors.
Generally, the smaller the event is the higher the frequency content and the shorter the signal
duration.

Seismic acquisition systems and real-time data display

A seismic acquisition system basically consists of a sensor or a small-scale network of sensors
(accelerometer, geophone, seismometer), a digitizer (analog-to-digital converter) and a
computer to store and process the data locally or to transmit the data for remote
processing/storage. Because of the high-frequency content of the signal, it is necessary to use
high sampling rates up to 1000 Hz adding up to a data volume of more than 10 MB per hour
and channel. In case of a microseismic network it is advisable to record in triggered mode, i.e.
short data segments of interest. This option is a standard implementation for modern
digitizers.

The real-time display of microseismic waveform data is very useful and complementary to
real-time data of other measurements. Generally, however, microseismic waveform data need
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to be analysed automatically or manually with respect to event detection, event classification,
and event source parameters, location and strength.

Examples of signals recorded on an unstable rock slope

The unstable rock slope at Aknes, Norway has been monitored seismically since October
2005. At that time a microseismic network consisting of eight 3-component geophones was
installed in the uppermost part of the slope, and in 2009 a seismic 3-component broadband
station was installed in the centre of the unstable area. The geophone network records in
triggered mode, whereas the broadband instrument operates in continuous mode at a sampling
rate of 200 Hz.

Microsaismic Rockfalls Blasts Lightning/Generator Earthquakes

' s C & “ &
Figure 2.1.5-1. Seismic signals recorded with a microseismic network (top) and a seismic broadband station
(bottom) at the unstable rock slope at Aknes, Norway. The panels for the geophone network (top) show the
trace-normalized 24 channels for time segments of 16 seconds. The lower panel shows a small-scale
rockslide/fall at Aknes with duration of about 80 seconds recorded with the broadband station.
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The top part of Figure 2.1.5-1 shows examples of different seismic signals recorded with the
24 channels of the geophone network at the site. Besides microseismic events with a typical
duration of a few seconds, one can observe seismic signals generated by rockfalls (multiple
onsets caused by the impact of tumbling rocks); blasts from a nearby road tunnel construction
(clear arrivals of compressional and shear waves); electronic spikes with very short duration
caused by lightning and power generator upstarts; and regional earthquakes. The bottom part
of Figure 2.1.5-1 displays the East-, North- and vertical component of the ground motion
generated by a small-scale rockslide/fall at Aknes with duration of about 80 seconds.

Examples of signals and application on a soft-sediment landslide

This section presents the detection of landquake events and rockfall events within the large
Super-Sauze mudslide (South French Alps, Figure 2.1.5-2). At Super-Sauze, from repeated
campaigns started in June 2008, and from a permanent seismic monitoring station installed in
October 2009, several seismic signals caused by varying dynamic processes were detected by
applying the nanoseismic monitoring method. The nanoseismic monitoring acts as a seismic
“microscope” for detecting small impulsive signals. The existence of such signals was not
expected due to the lack of brittle material deformation that would generate impulsive fracture
release within such weak sediments.

Accurate analysis of microseismic events requires detailed tomography information such as
internal structure and velocity models to implement in the inversion algorithm. Two quite
similar models are proposed for the landslide including a small surface layer of vp=[350-
700] m.s” sliding on the bedrock of vp=[2200-2300] m.s™', for the upper and the lower profile
respectively. The dashed white line represented on the velocity profiles illustrates the
discontinuity between sliding layer and bedrock. The sliding layer is 5-10 m thick in the
central part of the profile, from the upper to the lower region respectively, where an
accumulation of sediments is sensibly higher. In between a stable crest with vp=[1300-
1700] m.s" was identified, which is clearly seen on the global view picture between the
unstable and the stable side of the landslide.
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Figure 2.1.5-2. Tomography profile and vp velocity models for both upper (1) and lower (2) profiles on the right.
The darkest layer observed on the models corresponds to the crest between unstable and stable sides of the
landslide, which is clearly seen on the global view picture on the left. The dashed white line represents the
discontinuity between the sliding and the bedrock layers and was highlighted by previous studies.

Shots were made on 22 points (Figure 2.1.5-3) within the studied zone in strategic positions
around the seismic monitoring array (less to very fractured zones, landslide unstable-stable
boundary) in order to check the efficiency of the array geometry and to refine the velocity
model (Figure 2.1.5-2). Acoustic emissions induced by the shots were recorded by the seismic
permanent monitoring array, with the fixed sampling frequency at 400 Hz. Results simplified
the tomography velocity model in two average 2D velocity models defined by only two layers
and characterising the P and S waves’ velocities too, to be easily used in the “nanoseismic”
localisation algorithm. We decided to validate both of the models because the landslide is too
heterogeneous and it would have been impossible to consider only one velocity model for the
whole studied zone. The models are both characterised by vp=800 m.s™ in the sliding layer,
10 m thick, and vp=2300m.s™ in the bedrock layer and differ by the vp/vs ratio that varies
from 1.95 to 2.36 from the upper to the lower part suggesting that the S wave velocity
decreases in the lower part. We can interpret this variation with the saturation, which might be
higher in the lower part. Tomography suggested that the sliding layer is thicker in the lower
part but varying the thickness parameter did not strongly influence the shot localisation test
results. At last, we are not currently able to determine a precise localisation but a region of
occurrence of the events with a 5-10 % precision in the best cases (according to the shot
tests). The localisation might be worse in the lower part where the material is more fractured
and diffraction is higher (Figure 2.1.5-3).
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Figure 2.1.5-3. vp/vg ratio variation and localisation precision evaluation. Medium circles represent the seismic
permanent monitoring sensors positions, circles lines are the tomography profiles and stars indicate the test shots
positions. 1 is the distance between theoretic and inversed localisation.

Before trying to locate the sources of the events, preliminary observations were made and it
was concluded that most of the observed seismic signals produced by mass movements have
an average duration of 2 to 20s with a frequency content ranging from 10 to 150 Hz. One
example of one potential signal is illustrated in Figure 2.1.5-4. Pointing the supposed first
arrivals is subtle so that correlation options help in comparing the transients between each
channel. Determining the sources’ localisations happened to be very delicate due to the
sensibility of the algorithms that depend on the sampling frequency (400 Hz) and on the
precision in pointing the first arrivals. Clay material is very attenuating and heterogeneous
indeed, so that the P and S waves’ arrivals are often according to the distance from the
sources and the characteristics of the travel distance (possible reflection and refractions).
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Figure 2.1.5-4. Example of acoustic emission transient induced by the dynamics of landslide (1), six-second
zoom window and arrival pointing (2), and direction of localisation through correlation (3).

The table 2.1.5-1 presents the different types of events that were detected during an active
acceleration period in May 2010. They are categorised according to their time duration and
frequency content. Amplitude can vary according to the distance between the source and the
sensors because of the high attenuation of the medium, or the imminence of a higher event
and thus cannot be used as a discrimination parameter.

Some of the events, like rockfalls or earthquakes, are not considered since we are only
interested in the internal dynamics of the landslide. Some events are only observed around
one or few sensors so that localisation can only be supposed to be near to these sensors. The
occurrence of these last acoustic emissions is not common so we can neglect them, moreover
because they are very weak on the spectrograms.
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Table 2.1.5-1. Catalogue of the acoustic events identified by frequency analysis through their spectrogram
patterns. Localisation is defined thanks to “nanoseismic monitoring” in cardinal directions (e.g. SE = South East)
or with the names of the nearest sensors (e.g. CO1). The events that may really be due to the internal dynamics
and easy to localise are the ones whose localisation is grey-written (right column):

Spectrogram Seismogram Location

e SE - C08
PRI
i b ' . C05-Co08
o b fpin s sk SV CO7
B R e
'l C04 — C07 only
t l stable side
' I , ! | C00 - NE
l C06
e g P crest — C03 noise?
e ‘ MMWW’“W resampled 200Hz
' too weak SE
*WWWW rockfall, other velocities
o clear P, S waves arrivals
e local earthquake, other

velocities

Recommended reading for a basic overview on principles of seismic sensors, recording,
processing and analysis of seismic data:

Bormann, P. (Editor) 2002. New Manual of Seismological Observatory Practice — NMSOP, Volume 1&2,
IASPEI, http://www.iaspei.org/projects/NMSOP.html

Stein, S. & Wysession, M. 2003. An Introduction to Seismology, Earthquakes, and Earth Structure. Blackwell
Publishing

Mendecki, A. J. (Editor), 1997, Seismic Monitoring in Mines, Chapman & Hall, London, 262 pp.
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2.1.6 ROCKFALL EVENT FREQUENCY

Federico Agliardi
Institution: UNIMIB

Rockfalls are the among the most common landslide types in mountain areas, and are
characterized by the failure and detachment of rock fragments (i.e. individual blocks, rock
mass volumes) followed by a downward motion by free falling, bouncing, rolling, and sliding
(Cruden and Varnes, 1996). Rockfalls originate from slopes of different sizes and natures and
involve a wide range of volume scales. Preparatory conditions for rockfall occurrence include
rock strength, the geometry, strength and hydraulic properties of discontinuities, rock mass
weathering, as well as slope morphology and moisture availability. Rockfalls can be triggered
by earthquakes (Kobayashi et al., 1990), rainfall or freeze-and thaw cycles (Matsuoka and
Sakai, 1999). Nevertheless, large rockfall events often occur without clear triggers, due to the
progressive weathering and damage of rock in suitable climatic conditions.

Figure 2.1.6-1. Rockfalls non-associated (a) and associated (b) to larger slope failures. a) 13 June 1999 rockfall
above Camp Curry (Yosemite Valley, USA); b) the Val Pola slope (Valtellina, Italy) one day prior to 28 July
1987 and (c) after catastrophic collapse.

Deterministic approaches are rarely able to predict the location and timing of individual
rockfall events. Instead, rockfalls as individual sources of hazard (i.e. independent on larger
slope instabilities) are spatially-distributed phenomena with variable temporal frequency
depending on environmental conditions and the considered event magnitude scenario.
Therefore, despite few successful examples (Zvelebil and Moser, 2001), deterministic rockfall
event forecasting is usually unfeasible, and the problem is dealt with in practice in terms of
hazard, based on the statistical analysis of rockfall inventories and historical databases
(Dussauge et al., 2003).

On the other hand, rockfalls have been also recognised to be among the precursory
phenomena of larger rock slope failures undergoing accelerating creep prior to failure, due to
rock mass damage and progressive failure (Voight, 1988). Suwa (1991) qualitatively reported
increasing occurrence of rockfall and small landslides with time prior to a large failure event
in a Japanese quarry. Azzoni et al. (1993) reported that, during the period preceding the
catastrophic Val Pola rockslide/rock avalanche (Figure 2.1.6-1b,c), rockfall frequency
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increased continuously (up to 100 events in the 24 hours before the slide), with a large rock
pinnacle collapsing one hour before the main collapse. This behaviour has been commonly
observed in a number of reported and unreported case studies on natural and engineered
slopes, suggesting that change in rockfall activity may be potentially an early warning
parameter. Nevertheless, literature dealing with the quantification of these phenomena
remains scarce.

Rosser et al. (2008) characterised the spatial and temporal patterns of rockfall events in a
small coastal cliff in the UK by periodic, high-resolution Terrestrial Laser Scanning (TLS)
surveys. They demonstrated that the rate of rockfall activity (in terms of release volume per
unit time and cliff area) undergoes non-linear increases prior to major failure events (Figure
2.1.6-2). This suggests that monitoring rockfall activity may allow successful prediction of
rock slope failure provided that: 1) data are combined with reference models of failure
mechanisms (Rosser et al., 2008), implying that mechanisms are not too complex; 2) rock
face changes are characterised by TLS monitoring with sufficiently high survey frequency
and sub-millimetric accuracy (Abellan et al., 2009).
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Figure 2.1.6-2. Increase in normalized rockfall activity (volume per month per square meter of rock face) prior
to 10 major failure events (volumes in m’ in the legend), recorded by Rosser et al. (2008) by periodic, high-
resolution TLS monitoring of a coastal cliff at Staithes (UK).

On the other hand, the practical use of precursory rockfall activity as an early warning
parameter for large, complex rock slope failures remains very difficult despite widespread
qualitative observations. Large rockslides usually expose wide, rapidly changing outcrops of
disrupted rock masses, which can be prone to rockfalls also independently on the failure
mechanisms of the main slope failure. Moreover, large rockslides are often characterised by
spatially-variable failure mechanisms with complex temporal trends depending on seasonality
and episodic external forcing (Crosta and Agliardi, 2003). All these effects are expected to
bias the reliability of predictions, especially from an early warning perspective. Finally,
monitoring rockfall activity on large natural slopes presents a number of practical difficulties.
For example, for this application TLS data collected over large areas with very high accuracy
and high survey frequency are needed, which may be hampered by logistical difficulties or
unacceptable costs. Several attempts of correlating rockfall frequency and magnitude with
seismic signals have also been made (Vilajosana et al., 2008). Nevertheless, this technique
requires noise filtering and calibration through monitoring of multiple events, which may be
practically unfeasible in large rockslide settings.
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Available information suggests that monitoring rockfall frequency may provide very useful
information on the evolution of rock slope failure, but its reliable application as an early
warning parameter requires additional research.

References:

Abellan, A., M. Jaboyedoff, T. Oppikofer, and J. M. Vilaplana (2009), Detection of millimetric
deformation using a terrestrial laser scanner: experiment and application to a rockfall event,
Natural Hazards and Earth System Sciences, 9, 365-372.

Azzoni, A. S. Chiesa, A. Frassoni, and M. Govi (1992), The Valpola landslide, Engineering Geology,
33, 1, 59-70.

Crosta, G., and F. Agliardi (2003), Failure forecast for large rock slides by surface displacement
measurements, Canadian Geotechnical Journal, 40, 176— 191.

Cruden, D.M., and D.J. Varnes, (1996), Landslides types and processes: chapter 3. In Landslides:
Investigation and Mitigation, ed. A.K. Turner and R.L. Schuster. Transportation Research Board,
247, 36-71.

Dussauge, C., J. R. Grasso, and A. Helmstetter (2003), Statistical analysis of rockfall volume
distributions: implications for rockfall dynamics. Journal of Geophysical Research, 108(B6), 2286.

Kobayashi, Y., E.L. Harp, T. Kagawa (1990), Simulation of rockfalls triggered by earthquakes. Rock
Mechanics & Rock Engineering, 23,1-20.

Matsuoka, N, H. Sakai (1999), Rockfall activity from an alpine cliff during thawing periods.
Geomorphology, 28, 309—-28.

Rosser, N. J., M. Lim, D.N. Petley, S. Dunning, and R.J. Allison (2007), Patterns of precursory rockfall
prior to slope failure, Journal of Geophysical Research: Earth Surface., 112. F04014.

Suwa, H. (1991), Visual observed failure of a rock slope in Japan, Landslide News, 5, 8-9.

Vilajosana, L., E. Suri"nach, A. Abellan, G. Khazaradze, D. Garcia, and J. Llosa (2008), Rockfall
induced seismic signals: case study in Montserrat, Catalonia. Natural Hazards and Earth System
Sciences, 8, 805-812.

Voight, B. (1988), A method for prediction of volcanic eruption, Nature,332, 125— 130.

Zvelebil, J., and M. Moser (2001), Monitoring Based Time-Prediction of Rock Falls: Three Case-
Histories, Physics and Chemistry of the Earth (B), 26, 2, 159-167.

Project No.: 226479 Page 51 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

2.2 HYDROLOGIC PROPERTIES

This section presents the parameters, which directly describe the hydrological conditions of
the subsurface. The main goal is to detect changes in the hydrologic processes of the
subsurface, which might lead to an acceleration (or slowdown) of a mass movement, or
could indirectly indicate it. The parameters are, i.e.: groundwater level and pore-water
pressure, soil suction, soil humidity, water balance (inflow and outflow, superficial flow), and
surface and subsurface water quality.

2.2.1 GROUNDWATER LEVEL/PORE-WATER PRESSURE

Author: Anthony Lam and Hakon Heyerdahl
Institution: ICG

As the stability of soil and rock slopes could be significantly affected by groundwater level or
pore-water pressure fluctuations within a slope, the establishment of the applicable
groundwater conditions (i.e. thresholds) for early warning inevitably calls for slope
instrumentation that monitors the groundwater levels and pore-water pressures. Groundwater
level or pore-water pressure fluctuations could be used as input to a slope stability model to
assess the temporal frequency of instability of landslides (Van Asch et al, 1997). Experience
indicates that multiple standpipes and piezometers installed at different locations and depths
are typically needed to adequately determine the groundwater regime and pore-water pressure
distribution in order to resolve questions about landslide hydrology. Rock slope monitoring
may be even more demanding, involving measurement of the pore-water pressures on
discretely distributed joints.

Atmospheric pressure is usually taken as the zero pressure value and so a positive pore
pressure zone exists below the water table. If there is no groundwater flow, the pore-water
pressure is hydrostatic and the water level measured by a piezometer at any depth within the
positive pore-pressure zone will coincide with the water table. Pore-water pressure inside a
slope is normally not hydrostatic as groundwater flows under the influence of a hydraulic
gradient. Hence, the groundwater levels measured by a piezometer in the positive pore-
pressure zone will not coincide with the groundwater table, but normally will lie below it.

Depending on the local topography, artesian pressure instead of hydrostatic pore-water
pressure distribution could be experienced. A typical situation for the development of artesian
pressures could be due to the presence of hydraulic conductivity between the higher and the
lower area of the hillsides. Some geological settings such as fine-grained sediments overlying
bedrock, or coarse-grained sediments interbedded with layers of less impermeable sediments
(colluvium or moraine) could be the sources of artesian pore-water pressures. Groundwater
flowing through the permeable layers from the upper part of the slope could lead to artesian
pore-water pressure in the fine-grained, less impermeable soil layers in the lower part of the
slope.

Different aquifer systems demonstrate markedly different responses to rainfall depending on
their storage characteristics. Aquifers may display rapid response to intense rainfall (storm
response) or a gradual rise in groundwater level during the wet season (seasonal response).
The storm component rises and falls in response to each significant storm. The seasonal
component is generally lowest at the beginning of the wet season reaching a peak at some
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time after the end of the wet season. Because of this variability in aquifer response,
groundwater conditions for early warning should be based on groundwater levels or pore-
water pressures measured in the field by appropriate standpipes and piezometers.

Groundwater levels and pore-water pressures must be recorded at sufficiently frequent
intervals so that storm and seasonal responses could be distinguished. In situations where
piezometers respond rapidly to storm events, monitoring would have to be continuous.
Applying modern instrumentation technology, such continuous monitoring is readily available
at a moderate cost. In the case of early warning observation, monitoring of groundwater
conditions may focus on the basal shear zone to provide a direct measure of pore-water
pressures that control landslide movement. If the location of the existing basal shear zone is
known, sensors could be placed just above this zone to avoid being sheared or damaged.

Perched groundwater tables can exist above the main groundwater table where a localised
reduction in strata permeability occurs in conjunction with recharge from above. It is quite
common for the more permeable colluvium aquifers overlying the less permeable residual
soils or deeply weathered rock to contain transient and permanent perched water tables, which
could be of major importance for slope stability monitoring. Measurement of groundwater
level or pore-water pressure in colluvium and deeply weathered rock profile could be difficult
as conditions can vary rapidly with depth and areal extent. Perched water tables may be
transient, developing rapidly in response to heavy rainfall and dissipating equally quickly.

Steep weathered rock slopes may also provide sufficient hydraulic gradient to initiate and
develop pipes from naturally occurring voids and preferred flow paths. Hence, it could be
difficult to adequately depict and confidently interpret the groundwater conditions, in
particular when only limited number of piezometers without continuous monitoring capability
have been adopted. There is also a need for prolonged monitoring, preferably over a number
of years, in order to provide the basis for deriving the reference groundwater conditions.

For the complexity of the situation and the amount of data necessary to perform appropriate
stability evaluations, financial constraints often constitute a limiting factor in the acquisition
of sufficient pore-water pressure data. Boyle et al. (2009) reported that pore-water pressure
records for a nine-year monitoring programme of a clayey slope in southeast Norway had
concluded that several sensors in a vertical array improved the interpretation of the
groundwater regime.

Early warning for slow-moving landslides

Monitoring the possible onset of landslide development at individual slopes would serve to
provide information for slope stability assessment and the issue of early warning of
landslides. It applies in particular to slopes showing signs of distress and prolonged
deformation, and exhibiting signs of potentially large-scale failure that is difficult and costly
to stabilize, e.g. the Canadian Turtle Mountain monitoring project (Read et al, 2005) and the
continuous surveillance programme for the Aknes slide in Norway (Greneng 2005, Blikra
2008).

Understanding the sensitivity of a slope to changes in pore-water pressure is useful in order to
quantify the significance of the error in the pore-water pressure assumptions for the

Project No.: 226479 Page 53 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

assessment of slope stability. This was pointed out by Bishop (1955), as well as by Yucemen
& Tang (1975) in their study of evaluation of uncertainties in the long-term stability of soil
slopes. In addition, the monitoring of groundwater level and pore-water pressure could
facilitate a better understanding of the hydrological conditions of individual slopes or
catchments, and therefore establish a basis for the determination of applicable groundwater
conditions or thresholds for early warning.

For slopes that are known to exhibit signs of distress and deformation (i.e. ductile failures),
monitoring of groundwater level and pore-water pressure could facilitate the establishment of
the linkages between pore pressure response at the basal shear zone and slope deformation.
The basal shear zone should be monitored with piezometers isolated in that zone so that pore
water pressures can be measured precisely where they are likely to have the greatest effect on
slope deformation. These monitored pore-water pressures could be included in a deterministic
slope stability model, being calibrated to determine what level of pore-water pressure is
required for landslide movement. The correlation between the rate of landslide movement and
the pore-pressure response could be useful for establishing conditions or thresholds for
landslide early warning.

Long-term groundwater monitoring

Long-term groundwater monitoring could serve to provide information regarding the
relationship between landslide deformations and pore-water pressure levels. Skempton et al.
(1989) studied an ancient slow-moving landslide at Mam Tor, North Derbyshire in England.
This landslide was known to be moving for centuries and the published data related to
rainfall, piezometric levels, and displacements was dated back to 1965. The growing records
of road damage on Mam Tor since 1909 have long demonstrated that slope movements occur
during unusually wet winter months following wetter years. The study differentiates the storm
response with the seasonal response by defining the slope movement owing to storm response
as “the movement caused by a transient rise in piezometric level Ah above the level
corresponding to a state of limiting equilibrium (F.S = 1.0) with the static residual strength”
(see Figure 2.2.1-1).
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Figure 2.2.1-1. Relation between storm response and rainfall for Uxbridge, near the Mam Tor landslide in
England (Skempton et al., 1989)
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Calvello et al. (2007, 2009) studied the well-monitored slow-moving Porta Cassia Landslide
in central Italy. They developed a numerical model to predict the movements along the pre-
existing slip surface of this landslide from rainfall scenarios. All rainfall scenarios were based
on the investigation of almost 20 years of continuous rainfall data. The model was also
calibrated and validated using pore-water pressure and displacement data from a three-year
monitoring period.

Simoni et al (2004) presented pore-water pressure monitoring results of an unstable clay slope
in the Apennines. The measured transient pore-water pressure pulses generated by rainfall of
relatively short duration tend to mimic pore-water pressure patterns that could trigger sliding,
although no slope failures had occurred during the monitoring period.

Berti and Simoni (2011) measured pore-water pressures in clay shales that are prone to
frequent sliding. They concluded that only seasonal fluctuations could be measured in the
underlying shales, while response to a single rainfall resulted in clearly identifiable downward
propagating pore-water pressure pulses in the soil /clay cover.

Reactivation of landslides

Pore-water pressure measurements may be especially important for reactivation of slow-
moving landslides. Mansour (2009) reviewed the effect of pore-water pressure changes on the
movement of reactivated slow-moving landslides based on an extensive field monitoring of
pore-water pressures and slope displacements. The review concluded that the likely trigger of
movement in slow-moving earth slides of moderate thickness is the seasonal changes in the
boundary conditions that are affected by the hydrological variations over the year. He also
defined the concept of critical pore-water pressure as “a certain pore water pressure threshold
at which landslide displacement begins by loss of dynamic balance”.

Picarelli et al. (2004) investigated both first-time and reactivated slow-moving translational
slides, which are common in the Italian Apennines. The continuous translational movements
were triggered by seasonal fluctuations of piezometric levels (i.e. cyclic pore-water pressure
changes) along the slip surfaces. Such changes had led to reduction of effective stresses, and
consequently to a decrease of mobilized shear strength along slip surfaces.

Glastonbury and Fell (2008) studied 45 large slow-moving active or reactivated landslides
and claimed that the landslide movements were predominantly controlled by fluctuations in
piezometric pressures with varying levels of sensitivity. Mudslides with high silt, sand and
gravel fractions displayed greater “storm response” (i.e. a higher groundwater level change
for a given rainfall event) than those cases with lower coarse fractions. Furthermore,
translational rock-debris slides showed reduced sensitivity to rainfall events as compared to
mudslides. This is likely due to the much higher slide mass permeability in these slides.

Modelling landslide movements
Modelling of landslide movements taking into account pore-water pressure changes has been

carried out for a number of cases. Corominas, et al (2005) studied the Vallcebre Landslide in
the Eastern Pyreenes, Spain. The study indicated that the prediction of slope displacements
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from the changes in groundwater levels was feasible, and a non-linear relationship between
groundwater levels and landslide movements was also established. Further studies of the area
were performed by Ferrari et al (2011) using a simple 2D model of two rigid blocks to
numerically incorporate the effect of foot erosion, viscosity and pore-water pressures on the
translational movement rate of the slope.

Cascini et al. (2010) stressed the importance of a reliable groundwater model to predict slow-
moving landslides in clayey soils that exhibit continuous movements. They suggested that the
main limitation of this type of model is the lack of reliable measurements of pore pressures
along slip surfaces. Although it is possible to monitor the global changes in the groundwater
level, it is mostly difficult to set up piezometers on the slip surface.

Effect of snowmelt

Blikra (2008) presented data for pore-water pressure response in a rock slope at Aknes,
Norway, due to snowmelt. Rapid fluctuations up to 4.5 m/day were observed in one borehole
(Figure 2.2.1-2). The observations coincided with increased displacements, measured by laser
and extensometer sensors. Extensometers showed maximum movement of up to 0.25
mm/day, 1.3 mm/week, with a total movement of 22 mm/year.
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Figure 2.2.1-2. Water-level data during snowmelt in 2006 measured in a borehole at Aknes, Norway (Blikra
2008)

Francois et al (2007) studied the Triesenberg landslide located along the Rhine valley in the
Principality of Liechtenstein, which covers an area of around 5 km?. Variation in piezometric
levels (i.e. pore-water pressures) in this large landslide is the major cause of movement. In the
upper part of the slide, the piezometric behaviour is directly influenced by the inflow from the
Valuna Valley. After snowmelt and storm events, more than 10 m high sharp piezometric
peaks were recorded. In the lower part of the slide, the piezometric levels were smoothed by
the landslide aquifer; hence, the peaks did not exceed 4 m.

Early warning for brittle slope failures
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For slope failures which are brittle in nature, slope instrumentation and monitoring for the
purpose of obtaining early warnings is a very difficult thing to do because the displacement
leading up to a rain induced slope failure can be very small and the excess pore pressures in
the individual slopes or catchments can be very localised both in plan and in elevation.
Reliance on some kind of early warning observation could either lead to false alarms (giving
rise to disillusion) or failure to detect instability because the instruments were not precisely
located at the point of failure.

Relatively shallow landslides frequently occurred in tropically weathered rock slopes or
hillsides, and they are normally triggered by short-duration, intense rainfall. The failure
mechanism of these landslides is normally brittle in that they occur with little prior warning.
The tropically-weathered rock profile is highly heterogeneous, in terms of the degree of
weathering and hydrogeological conditions. Preferential flow paths exist in the ground, and
the groundwater responses can be highly localized and very transient. In such circumstances,
slope instrumentation would be of little use in monitoring the landslide development because
there are few detectable signs of incipient slope failure.

Regional landslide warning

The need for regional landslides warning has been recognised in many places as an integral
part of landslide risk management. For example, regional landslide warning systems have
been implemented in Hong Kong (Chan et al 2003), San Francisco Bay Region (Keefer et al
1987; Wilson 1997), Rio de Janeiro (d’Orsi et al 2004), State of Oregon (Mills 2002), Lyme
Regis UK (Cole and Davis 2002) and Washington (Baum 2005).

For slopes that are known to exhibit signs of distress and deformation, slope instrumentation
applied to monitored landslide development would serve to provide information for slope
stability assessment and the issue of early warning against landslides. However, it would be
neither practical nor effective to monitor a large number of slopes or hillsides without any
known distress and movement, for the purpose of providing landslide early warning.

Some regional landslide warning systems (e.g. the Hong Kong’s Landslip Warning) are
operated on the basis of recorded rainfall and the actual number of landslides reported during
rainstorms. It is a general regional warning of possible landslide occurrence. It is not intended
for predicting where and when a particular landslide would occur. The regional warning
serves a number of useful purposes, such as triggering landslide emergency services in order
to advise on emergency actions in the aftermath of landslides to mitigate the risk of possible
further collapses, and alerting the general public to reduce their exposure to possible landslide
danger.
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2.2.2 SOIL SUCTION

Author: Cascini Leonardo, Giuseppe Sorbino, Dario Peduto
Institution: UNISA

The behaviour of unsaturated soils on natural slopes and soil shear strength highly depends on
water content change due to rainfall. The water content increase causes the decrease of soil
suction and, as a consequence, the shear strength is decreased.

The reduction of suction values during infiltration may be a significant mechanism for
shallow landslides on over steepened hillslopes or where soils or regolith are underlain by
permeable substrates. In both environments, shallow slope failure may occur prior to the
formation of positive pore pressures.

Whether shallow landslides commonly occur under partially saturated conditions is still
controversial in part because of the lack of instrumental data on the hydrologic conditions
within a naturally occurring shallow landslide (Godt et al., 2009).

In the following some details on soil suction and its measurement instruments are summarized
referring to wider information which can be found in Lu and Likos (2004).

Total soil suction

Total soil suction measures the thermodynamic potential of soil pore water relative to a
reference potential of free water. In particular, free water is the water containing no dissolved
solutes, having no interactions with other phases that induce curvature at water interface, and
having no external forces other than gravity. The physical and physicochemical mechanisms
presiding over total soil suction are those that decrease the potential of the pore water relative
to this reference state.
If temperature, gravity, and inertial effects are neglected, the primary mechanisms decreasing
the potential of soil pore water can be associated with capillary effects, short-range adsorption
(particle-pore water interaction) effects, and osmotic effects. The former mechanism
characterizes only unsaturated soils whereas the latter two may occur under either saturated or
unsaturated conditions.
Short-range adsorption effects derive from electrical and van der Waals force fields which
occur in proximity of the solid-liquid (i.e. soil pore water) interface especially in fine grained
soils.
Electrical and van der Waals fields decrease as the distance from the particle surface
increases. As a consequence, the effects of short-range adsorption effects are higher at
relatively low water content or degree of saturation since the adsorbed pore water appears as
thin films surrounding the particles.
The osmotic effects result from solute dissolving in the pore water due to either externally
introduced solutes or naturally occurring solutes adsorbed by the soil mineral surfaces. The
chemical potential of the pore water can be reduced according to the concentration of
dissolved solute.
The general term matric suction (measured in units of pressure as ¥,,) stands for suction
arising from the combined effects of capillarity and short-range adsorption. The term matric
derives from the component of suction arising from interactions between the pore water and
the soil particles, or soil matrix whereas the suction related to the presence of dissolved
solutes can be referred to as osmotic suction, or ¥,
Total soil suction W corresponds to the algebraic sum of the matric and osmotic components:
VY=W¥n+Y¥
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Units for soil suction

In geotechnical engineering practice the term soil suction refers to pore water potential in
units of pressure. The International System of Units (SI) of suction pressure is pascal (Pa) and
more often kilopascal (kPa) according to the more frequent range of magnitude among most
practical unsaturated soil mechanics applications.

Brief overview of measurement techniques

Available experimental techniques suited for soil suction measurements and corresponding
soilwater characteristic curves vary widely in terms of cost, complexity, and measurement
range. Different typologies of techniques (laboratory or field methods) can measure different
components of suction (matric or total). Laboratory techniques usually require undisturbed
specimens so as to investigate the sensitivity of suction to soil fabric, especially for low-
suction values where capillary effects tend to control the pore water retention behaviour.
Disturbance effects can be less critical at higher suction values for highly expansive clays
where particle surface adsorption or hydration mechanisms begin to dominate. Table 2.2.2-1
summarizes several common suction measurement techniques in terms of their applicable
suction component, approximate measurement range as well as applicability in the laboratory
or field (Lu and Likos, 2004).

Table 2.2.2-1. Summary of Common Laboratory and Field Techniques for Measuring Soil Suction (modified
after Lu and Likos, 2004):

Suction Technique/Sensor Practical Suction | Laboratory/Field
Component Range (kPa)
measured
Matric suction | Tensiometers 0-100 Laboratory and field
Axis translation techniques | 0-1,500 Laboratory
Electrical/thermal 0-400 Laboratory/Field
conductivity sensors
Contact filter paper method | Entire range Laboratory and field
Total suction Thermocouple 100-8,000 Laboratory and field
psychrometers
Chilled-mirror hygrometers | 1,000-450,000 Laboratory
Resistance/capacitance Entire range Laboratory
sensors
Isopiestic humidity control | 4,000-400,000 Laboratory
Two-pressure humidity | 10,000-600,000 Laboratory
control
Noncontact  filter  paper | 1,000-500,000 Laboratory and field
method

Tensiometers are one of the most used techniques to directly measure negative pore-water
pressure. They exploit the unique properties of high air-entry (HAE) materials which are
characterized by microscopic pores of relatively uniform size and size distribution. When
water saturates an HAE material, the surface tension at the gas-liquid interfaces formed
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among the material’s pores allows a pressure difference between gas and liquid phases located
on either side. Surface tension acts as a membrane for separating the two phases, thus
allowing negative water pressure to be directly measured, as in a tensiometer (Lu and Likos,
2004).

The expression “high air-entry” is associated with the fact that relatively high pressure is
required for air to break through the membrane formed by surface tension.

The hydraulic conductivity decreases with increasing air entry pressure due to the
increasingly smaller pore sizes of the material.

A comprehensive description of tensiometer measurement principles, construction guidelines,
operating procedures, and applications is provided by Stannard (1992). A standard
tensiometer consists of a water-filled tube with an HAE ceramic tip at one end and some type
of sensor for measuring negative water pressure at the other. The ceramic tip usually has the
shape of an inverted cup or small probe and it is able to create a saturated hydraulic
connection between the soil pore water, the water in the tensiometer body, and the pressure
sensor. The pressure sensor may be either a mechanical Bourdon-type gauge or an electronic
diaphragm-type transducer (Lu and Likos, 2004).

A schematic diagram for a commonly used type of “small-tip” laboratory tensiometer is
shown as Figure 2.2.2-1 (Lu and Likos, 2004).
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Figure 2.2.2-1. Schematic drawing of small-tip laboratory tensiometer (Soilmoisture Equipment Corp., 2003).

As for field measurements the used tensiometers (Figure 2.2.2-2) are similar in construction
and identical in operating principle to those used for laboratory tests.

Negative pressure is transmitted through the saturated pores of the HAE ceramic tip such that
water is withdrawn from the tensiometer until the internal pressure in the sensor body is
equivalent to the matric potential of the soil water. If the soil is subsequently wetted, water
flows in the opposite direction from the soil to the measurement system until a new
equilibrium at a new pressure is attained (Lu and Likos, 2004).
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Figure 2.2.2-2. Quick-draw field tensiometer (Soilmoisture Equipment Corp., 2003).

Since the sensor tip is permeable to dissolved solutes, the pore water osmotic potential does
not influence the pressure measurement. The measurement, therefore, becomes a direct
measurement of matric suction if gravitational potential is also considered (i.e. corrected for
the difference in elevation between the sensor probe and the pressure gauge).

Tensiometer measurement has response time which is a function of the system
compressibility, the hydraulic conductivity and thickness of the sensor tip, and the soil
hydraulic conductivity. System compressibility is controlled by both the air bubbles in the
system and liquid exchange volume necessary for the sensor to register an equilibrium
pressure change. Most common response times are on the order of 1-10 minutes.

The tensiometer system is saturated with de-aired water before the test starts and temporary
vacuum could be usefully applied for the removal of air bubbles from the system.

Whether measurements over prolonged testing periods are required the system must be
periodically resaturated through the service port (Figure 2.2.2-1).

The values of matric suction obtainable using tensiometers are limited by the air-entry
pressure of the porous ceramic tip and the capacity for water to sustain high negative
pressures without cavitation occurring. Usually tensiometric standard testing measurements
are limited to about 70 to 80 kPa.

Alternative types of “high-capacity” tensiometers incorporating extremely small, smooth-
walled sensing reservoirs and relatively high air-entry pressure ceramics have been developed
(e.g. Ridley and Burland, 1993; Guan and Fredlund, 1997; Tarantino and Mongiovi, 2001; Lu
and Likos, 2004). In order to derive matric suction values approaching about 1500 kPa these
types of sensors have been coupled with specialized operating procedures (e.g. cyclic
prepressurization techniques). The approach associated with these types of sensors has been
used to minimize potential sites for nucleation and thus fully realize the tensile strength of
water, which although still largely uncertain has been shown experimentally and theoretically
to be in the range of megapascals (e.g. Tabor, 1979; Zheng et al., 1991).

Peck and Rabbidge (1969) and Bocking and Fredlund (1979) focus on “osmotic” tensiometers
using confined and prestressed (positively pressurized) aqueous solutions rather than free
water for the transmission of negative pore pressure through the measurement system. To
date, however, difficulties associated with drift and temperature sensitivity have largely
precluded the use of osmotic tensiometers in practice (Lu and Likos, 2004).
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2.2.3 SOIL HUMIDITY

Author: Emilia Damiano, Luciano Picarelli
Institution: AMRA

Slope stability is affected by pore pressure regime. In slopes where the groundwater table is
very deep or absent, pore pressures are below the atmospheric pressure so any change in soil
moisture due to rainwater infiltration or snowmelt can significantly modify suction and state
of stress of the soil. In some cases, this can lead to slope failure. This is mainly true for
granular soils which cover steep slopes (slope angle higher than friction angle of the soil in
saturated conditions).

These kinds of covers, which may be the result of weathering (residual soils) or of air-fall
deposition, are stable due to the beneficial effect of matric suction on soil shear strength.
During wet periods, the change in the water content due to infiltration causes the increase of
the weight of the soil cover (this is remarkable in the case of loose air-fall pyroclastic soils)
and a significant decrease of matric suction. As a result, the additional shear strength provided
by the matric suction can be reduced enough to trigger a shallow landslide (Fredlund and
Rahardjo 1993). Moreover rainfall events may result in positive pore-water pressure
development in the steep slopes as a result of the formation of a perched water table. During
the dry phases between successive wet periods, the effects of rainwater infiltration are
eventually balanced by downslope drainage and evapo-transpiration. This explains the
substantial hydraulic equilibrium of the slope, which is characterised by transient fluctuations
of the water content around a more or less constant average value; slope failure occurs only
when such a balance is altered by intense rains which lead to excessive increases in the water
content. However, such a process takes a period of time which depends on the initial water
content, on the hydraulic and mechanical properties of the soil and on the length of water
infiltration paths. In order to predict the time to failure, such factors should be considered
jointly with the features of the expected precipitations.

The continuous monitoring of suction and/or of water content or of pore pressures, as
indicators of stability conditions, can provide fundamental information for the assessment of
the landslide hazard. A number of studies have focused on monitoring the pore-water
pressures. However, sensors like piezometers and tensiometers have some limitations due to
their maintenance, performance and reliability. Since pore-water pressure changes in
unsaturated soils go hand in hand with changes in water content (through the Soil Water
Retention Curve (SWRC)) an alternative method for the setup of an early warning system can
be based on monitoring of soil moisture. Moisture content measuring devices such as
ThetaProbe, Time Domain Reflectometer (TDR) waveguides and others overcome the
disadvantages of pore-water pressure sensors. However, little data about actual slope
monitoring during infiltration processes on steep slopes are available in literature. In most
cases, the measurements were too infrequent to shed light on the dynamics of infiltration
processes in the hours immediately before the failure. With respect to this, actual slope
monitoring data has been supplemented with model slope experimental data, in which
measurements of many hydrological and mechanical variables can be carried out with high
temporal and spatial resolution until the slope failure is triggered (Eckersley, 1990; Take et
al., 2004; Moriwacki et al., 2004; Olivares et al., 2009). Recent application in laboratory tests
carried out by Tohari et al. (2007), Greco et al. (2010), Chae and Kim (2011) on small-scale
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model slopes showed that monitoring of volumetric water content in the soil can be very
useful for the prediction of slope failures.

In particular, Greco et al. (2010) showed that monitoring of soil volumetric water content
seemed more useful than soil suction monitoring for early warning purposes, since water
content grew smoothly during the entire infiltration processes, while soil suction showed
abrupt steep fronts attaining its final value much before slope failure (Figure 2.2.3-1).
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Figure 2.2.3-1. Matric suction and volumetric water content time histories during an infiltration test (Greco et al.,
2010).

Tohari et al. (2007) proposed a warning algorithm based on volumetric water content
measurements based on results of laboratory rainfall-induced slope failure (Figure 2.2.3-2).
The authors define a critical time for evacuation as the time required for the wetting front to
travel from the moisture content sensor head to the impervious layer or initial groundwater
level (from t; to t;). The initiation of the second stage of increase in the moisture content of
the near surface soil represents the hydrologic condition in which the groundwater table starts
to rise towards the slope surface. Thus, the corresponding time t, can be designated to trigger
a final warning against the slope failure hazard. The extent of time for evacuation will depend
on the depth of the sensor, with respect to the impervious layer or initial groundwater, as well
as on the antecedent soil moisture condition. Consequently, the depth of the impermeable
layer or groundwater level must also be determined through adequate subsurface
investigations to determine an optimum depth for installation of the sensor for the effective
prediction of failure initiation.
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Figure 2.2.3-2. The conceptual prediction method for rainfall-induced landslide based on moisture content
measurements (Tohari et al., 2007).

Recently, Chae and Kim (2011) installed an in situ real-time monitoring system. They
evaluated the response of volumetric water content to rainfall events in steep slopes
constituted by gneiss weathered soil in an area subjected to debris flows in Deoksan, Korea.
The field monitoring showed that a direct proportional relationship exists between the
effective cumulative rainfall and the gradient of volumetric water content per unit of time
suggesting a threshold value of volumetric water content gradient which could serve as the
basis of an early warning system for landslides in the monitored area.

However, all the experiences show it is crucial to understand the pre-failure and failure
mechanism in order to recognize the characteristics of the evolution of soil moisture if it is to
be used as an indicator of impending failure.

The Time Domain Reflectometer technique (TDR) is the most common application for
monitoring soil moisture in shallow soil layers. It allows retrieving the mean value that
volumetric water content assumes around a waveguide buried in the soil. The experimental
device consists of an electromagnetic pulse generator connected, through a coaxial cable, to a
metallic probe (waveguide) that is a few decimetres long. An electromagnetic pulse is sent
through the soil, and the reflected signal is acquired. The speed of electromagnetic waves
propagating through the soil depends on the bulk soil dielectric permittivity, €, while the
attenuation of the signal mainly depends on bulk soil electrical conductivity, c. Both the
variables are in turn related to soil volumetric water content, O (Campbell, 1990). The £/(0)
and o(0) relationships are usually experimentally determined in laboratory, by carrying out a
series of coupled gravimetric and TDR water content measurements over undisturbed
specimens. Usually, with a TDR acquisition only the travel time of an electromagnetic pulse
through the soil is measured, providing the average bulk soil dielectric permittivity within the
investigated soil volume. As a consequence, only the mean volumetric water content
throughout the investigated volume is obtained (Topp et al., 1980).

Recently, a novel TDR measurement interpretation technique has been developed, which
allows the inverse determination of the water content profile along the entire length of the
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metallic probe buried in the soil. This technique is based upon the numerical integration of the
transmission lines equations, which describe the electromagnetic transient along the metallic
probe (Ramo et al., 1994). By minimizing the difference between the experimental TDR wave
traces and the simulated wave traces, the distributions of bulk soil dielectric permittivity and
electrical conductivity along the probe are obtained. The knowledge of the empirical
relationships linking volumetric water content with bulk soil dielectric permittivity and
electrical conductivity (which are obtained in the same way as with usual TDR
measurements) allows the estimation of the volumetric water content distribution along the
probe (Greco, 2006; Greco and Guida, 2008).

The acquisition of a TDR wave trace lasts a few seconds, while the elaborations for water
content profile retrievement take a few minutes, thus real-time measurements can be easily
carried out with high temporal frequency. Moreover, an increase in the length of the rods can
lead to even more significant information providing data over greater depths. The same result
could be obtained by installation of a series of TDR devices at different depths.

An application of such a technique has been performed in small-scale slope tests on granular
soils (Greco et al., 2010), which shows the usefulness of monitoring the volumetric water
content profiles in shallow soil layers for prediction of landslide triggering (Figure 2.2.3-3).
Indeed, in loose sandy deposits subject to uniform rainfall, the retrieved water content profiles
were characterised by the presence of steep water content vertical gradients during the initial
phase of the infiltration process. This behaviour is typical of very coarse soils, for which
hydraulic conductivity dramatically reduces at low water contents. Afterwards, the deepest
part of the soil profile starts wetting as well, and the acquired profiles tend to smoothen until
failure approaching the value of soil porosity. Moreover, the obtained water content profiles
can be converted into soil suction distributions by means of the water retention curve SWRC.
Therefore, a deep knowledge of the dynamics of the infiltration process can be achieved.
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Figure 2.2.3-3. Volumetric water content profiles acquired by TDR probe at various stages of an infiltration test
on small-scale slope (Greco et al., 2010).

The TDR device is not a novelty as such, since it has been used for a long time to measure the
average water content of soil. However, obtaining complete vertical profiles of the volumetric
water content along the entire rod length represents a significant improvement, contributing to
the interpretation of the evolution of the infiltration process from the ground surface. In the
near future, devices as TDR probes would represent fundamental tools for timely alerting of
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landslide triggering by capturing a significant indicator of incoming slope failure. Due to their
low cost and flexibility they can be extensively used, possibly coupled and/or used in
conjunction with other devices and procedures for prediction of landslide triggering. This
approach has already been adopted, for example in an area at risk located along the Seattle-
Everett rail connection. The advisory signal corresponds to the reading of a critical volumetric
water content, while watching is associated with an established rainfall intensity-duration
threshold and warning is launched for assigned pore pressure values (Baum et al., 2005).
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2.2.4 'WATER BALANCE: INFLOW AND OUTFLOW, SURFACE FLOW

Anthony Lam and Hdkon Heyerdahl
International Centre of Geohazards

The hydrological cycle

When moisture from the atmosphere falls to the Earth's surface it involves the movement of
water along precipitation, evapotranspiration, surface flow (runoff), subsurface flow and
groundwater pathways. In essence, water is evaporated from the land, oceans and vegetation
to the atmosphere, using the radiant energy from the sun, and is recycled back in the form of
rain, snow or hail. This constant movement of water above, on, and below the earth's surface
is the hydrological cycle (see Figure 2.2.4-1).
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Figure 2.2.4-1. Simplified representation of the hydrological cycle

Precipitation (excluding snow and hail) wets vegetation, directly enters surface water bodies
or begins to infiltrate the ground to replenish soil moisture. Excess water percolates to the
zone of saturation, or groundwater, from where it moves downward and laterally to sites of
groundwater discharge. The rate of infiltration varies with land use, soil characteristics and
the duration and intensity of the rainfall event. If the rate of precipitation exceeds the rate of
infiltration this leads to overland flow. Water reaching streams, both by surface flow and
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subsurface flow eventually moves to the sea where it is again evaporated to perpetuate the
hydrological cycle.

In terms of the stability of hillsides, the land-based portion of the hydrological cycle is of
most interest. Inflow of water into catchment and landslide-prone areas may be derived from
precipitation, lakes or rivers, and outflow from the system can be as evapotranspiration,
surface flow (i.e. runoff) and subsurface flow. Changes in ground water (i.e. soil moisture and
ground water storage) are the parts of the inflow which become incorporated into the ground
water system. The above elements form the basis of the water balance within a catchment or a
landslide body, which can be represented by the following equation:

Precipitation Evapotranspiration + Surface flow (i.e. runoff) + Subsurface
and / or inflow _  flow + Change in soil moisture + Change in groundwater
from lakes or storage (i.e. groundwater levels)

rivers

Evapotranspiration is the combination of direct evaporation from the ground surface and
transpiration through plant leaves. Surface flow (i.e. runoff) is that proportion of inflow (e.g.
precipitation) that fails to penetrate the ground surface and flows from a catchment into
streams, lakes and the sea. Subsurface flow is normally derived from precipitation that
infiltrates the ground, down to the water table and then percolates into streams. Depending on
the inflow and outflow elements of the water balance equation, changes in groundwater
storage may be positive or negative. Where, for example, precipitation is low and
evapotranspiration exceeds inflow, a loss of soil moisture will occur. This eventually results
in a soil moisture deficit. Soil moisture deficit is the quantity of water in millimetres required
to restore the soil to field capacity where field capacity is the maximum amount of water held
by the soil before free drainage occurs. When precipitation exceeds outflow from the system,
the soil moisture deficit is reduced until the soil becomes fully saturated. Thereafter, changes
in groundwater storage become positive and recharge to groundwater occurs.

2242 Water balance models

Water balance is not a landslide indicator; its role in early warning of landslides can be
attributed to the knowledge concerning the interaction between the various elements of the
water balance equation. The main elements in the water balance equation that have a direct
impact on the stability of hillsides are the changes in soil moisture and groundwater storage
(i.e. groundwater levels/pore-water pressures). Where the hillside has some groundwater
storage capacity that must be filled before pore-water pressure can reach critical levels, the
soil moisture condition at the onset of a storm event could be a significant precondition for
triggering landslides. The reason that soil moisture plays a critical role in hillside stability is
due to its ability to alter pore-water pressure within a slope, hence, the effective stresses and
the shear strength of soils. The unsaturated soil properties play an important role in this
picture, since the infiltration rate will be governed both by the suction in the soil and the
unsaturated permeability, which also is a function of the soil moisture.

Although not constituting a direct landslide indicator, the water balance within a watershed
may be an indicator for possible debris-flow initiation. Such events are strongly connected to
water discharge and erosion in channels. Hence, the hydrologic balance and assessment of
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resulting discharge may give guidance to early warning for such events. Many empirical
models implicitly take this into account, by a long-term component for rainfall coupled with a
short-term intense rainfall component as basis for early warning.

Berti and Simoni (2000, 2005) reported studies of debris flow initiation based on channel bed
mobilization in mountainous areas in Italy. Channels incised in deep deposits, emerging from
steep sloping basins with concentrated flow had higher likelihood of such initiation. The
hydrological response of the initiation area to rainfall was used to model channel runoff, and
the modelling was capable of predicting the observed hydrological response and giving a
physical basis for a debris flow triggering threshold.

Whilst soil moisture and pore-water pressure could be determined using direct in-situ
measurements, such measurements can be difficult and expensive to carry out on a regional
scale. For this reason, water balance models are popular for predicting changes in soil
moisture and pore-water pressure. Using the water balance approach, Barton & Thomson
(1986) developed a model for predicting changes in soil moisture and groundwater levels due
to meteorological changes. The model has been applied to a cliff site in Hampshire, England
and the results show a good model fit to the observed data. Crozier (1999) used a water
balance model and landslide data in Wellington City, New Zealand to develop an empirical
correlation between soil moisture and landslide triggering. Wilson (2002) adopted a water
balance model by Thornthwaite and Mather (1955) to assess the seasonal variation in soil
moisture in the San Francisco Bay region.

Ponziani et al. (2011) defined a procedure for landslide warning by combining rainfall
thresholds and estimates of soil moisture conditions derived from a water balance model
calibrated and tested with local soil moisture and pore-water pressure observations. The
procedure was developed by analyzing the most severe widespread landslide events that
occurred in the Umbria Region of central Italy during the period 1991 to 2001, and
documented in the AVI (Italian Vulnerable Areas) inventory.

Water balance models are semi-empirical in that they are derived on the basis of local
knowledge of a specific site or area, hence, their use should be confined to that site/area.
Whilst direct observation of soil moisture and pore-water pressure in existing landslide areas
or landslide-susceptible areas can provide a more robust indicator of impending slope
stability, water balance models that are properly tested and calibrated with actual soil
moisture and pore-water pressure observations may still be useful tools for landslide early
warning purposes. However, the inherent uncertainties in weather simulation, hydrological
modelling, and geotechnical models mean that the predicted threshold value for a particular
landslide indicator (e.g. soil moisture) can contain high degrees of uncertainties, in particular
if the models are only verified on a local scale. The integration of in-situ measurements,
remote sensing and simulation models may provide more reliable estimations of threshold
values for landslide indicators (e.g. soil moisture) at the temporal and spatial resolutions
required for operational activities related to landslide warning systems (Ray and Jacobs 2007;
Capparelli and Versace 2010; Greco et al. 2010; Ray et al. 2010).
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2.2.5 SURFACE AND SUBSURFACE WATER QUALITY

Jean-Philippe Malet, Thom Bogaard, Vincent Marc & Catherine Bertrand
Centre National de la Recherche Scientifique, France

This subsection is focused on the monitoring of water quality at the slope surface and
subsurface as a possible forerunner of failure or acceleration of active landslides. Water
quality is a term used to describe the chemical, physical, and biological characteristics of
water, usually in respect to its suitability for a particular purpose. In the case of slope
hydrology research, the use of water quality pertains to the possibility of unravelling the
hydrological processes controlling landslide triggering or kinematics. The wuse of
hydro(geo)chemical data in landslide research is mainly dedicated to instances where the
slope hydrology is heterogeneous and difficult to measure.

This section first analyzes the impact of hydro(geo)chemical processes on physical properties
of the soil material and rock slopes, i.e. the relation with deformation rate and the relation of
pore fluid composition and residual shear strength of soil material. Second, the section
describes the subsurface information that can be gained, i.e. the geological information of
subsurface architecture and the hydrological information on origin of water, flow paths and
travel times (using isotope analyses). Hydrochemical information used in both hard and soft
rocks enables the display of clusters of water types, which is useful to identify the
contribution of different aquifers to the landslide area. Kinetic-based modelling is shown to be
very useful in the interpretation of hydro(geo)chemical information.

What can hydro(geo)chemistry do for landslide research, especially for early warning of
imminent failure or acceleration?

Hydro(geo)chemistry is defined as, “the study of the chemical characteristics of ground and
surface waters as related to areal and regional geology” (Dictionary of Earth Science, 2002).
This definition is also suitable for engineering geology practice, as one relates the
hydrochemical fingerprint to local lithology. Basically, information from hydro(geo)chemical
studies is just another variable, which can be measured and taken into account in landslide
research. Both water chemistry and geochemical measurements contain information about the
subsurface reservoir properties and about subsurface flow processes. Moreover, chemical
reactions can influence the physical properties of the subsurface, such as its permeability and
its (residual) shear strength.

Clearly, hydro(geo)chemistry is not a new field in earth science. Many earth science
disciplines have preceded the landslide researchers. A well-known example is the application
of various hydrochemical techniques in catchment hydrology (Kendall & McDonnell, 2003).
In catchment hydrology, tracer information was needed to better understand the process of
discharge generation: from a lumped empirical approach towards a more distributed and
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deterministic approach. This demand for increasingly detailed, process knowledge is also the
motivation for performing hydro(geo)chemical research in landslide studies.

However, some differences exist between the application of tracer studies in catchment
hydrological studies and in landslide studies. The latter focuses mainly on groundwater
reaction at a specific location, often only part of a slope, and not in the overall catchment
scale discharge generation. Also, the dynamic character of an unstable hillslope can make
application and interpretation of hydro(geo)chemical investigations difficult. Lastly, in
landslide research one is also interested in the strength properties of the soil material. Soil and
rock properties can change because of hydro(geo)chemical processes.

The earth science information that can be gained in the subsurface is the geological
information of subsurface architecture and the hydrological information on origin of water,
flow paths and travel times. The chemical information that is used can be divided into
information coming from water chemistry determined from standard water analyses, from
isotope measurements, or from information of geochemical measurements.

The influence of pore-fluid composition on strength properties

Probably the most spectacular example of the influence of water chemistry on the physical
properties of a soil is the sensitive (“quick™) clays. The definition for clay sensitivity is the
ratio between undrained shear strength in undisturbed and remoulded clay > 30 or 50 and the
remoulded shear strength < 0.4 or 0.5 kPa. The sensitive clays, derived from crystalline
metamorphic rock flour deposited in marine and brackish environment, show a house-of-cards
open structure and high porosity. Disturbance of the delicate structure results in collapse of
the house-of-cards structure. However, the strength reduction is also caused by inter-particle
repulsion, related to the electrical potential in the double layer, caused by leaching of salt pore
water (Bjerrum, 1955, Eide & Bjerrum, 1955). In fresh water sediments, the post-depositional
introduction of organic dispersing agents causes high sensitivity (Soderblom, 1966).

There is a strong correlation between the pore water composition of sensitive clays and its
geotechnical behaviour: high salinity results in high shear strength, low salinity in very low
shear strength. However, leaching of salinity is not the only cause for an increase in
sensitivity. Other factors influence the sensitivity of the clays, such as the mineral
composition, weathering and total pore fluid concentration. Only a few percent of expandable
clay (smectite) produced by in situ weathering increases the shear strength of a soil (Berry &
Torrance, 1998). Weathering of the near-surface clays often results in higher strength and
lower sensitivities. This is probably related to oxidation of the near-surface layer. The
weathering processes and dissolution of Mg, Ca and K counterbalances the desalination of
pore waters (Andersson-Skold et al., 2005, Berry & Torrance 1998, Torrance, 1990). The
effects of Na, K, Mg and Ca and their ratios on the sensitivity of clays depend on the total
concentration and on the mineralogy. The strength decreases caused by dilution is mainly
coupled with rainwater infiltration.

Anson & Hawkins (1998) showed a raise in residual shear strength of sodium montmorillonite
with increasing Ca concentration in the pore water. The same article shows that kaolinite is
less sensitive to Ca concentration in pore water. Moore & Brunsden (1996) showed the
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influence of physico-chemical processes on a shallow coastal mudslide on the south coast of
England. They reported that fluctuations in groundwater chemistry coincided with temporal
movement patterns.

Di Maio et al. (1996, 2004) systematically analyze geotechnical properties of several Italian
clays in relation to mineralogy, pore water composition and stress state. They hypothesized
that the strength increase related to pore fluid composition depends on the lower void ratio of
the clays prepared. Under the considered stress level, the void ratio of the clays, either dry or
in cyclohexane (low dielectric fluid), is equal to or higher than that in the saturated salt
solution. Di Maio ef al. (2004) concluded that the increase in shear strength “reasonably
depends on a particular particle aggregation or on shear resistance increase at the particles’
contact”. Furthermore, Di Maio ef al. (2004) found that smectite fraction in the soil strongly
influences the geotechnical behaviour of the soil as per Berry & Torrance (1998), but on the
other hand that increasing stress reduces the influence of smectite fraction on compression
and swelling.

The interaction between mineralogy, pore water chemistry and stress state should be
considered more often in geotechnical research, in order to be potentially used for early
warning.

The use of hydrochemical information for early warning of failures associated with
hard-rock slopes

This section looks at the hydrogeology of hard-rock slopes in the narrow sense of bedrock
flow, typically through fractures and fissures but also influenced by the unconsolidated topsoil
or slope debris layer. Landslides, or more specifically rockslides, and rockfall in these
environments are characterised by local water flow patterns, which are to a large extent
determined by the secondary porosity of mountain slopes. Indeed, the hydrogeology of a rock
slope depends on land surface topography, internal highly heterogeneous hydrogeological and
mechanical properties, and infiltration of rainfall and melting snow.

The hydrological response of a fractured rock slope depends on the geometry and hydraulic
connectivity of the network of discontinuities, individual discontinuity properties and on the
intact rock properties (Tsang, 1999; Bonzanigo ef al., 2001). At the slope scale, a decrease in
hydraulic permeability is commonly observed with depth because the increase of the state of
stresses induces a closing of rock fractures. Close to the land surface, there is a low-stress
decompression zone that can be 600 m thick where permeability may vary between 10 and
10® m.s™'. Deeper in the high-stress zones of the massif, the permeability is between 10” and
10" m.s™ (Marechal, 1998; Marechal et al., 1999).

At the discontinuities’ network scale, contrasts of a factor of 10* to 107 can be observed
respectively between different discontinuities and between discontinuities and intact rock
matrices (Cappa et al., 2005; Guglielmi ef al., 2006). At the single discontinuity scale, a 50 %
variability of the permeability and stiffness values is commonly observed (Rutqvist &
Stephansson, 2003; Guglielmi et al., 2006). Such heterogeneous hydraulic properties in a
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slope induce a drainage concentration in 1 to 10 % of the fractures (Black et al., 1991; Olsson
et al., 1998). As a result, it appears that landslides can be triggered by the presence of one
open fissure diverting water towards a landslide region. Abundant observations of the local
character of bedrock flow are available in literature. For example, Johnson & Sitar (1990)
observed during their study of debris flow initiation by pore pressure buildup that, “scars with
exposed bedrock continue to emit significant amounts of water from the bedrock for days or
weeks following failure”.

Use of hydro(geo)chemical information for the analysis of the hard-rock slope failure of La
Clapiere is detailed below. Indirect methods based on the study of water-rock interactions
(Compagnon et al., 1997; Guglielmi et al., 2000) and on artificial tracing experiments
(Bonnard et al., 1987) were developed in order to locate water flow paths through the rock
mass and to estimate pore pressures at the scale of the large moving rock mass. Methods were
based on the one hand on chemical and stable-isotopes analyses of spring waters and, on the
other hand, on modelling different interface water-rock exchanges observed in the field.
Chemical analyses of waters originating from springs outflowing from the slope aquifer were
performed during different periods of the year. We defined a typology of existing water-types
depending on in-situ hydrological conditions. The La Clapiere landslide complex is a typical
example of a large moving landslide occurring in highly fractured and altered gneissic rocks
(Figure 2.2.5-1). The 60 x 10° m’ moving rock mass body displays a high internal brittle-
ductile deformation and it is bounded by a multi-planar failure surface located at 100 - 200 m
depth. For a quarter century, the La Clapiére landslide has been monitored for slope
deformation and hydrometeorological conditions. Follacci (1999) showed the correlation of
local precipitation with the deformation rates. Indeed, seasonal accelerations of the landslide
of 30 to 200 mm/day are clearly correlated to snowmelt and rainfall events on the slope.
Unfortunately, the correlation was obviously highly nonlinear (because it did not take slope
properties into consideration) and resulted in a poor estimate of hydrologic risk to trigger a
catastrophic slope collapse.
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Figure 2.2.5-1. Hydrogeological model of La Clapiére slope as inferred from hydro(geo)chemical data.
Hydrogeological map (1a); Piper diagram of spring water chemical contents (1b); Conceptual hydrogeological
cross-section of groundwater flow (1c).

Since 1995, a multi-scale field hydrogeological study was combined with a
hydro(geo)chemical approach to improve knowledge of water flow through unstable hard
rock slopes, using La Clapiere as a reference site. Repeated sampling was performed of
spring water chemistry in high and low water periods, both at the foot of the active landslide
area and along the slope. 8'*0 isotopes were also used to characterize the landslide recharge
area.
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Spatial chemical variations of spring chemistry were explored by plotting the water
composition in a Piper diagram to distinguish water types of the springs mapped on the
hillslope (Compagnon et al.,1997; Figure 2.2.5-1a and 2.2.5-1b). A Ca-Mg-HCO; type of
water exists at the higher located springs, whereas the springs at the foot of the slope showed
a Mg-Ca-SO,4 water type. In order to explain the source of the high SO, concentrations, a
hydro(geo)chemical modelling approach was followed by Guglielmi et al. (2000). The idea
behind this methodology is that the calculation of the dissolution and precipitation of minerals
due to water-rock interactions helps to interpret water chemistry information, or at least
constrains the possible explanations for the sampled water chemistry. The thermodynamic-
and kinetic-based model KINDIS (Madé¢ et al., 1990) can be used to simulate the observed
water concentrations according to different water-rock interactions.

In case of the La Clapiere study (Figure 2.2.5-2), acquisition of spring water chemistry was
tested according to the chemical composition of the different expected input waters (snow-
melt-type and rainfall-type waters) and the abundance of some minerals (Quartz, Plagioclase,
Muscovite, Biotite and accessory minerals which are Feldspar, Calcite, Chlorite and Pyrite).
On the gneissic slope of La Clapiere, geochemical modelling explains sulphate concentration
of waters from 0 to 130 mg/l by dissolution of sulphurous minerals, which exist in the
basement as observed in the springs at the upper part of the slope (Figure 2.2.5-1C). The high
concentrations (600 to 800 mg/l) cannot be explained by results from simulations (Figure
2.2.5-2, groupb). At the top of the slope, groundwater directly flows through the
uncompressed fissured basement with different flowpaths mainly guided by the high
permeable gravitational features that correspond to interconnected tension cracks widely
opened and more or less filled with colluvium that characterizes the structure of this part of
the slope. A perched aquifer nested in those features is drained by the perennial springs
located at the top of the slope. A basal aquifer is drained by springs at the lower part of the
slope and at the landslide foot. The method strongly suggests existence of non-exposed rocks
hidden under the studied slope (Figure 2.2.5-1C). In the local geological context, these rocks
can only be Triassic gypsum likely to be trapped under a major thrust fault located at the foot
of the slope.

Project No.: 226479 Page 78 of 382
SafeLand



D4.6 Rev. No: 1

Report on evaluation of mass movement indicators Date: 2012-04-17
8
Faot of the slope o
7
& 6.5
&

“*

g,mmnﬂuwuum”_ o
= 1 I [

wé  ded (o2 *
R P l’@t‘? é@r,‘l §

L T T L. T

Figure 2.2.5-2. Simulation of water-rock interactions in the gneissic La Clapiére slope. Plot of measured data on
the simulating pH and sulphate versus reaction rate diagram (a and b groups refer to chemical facies measured in
the field and plotted in the Piper diagram in Figure 2.2.5-1b).

Time evolution of spring water chemistry was characterized by SO4* concentration decreases
that occurred after precipitation events (Figure 2.2.5-3). When there is no precipitation (for
example in August; Figure 2.2.5-3), the SO4* concentration remains high and the variation is
low. SO, transient variations appeared the opposite of NOs™ transient variations. After a
precipitation event, there is an increase of NOs™ that is synchronous to a decrease in SO4*
content. The significant decrease in SO4> means that, during precipitation periods, there are
rapid infiltration fluxes through the reservoir corresponding to shallow waters, chemically far
from equilibrium with the reservoir rock chemistry. Transient signals are in such cases
interpreted as dilution inflows, linked to low concentration precipitation inflows, which mix
with pre-event groundwater from the saturated zone that is chemically near equilibrium with
the rock matrix primary minerals. Such hydrochemical variations with time can be well
explained by a dual-permeability model. During periods of infiltration, a quick transit of fresh
infiltrated water essentially flows through the very conductive fractures and a much delayed
transit of those waters flows through the poorly conductive zones.
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Figure 2.2.5-3. Typical comparison of chemical variations of spring 5 draining the upper part of the La Clapicre
slope and La Clapiere landslide acceleration at Point C for 1999-2000 hydrologic period (Spring 5, Point C and
Point M are located on the map of Figure 2.1.5—1a).

Landslide velocities of La Clapiere are characterized by very slow periods with velocities of 1
to 5 mm.day"' and periods of acceleration of 0.02 and 0.25 m/day. These periods of
acceleration are roughly synchronous and have the same duration as dilution periods of
springs (Figure 2.2.5-4). Acceleration curves display an asymmetric shape with a rapid rise
synchronous with the decreasing part of the spring water chemical content (dilution linked to
main groundwater flood infiltration), and a slow decrease synchronous with the slow return to
spring initial chemical content (slope drying up). Even if the correlation between estimated
infiltration rate and landslide acceleration is far from being simple and linear, the main result
is that a relatively small amount of water infiltrated (small infiltration rate over a short time
period) triggers a general acceleration of the 60 x 10° m’ sliding volume. This means that the
predominant effects of water in fractured hard rock are linked to the interstitial pressure
increase located in a limited number of discontinuities within the slope, as was analyzed using
various numerical codes by Guglielmi et al. (2006).

Similar results were obtained on the unstable Séchilienne rock slope near Grenoble where
sedimentary layers located at the top of slope were responsible for a characteristic chemical
content of infiltration waters in the landslide. This allowed Guglielmi et al. (2002) to perform
a natural tracing of those waters through the landslide. The time variability of groundwater
chemistry appeared closely correlated to slope movements. Indeed, the measured chemical
variations are typical surficial waters, rapidly flowing into a limited number of highly
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permeable and deformable discontinuities responsible for the destabilization of large fractured
hard-rock slopes. This approach is based on three types of data: hydrogeological context that
can be deduced from spring occurrence in the slope, rock petrography, and spring water
chemistry and yields that are easily sampled in the field. The hydromechanical behaviour of
the slope can then be analyzed using coupled numerical modelling of hydromechanical and
chemical processes, both in the saturated and unsaturated parts of the slope.

The use of hydrochemical information for early warning of failures associated with soft-
sediment slopes

Most landslides occur in non-consolidated, weathered materials like marls. The high clay
content and the specific geomechanical characteristics of weathered marls make them prone
to failure. The low permeability of the clayey matrix make hydrological analyses of the
landslides difficult (Bogaard, 2001). Several pioneering studies have been performed on
landslides using hydrochemical tracing in order to better understand the hydrological system
(for example, Bogaard et al., 1996, Sakai et al., 1996, Bogaard et al., 2000, Anson and
Hawkins, 2002, Mikos et al., 2004, de Montety et al., 2007).

To elucidate the potential of hydrogeochemistry in landslide research, the well documented
Super-Sauze is described here in detail.

The Super-Sauze mudslide is one of the best studied landslides in weathered marls using
hydrochemistry as a source of information for the hydrological behaviour of the site. The
Super-Sauze landslide is a mudslide that was triggered in the 1970s at the interface between
moraine and autochthonous black marls (Malet, 2003). It has been studied since 1996, and a
spatio-temporal database is available on rainfall, temperature, capillary pressure head, soil
moisture content, groundwater level and displacement (Malet, 2003; Malet et al., 2005). The
groundwater system has been described from a set of about twenty open standpipe
piezometers evenly distributed over the landslide body. Accordingly, water chemistry has
been surveyed at different strategic periods in 2003 and 2004 (end of winter and the snowmelt
impact, spring, the low flow period of summer, autumn and the soil re-wetting), so that the
hydrochemistry areal variations have been investigated according to the seasons. Continuous
sampling over shorter periods has also been undertaken to examine the infiltration and
recharge processes.

The characteristics and organisation of water chemistry over the Super-Sauze mudslide turned
out to be stable throughout the year. There was a systematic increase of the water
mineralization downwards while the proportion of Na decreased (30 % to 5 %) to the benefit
of Ca and Mg (30 % to 50 % and 35 % to 60 % respectively). These evolutions have been
readily explained by combined geochemical processes such as dilution (mixing of the
landslide groundwater with the low mineralised moraine waters or meteoric waters),
dissolution-precipitation of carbonate minerals, cation exchange and pyrite dissolution. This
consistent areal distribution of the water chemistry is also an argument for the continuity of
the groundwater system.
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Locally, unexpected high concentrations of SO4, Mg and Na were observed. Typically, these
chemical anomalies were shown to relate to topographical peculiarities and were explained as
a contribution of deep waters moving along major discontinuities (faults, bedding and
schistosity planes).

Long- and short-term variations of the hydrochemistry were surveyed to further investigate
the conditions of subsurface water infiltration. Comparison between chemical variations and
hydrologic observations enabled the authors to provide hypotheses about the distribution of
rapid preferential vertical flows.

For example, the short-term chemical variations were investigated at the beginning of the
snow-melt period. All the ions except NO3; were characterised by the same temporal variation
(Figure 2.2.5-4). The first part of increasing concentrations is explained by the contribution of
the pre-event soil water which attained the groundwater via a piston flow mechanism. As soon
as the low-mineralised new water has reached the water table, the concentrations decreased as
a consequence of the dilution effect. The new water is enriched in nitrate compared with the
pre-event water, in keeping with the cattle defecations or other animals’ faeces lying on the
ground surface. As melting and water sampling started at the same time, it was possible to
assess the mean transit time of water infiltrating through the unsaturated zone. It took seven to
eight days for the new water to reach the water table (starting the dilution process and NO;
rising), proving the importance of the preferential vertical flows on the local recharge of the
groundwater body.

The general hydrochemical features showed a very high ionic strength in keeping with the
hydrochemical data from other landslides in marls of the South French Alps. But the water
chemistry at Super-Sauze has its own peculiarity. The concentration in SO4 was found to be
up to twice that observed in the other studies while, unlike most landslides situated in black
marls where Ca is usually the dominant cation, Mg has proved to be the major cation. Also,
the specific character of the Super-Sauze mudslide lies in the very high Na concentrations (up
to 35 meq/l). Further analyses have revealed unusually high concentrations in strontium. As
suggested by Meybeck (1984), strontium anomalies may be a consequence of celestite
dissolution, which is usually associated to gypsum. Yet, gypsum was not found in the
mineralogical composition of the material.
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Figure 2.2.5-4. Example of short-term chemical variations compared with the water level variations (modified
from de Montety et al., 2007).

To tackle this problem, a geochemical modelling exercise has been undertaken and already
applied with success at the La Clapiere landslide (Guglielmi et al, 2000). The
thermodynamic- and kinetic-based model KINDIS (Madé et al., 1990) has been used to
simulate the observed water concentrations according to different water-rock interaction. The
results of the simulations have shown that the mudslide water chemistry could not be
explained by the dissolution of the constituent material. The groundwater clearly does not
originate from direct rainfall or snow-melt with subsequent enrichment or from any other
sources detected in the field. Evaporites, which are not present in the mudslide material, have
been proved by de Montety et al. (2007) to be the main origin of the observed water
chemistry. These results have pointed out the major impact of the gypsum and dolomite layer
of the overthrust contact above the Super-Sauze mudslide. This is the only identified source of
evaporite at a regional scale and accordingly they have identified a remote origin for the
water. Finally, this hydrochemical investigation has contributed to the refinement of the
conceptual hydrological model of the mudslide as proposed by Malet et al. (2005) (Figure
2.2.5-5).
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Figure 2.2.5-5. Synthetic cross section representing the hydrological concept of the Super-Sauze mudslide as
interpreted from hydrochemical analyses, with indication of the mudslide velocities (modified from de Montety
et al.,2007).

The use of isotopic analysis in landslide analysis

Environmental isotopes are natural and anthropogenic isotopes whose wide distribution in the
hydrosphere can assist in the solution of hydro(geo)chemical problems (Kendall &
McDonnell, 2003). Tritium (*H) analysis provides information on water transit times and the
dynamics of deep-water percolation. The use of tritium to calculate recharge rate requires
assessment of the temporal and spatial variation of the tritium content. If initial atmospheric
concentrations are unknown, an alternative dating method is to use both *H and *He. The
former decays into “He, which can be used as a quantitative tracer of the age of the water
since precipitation (Kendall & Doctor, 2004).

In November 2000, Mikos et al. (2004) studied the debris disaster at the Stozé landslide in
Log pod Mangartom, Slovenia, that occurred after an extreme rain event. A hydrological
analysis showed a significant increase in runoff coefficients (the percentage of precipitation
that appears as runoff (Dictionary of Earth Science, 2002)) in autumn 2000. They used tritium
tracer to assess the travel time of sampled spring water, and oxygen-18 to assess the recharge
area of the groundwater (see below).

The 8'"0 composition (and 5°H, but that one is not considered here since 8'*0 and §°H are
strongly correlated) in precipitation depends on the temperature of the condensation of the
precipitation and the rain out characteristics of an air mass. 8'°0O is influenced by altitude
(decrease in temperature) and distance from the sea and other local environmental conditions
(e.g. humidity) (Kendall & Doctor, 2004). It is therefore of interest to know an interannual
weighted average of the isotopic composition of the rainwater as a function of altitude. Ideally,
this gradient is obtained in the field from rain gauges set up at different altitudes and requires a
long-term isotopic database. If such a network is not available, spring water from local, limited,
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altitude-ranged aquifers is sampled. Using this altitude-isotopic composition relationship,
oxygen-18 information can contribute to understanding the origin and flow paths of water
within a slope. Compagnon et al. (1997) used this 8'°O characteristic of springs on the La
Clapiere landslide complex to determine the altitude of the recharge. Guglielmi et al. (2002)
also used 8O data for the Séchilienne landslide. Local isotopic 8'°0 gradients were
determined in the summer (Séchilienne) or both in the summer and winter (La Clapiére) from
springs for which the elevations of the source area are known.

ELEVATION
[ m.ASL }

1400 S P

1 {A)
1 - ;\ LR,
12004 : n X 3 S
el r Q.15 - ~ .
1 = 7
1\:-'3{?]'-' s e 18
1000 , 15 = 00
=12.3 -11.8 =113 -10.8 «10.3 0.8 %y
ELEVATION
{ mASL )
13004 ‘-L( :
]
L s 3
t100{ o .
| L
3604 ‘\KK
| ~
T
i H""‘-.. G 1
¢ G585 -
5001
| (®)
s 110 105 00 05 B0 % 0

Figure 2.2.5-6. Isotopic gradients (values used to calculate the gradients are plotted in black, values of springs in
the recharge area with mean elevation are plotted with open circles and squares). Squares a and b correspond to
30 values of springs located about 2 km from the La Clapiére slope (June gradient dashed line with §'*O
values in squares; December gradient continuous line with 3'*0 values plotted in circles, Figure 2.2.5-6a); B
Séchilienne massif (Figure 2.2.5-6b )(modified from Guglielmi ef al., 2002).

Using this information the recharge areas of landslide springs could be deduced (Figure 2.2.5-
6). The figure shows that most water samples (e.g. 11 through the 16 in A) have isotopic
concentrations, which are depleted in 8'%0 to a level normally found at higher altitudes than
the sample location. This has important consequences for the hydrological analysis of a
landslide area as the hydrological ‘catchment’ of the landslide reaches outside the landslide
limits.

Project No.: 226479 Page 85 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

References

ANDERSSON-SKOLD Y., TORRRANCE J.K., LIND B., ODEN K., STEVENS R.L. & RANKKA K. (2005). — Quick clay.
A case study of chemical perspective in Southwest Sweden. — Eng. Geol., 82, 107-118.

ANSON R W.W. & HAWKINS A.B. (1998). — The effect of calcium ions in pore water on the residual shear
strength of kaolinite and sodium montmorillonite. — Géotech. 48, 787-800.

ANSON R-W.W. & HAWKINS A.B. (2002). — Movement of the Soper’s Wood landslide on the Jurassic Fuller’s
Earth, Bath, England. — Bull. Eng. Geol. Environ., 61, 325-345.

BERRY R.W. & TORRANCE K. (1998). — Mineralogy, grain-size distribution and geotechnical behaviour of
Champlain clay core samples, Québec. — Can. Mineralogist, 36, 1625-1636.

BJERRUM L. (1955). — Stability of natural slopes in quick clays. — Géotech., 5, 101-119.

BLACK J., OLSSON J., GALE J. & HOLMES D. (1991). — Site characterization and validation. Preliminary
assessment and detail prediction. — Stripa project, TR91-08, SKB, Report, Stockholm, Sweden, 1-38.

BOGAARD T.A. & VAN AsCH TH.W.J. (1996). — Geophysical and hydrochemical investigation of a complex
large-scale landslide in southern France. In: Proc. 7™ Int. Symp. on Landslides, Trondheim, Norway. —
Balkema, Rotterdam, 643-647.

BOGAARD T.A., ANTOINE P., DESVARREUX P., GIRAUD A. & VAN AsCH, TH.W.J. (2000). — The slope movements
within the Mondorés graben (Drome, France): the interaction between geology, hydrology and typology. —
Eng. Geol., 55, 297-312.

BoGAARD T.A. (2001). — Analysis of hydrological processes in unstable clayey slopes. — Netherlands
Geographical Studies, 287, Utrecht, 191p.

BONNARD C., NOVERRAZ F. & PARRIAUX A. (1987). — Origin of groundwater likely to affect a large landslide.
In: Proc. 9" European Conf. Soil Mech. and Found. Eng. — Balkema, Rotterdam, 389-392.

BONZANIGO L., EBERHARDT E. & LOEW S. (2001). — Hydromechanical factors controlling the creeping Campo
Vallemaggia Landslide. — In: Landslides: Causes, Impacts and Countermeasures, Davos, Switzerland —
Verlag Gliickhauf, Essen, 13-22.

CAPPA F., GUGLIELMI Y., FENART P., SOUKATCHOFF V. & THORAVAL A. (2005). — Hydromechanical interactions
in a fractured carbonate reservoir inferred from hydraulic and mechanical measurements. — Int. Journ. Rock
Mech .and Mining Sc., 42, 287-306.

COMPAGNON F., GUGLIELMI Y., MUDRY J., FoLLACCI J.-P. & IVALDI J.-P. (1997). — Approche chimique et
isotopique de I’origine des eaux en transit dans un grand mouvement de terrain: exemple du glissement de La
Clapiére (Alpes Maritimes). — C. R. Acad. Sci., 325, 8, 565-570.

DE MONTETY V., MARC V., EMBLACH C., MALET J.-P., BERTRAND C., MAQUAIRE O. & BOGAARD T.A. (in
press). — Identifying origin of groundwater and flow processes in complex landslides affecting black marls in
southern French Alps: insights from an hydrochemical survey. —Earth Surf. Proc.& Landforms, 32: 32-48.

DICTIONARY OF EARTH SCIENCE, 2002. 2" Edition. McGraw-Hill.

D1 MAIO C. (1996). — The influence of pore fluid composition on the residual shear strength of some natural
clayey soils. In: Proc. 7" Int. Symp. on Landslides, Trondheim, Norway. — Balkema, Rotterdam, 189-1194.

D1 MaIo C., SANTOLI L. & SCHIAVONE P. (2004). — Volume change behaviour of clays: the influence of mineral
composition, pore fluid composition and stress state. — Mech. of Materials, 36, 435-451.

EIDE O. & BJERRUM L. (1955). — The slide at Bekkelaget. — Géotech., 5, 88-100.

FoLLAcCcCI J.-P. (1999). — Seize ans de surveillance du glissement de La Clapicre (Alpes Maritimes). — Bull.
Liaison Lab. Ponts & Chaussées, 220, 35-51.

GUGLIELMI Y., BERTRAND C., COMPAGNON F., FOLLACCI J.-P. & MUDRY J. (2000). — Acquisition of water
chemistry in a mobile fissured basement massif: its role in the hydrogeological knowledge of the La Clapiére
landslide (Mercantour massif, Southern Alps, France). —J. Hyd. 229, 138-148.

GUGLIELMI Y., VENGEON J.-M., BERTRAND C., MUDRY J., FoLLACCI J.-P. & GIRAUD A. (2002). —
Hydrogeochemistry: an investigation tool to evaluate infiltration into large moving rock masses (case study
of La Clapiere and Séchilienne alpine landslides). — Bull. Eng. Geol. Env., 61, 311-324.

Project No.: 226479 Page 86 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

GUGLIELMI Y., CAPPA F., RUTQVIST J., TSANG C.F. & THORAVAL A. (2006). — Coupled hydromechanical
behaviour of a multi-permeability fractured rock slope subjected to a free-water surface movement: Field and
numerical investigations. In: Coupled thermo-hydro-mechanical-chemical processes in geo-systems. —
Fundamentals, Modelling, Experiments and Applications. Elsevier, Rotterdam (in press).

JOHNSON K.A. & SITAR N. (1990). — Hydrologic conditions leading to debris-flow initiation. — Can. Geotech. J.,
27, 789-801.

KENDALL C. & DOCTOR D.H. (2004). — Stable Isotope applications in hydrological studies. In: Treatise on
Geochemistry, Volume 5. — Elsevier, Rotterdam..

KENDALL C. & MCDONNELL J.J. (2003). — Isotope tracers in catchment hydrology — Elsevier, 3" edition, 257p.

MADE B., CLEMENT A. & FRrITZ B. (1990). — Modélisation cinétique et thermodynamique de 1’altération: le
modele géochimique KINDIS. — C. R. Acad. Sc., IIa, 310, 31-36.

MALET J.-P. (2003). — Les “glissements de type écoulement” dans les marnes noires des Alpes du Sud.
Morphologie, fonctionnement et modélisation hydro-mécanique. — PhD Thesis, Univ. Louis Pasteur,
Strasbourg, France, 394p.

MALET J.-P., VAN ASCH, TH.W.J., VAN BEEK, L.P.H. & MAQUAIRE O. (2005). — Forecasting the behaviour of
complex landslides with a spatially distributed hydrological model. — Nat. Haz. Earth Sys. Sc., 5, 71-85.

MARECHAL J.-C. (1998). — Les circulations d'eau dans les massifs cristallins alpins et leurs relations avec les
ouvrages souterrains. — Doctoral Thesis 1769, EPF, Lausanne, 298p.

MARECHAL J.-C., PERROCHET P. & TACHER L. (1999). — Long-term simulations of thermal and hydraulic
characteristics in a mountain massif : The Mont Blanc case study, French and Italian Alps. — Hydrogeology
J,. 7,341-354.

MEYBECK M. (1984). — Les fleuves et le cycle géochimique des éléments. — Habilitation Doctoral Thesis,
University Pierre et Marie Curie, Paris 6, 558p.

MOORE R. & BRUNSDEN D. (1996). — Physico-chemical effects on the behaviour of a coastal mudslide. —
Géotech., 46, 259-278.

Mikos M., CETINA M. & BRILLY M. (2004). — Hydrologic conditions responsible for triggering the Stoze
landslide, Slovenia. — Eng. Geol., 73, 193-213.

OLSSON O., BLACK J., GALE J. & HOLMES D. (1998). — Stripa project-site characterization and validation-stage 4.
Preliminary assessment and detail prediction. — Stripa Project TR91-08, SKB, Stockholm, Sweden.

RUTQVIST J. & STEPHANSSON O. (2003). — The role of hydromechanical coupling in fractured rock engineering.
— Hydrogeology J., 11, 7-40.

SAKAI H., MARUTA O. & TARUMI H. (1996). — A variety of information obtainable from specific chemical
contents of groundwater in landslide area. In: Proc. 7™ Int. Symp. on Landslides, Trondheim, Norway. —
Balkema, Rotterdam, 867-870.

SODERBLOM A. (1966). — Chemical aspects of quick clay formation. — Eng. Geol., 1, 415-431.

TORRANCE J.K. (1990). — Oxide minerals in the sensitive post-glacial marine clays. — Applied Clay Science, 5,
307-323.

TSANG C.F. (1999). — Linking thermal, hydrological, and mechanical processes in fractured rocks. — Annu. Rev.
Earth. Planet. Sci., 27, 359-384.

Project No.: 226479 Page 87 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

23 GROUND GEOPHYSICAL PROPERTIES

This section reviews the geophysical parameters whose changes indirectly (using model
calculations or data inversion) characterise changes of other parameters, in most cases of
hydrological properties. These parameters can/could be used to predict the activation of a
mass movement. Such parameters are ground electrical resistivity (ER), self/spontaneous
potential (SP) and induced polarisation (IP), seismic velocity, passive/pulse electromagnetic
emissions (PEE) or proton magnetic resonance (PMR).

2.3.1 GEOELECTRICAL PARAMETERS

Robert Supper, Ivo Barori, David Ottowitz
Geological Survey of Austria

Within recent years, geoelectric multi-electrode measurements have become the most routine
and successful geophysical method to investigate subsurface geometry and structural patterns
of landslide bodies, thus gaining the status of a state of the art method in civil engineering
(Supper et al. 2000, 2001, 2002, 2008; Perrone, 2001; Mauritsch & Seiberl, 2000; Meric et.
al., 2005; Jongmans & Garambois, 2007). Most of the European landslide events are
intimately connected to precipitation and to the influence of underground water on slope
stability (pore-water pressure, change of water flow regime, saturation). Since the electrical
resistivity is mainly determined by the water content of the subsurface, observing the
temporal changes of electrical resistivity seems to be a promising method for the
monitoring of landslides (Supper et al., 2009).

Apart from electrical resistivity, other geoelectric parameters like induced polarization and
self-potential could definitely have a potential for monitoring, but so far have hardly ever
been investigated in detail.

Subsurface electrical resistivity

The electrical resistivity is a physical property of the substratum usually measured by multi-
electrode resistivity surveys (also called electrical tomography). In most cases electrodes are
set along straight profiles, however within recent years special 3D patterns of electrodes or
borehole-to-surface configurations have also been applied. A multitude of potential
differences is registered for current injections at several injection dipoles. For each
measurement, the quotient of the registered potential difference and the injected current,
multiplied with a geometrical factor which depends on the position of each of the electrodes,
is calculated. The resulting physical quantity is called the apparent resistivity. This
parameter represents the resistivity, which the subsurface would exhibit if it were
homogenous. Since in most cases the subsurface is not homogenous at all (therefore called
“apparent”), the value of this parameter is determined by the real resistivity distribution of the
subsurface. In that case each part of the subsurface contributes to the total value according to
a sensitivity function, which in turn depends on the electrode configuration. Consequently the
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apparent resistivity is not only determined by the resistivity at a certain depth, but by the
whole (three-dimensional) resistivity distribution of the subsurface up to a certain distance
around the measurement electrodes.

From the entity of registered apparent resistivity values (usually several thousands of single
measurements), the distribution of the (“real”) electrical resistivity of the subsurface can be
calculated by applying delicate data inversion. Especially for monitoring data, time-lapse
resistivity inversion can be applied (Loke, 1999; LaBrecque and Yang, 2001; Oldenborger et
al., 2007; Kim, 2005; Kim et al., 2009) which is optimised to calculate resistivity changes. In
the past ten years, several studies proved the applicability to monitor the temporal changes of
electrical resistivity for a multitude of different applications (Supper et al., 2012).

Definitions and units

The electrical resistivity, a material property, is a measure of how strongly a material opposes
the flow of electric current. The SI unit of electrical resistivity is the ohm metre (Qm). It is
commonly represented by the Greek letter p (rho).

The basic formula for the electric resistivity is:

A
= H—
P E |
where
R 1is the electrical resistance of a uniform specimen of the material (measured in ohms, Q), a
measured value, taken from a sample of material of certain size
£ isthe length of the piece of material (measured in metres, m)
A 1is the cross-sectional area of the specimen (measured in square metres, m?).

Conductivity principles and dependencies

The most important mechanism, which is responsible for the conduction of electrical current
in the subsurface, is the electrolytic conductivity. Electrical current is generated by a potential
difference which forces ions in an electrolytic solution to move. Only under special geological
settings (ore bodies) must consideration be given to the metallic conductivity due to fine
spread metallic particles or massive ore veins, where the electrical conduction is caused by
moving electrons.

Consequently the resistivity of the subsurface mainly depends on porosity, water saturation
and conductivity of the pore fluid (e.g. Archie, 1942; Atkins 1961; Jackson, 1978;
Schlumberger, 1987; Winsauer, 1952) and to a minor part on particle size, shape and packing.
For rough calculations, the “Archie Equation” can be used to determine the subsurface bulk
resistivity:

_ -m -n
Pbulk = Pruid ¥ ST * [

where: Pbulk- - -bulk resistivity
Prluid. - .resistivity of the pore fluid
[]...Porosity, n=1.5-3
S...Saturation, m=1.5-3

Additionally, the clay content of the soil has a strong influence on the electrical conductivity
and therefore must be considered in interpretation.
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The resistivity of a particular rock can therefore vary within a very large range, since its value
does not depend on the rock matrix but only on the quantity and property of the pore fluid
comprised. For example the resistivity of a saturated sandy layer can vary from 35 to more
than 100 Ohmm, depending on its porosity and the conductivity of the pore fluid. However in
unsaturated or dry conditions such a layer can exhibit values up to several thousands of
Ohmm. Therefore for precise interpretation of the results, additional information (e.g. about
the general geological structure, the pore fluid conductivity, etc.) is necessary and results must
be calibrated with drilling results from at least one drillhole in a similar geological
environment. Otherwise, an exact assignment of resistivity ranges to geological layers is not
possible. Figure 2.3.1-1 shows the possible ranges of electrical resistivity for different
geological materials.
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Figure 2.3.1-1. Chart of typical resistivity values of different materials (after L. Marescot: web Lectures on
Electrical Surveying, Part 1.)

Especially for long-term monitoring experiments the temperature dependency of the electrical
resistivity must be considered. The equation below represents an approximation to calculate
the influence of temperature on the resistivity.

p(t) = l18)
1+ a(t—18)
p(t), p(18) is the resistivity at a particular temperature respectively at 18°C (in Qm)
t is the temperature (in °C)
1% is the temperature coefficient of resistivity with a value of 0.025/°C

Consequently for long-term resistivity measurements, corrections must be made to seasonal
changes of the subsurface resistivity due to the temperature wave, which is generated by
seasonal surface temperature variations and successively proceeds downwards with a time
delay. However, since variable time shifts and thermal parameters of the subsurface are
involved, which are basically not known, so far no precise correction algorithms are available.
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Figure 2.3.1-2.3-1 shows typical seasonal variations of resistivity due to seasonal temperature
variations at the Gschliefgraben test site.
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Figure 2.3.1-2.3-1. Seasonal resistivity variations at the Gschliefgraben test site

For temperatures below 0°C, the freezing of part of the pore fluid reduces the quantity of
available electrolytes (which practically means a reduction of the effective porosity), resulting
in an increase of resistivity. Permafrost monitoring experiments, however, have shown that
even for a very long period of time with surface temperatures below zero degrees, a
significant amount of free water is still available, thus allowing resistivity to be calculated
based on ionic conductivity. Once all of the pore water is frozen, resistivity increases
dramatically and alternative processes determine current conductivity (Petrenko, 1993). The
detailed principles of electrical conductivity in totally frozen material and ice are still a field
of research.

Application for landslide monitoring and early warning

Nowadays permanent geoelectrical monitoring of temporal resistivity changes of the
substratum is widely used for many tasks, e.g. for detection of internal erosion and anomalous
seepage in embankment dams (Sjodahl, 2006); leachate injection monitoring (Clément et al.,
2010); wind-driven barotropic transports of marine water (Nilsson et al., 2007); exploration
and monitoring in rock salt for the safety assessment of underground waste disposal sites
(Yaramanci, 2000); monitoring of geological CO, storage sites (Kiessling et al., 2009);
permafrost monitoring (Aaltonen, 2001; Hauck, 2001; Kneisel, 2004, 2006; Lambiel &
Baron, 2007; Noetzli et al., 2008; Supper et al., 2007); wetting and drying of masonry walls
on historic stonework (Sass & Viles, 2010); and, in karst studies or for earthquake
engineering (Kamshilin et al., 2008). Some sporadic studies have already been performed on
repeated geoelectric surveying of landslides as a “monitoring” method (e.g. Niesner &
Weidinger, 2008 and 2009), but the sampling frequency was low or rather sporadic and/or in
operation only for a short period. Except for the pilot studies carried out by Supper et al.
between 2002 and 2010 at the landslides of Sibratsgfdll (Supper et al., 2000, 2002, 2008,
2009) and Gschliefgraben (Supper et al. 2010), only a few other attempts at long-term
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experiments are known to the authors (Bell 2008; Chambers 2009, Krummel et al, 2012).
Jongmans and Garambois (2007) concluded that the development of 2D and 3D imaging
techniques as well as the installation of permanent monitoring systems constitute major
advances for the future of landslide reconnaissance. However, they also highlight the
necessity to calibrate and correlate results with geological and geotechnical data.

Although the monitoring of temporal electrical resistivity changes has undergone an
intensive boom within the past few years, there is still a lack of application to landslides to
allow for an evaluation of the methodology for monitoring and early warning. Therefore,
within the SafeLand projects several sites (Ancona, Bagnaschino, Gschliefgraben,
Ampflwang, Super-Sauze, Molltal) were equipped with geoelectrical monitoring devices.
There is still a demand for precise data inversion algorithms, especially for time lapse
inversion, and data correction algorithms.

Induced polarization (IP)

Definitions and units

The IP is a geophysical effect of chargeability or voltage decay of the subsurface materials
after introducing the electric current (Figure 2.3.1-3). The method is similar to electrical
resistivity tomography; an electric current is induced into the subsurface through two
electrodes, and a potential difference is observed at two other electrodes (Kearey & Brooks
1991).

Time domain IP methods measure the voltage decay or chargeability within a specified time
interval after the applied potential difference is cut off. The totally integrated voltage or the
voltage integrated within several time windows are usually used as the measurement. From
these values, the “chargeability” of the subsurface can be calculated.

Frequency domain IP methods (also Spectral Induced Polarisation) use alternating electric
currents (AC), which are induced in the subsurface, to measure the frequency dependency of
the electrical resistivity for a range of low frequencies (Kearey & Brooks 1991).
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Figure 2.3.1-2.3-2. Principle of calculation of chargeability (after RSK STATS Geoconsult Ltd.)
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Application for landslide monitoring and early warning

Applications of the IP method for landslide monitoring and early warning are very rare. In
recent literature, just Marescot et al. (2008) carried out a combined ER and IP investigation in
the Swiss Alps to delineate groundwater circulation within an unstable slope. Their results
illustrated how low permeability clay/graphite units and permeable water-bearing units could
be distinguished using a combined interpretation of resistivity and IP data in slope instability
studies, and provided information on the main pathways for water transport within the slope.
Monitoring of IP temporal changes within unstable slopes could, however, provide a new
challenging approach for the understanding of landslide triggering processes in future.

Self-potential (SP)

Definitions and units

The SP method is a passive method based on the natural occurrence of electrical fields on the
earth’s surface or inside the subsurface (Jouniaux et al. 2009).

The SP parameter could be of (a) electrokinetic (i.e.: interaction between moving pore fluid
and electric double layer at the pore surface), (b) piezoelectric (related to a crystal-lattice
deformation), (c) thermoelectric, and (d) electrochemical (diffusion of ions due to a
concentration gradient between two regions) origin, or caused by (e) “Electro-redox”
potentials (Clint et al., 1999; Jouniaux et al., 2009; Zlotnicki & Nishida, 2003). However, the
origin of self-potential in the subsurface is very complex, due to a wide range of processes
which are so far not fully understood (Colangelo et al. 2008). Clint et al. (1999) proposed the
SP as a potential earthquake prediction tool.

The SP is an electric potential difference naturally occurring in the subsurface. It is usually
measured by voltmeters in millivolts (mV). Typical values of natural SP reach up to several
hundreds of mV.

Application for landslide monitoring and early warning

Méric et al. (2005) investigated on the Séchilienne landslide that the SP amplitude appeared to
be correlated with fracture density, and that interesting variations over time could be detected
within the active zone. The same author noted that the SP data were able to detect and follow
with depth an SP anomaly generated by a rainfall event (Meric et al. 2009) within the
landslide. Hattori et al. (2008) and Kono et al. (2010) proved by indoor laboratory experiment
that, within an artificial rainfall induced landslide, the SP anomalies occurred several minutes
before the failure, demonstrating the possibility of establishing an early warning system of
landslides using the self-potential method. This was also observed by Supper et al. (2010) on
actual natural slopes.

Variations of electrical potential difference and acoustic emission change markedly with
strain between the compaction and dilatancy phases of rock deformation, and show
dependence on both effective pressure and strain rate (Clint et al. 1999). Clint et al. (1999)
noted that differences between streaming potential and hydraulic permeability during
deformation could be explained using a model of varying electrical and hydraulic tortuosity.
Intergranular and intragranular cracking could be distinguished using the electrical potential
generated from brine saturated rocks. The electrical and streaming potential signals occurring
during deformation were found to reflect the accumulating and accelerating damage prior to
fracture and the localisation of damage at dynamic fracture.

Wang et al. (2009) investigated the surface electric potential of coal samples during uniaxial
compression. Tensile fracture and three-point bending performed that the SP can be produced
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during coal deformation and rupture, and could be well correlated with the load. Particularly,
the larger the load, the higher the surface potential and vice versa. This could be taken into
account in landslide areas with deformed coal seams.

However, for landslide monitoring and early warning, mainly the electrokinetic effect, which
could provide additional information on fluid flow and its variations within a landslide body,
could be of interest. Although a few results for applications on real landslides exist (e.g.
Lapenna et al., 2003, 2005; Meric et al., 2005, 2006), Garambois & Jongmans (2007)
concluded in their review that there is a demand for further long-term monitoring experiments
and improvements in processing techniques.
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2.3.2 SEISMIC VELOCITY

Magda Carman, Spela Kumelj
Geological Survey of Slovenia

Seismic wave velocity reflects the elastic properties of the medium, which are in turn
dependant, among other factors, on water content and porosity. Seismic P-wave velocity
depends on the bulk modulus of the medium, the shear modulus of the medium and the
density of the medium; seismic S-wave velocity depends on the shear modulus and density
only. In general, seismic wave velocity is inversely proportional to porosity; increased
porosity produces lower seismic velocities. Assuming air-filled porosity, seismic wave
velocity is lowest in a dry porous material. Seismic velocity increases as the material becomes
partially water saturated and is highest when the material becomes water saturated. Variation
depends on porosity but is also proportional to the ratio between air and water density (Mavko
et al., 1998). In principle, seismic velocity change may be indicative of change in water
content, however, geoelectric methods are more effective in this respect.

Methods in landslide investigation using seismic waves are usually employed to study the
subsurface structure of the landslide and include: high-resolution seismic reflection (limited
use due to complex topography and attenuation problems, e.g. Bichler et al., 2004; Jongmans
and Grambois, 2007; Sass et al., 2008); seismic refraction (Glade et al., 2005); seismic noise
measurement - H/V method (Méric et al., 2007); and inversion of shear waves — MASW
(Socco and Jongmans, 2004; Méric et al., 2007). Seismic wave velocity variation due to
changing subsurface structure, such as a change in lithology, is larger than the variation due to
variation of water (Mavko et al., 1998). Typically, both S- and P-wave velocities are
significantly lower in landslide bodies than in unaffected ground. The most routinely used
seismic methods in landslide studies are seismic refraction studies of landslides (GRM —
Generalized Reciprocal Method and seismic tomography) and lately in MASW studies. In
practice, seismic refraction surveys are effective at discerning changes in material inside the
landslide mass as well as detecting the outer limits of the landslide. Seismic velocity is lower
inside the landslide mass due to reduced elastic and shear properties of the material. Seismic
P-wave velocities are in the range between around 200 m/s for highly porous, dry landslide
masses, through the typical 500 — 1000 m/s for landslide bodies, to up and above 2500-4000
m/s for solid bedrock. S-wave velocities are lower (Caris and Van Asch, 1991; Glade et al.,
2005). A shortcoming of the refraction GRM method is the failure in detecting the so-called
hidden layers where seismic velocity inversion occurs (where a lower-velocity layer underlies
a higher-velocity layer). Refraction methods are also usually limited to depths of about 50
meters. Geophysical methods utilizing shear waves (MASW and H/V) are especially suitable
for detection of shear planes such as the main slip plane, as there may be a marked shear-
wave velocity contrast along it.

Geophysical methods utilizing seismic waves offer strong tools for landslide analysis,
however, due to described shortcomings they are best used in conjunction with other methods.

Project No.: 226479 Page 97 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

Used on multiple occasions they may be able to detect changes in the landslide body,
structure and geometry.
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2.3.3 PASSIVE ELECTROMAGNETIC EMISSION

Ivo Barori
Geological Survey of Austria

In recent literature, several authors refer to new promising monitoring parameters of
landslides: the passive (pulse) electromagnetic emissions — PEE (Aitmanov et al. 1997,
Burdakova et al. 2005, Kharkhalis 1996, Wagner et al. 2002) or also called natural pulsed
electromagnetic field of earth — NPEMFE (Lauterbach 2005). When the substrate undergoes
a change of strain and displacement within different material blocks, passive electromagnetic
radiation occurs; this phenomenon could occur at different scales from forming of
microfissures up to dislocations separating major landslide blocks (Aitmanov et al. 1997). The
method is being applied also for earthquake monitoring (Gershenzon and Bambakidis 2001),
for stress field identification in tunnelling engineering (Lichtenberger 2006), or for
investigating soil suffosion and collapses of subcutaneous caverns (Liebermann 2009).

As summarized by Gershenzon and Bambakidis (2001), the origin of the passive EM pulses
could be the piezomagnetic effect (deformation of the minerals with residual magnetism due
to ferromagnetic inclusions, e.g. titano-magnetite, when the orientation of the inclusions
change); the piezoelectric effect of quartz; the electrokinetic effect (pore water causes an
electric double layer at the pore boundary due to the difference in the electrochemical
potentials of water and rock); and an induction effect (large-scale movement of material in
the geomagnetic field gives rise to an induced electric field and current).

The most important parameters of PEE for landslide monitoring and early warning are the
pulse duration, separation, emission activity - quantity of impulses in time, impulses energy
and radiation spectrum structure (Aitmanov 1997). The PEE could be recorded by specific
antennas, both in boreholes and on the ground surface. The borehole measuring equipment
could be constructed non-serially by any producer of industrial electronic devices after
development based on the customer's specification (e.g. Sensor Enterprise, Bratislava; Peter
Wagner, Geological Survey of Slovakia, pers comm.). Lauterbach (2005) used a portable
commercial instrument called “Cereskop” (Ceres GmbH, Staffort) for landslide investigation
in Germany.

Kharkhalis (1996) presented a case about the natural electromagnetic pulse field in an
experimental area of a landslide-prone slope in the river Uzh wvalley (Carpathians).
Electromagnetic emission was observed in the 2-50 kHz range. They demonstrated that
anisotropy of the electromagnetic pulse field was of a deformation nature and that it reflected
the intensity of stresses developed in the slope. The data were interpreted on the basis of an
electromagnetic model.
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However, the PEE measurements are often influenced by electromagnetic noise (Linderbach
20006), and it is sometimes very difficult to discriminate the useful signal from this noise from
various orgins (atmospheric, artificial, etc.). For that reason, the use of acoustic emissions
could be a more useful parameter for landslide monitoring at present (Oleg Kozlov &
Alexander Strom, pers. comm.).
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2.3.4 PROTON MAGNETIC RESONANCE (PMR)

Robert Supper
Geological Survey of Austria

Introduction/Definition

Protons in subsurface water possess a nonzero magnetic moment. In equilibrium condition
they are oriented towards magnetic north. If an alternating magnetic field pulse is applied
using the proton resonance frequency (which depends on the earth’s magnetic field)
perpendicular to the earth’s magnetic field, a magnetic resonance signal is generated, caused
by the precession of the spin magnetization around the geomagnetic field.
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Figure 2.3.4-1. Results of MRS soundings in Austria. Top left: relaxation curves for different pulse moments;
bottom left: MRS sounding curve; top right: calculated water content depending on depth; bottom right:
calculated permeability/transmessivity with depth.

Dependency on subsurface parameters
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As a major advantage compared to other geophysical methods, the PMR signal directly
depends on the quantity of water in the subsurface. Due to advanced data acquisition
technologies, water content (amplitude of signal) as well as hydraulic transmissivity
(relaxation time) can be estimated for the model of a horizontally- (multi-) layered subsurface
(Figure 2.3.4-1; see further details at: Legschenko et al. 2004).

Technologies of acquisition: magnetic resonance sounding (MRS)

The PMR signal is generated by an alternating current pulse (using the resonance frequency
of the protons) energizing a large loop lying on the surface. After cut off of the injection
current, the signal injected in the loop by preceding protons and the relaxation time of the
signal T, are measured. Various pulse magnitudes are used to achive depth resolution.

The saturation recovery method (application of two pulses with a certain delay) can be used to
measure the longitudinal relaxation time T;, which is proportional to the mean pore size
(Figure 2.3.4-2.).

MRS is a large-scale method, which means that the investigated volume is approximatively
equal to a cube width of 1.5 times the size of the injection loop.

Units

The PMR signal, which is injected in the surface loop is measured in nV, whereas the
amplitude of the signal varies from approximately 100 nV to 1000 nV depending on water
content.
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Figure 2.3.4-2. Typical values of relaxation times for different rocks (from Legschenko et al., 2004)
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Natural background

The major disadvantage of MRS is its sensitivity to noise (Figure 2.3.4-3.). In most cases the
expected signal is below 500 nV (approximately <30 % of water content) whereas in
inhabited regions of Europe the electromagnetic noise (mostly 50 Hz and multiples) can reach
levels of several thousands of nV. Signal stacking and the use of reference loops or eight-
shape loops can improve signal quality significantly. However, measurements are in many
cases still not possible near settlements.

Figure 2.3.4-3. PMR decay curves in environment with high (left) and low (right) background noise; data taken
from a test survey in Austria in October 2011.

Potential as monitoring or early warning parameter

The MRS method has so far not been used for monitoring purposes. Due to the high costs of
the equipment (100-200k€) an application for standard early warning purposes cannot be
expected in the near future. However since the method provides a direct measure of the
subsurface water content, especially for scientific applications to improve the understanding
of subsurface processes, an interesting potential for application of this method can be
expected. Yet, several technical improvements are necessary to use this method for
monitoring purposes.
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24 EXTERNAL TRIGGERS

This part deals with external processes, which have an effect on the mass movement body
and which are able to activate or accelerate it. Those parameters could be monitored in order
to predict or just detect the reactivation or critical acceleration of mass movement. The text
reviews those processes, presents how they are monitored and how this data must be
processed/provided (e.g. direct information from other warning centres) to be used in early
warning platforms.

2.4.1 METEOROLOGICAL CONDITIONS

Paola Mercogliano
Centro Euro-Mediterraneo per i Cambiamenti Climatici

Slope failures are caused by a combination of several factors including atmospherical
conditions. The most important landslide triggering atmospheric factors are:
e precipitations (rain),
e air temperature and wind,
e snowmelt and freeze-thaw.
The landslide triggering mechanisms are very heterogeneous even if only atmosphere-related
triggers are considered.
The reason precipitation, snowmelt, and freeze-thaw have an effect on the slope stability is
that an addition of water from rainfall or snowmelt reduces the effective strength parameters
of the substrate and adds weight to the slope. Water can seep into the soil or rock and replace
the air in the pore space or fractures. Since water is heavier than air, this increases the weight
of the soil. Weight determines increasing stress in the soil and this can lead to slope
instability. Water also has the ability to change the angle of repose (the slope angle which is
the stable angle for the slope). Snowmelt events, more frequent during the spring season, can
increase pore pressures in the soil thereby increasing the risk of slope failures. Freeze-thaw
events, which usually happen during spring and fall but also during warm winters, can
increase the potential for slope failure by expanding and contracting the water within the soil.
As reported by some authors (Collison, 1996; van Asch, 1997) precipitation can represent a
triggering factor for different types of landslides:
1. deep-seated landslides with shear planes at depth greater than 10 m,
2. shallow landslides with shear planes at 1-10 m depth,
3. landslides with superficial shear planes, e.g. debris flow.

For these three cases, different hydrologic systems and, hence, rainfall characteristics must be
considered as triggering factors. For example, debris flows have a strong correlation with the
short-term rainfall events (duration of few hours, more frequent during summer and fall
season) while deep-seated landslides are related to yearly and/or monthly precipitation. In
other words, (Terzaghi, 1950) precipitations might have a different influence based on the
examined landslide. This aspect is well highlighted in following picture (Figure 2.4.1-1),
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which reports the cumulated annual precipitation and the frequencies of different types of soil
movements in a single area of California, USA, during a 45-year period.

& Fainfall

Figure 2.4.1-1. Cumulated annual precipitation and frequency of different types of landslides (after Sangrey et
al., 1984). The upper figure shows the cumulated rainfall, the second figure the frequency of the shallow
landslides (frane corticali); the third figure shows the frequency of the landslide at intermediate depth while the
last figure shows the frequency of the deep landslide. On the horizontal axis the time is reported (measured in
years).

The annual precipitation can only be correlated with deep movements. The frequencies of the
shallow landslides are independent from the annual precipitation, but more dependent on
precipitation in shorter periods. The latter is the case for the unsaturated pyroclastic deposits
of the Campania Region (Damiano, et al, 2011, Mercogliano et al. 2011) in which the soil
stability shows a dependence on the rainfall over, approximately, a three-month period.

On multiple sites, rainfall thresholds have been identified based on empirical correlations
between rainfall characteristics (usually intensity and duration of the rainfall events) and
landslide (usually surface landslide) occurrences. These thresholds are very specific for the
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geomorphological characteristics of the area and they can further depend on daily, hourly, or
general rainfall that precedes the landslide events. These methods can be developed only
when a large dataset of rainfall and landslide observations is available for the area. The term
“threshold” can be defined as the critical level of some quantity needed for a process to take
place (Reinchenbach et al. 1998). Based on the knowledge of this relationship it is possible to
say that landslides are very likely to occur when rainfall intensity/duration characteristics are
above the empirical threshold. (An example of this approach is available on
http://landslides.usgs.gov/monitoring/seattle/rtd/plot.php.) This threshold can be used as a
warning signal for personnel who manage the monitoring system (Bacchini and Zannoni
2003).
Other important factors are air temperature and wind, mainly for the dependence of
evapotranspiration on these parameters. The evapotranspiration determines the water loss at
the soil-air boundary, and this loss has an influence on the soil-water balance on which soil
stability depends. The water loss, in particular, takes place through the phenomenon of
evaporation and transpiration. Since, in practice, it is extremely difficult to separately measure
the evaporation from plant surfaces and the evaporation from the soil surface, puddles,
ditches, etc. surrounding the plant, it is common practice to amalgamate all of the evaporative
surfaces in the evapotranspiration phenomenon. The transpiration element is due to vegetation
(loss of water as vapour through stomata in leaves) while evaporation that happens on the
soil-air boundary is directly due to atmospheric conditions. The evaporation factor can further
be broken down into a combination of vaporisation and vapour removal, where vaporisation is
directly driven by applied energy (for instance the near-soil atmospheric temperature) and
vapour removal happens because of wind or convection of dry air.
If some input atmospheric parameters can increase the frequency of landslides, some other
factors related to climate change, like material availability, changes in the soil properties, etc.,
can decrease it. As an example, in the case of debris slides or debris flows, even the heaviest
rainfall cannot trigger a mobilization if debris is not available. On the contrary, if debris
availability increases due to melting glaciers and permafrost (one of the main consequences of
global warming), as outlined in Zimmermann and Haeberli (1992) and Dikau et al. (1996),
this is a sufficient condition for an increased frequency of debris flows.
Moreover, other factors related to the climate might be important:

- changing land use, induced by human activities or due to climate change,

- vegetation succession due to climate change,

- changing weathering regime due to climate change.
All these factors can play an important role in changing the overall susceptibility of a slope to
climatic factors.
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2.4.2 SEISMICITY/EARTHQUAKES

Magda Carman, Spela Kumelj
Geological Survey of Slovenia

Earthquakes with magnitude greater than ~4.0 produce landslides on very susceptible slopes,
and larger earthquakes produce widespread landsliding (Keeper 1984; Malamud et al., 2004).
The passage of a seismic wave changes the vertical and shear loading of the landslide mass.
Vertical stress is changed by vertical acceleration and movement of the mass during the
seismic wave’s passage, with increasing tensile stress during upward movement and
increasing compressive stress during downward movement; cyclic shear stress is produced by
lateral movement of the mass during the seismic wave’s passage. Stress depends on seismic
wave amplitude, while effects also depend on the duration of the seismic wave action. Also,
topographic amplification of seismic waves may occur in some areas (Meunier et al., 2008;
Delgado et al., 2011). Any geological material with low geomechanical strength may be
affected (soil or rock). Low strength may be produced by intense weathering and fracturing,
weak cementation, high water saturation and/or poor compaction. Under high water
saturation, seismic wave action may lead to a complete loss of material cohesion, leading into
material liquefaction.

Earthquakes/seismic events may affect landslides in a direct or indirect manner. Direct effects
are mobilizations of landslides during earthquakes. This may occur from failure of the sliding
plane(s) due to shear stress and/or a landslide mass’ partial or complete liquefaction. The
result may be a slowly moving landslide mass or a fast moving debris flow. Rockfalls may
occur on unstable steep rock slopes, especially under favourable orientation of bedding and/or
cracks. This effect may be further enhanced by topographic amplification of seismic waves
(Meunier et al., 2008).

Indirect effects are changes in the landslide mass that may lead to eventual activation of the
landslide. These effects may include appearance, and expansion and multiplication of tension
cracks and shear zones. This would increase water percolation in the landslide mass, in turn
increasing pore pressure and reducing landslide material cohesion. In hard rock, the formation
of new cracks and expansion of existing ones may subject the rock to increased effects from
frost and insolation, increasing the probability of future failure.

Observations show that seismic landslide occurrence is strongly dependent on the proximity
of the fault rupture (Sassa, 1996). Vertically convex slopes appear to be slightly more
susceptible to seismically induced failures than vertically concave slopes. Steep rock slopes
are susceptible, as well as gentle slopes in soft sediments. Thus, the combined effect of the
slope and geology must be taken into account (Sato et al., 2007).

To assess an earthquake-induced landslide hazard, multiscale surveys integrated in GIS are
most suitable. Geological mapping should be conducted on slopes that are potentially failure-
prone during seismic events: soft sediment slopes with lithology that is more landslide-prone,
rock slopes with existing fracture systems, and fossil landslides. Mapping results should be
combined with remote sensing data. Also, an earthquake hazard map should be included to
properly weigh the increased probability of earthquake-induced slope failure, to produce a
map of earthquake-induced landslide hazards (Chigira et al., 2003; Metternicht et al., 2005;
Haneberg et al., 2009; Jaboyedoff et al., 2010).
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Post-earthquake, new unstable slope areas may have formed. Pre-existing landslides and
heavily fractured rock areas that were not mobilized during the earthquake may have been
further weakened, increasing the landslide hazard. These areas need to be found immediately
post-earthquake and properly surveyed. Areas of increased hazard, such as pre-existing
landslides and unstable, heavily pre-fractured rock masses may be closely monitored by
geological mapping, remote sensing, seismic monitoring techniques and repeated geodetic
surveys. Inspections for new tension cracks and fractures can be made with field
observations/mapping and remote sensing techniques capable of detecting cracks, such as
airborne LiDAR and terrestrial laser scanners (e.g. Abellan et al., 2006; Abellan et al., 2010).
Geodetic measurements and small- to large-scale remote sensing can be used to determine
changes in landslide morphology and movement before and after the seismic event, for
instance GPS, digital photogrammetry, airborne LiDAR, and ground-based, airborne and
spaceborne radar interferometry (Gill et al., 2000; Tarchi et al., 2003; Mora et al., 2003;
Chang et al., 2005; Colesanti and Wasowski, 2006; Chen et al., 2006; Glenn et al., 2006;
Cardenal et al., 2008; Ventura et al., 2011).

Seismic monitoring techniques for audiable and subaudiable noise activity — including
infrasound, micro-seismic and nano-seismic monitoring — combined with signal analysis can
be used to determine changes in landslide motion parameters. They can also identify potential
forerunners (noise activity prior to failure) and activations of landslides (Kogelnig et al.,
2011). Such techniques may provide early warning and event-warning capabilities (Arattano,
1999; Arattano and Marchi, 2008). Combined with topography analysis and landslide motion
simulations, probable landslide paths can be evaluated and proper hazard mitigation measures
taken, such as evacuations and road blocks (e.g. Hungr et al., 2005).

Existing and new landslides must also be monitored for increased water percolation due to the
formation of new cracks and shear zones. This may be done in boreholes.
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2.4.3 VOLCANIC ACTIVITY

Stefano Morelli, Samuele Segoni, and Veronica Tofani
Universita degli Studi di Firenze (UNIFT)

The slope instability in active volcanoes represents the attainment of a degree of structural
weakness, which increases the probability of failures of all or part of the edifice (Mc Guire,
1966). This condition may result from the combination of processes usually operating in non-
volcanic landslides and from mechanisms typically active in volcanic environments (Figure
2.4.3-1). These two factors tend to differently destabilize volcanoes and their combined action
makes these slopes more prone to collapse than other elevated terrains (McGuire, 2003;
Morelli et al., 2010).

| s

Figure 2.4.3-1. Sketch of the most important contributions to the development of instability in the active
volcanic environment (McGuire, 1996).

Volcanoes are highly dynamic structures that change their morphology mainly in response to
both intrusive and extrusive phenomena. The magma emplacement may influence the stability
of the flanks through the periodic filling and tapping of the magma reservoirs which lead to
bulging and contracting cycles. The replenishment modality are related to activities inside the
volcano: the emplacement of a magmatic body in the shape of intrusive dome (cryptodome)
(McGuire, 2002) or minor intrusion along preferential rift zones (dykes) (Figure 2.4.3-2) in
which elevated pore fluid pressures are mechanically and thermally generated (Elsworth &
Voight, 1996). These mechanisms produce a cyclical slope increase that can turn into
destabilization and collapse in quite different amounts of time. In fact, a few months may
elapse before a significant intrusive event triggers the formation of a landslide (the time varies
according to the growth rate), while thousands of years are usually necessary to trigger
collapses caused by progressive dyke-induced rifting (McGuire, 2003). The first case
occurred, for example, on Mount Saint Helens in 1980 with the emplacement of a dacite
cryptodome only a few months before the failure of the north flank (Christiansen & Peterson,
1981; Glicken, 1991). The second case is typical on the flanks of the Hawaiian volcanoes and
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on the edifices belonging to the Canary and Cape Verde Archipelagoes in which the pore
pressure generation acts on potential basal failure planes, decreasing effective stresses and
consequently decreasing frictional resistance to failure (McGuire, 2002; Elswonh & Day
1999).

Figure 2.4.3-2. Example of creating large sector-collapse structures in response to dyke-induc rifting. Such
behaviour is illustrated by the orientation of post-lateral collapse dykes at both Etna (A) and Stromboli (B)
(Ttaly) (McGuire, 1996).

Destabilization also results from extrusive activity which may give rise to syn-eruptive
(primary) or posteruptive (secondary) mass movements, or mass movements unrelated to
eruptions (Vallance, 2005). However, in the first case, landslides and volcanic effusive events
are so closely related that in some circumstances it is very difficult to separate one from the
other. In any case the instability is related to the progressive loading of a steep slope by the
products (tephra and lava) of successive eruptive events (Le Friant et al., 2003), or to the
expansion and the oversteepening of an active lava dome (Beget & Kienle, 1992). As such,
both the extrusion and intrusion occurrences may trigger critical ruptures through the gravity
loading, mechanical push, or temperature-related modifications in pore pressure. In addition
to the direct actions of the magma, several external factors related to volcanic activity may
contribute to the destabilization of the edifices, reflecting the dynamic geological settings in
which volcanoes are located. In volcanoes positioned on oceanic crust (or close to it), the
main external factors are large and rapid variations in sea level (McGuire, 2003), the
spreading of basaltic shields on weak horizons of oceanic sediment (Nakamura, 1980; Walter
& Troll, 2003), and the response to seaward-creeping bodies of olivine cumulate (Clague &
Denliger, 1994). Also, in continental volcanoes, significant vertical movements of the
basement due to the growth of a volcanic edifice on a weak substrate (e.g. clay-rich material)
(McGuire, 2003) or on a bedrock highly crossed by active faults (Morelli et al., 2010) can
represent a predisposing factor leading to the detachment of the down-slope sectors.

As previously described, the interaction of magma with the volcanic structure is the prime
mover for creating instability in volcanoes, but also water plays an important role in the
destabilization. It may be superficially achieved through the bulking and the debulking of
rain-triggered mudflows (called lahars) (Hudson-Doyle et al., 2011), or internally produced
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through significant interactions between rocks and fluids. The latter may derive from
phenomena originating outside the volcanic context such as precipitations and percolation
from snowmelt or sea intrusion, or sometimes they have a direct volcanic origin. The meteoric
and marine water circulation can induce a reduction in rock strength within the edifices, as in
non-volcanic slopes. Once the circulating fluid meets the volcanism (e.g. degassing of
intrusions or direct contact with the magmatic mass) it may become hydrothermal, and
chemical alteration processes are activated. Sometimes these types of fluids arise directly
from the magmatic composition causing hydrothermal alteration in its surroundings. The main
factors controlling the processes of hydrothermal alteration are the nature of the wall rock, the
composition of fluids in terms of concentration, activity and chemical potential of components
dissolved in the solution (H+, CO2, O2, K+, etc.), and the interior temperature. As such, the
hydrothermal alteration plays an important role in reducing the rock mass strength (Concha-
Dimas & Watters, 2003; Siebert et al., 1987) while the dehydration of active hydrothermal
systems during the magma emplacement can increase the pore pressures to a significant level
of instability (Reid, 2004). Moreover, the more the volcanic apparatus is charged of water
when an internal modification of the volcano structure occurs (such as the aforementioned
hydrothermal alteration, the movement of a fault system, or the intrusion or the extrusion of
magma), the more the pore pressure increases due to mechanical and/or thermal
modifications.

The sensitivity of pore fluid pressures to perturbation is also highly dependent upon the rock
permeability, which may be subject to rapid changes by fracturing, faulting and other
processes. The pore pressure changes may be considerable even in quite highly permeable
rocks since most of the mechanisms for pressurization (e.g. temperature changes) in volcanic
edifices are very rapid. However, some authors indicate that the effects are unpredictable in
such cases (Day, 1996). The detection of high pore pressures’ development and spreading
within active volcanoes may, however, be possible by a sensible monitoring of seismicity
patterns. It has been highlighted that volcanogenic landslides are triggered more often by
those destabilizing factors than by ground accelerations associated with strong volcanogenic
or tectonic earthquakes (Keefer, 1984; McGuire, 2003).

In general, triggering factors acting inside the volcanic edifices (e.g. the aforementioned
circulation of fluids) can cause instability phenomena at much greater depths (e.g. collapse of
an entire flank) than superficial triggering factors. In these circumstances, very deep sliding
surfaces can be shaped (common in huge rock/debris avalanches) and the mass movement can
induce high depressurization to such a point that large eruptions occur even if the volcano was
not predisposed for it (at most only small intrusive activities are present). This can give rise to
Bezymianny-type eruptions (magmatic or phreatomagmatic eruptions preceded by eruptive
and seismic precursors) or Bandai-type eruptions (only phreatic eruptions without emission of
juvenile materials and with only seismic precursors, which are often short-lived). This can
influence the movement of the previous event (Siebert et al., 1987; Tadahide et al., 2000).
Besides the presence or the absence of magma, the two cases also differ in intensity and in
duration of the eruptive activity. In general terms the type of eruption is determined by the
position of the magma inside the volcano in the moments preceding the landslide. If the
magma is at the top of the edifice, the landslide creates a weakness zone that promotes the
emission of juvenile products through violent lateral explosions. When the magma is deeper,
the depressurization effects are less immediate and the explosion can occur along the main
conduit exposed by the landslide, with magmatic Plinian eruptions and without any lateral
blasts. Finally, when the magma is not within the volcanic edifice, but more in depth, only
phreatic explosions (not magmatic) occur, involving only the hydrothermal system. In
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addition, in a dormant volcano the development of massive landslides is not accompanied by
any volcanic activity. This phenomenon represents a third case of occurrence, called an
Unzen-type, which derives from the event that occurred at Unzen volcano in Japan in 1792
(Siebert et al., 1987; Tadahide et al., 2000).

Furthermore, the relationship between the landslide volume and event frequency must be
considered in any estimation of landslide risk in a volcanic environment. While low-volume
events such as minor rockfalls usually occur every few days or weeks, the largest events, such
as huge mega slides in ocean-island volcanoes, have a repetition time of hundreds of
thousands of years (McGuire, 2003). In any case the development of instability culminating in
the landslide generation may be cyclical if the destabilization causes persist. When the
volcanism regenerates the lost morphologies the same type of mass movement occurs in the
same location. For instance, repetitive lava-dome growth at Augustine volcano terminated
each time with collapse due to oversteepening (Begét & Kienle, 1992), and highly recurring
Strombolian activity associated with the intrusion of striking dikes caused frequent superficial
deformation patterns in the Stromboli volcano, resulting in several flank collapses (Casagli et
al., 2009). However, large-scale structural instability development is invariably confined to
major polygenic volcanoes, located either on continental volcanoes (stratovolcanoes) or
oceanic crust volcanoes (basaltic shield volcanoes). In both cases the weakness distribution,
governed by the tectonic field, definitely influences the source area and the landslide volume
(Figure 2.4.3-3 and 2.4.3-4) (Siebert, 1984, Tibaldi et al., 2003, Morelli et al., 2010).
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Figure 2.4.3-3. Schematic representation of the emplacement of radial dikes and parasitic vents parallel to the
maximum horizontal compression (MHC) favoring the collapse normal to it (right figure) (Siebert, 1984).
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Flgure 2.4.3-4. Simplified tectonic overview of Michoacan state (Mex1co) (A) and hlgh resolutlon Landsat
satellite image of the Tancitaro debris avalanche including the source area, which is tightly influenced by the
regional tectonic, and the spatial distribution of the deposit (Morelli et al., 2010).

The maximum amount of the collapsing volume usually corresponds to no more than the 20
% of the entire edifice. This upper limit can be explained as a consequence of a macroscopic
stress distribution characterized by conjugate shear planes that always have an angle smaller
than 90° (McGuire et al., 2002). Moreover, an important and not uncommon source of hazard
occurrence is associated with significant marine events which are able to generate tsunami
waves (Tinti et al., 2003; Whelan & Kelletat, 2003). An example is Stromboli in the
Tyrrhenian Sea (north of Sicily), which is destabilized by the continuous intrusion of fresh
magma and by the weight of the erupted material. For these reasons it experienced at least
seven episodes of incremental collapses over the past 100,000 years, some of which are
associated with damaging tsunamis (the last was during the 2002 event) (Tibaldi, 2001;
Antonello et al., 2004; Casagli et al., 2009).
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2.4.4 TIDES

Anna Zéchbauer
Geological Survey of Austria

Another possible trigger for landslides can be the tides. The forces, generated from the sun
and the moon, are possible factors that lead to shear sliding processes, like earthquakes or
glacier movements (Cochran et al. 2004, Gudmundsson 2006).

In particular, the atmospheric tides can be responsible for movements of landslides that are
nearly at failure. Solid earth tides are too small to change the stability in this shear sliding
process (Schulz et al. 2009).

The atmospheric tides are mainly generated by gravitational forces of the moon and the sun as
well as the heating of the atmosphere from the sun's activity (Chapman & Lindzen 1970).
Those oscillations are regularly indicated by changes in the (ground surface) pressure in
periods of 12 and 24 hours.

In general, it is observed that changes in air pressure can cause only minimal changes in tilt or
extensometric measurements in tectonically active areas compared to the effect of
precipitation, which is about an order of magnitude higher. But this observation was made
with tidal-filtered pressure and deformation data, so it does not implicate the tidal forces (Dal
Moro & Zadro 1998).

The interrelation of landslide movements and the atmospheric tides have not been frequently
investigated to date. However, Schulz et al. (2009) showed in their research that there is a
correlation between the two phenomena. Their theory gives an insight to this field.

A promising hint to the understanding of landslide movements is the frictional stress that can
be influenced by atmospheric tides. Even though the influence is rather small and difficult to
detect, atmospheric tides can change those stresses. According to the Mohr-Coulomb failure
criterion, landslides occur if the frictional stress of the shear surface is decreasing, as is
demonstrated below (Zepp, 2004; Schulz et al, 2009):

r=c+{c—ujtang

where:

t=shear stress

¢ '=soil cohesion

o=total normal stress

u=pore-water pressure

@ '=angle of internal friction for effective stress

The frictional stress depends on the pore-water pressure and the total normal stress. The
theory assumes that changing air pressure goes through soil into groundwater and the fluids
flow from high pressure to low pressure. However, these moving fluids are responsible for the
change in frictional stress. On the one hand, increasing air pressure can be responsible for the
downward movement of fluids, thereby generating a downward-directed force which
increases the frictional stress. On the other hand, decreasing air pressure causes fluids to move
upward, leading to a decrease in the frictional stress and an increase in the possibility of
landslide movement.
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The thickness of the landslide, groundwater depth, and soil and fluid properties are factors
that change the frictional stress. In the case of narrow pore throats and long distances to the
shear surface at the base of the landslide, pressure changes can pass through the soil which
results in great stress changes.

The pressure at the shear surface at the base of the landslide is smaller than the atmospheric
pressure because those pressure fluctuations are damped and delayed during their descent
through the soil. As such, the measured pressure changes at the shear surface (P1) and at the
ground surface (Pa) change the normal stress, therefore the Mohr-Coulomb criterion is:

T=¢c-{oc—u+Pa—Pl)tang’

In impermeable media, like glacial ice, atmospheric pressure changes do not propagate.
Consequently, the fluctuations directly change the frictional strength at the shear surface.

The worldwide variation of pressure changes from atmospheric tides is quite small in relation
to the thicknesses of the landslides, so the effect of atmospheric tides on the landslides
depends on their thickness and on the pressure damping properties (Schulz et al. 2009).
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3 GENERAL EVALUATION OF MONITORING PARAMETERS

Ivo Barori
Geological Survey of Austria

For landslide early warning, different techniques and sensors provide different kinds of
information with different data reliability. We tried to provide a kind of quantitative
comparison of those methods. Therefore a “Questionnaire on National State of Landslide Site
Investigation and Monitoring” was disseminated among different worldwide institutes and
representatives within the frame of the SafeLand project. The forms were completed by local
experts responsible for the respective sites, so the results are based on the practical experience
from the field. The main goal of the study was (i) Assessing general state of the slope-
instability investigation and monitoring in different countries, (ii)) Assessing
effectiveness/reliability of each method for slope instability investigation and monitoring, and
(ii1) Evaluating applicability of the monitoring techniques for early warning. Some results of
the questionnaire were already presented in D4.5 (Baron 2010a, 2010b). Here, we focus on
the evaluation of monitoring parameters’ EW potential, and in the case of displacement, the
techniques. For this purpose, slope-related ground-based methods only were evaluated.

The questionnaire was focused on landslides that have been investigated with at least two
independent methods and monitored for longer than one year. A Word-doc application was
prepared in a comprehensive and user-friendly way (for a detailed description of the forms,
see D4.5). Answers were provided by ticking and filling in active fields, and the answers were
statistically assessed.

The monitored parameters were expressed relative to the total number of monitored sites
included in the study, called relative occurrence (RO [%]). The applicability of the
monitoring method for early warning — called the early warning potential (EWP [%]) — was
determined by the number of positive answers to the possibility of using the method for early
warning relative to the total number of collected sites. In the latter questionnaire (D4.8) it was
evaluated directly in numerical way by the respondents.

The information was received from 89 monitored sites from Andorra, Austria, Switzerland,
Czech Republic, France, Great Britain, Italy, Japan, Kyrgyzstan, Martinique, Norway,
Russian Federation, Slovenia, Slovak Republic and Spain (Table 3-1).
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Table 3-1: List of the monitored sites and countries.
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Monitoring parameters related to displacement and deformation

It is no surprise that the displacement and its derivatives — the velocity and the acceleration —
were considered as the most relevant monitoring parameters. The early warning potential
values exceeded 50 % for several techniques. The results for different ground-based sensors
of displacement and deformation are presented in Figure 3-1, displaying their relative
occurrence within all 89 monitoring sites and ordered by their relative early warning potential.
Classical and automated inclinometers, wire extensometers, dGPS, optical images and total
stations are the most reliable sensors of displacement and deformation monitoring with the
highest early warning potential.
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Figure 3-1. Review of sensors of displacement and deformation monitoring, presenting their relative occurrence
within all 89 collected monitoring sites and ordered by their relative early warning potential.

Hydro-meteorological monitoring parameters

About 16 different hydro-meteorological monitoring parameters have been observed in the
listed landslide sites; the precipitation amount, pore-water pressure and air temperature
were the most abundant ones (Figure 3-2). They have been monitored at more than 55 % of
the test sites. Pore-water pressure and precipitation amount have the highest EW potential.
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Figure 3-2. Review of hydro-meteorological monitoring parameters presenting their relative occurrence within
all 89 collected monitoring sites ordered by their relative early warning potential.
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Geophysical monitoring parameters

Most of the geophysical parameters are far from their routine application for landslide
monitoring. Their relative abundance is generally below 20 %. Being the most reliable
geophysical parameters for EW, passive seismic/acoustic emissions, electromagnetic emission
and DC resistivity were evaluated by the questioned experts (Figure 3-3). However, only
passive seismic/acoustic emissions exceeded an EWP of 30 %. Other geophysical parameters
are of rather academic importance at the moment.

= Geourrenee B

= Pl Podegial 535

Figure 3-3. Review of geophysical monitoring parameters presenting their relative occurrence within all 89
collected monitoring sites ordered by their relative early warning potential.
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4 CASE HISTORIES — ANALYSIS OF REAL MONITORING DATA

The practical issue of how to find the indicators of impending activation of mass movements
is a crucial task for any landslide early warning system. The critical values of those EW
indicators, i.e. monitoring parameters with very close relation to a landslide’s physical
conditions and deformation state, are difficult to find due to site-specific and regional
differences in topography, lithology, climatic and other factors.

This core chapter of the deliverable presents the examples of real data collection and analysis
from the SafelLand test sites obtained mainly during the project period from 2009 to 2011.
The analysis of the monitored parameters is described with a focus on investigating the
correlation between the parameters. The goal was finding their critical values
(alerts/thresholds) on the background of their geological settings.

The chapter presents the results from three test sites in Austria (Ampflwang in Hausruck,
Gschliefgraben, Sonnblick & Molltaller Glacier), two in France (Super-Sauze, Villerville),
six in Italy (Ancona, Bagnaschino, Bindo, Casella, Rosano, Ruinon), three in Norway
(Aknes, Mannen, Jettan — Nordnes), and one test site in Spain (Vallcebre) (see Figure 4-1).

Figure 4-1. Review of test sites presented in this report. Austria: 1 — Ampflwang in Hausruck, 2 —
Gschliefgraben, 3 —Sonnblick & Molltaller Glacier; France: 4 — Super-Sauze, 5 — Villerville; Italy: 6 — Ancona, 7
— Bagnaschino, 8 — Bindo, 9 — Casella, 10 — Rosano, 11 — Ruinon; Norway: 12 — Aknes, 13 — Mannen, 14 —
Jettan; Spain: 15 — Valcebre (Source of the map: GoogleEarth).
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These test sites represent a variety of different types of slope failures of different volumes and
recent velocities; they have been monitored for different periods. Such different test sites
enable us to present a variety of approaches applicable for different types of mass movement.
Table 1-1 reviews the test sites and their location and presents their main characteristics, such

as the type of slope failure, volume, present mean velocity and the monitoring period.

Table 1-1: Review of the presented test sites and their main characteristics.

Test site Country | Entire slope failure Monitored Instability Volume Present Mean Permanently
[Mm3] Velocity [m/year] | operated since
Aknes NO Complex Rockslide+Rockfall 54 0.08 2004
Ampflwang AT Simple Shallow rotational slide 0.01 0.05 2010
Ancona IT Compound Deep-seated rotational slide 180 0.01to 0.02 2002
Bagnaschino IT Complex Roto-translational slide 1.2 0.08t0 0.6 2008
Casella IT Complex Roto-translational slide 30 0.006 to 0.013 2010
Bindo T Simple Translational slide 1.5 1.2 2003
Gschliefgraben AT Complex Translational slide/Earthflow 3.8 0.07 2009
Jettan NO Complex Rockslide+Rockfall 17 0.05 2003
Mannen NO Complex e SR e A 17-23 0.05 2004
Avalanche
Rosano IT Composite Roto-translational slide 3.6 0.022 2010
Roto-translational
Ruinon IT Complex rockslide+secondary 13-20 0.88 1997
rockslides+debris slides
s°"b"G°'IZ :i"e"r'ta"er AT PERMAFROST PERMAFROST PERMAFROST |  PERMAFROST PERMAFROST

Super-Sauze FR Complex Translational slide/Earthflow 0.7 0.5to 5 1995

Vallcebre ES Compound Translational slide 13 0.2t00.8 1987_ (intensively

since 1996)

Villerville FR Compound Roto-translational slide 2.4 0.005to0 0.10 2007

All of the monitoring parameters to be described in the report are reviewed in the Table 1-2.
The most important parameter was displacement, which was observed by means of a variety
of different sensors. DMS and differential GPS monitoring was conducted in 53 % of the test
sites. Other sensors, such as inclinometers (47 %), crack/extensometers (33 %), GB InSAR
(27 %), total stations (27 %), terrestrial laser scans (20 %), and tiltmeters (20 %) were
presented.

Deformation was observed by means of microseismicity (only at one site, i.e. 7 %) and crack
spatio-temporal evolution (7 %).

The monitored and presented hydro(geo)meteorological parameters were air temperature and
precipitation (both in 93 % of the test sites), ground-water level and pore-water pressure
(80 %), and discharge (7 %).

And finally, the monitored and here-analyzed geophysical parameters were resistivity
(abundance at 40 % of the test sites), self-potential (33 %), and soil temperature (33 %).

We hope that this study well illustrates the complexity of landslide EW systems, the state of
the art in Europe and the outlook towards the future.

Project No.: 226479
SafeLand

Page 125 of 382



D4.6
Report on evaluation of mass movement indicators

Rev. No: 1
Date: 2012-04-17

Table 1-2: Review of the test sites and the monitoring parameters to be described in the report

Project No.: 226479
SafeLand

Page 126 of 382



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

41 AKNES (NORWAY)

L.H. Blikra & L. Kristensen
Aknes/Tafjord Early Warning Centre, Norway

ABSTRACT

The Aknes rockslide is a large, slow-moving landslide in Precambrian gneiss in Sunnylvsfjorden in western
Norway. It has a volume of more than 50 million m® and parts are moving at velocities of 2-8 cm/year. If the
sliding mass were to fall into the fjord, it would generate large tsunami waves. Given the hazard, a major site
investigation was conducted and a monitoring program was established in cooperation with a number of national
and international groups. The monitoring program integrated a variety of surface and subsurface instruments,
including extensometers, crackmeters, tiltmeters, single lasers, GPS, total station, ground-based radar,
geophones, climate station, and borehole inclinometers and piezometers. Reliable power and communications
systems operate the instruments and transmit data. Movement data collected to date demonstrate continuous
movement throughout the year, but with significant seasonal differences. During spring snowmelt and heavy
precipitation events, the rate of movement can increase to 1 mm/day, which is ten times the annual mean.
Preliminary early warning levels and associated actions have been implemented based on data from the Aknes
rockslide and information on historical rockslides elsewhere in coastal Norway.

Presented parameters: displacement, velocity, microseismicity, groundwater level, precipitation,
air temperature.

4.1.1 GENERAL DESCRIPTION OF THE TEST SITE

The Aknes rockslide is located on the northwest flank of Sunnylvsfjorden in western Norway
(Figure 4.1-1). It has an estimated volume of up to 54 Mm® and is moving at a velocity of up
to 8 cm/year. Catastrophic failure of the rock mass would trigger a devastating tsunami in the
fjord (Blikra, 2008; Glimsdal and Harbitz, 2011). Because of the size of the moving rock
mass, remedial engineering measures are not feasible and the risk must be managed by
implementing an effective warning system. A major investigation, monitoring, and early
warning program were begun at Aknes in 2004. The operational monitoring and early
warning system is now administered by the Aknes/Tafjord Early Warning Centre on a
permanent basis.

Geological and geomorphic settings

The Aknes rockslide is located in the Western Gneiss Region and is seated in medium-grained
granitic and granodiorite gneisses of Proterozoic age (Braathen et al., 2004; Ganerod ef al.,
2008). The gneisses contain bands and lenses of mafic material. They have well developed
foliation and mineral banding (Braathen ef al., 2004) and numerous centimetres to decametre-
scale, close to tight folds. At Aknes, biotite-rich layers up to 20 cm thick coincide with zones
of high fracture frequency (Ganered et al., 2008). The sliding surfaces are likely located
within these mica-rich layers. The foliation generally slopes parallel to the surface. Well
defined, very steep, sharp folds are related to the tension cracks at the top of the landslide
(Ganerad et al., 2008; Jaboyedoff et al., 2011).

The morphology of the rockslide show several characteristic features (Figure 4.1-1), including
a prominent upper fracture system that can be followed for more than 500 m. The slope-
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parallel foliation and weak biotite-rich layers control the large-scale displacement dynamics.
A large depression or graben has developed in the upper west corner of the rockslide (Figure
4.1-1, detail). The total vertical displacement measured here is 20-30 m. Tension fractures are
also present in the upper and the middle parts of the slope. Prominent slide scarps characterize
the east side of the deep canyon that defines the west boundary of the landslide. Historical
data indicate that slides occurred on the upper part of the slope in the late 1800s, 1940, and
1960. Small slide scars also characterize the lower part of the rockslide. Large blocks have
been pushed or squeezed out of the slope in two areas, one in the middle and the other on the
lowermost part of the rockslide (Figure 4.1-1). Springs discharge water on the lowermost part
of the slope at about 100 m a.s.l., and there are also smaller springs in the middle part of the
landslide (Frei, 2008).

- mTrondheim
®Aknes

=Bergen
_051'0

Figure 4.1-1. The Aknes rockslide and its location in western Norway
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Figure 4.1-2. The morphology of the Aknes rockslide. Historical events are concentrated to smaller rockslides in
the western flank. See the slide scars to the left.
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Characterization of the site

Numerous geological, geophysical, and geotechnical studies have been completed on the
Aknes rockslide to better understand the movement mechanism and to locate sliding surfaces
(Blikra, 2008; Ganeread et al., 2008; Kveldsvik, 2008; Oppikofer, 2009; Greneng, 2010:
Kristensen et al., 2010). The mode of deformation and displacement is not yet fully
understood, but the instability is clearly controlled by the structure of the gneissic rocks, with
the steep back scarp following near-vertical folds and the sliding zones parallel to the foliation
farther down the slope. The rockslide is defined as complex or translational rockslide,
characterized by extension in the upper part, but with two zones of compression in lower half
(Figure 4.1-3). However, the geometry and subsurface deformation are much more complex
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(Jaboyedoff et al., 2011). The rockslide is composed of several semi-independent blocks with
different surface movement directions and different rates of movement at depth.

lension
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Figure 4.1-3. Schematic 2D deformation model.

The largest scenario has been estimated to be up to 54 Mm’. This includes both the active area
and the inactive lower part of the rockslide. The average annual displacement rate ranges from
6-8 cm/year on the upper southwest flank to about 2 cm/year in the middle and east sector.
The boreholes show that the upper sliding plane is situated between 25 and 55 m depth, but
sliding also occurs deeper than 100 m (Renning et al., 2006). The drill cores show several
brecciated and crushed zones along some of the foliation planes. The borehole logging results
and borehole deformation data also show that deformation is occurring at considerable depths
(Figure 4.1-3).

Long-term movement rates are roughly constant, but there are shorter-term seasonal
fluctuations (Braathen et al., 2004; Kveldsvik, 2008; Blikra, 2008; Kristensen et al., 2010;
Groneng et al. 2011). Velocities are lowest in mid-winter and mid-summer. Rates increase
during periods of heavy precipitation and snowmelt. In May 2006 movement rates increased
about ten times above the background rate in the upper area of the landslide (Figure 4.1-4).
The increase was preceded by an increase in temperature from below 0°C to 10°C,
accompanied by rapid snowmelt. Water infiltrated open fractures on the slope, evidenced by a
4 m increase in water level in the middle borehole. The higher velocity persisted for more
than one week. The change was also evidenced in data from the level of the sliding plane in
the upper borehole at 49-50 m depth.
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Figure 4.1-4. Increased movement of the Aknes rockslide in April and May 2006, shown by data from a single
laser. Also shown are water level measurements in the middle borehole and temperature and snow-depth data
from the meteorological station.

Elements of risk and scenarios

Definition of hazard zones at Aknes is based on extensive work on landslide and tsunami
modeling (Glimsdal and Harbitz, 2011). Probabilities for different scenarios have been
evaluated on the basis of the actual deformation on the slope and historical and geological
documentation of rockslide events in the fjord. The largest modeled landslide at Aknes is 54
Mm® and is estimated to have an annual probability of >1/5000. A scenario involving a failure
of 18 Mm’ is estimated to have an annual probability of >1/1000. The largest rockslide would
have dramatic consequences — the tsunami triggered by such a landslide would affect a large
number of communities along the fjord (Figure 4.1-5), with an estimated run-up of 85 m at
Hellesylt and 70 m in Geiranger.
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Figure 4.1-5. Estimated tsunami run-up heights (m) for the largest landslide scenario at Aknes (54 Mm’).

Description of the history of the mass movement

Three historical rockslides are known in the Aknes rockslope, all of them from the western
flank; see slide scars in Figure 4.1-2. The approximate dating of these events is 1850-1900
(uppermost), 1940, and 1960.

In the fjord region there are several large events that have caused destructive tsunamis. The
Tafjord event in 1934 generated a tsunami with run-up height of up to 60 m and 41 people
were killed. More than 60 rockslide events have been mapped in this fjord system,
demonstrating that large rockslope failures are relatively frequent events (Blikra et al., 2005).

4.1.2 DESIGN OF THE MONITORING NETWORK

The principles of the investigation program and selected monitoring data are presented here.
The methods described have proven to be important in evaluating the geometry and volume of
the moving rock mass and in designing the monitoring system.

Investigation program
The investigation program was important for several reasons. First, we need to define
rockslide scenarios in order to model possible tsunamis. Realistic volume estimates and
failure scenarios are essential for risk management planning for numerous municipalities
along the fjord. Second, we need to know the location and extent of the unstable area and the
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displacement pattern in order to design and implement an effective monitoring program.
Third, we need an extensive knowledge base to conduct reliable and real-time monitoring and
to provide early warning if required. A thorough understanding of deformation dynamics is
especially important during critical events, when decisions regarding alarm levels and
evacuation have to be made on short notice. There are no guidelines or handbooks defining
the specific requirements for the type and level of investigations needed to perform reliable
monitoring and to provide early warning of large landslides. Because of the high risk related
to large rockslides and tsunamis, our requirements are demanding. It must be stressed
however, that the investigations need to be based on the local conditions.

Surface investigations

We required high-resolution topographic data and thus carried out an airborne LiDAR
campaign by helicopter. Based on this survey, we produced topographic maps with 1 m
contour intervals. Detailed geological data were also required, including structural geology,
geomorphology, and hydrology. Surface displacements were investigated in great detail using
satellite-based and ground-based radar (Figure 4.1-6), ground-based LiDAR, and periodic
measurements using GPS and total station. The surface investigations allowed us to define the
distribution of the unstable zones and provided an overview of the deformation in different
sectors of the landslide.
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Figure 4.1-6. Data from the ground-based radar campaign at Aknes in 2010.

Subsurface investigations

We also required subsurface geological data, including the depth of the sliding zones and the
related deformation, in order to obtain a realistic 3D geometric model of the instability. These
data were acquired by drilling and geophysical surveys. Extensive 2D resistivity
measurements were made at Aknes and supplemented with refraction and reflection seismic
surveys (Reonning et al., 2006, 2007). Boreholes were drilled and near-continuous core
acquired at three sites on the landslide. In-hole geophysical measurements were made in the
three boreholes (Ganered ef al., 2007). Televiewer logging of boreholes provides additional
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information on subsurface rock structure, including fractures and foliation, but it was only
performed in the upper part of one of the boreholes.

Laboratory analysis and modeling

To perform stability modeling, we collected rock samples from the surface and from drill
cores for analysis of shear strength and other input parameters. Although a stability model
cannot conclusively demonstrate that a slope will ultimately fail, it does provide an
understanding of the critical parameters for failure (sensitivity analysis). Modeling of
landslide run-out must be performed as part of the investigation program. At Aknes, we
linked several Ph.D. research projects to the investigation program, and laboratory analysis
and stability modeling were done as part of these projects (Kveldsvik et al., 2008; Greneng,
2010; Greneng et al., 2010). Codes such as 2D UDEC and 3D FLAC were used to model
stability. Another project focused on slide and tsunami modeling and included laboratory
experiments (Glimsdal and Harbitz, 2011).

Monitoring network, instrumentation and infrastructure

The unstable rock slope at Aknes is extensively and continuously monitored (Figure 4.1-7 and
8). The concepts and design are described briefly below. The monitoring system was designed
to be robust and redundant, while providing the range of data required for stability analysis
and decision-making during periods of accelerated movement. The system includes surface
and subsurface sensors designed to provide a full understanding of deformation and the
controlling mechanisms. The sensors monitor all important sectors or parts of the unstable
area on the surface and in boreholes and measure both local deformations across individual
fractures and total displacements. They include pore-pressure sensors and a full climate
station. The system includes redundant, or back-up, instruments for all critical areas. The
infrastructure includes a back-up power supply and data communication capabilities. An
overview of the monitoring system is provided below (Figs. 7 and Figure 4.1-8).
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Figure 4.1-7. Overview of the monitoring systems at Aknes. The main deformation sectors of the rockslide are
also shown.
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Figure 4.1-8. Selected monitoring systems at Aknes. A) GPS antenna B) Total station C) Single laser at the deep
upper fracture D) Borehole DMS instrumentation.
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Surface monitoring

Monitoring to assess total displacements includes a permanent GPS network with eight
antennas (Figure 4.1-7 and Figure 4.1-8A), a total station measuring distances to 30 prisms
(Figure 4.1-8B), and a ground-based radar located on the opposite side of the fjord to measure
distances to eight reflectors. Due to large atmospheric changes and relatively long distances, it
has been difficult to obtain reliable measurements from the total station, especially during the
winter (Nordvik and Nyrnes, 2009). The data from the ground-based radar suffer similar
problems, and reliable results depend on reference reflectors being located nearby and at the
same elevations as the monitoring points.

A series of small crackmeters and a microseismic network of eight 3-component geophones
were installed in the upper landslide area (Figure 4.1-7). The microseismic sensors are stable
and give reliable data. A series of surface 2D tiltmeters were placed throughout the landslide
area.

Local measurements across the fractures were made using three large extensometers and two
single lasers (Figure 4.1-8C). The extensometers give excellent data with limited noise. The
single lasers are relatively stable, but data acquired during bad weather, especially during
periods of snow and fog, are unreliable.

Subsurface monitoring

The three boreholes are instrumented with DMS columns (Figure 4.1-8D), which are linked to
a real-time operational early warning system (Figure 4.1-7). Biaxial inclinometers and
temperature sensors are spaced at 1 m intervals on the columns. Additional piezometer
sensors and digital compasses are placed in selected metre modules. The system is stable and
gives high-resolution continuous data, as can be seen in Figure 4.1-9.
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Figure 4.1-9. Data from the DMS column (Differential Monitoring of Stability) in the upper borehole, acquired
from 22 November 2010 to 28 February 2011. The 120 m long column extends from 7 m to 127 m depth. The
left curve shows the differential displacements of each sensor, and the middle and the right curves show
cumulative displacements along two different axes. The right curve also shows the displacement over a shorter
time span. The three-month measuring period is sufficient to define the main sliding surface at 50 m depth.
There also appears to be movement deeper in the slope, but the displacements of individual sensors are too small
to confirm this over the short period of measurement.

Management of data acquisition and maintenance of the systems

The bunkers for power supply, communication system and instrumentation are connected to
the internet by a radio link. Thus, the generator control system, dataloggers, routers and other
equipment in the bunkers are accessible from everywhere via VPN. The data is transferred to
a database and this database has a web interface that allows display of the measurements of
flexible intervals.

All sensors are checked daily in order to identify failure of instrument or communication as
well as unusual movement. Online cameras often provide a first indication of the cause of a
problem; it could be fog, obscuring the view from the lasers, ice placed on the reflectors or
snow that distorts the total station measurements. In the case of a bigger problem, such as
broken cable from a rockfall or an avalanche, it is repaired as fast as possible. However,
access to several sensors on the slope is difficult and dangerous during the winter, and at any
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rate it may be impossible to find and fix an instrument or cable below a very thick snow
cover. The generators are maintained according to schedule.

4.1.3 ANALYSIS OF MONITORING DATA

4.1.3.1 DGPS network

A permanent GPS (GNSS) network has been in place since 2007. It consists now of nine
antennas, of which two are placed on assumed stable positions. Data is processed using a
RTK (Real Time Kinematic) technique every 15 minutes, and it is postprocessed from
between 4 and 12 hours on average.

Five of the antennas located in the active part show movements between 1.5 and 6 cm/year.
The 12 hours post-processing are more precise than the RTK processing, with fluctuations of
about 3 mm in the north and east directions and 15 mm in the z direction.

The GPS data also demonstrate the seasonal fluctuations, with the increased velocity starting
in the beginning of April 2011 (Figure 4.1-10 and Figure 4.1-11).

The established GPS system has shown to be very robust and reliable, also contributing to
near real-time data.
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Figure 4.1-10. Movement in three directions of GPS 3 in the upper part (graben) of the rockslide between
January 1 2010 and October 11 2011.

4.1.3.2 Lasers

Two lasers measure the distance across the main back crack (location: Figure 4.1-7) and have
been operating since 2005. Once every five minutes, 10 measurements are taken, the data
quality checked and the average value logged. The lasers use visible light and depend on free
sight to the reflectors, therefore fog or heavy precipitation can disturb the measurements.
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They measure in the Line Of Sight (LOS) which may underrepresent the true displacement
vector. In most cases the values fluctuate within a couple of mm, but regularly meteorological
conditions create fluctuations of >20 mm. Some noise is removed by using daily averages
when plotting a longer time series.

Both lasers show an easily identifiable trend with many outliers. They seem to have about the
same amount of outliers that are >50 mm from the trend, while the upper laser has more
small-scale noise than the lower laser.

The lasers have measured displacements in the order of 5 to 7 cm/year, and they show
significant seasonal fluctuations (Figure 4.1-11). Generally they show increased velocities
during the snowmelt in April/May, and also during heavy precipitation in the fall. The
velocity is normally at its minimum during mid-winter and mid-summer. The data further
show that snowmelt and/or heavy precipitation rapidly increase the water level in fracture.
The water pressure and/or water-saturated sliding planes are thought to be the main reason for
the increased displacements at Aknes. Figure 4.1-11 shows this effect very nicely.
Temperature increase and snowmelt in the beginning of April 2011 led to a sudden increase in
the water level. The high water level continued in the second half of 2011, and the general
velocity increased compared to earlier years (Figure 4.1-11).

The lasers directly measure displacement and thus mass movement. They are important parts
of the early warning system, due to their frequent measurements across the main back scarp.
However, setting SMS messages on the laser measurements is a bit difficult as the number of
outliers is quite large, and we receive too many messages from the sensors.

As the sensors are placed at stable ground, and the reflectors are passive, no cables are
required inside the instability (except some heating during winter). If the reflectors move out
of sight from the lasers, they can be easily adjusted from the top.
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Figure 4.1-11. Displacements from extensometers and lasers. Water level in upper borehole, air temperature and
daily precipitation are also shown.
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4.1.3.3 Extensometers

Three extensometers have been measuring movement across different cracks in the upper part
of the instability since 1992 (see location in Figure 4.1-7). The attempt was to place the
instruments parallel to the direction of movement. The displacement recorded by the
extensometers is logged every five minutes. The last two years are shown in Figure 4.1-11.

The yearly displacements are from 1.5 to 2.5 cm/year. It is clear from the comparison with
other sensors that the extensometers do not capture the entire movement of the rockslide.
Extensometers only capture local displacement within the landslide body, and in periods there
are also movements backwards due to back-rotation of individual blocks.

As can be seen from the curves (Figure 4.1-11), all three extensometers record a continuous
widening of the crack. There are small daily fluctuations that may be due to changes in the
temperature of the sensor, but they are at maximum in the order of 3 mm and usually less than
1 mm.

When acceleration of the landslide initiates, the extensometers will most likely supply
frequent and reliable information of the movement, unless new crevasses are responsible for
most of the movement. The extensometers are only able to expand up to some maximum level
and beyond that they will fail, so they are not suited for monitoring the landslide in the latest
stages of acceleration. However, the reliability of the sensors makes them very well suited for
automatic messages/alarms.

4.1.3.4 Total station

An automatic robotic total station was installed together with c. 25 prisms in 2007. Due to
various technical problems, there are several gaps in the time series. However, it has been
relatively reliable over the last half year. Most of the prisms shown significant movements in
the south direction (downslope) in the order of 2 — 7 cm/year (see example in Figure 4.1-12).

The measurements are relative depending on the weather conditions, and data is normally
missing during bad weather conditions (rain, fog, snow). There are also major problems with
ice and snow in the prisms. We must expect that the robot will be unable to find the prisms
when a large enough displacement of the landslide has occurred. However, it should be able
to find the prisms even if they have moved a couple of meters if the mirror is still turned
towards the total station. Another advantage is that there are no electrics or cables on the
landslide itself, which could break during accelerated movement. In summary, the total station
is probably not the most reliable instrument during an accelerated phase of the landslide, but it
provides details of differential displacement that are otherwise difficult to obtain.

No readings were more than 40 mm from the mean, and this may indicate that an SMS
message could be set on the prisms, but we need to investigate the reliability further before
implementing automatic alarm functions.
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Figure 4.1-12. Three months of data from the total station (prism in the graben area). Time period: September 21
to December 21.

4.1.3.5 Crackmeters

Four crackmeters (small extensometers) were installed in the upper parts of the Aknes
landslide in 2009 to measure movement across small cracks. Their position is shown in Figure
4.1-7. Crackmeters 2 and 3 are at the same location but measure in different directions. A
measuring period of 14 months is shown in Figure 4.1-13 (January 2009 — March 2010).

The crackmeters only measure across small extensional features and therefore do not capture
the total displacement of the landslide. Crackmeters 3 and 4 measured up to 3 mm contraction
while Crackmeter 2 measured about the same amount of extension. Crackmeter 1 measured a
very small extension. The contraction took place primarily in the spring and summer 2009,
while the extension seems most pronounced during the autumn. During the winter all the
sensors measured only minor changes. The measurements show that the cracks are active, but
without a clear trend of expansion or contraction.

The crackmeters have the potential of recording spreading activity in smaller cracks, which
may be important for the landslide dynamics. Although they record very small amounts of the
total movement, they are suited for automatic SMS messages and alarms. Due to the fact that
they only capture local movements and that the movement can be larger than they can expand,
they will be difficult to use in the late stages of an event. The crackmeters are small and not
robust, so we have experienced problems in the winter.
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Figure 4.1-13. Measurements of the four crackmeters during a 14-month period.

4.1.3.6 Tiltmeters

Several tiltmeters have been placed on the Aknes rockslide. It is not evaluated here as we
need more time to evaluate the use of the tiltmeters in terms of studying the dynamics of the
rockslide and the potential use for SMS messages.

4.1.3.7 DMS column - displacements

Three 200 m deep core boreholes were performed at Aknes. DMS columns of different length
have been used for the investigation of subsurface displacements and later for continuous
monitoring. Figure 4.1-11 and Figure 4.1-14 show some of the data from the upper borehole.
It now consists of 120 m long columns in the upper and middle sites and a 100 m long system
at the lower site (location in Figure 4.1-7). The system measures displacement or tilt for every
meter, in addition to water pressure and temperature. The DMS instrumentation is important
in the investigations, as it provides information about sliding planes in depth.

Figure 4.1-14 shows the differential south-north displacement measured over the last year.
The main sliding plane is clearly defined to 49 m depth, with a southward displacement of 25
mm/year. The total 2D displacement (south-southwest) is 35 mm/year.

The DMS instrumentation is very important to the early warning system as it is connected to
real-time alarm functions. The signal to noise ratio is very low, with noise in the order of 0.3
to 0.5 mm.
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Figure 4.1-14. Differential displacement in south-north direction in mm (south: main downhill direction)
measured in the DMS column in the period: 30™ November 2010 to 30" November 2011. The blue line shows
the water level the 30" of November 2011.

4.1.3.8 DMS column — water level

The water level data is an important part of the monitoring system, and piezometers are
placed in all DMS columns. The water level in the upper borehole is shown in Figure 4.1-11.
It demonstrates the close relationship between the water level and displacements.

The piezometer data are used in the early warning system as we move to blue alarm level,
with a water level increase of 1 m/day or 4 m/week.

4.1.3.9 Meteorological station

A meteorological station is located in the upper part at the upper bunker (Figure 4.1-7). It
records air temperature, wind speed and direction, precipitation, humidity and snow depth.
Average daily temperatures and daily precipitation can be seen in Figure 4.1-11. High
precipitation or snowmelt events lead to an almost immediate increase in water level that
affects the displacement.

Project No.: 226479 Page 144 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

The data are used in the early warning system as we move to blue alarm level when
precipitation exceeds 70 mm/day or 200 mm/week.

4.1.3.10 Microseismic network

A small microseismic network composed of eight 3-component geophones are located in the
upper part of the Aknes rockslide (see location in Figure 4.1-7). The system has been
operational since 2005, with real-time data transfer and processing. Also, a broadband station
(seismograph) is located in the middle part of the slope. Microsesimic events on the slope are
associated with rockfalls, small-scale rockslides and the general movement of the entire
instability. An acceleration of the slope will increase the microseismic activity.

The data is published on an open webpage (see example of one-month plot in Figure 4.1-15).
The cumulative amplitudes of the events are thought to be associated with an increase in the
number of and/or the magnitude of seismic events. The data shows the increase of event
magnitude in the spring very nicely (Figure 4.1-16).

The implemented seismic system has shown to be robust and of high reliability. The data
gives supplementary information that is important during increased displacements.
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Figure 4.1-15. Plot of the daily number of microseismic events during 1 month.
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Figure 4.1-16. Cumulative amplitude of reviewed events in the period January 2006 to July 2011.

4.1.4 END-USERINVOLVEMENT AND ALARM CHAIN

The total early warning system for the Aknes rockslide and other monitored rockslides in
Norway involves all responsible partners or end-users that may be affected by the potential
rockslide and tsunami. A systematic end-user involvement includes local, regional and
national levels, the police, and all other sectors like road authorities, health authorities, the
coast guard, power companies, etc. A national emergency plan is being implemented to secure
the communication chains and quality of the system. National tests have been organized,
including both table-top and field-based.

The early warning levels are based on the velocity level and the stability situation at the
monitored sites (Figure 4.1-17). The normal situation at Aknes is the green level, with
movements typically about 0.1-0.2 mm/day (Figure 4.1-17). The next higher level (blue)
comes into effect when the velocity increases substantially due to seasonally wet weather. The
yellow level is reached when the velocity increases beyond the seasonal fluctuations. The
orange level comes into effect when movements accelerate, and the red level is reached when
a catastrophic failure is imminent, at which time an evacuation is ordered. Specific actions are
implemented for the different warning levels and involve the Early Warning Centre, police,
county governor, municipalities, road authorities, coast guard, and power companies.

The operational system is based on the following routines: (1) daily check of all sensors and
data by the geologist on duty; (2) daily technical checks by the technical person on duty; (3)
mobile phone text messages (SMS) on data acquired from selected sensors and technical
system failures; and (4) long-term contracts with monitoring companies that have different
operational responsibilities.

The use of the SMS and e-mail messages is difficult due to the different types of noise in the
data. It is important to use thresholds that do not result in too many false alarms but rather
provide warning of real events. SMS messages are never used alone to change warning levels,
but provide important support for the people on duty. One of the challenges is that sensors
with large noise levels, for example the single lasers, create a large number of messages and
cannot be used alone to raise the warning level.
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The detailed communication chain structure between the Early Warning Centre, the
responsible organizations, and all involved partners is written in detailed documents and
plans. The Early Warning Centre has the responsibility to inform the responsible organization
when the early warning level is changed. The county governor has the responsibility for the
coordination during the yellow and orange levels, while the police take over this role during
the red level. The implementation of warnings and evacuation is done by the police. Two
different methods are used to issue warnings. First, a system of phone messages is generated
based on a continuously updated database, in addition to automatic SMS messages based on
regional coverage from the mobile network companies. Second, an electronic warning siren in
all the villages situated in the tsunami hazard zone can be activated.
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Figure 4.1-17. Early warning levels for the Aknes rockslide and tsunami.

4.1.5 SUMMARIZED EVALUATION OF PARAMETERS

The total design and implementation for the monitoring system and related early warning
issues are complete for the Aknes rockslide. It is our opinion that the system is operating well,
has reduced the risk to an acceptable level, and fulfills the requirements of national codes.

It has shown to be a near-coupling between the different monitored parameters, like
meteorological data (precipitation/snowmelt), different surface displacement data (GPS, total
station, laser, extensometers), seismic events (microseismic network), subsurface
displacements (DMS column) and water level (piezometers). The seasonal fluctuations are
evident in the dataset, with increased surface and subsurface displacements during heavy
rainfall and/or snowmelt producing higher water levels (Figure 4.1-11).

The change in alarm levels are always based on data from a combination of sensor types, and
includes an overall evaluation of the stability. The geoindicators used for this purpose are
grouped under “primary” and “supplementary”.

Project No.: 226479 Page 147 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

Primary indicators:
e Surface displacements (velocity and acceleration): GPS, total station, extensometers,
lasers, crackmeters
e Subsurface displacements: DMS columns (inclinometers)
Supplementary indicators — sensors:
e Water level: piezometers in DMS column
e Precipitation and snowmelt: meteorological station
e Seismic events: seismograph and a microseismic network

The velocity thresholds for defining alarm levels are different from instrument to instrument,
and also differ according to the time period over which the data are evaluated. Extensometer
data over a period as short as one hour can serve as the basis for a warning, whereas data from
the total station and GPS are assessed over a longer period due to larger fluctuations and
noise.

In conclusion, the most reliable and important data for evaluating alarm levels are the GPS
network, robust extensometers, and DMS columns.

Considerable effort has been put into the instrumentation of the Aknes rockslide. It has been a
challenge to instrument with the risk of rockfall and snow avalanches. Parts of the slope are
also inaccessible during the winter. All the instrument sensors are working and give the
monitoring centre continuous data, however bad weather is a major problem for getting good
quality data from the laser systems and the total station.

Future outlook includes building a more complete model of the rockslide, which combines all
new measurements of displacement with structural information, geophysical measurements
and borehole data. This will improve our understanding of processes and mechanisms of
failure, which will give us better confidence in forecasting a rockslide event. Furthermore, a
significant task for the monitoring centre is to maintain all instruments and systems in good
working order, to ensure timely early warnings can be given. Due to problems with the upper
borehole, a new borehole will be performed in 2012.
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ABSTRACT

Monitoring results from the Ampflwang test site are presented. This site is an active shallow landslide, activated
in spring 2010 within an older deep-seated rotational landslide. During a period from December 2010 to
September 2011, displacement and soil temperature, measured by means of a DMS system, compared to
resistivity and self-potential monitoring (GEOMON*), and air temperature are presented. High-resolution
displacement monitoring has proven to be an efficient way to monitor displacements and to issue early warnings.
The results showed that the availability of at least hourly data is a necessity. However, to derive information
about related triggering processes, correlation with other data is necessary. For this purpose precipitation and
resistivity monitoring proved to be supplementary and very efficient in this case. After half of the survey period,
this landslide obviously stabilised. To derive a more detailed understanding of the behaviour of this landslide and
to decide if the stabilisation is permanent, a longer survey period would have been necessary.

Presented parameters: displacement, velocity, groundwater level, precipitation, air temperature,
soil temperature, resistivity, self-potential.

4.2.1 GENERAL DESCRIPTION OF THE TEST SITE

The Ampflwang monitoring site represents a recent landslide formed after a house
construction within the area of an old deep-seated landslide. It is situated at the limit of
Ampflwang town in the Hausruck Hills in northwest Austria.

Geological and geomorphic settings

The deep-seated landslide developed mostly in quaternary colluvium (slope and old
landslide deposits) and anthropogenic deposits situated above the underlying Upper
Tertiary rocks, i.e. fluvial gravels of Hausruck formation (HF) at the top, limnic to fluvial
coal-rich clay with brown coal beds of Ampflwang formation (AF) in the middle, and in
marine silty-sandy marl to silty sand of Ottnang formation (OF) at the base. The slope
deposits originated from those Tertiary host rocks.

The surrounding area of the monitored active landslide is comprised of a deep-seated
rotational landslide. This dormant landslide is about 650 m long and 900 m wide, with
an estimated depth of failure about 20-30 m b.g.l. The typical geomorphic features are a
head scarp up to 10-15 m high, back-tilted flats with some pseudokarst dolines, and
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smooth pressure ridges and other hummocks. The area was influenced by brown coal
mining, thus some of the dolines could have originated from undermining and suffusion.

Figure 4.2-1. Situation at the Ampflwang monitoring site: (A) Orthophoto with the marked landslides and
geoelectric monitoring profile, and (B) Geological map of the site: AD - Anthropogenic deposit, SD - Slope
deposit due to solifluction (Wiirm to postglacial), GsD - Mostly gravel slope deposit due to solifluction
(Wiirm to postglacial), HF - Hausruck formation (fine to coarse gravel in coarse to fine sandy matrix,
fluvial), AF - Ampflwang formation (clay, coal-rich clay, brown coal beds, sand, occasionally with gravel,
limnic to fluvial), OF - Ottnang formation (silty-sandy marl to silty sand, massive or indistinctly bedded,
marine). Source of maps: Application GoogleEarth and Geological Survey of Austria

Characterization of the site

The reactivated part, as recognized by topographic changes and inclinometric data, is
about 110 m long, 40 m wide and about 4 m thick. It is a shallow rotational-translational
landslide of an elliptic shape and has quite smooth topography. It is in the initial
evolution stage. However, a newly constructed family house was partly damaged by the
crown of the landslide in 2010. The monitoring of the reactivated landslide involves fully
remotely-controlled continuous DMS and GEOMON*® techniques.

Description of the history of the mass movement

The entire area north of the town of Ampflwang was affected by a deep-seated landslide in
the Holocene. However, there is no information available about other distinct past activity and
historical events. Despite a quite high landslide hazard, new houses were built within the area
of this old deep-seated landslide in past decades.

In March 2010, following snow melting and heavy rainfalls, a shallow landslide was triggered
in the vicinity of a newly constructed house in the central part of the old landslide (Figure
4.2-1 and Figure 4.2-2). It significantly damaged the surrounding of the house, i.e.: parking
lot, terrace, water and power supply, waste pipe, and endangered the entire house by
retrogressive reactivations. Therefore, a monitoring system was implemented in cooperation
with the geotechnical bureau of Moser/Jaritz, C.S.G. and the Geological Survey of Austria in
order to investigate the behaviour of the landslide and its triggering in more detail, and to
develop an optimized strategy for site-specific remediation measures. Due to the ongoing
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displacement, this site was selected as one of the test sites for the SafeLand and Temple
projects.

Figure 4.2-2. Damage of a newly constructed house caused by the shallow landslide in March 2010. The
landslide has been monitored since then for displacement and geoelectric parameters (Foto: J. Gaisbauer)

4.2.2 DESIGN OF THE MONITORING NETWORK

The monitoring system at Ampflwang site consists of two DMS monitoring columns and a
GEOMON™ resistivity and self-potential monitoring instrumentation. Immediately after the
event in March 2010, five core drillings were performed. Due to the high hazard (directly
endangered family house), a simple manual inclinometric monitoring was started soon after
the first event. In December 2010 a permanent, fully automated monitoring system consisting
of two DMS columns and a geoelectric monitoring device were installed. One of the DMS
columns was installed upslope of the house (column 1) where previously no displacements
could be detected, whereas the other one was positioned close to the expected crown of the
landslide downslope of the building (column 2). The geoelectrical profile was installed inside
a shallow drainage trench downslope of the house and close to the second DMS column.
Later on, geoelectrical measurements were performed along two profiles to investigate the
surrounding area of the landslide.

Figure 4.2-3. Situation at the Ampflwang monitoring site: DMS column located below the orange box and the
trench with the GEOLMON™ cables (left) and part of the cable situated on the ground surface (Photo: Ivo
Baron).

s
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The DMS columns consisted of tilt/displacement, temperature and piezometric sensor
modules and they registered displacement data on an hourly basis down to the depth of 5 and
7 m b.gl. respectively. The transversal geoelectric GEOMON' profile comprised 60
electrodes at a spacing of one meter. The precipitation data was taken from the weather
station of Wolfsegg, courtesy of the Central Institute for Meteorology and Geodynamics
(ZAMG) under the cooperation contract between GSA and ZAMG.

The monitoring data are sent via GPRS to the GSA and C.S.G. office in order to be analysed
and interpreted.

4.2.3 ANALYSIS OF MONITORING DATA

4.2.3.1 Displacement (GSA)

Measureable displacements were only registered in the borehole situated below the building
in the upper part of the landslide (Figure 4.2-3). The inclinometric record of cumulative
displacement along the N-S plane is presented in Figure 4.2-4. A quite sharp slip surface was
registered between a depth of 3 and 4 m b.g.l. with a general direction of movement towards
SSW (Figure 4.2-5). The converse movement below is most probably due to the fact that the
inclinometer module (1 m long each) between 3 and 4 m b.g.l. is rotated around a pivot
between these depths, and the deeper part of the module is forced to move against the slope
movement inside the tube with some effect on the module below. However, based on these
inclinometric measurements the slope could be considered as stable below the depth of 4 m.

Figure 4.2-6 shows the time series of the total displacement over the whole monitoring period.
The one major event occurred from January 13™, 01:16 h (CET) to January 15" 2011, 10:16 h
(CET) after a period of snowmelt and intense rainfalls (labelled as the “January 2011 event”
or “Event 1” in Figure 4.2-6). The total displacement reached 18.48 mm in 58 hours, the
maximum velocity was up to 0.88 mm/h, and the average velocity was about 0.32 mm/h. The
graph of cumulative displacement, velocity and acceleration from hourly DMS measurements
and their eight-hour running averages are presented in Figure 4.2-7. Generally, evaluating
from the eight-hour running averages, the acceleration rose in the first part then in the middle
of the event the mass decelerated immediately. After this short event, the mass showed a
small and quite constant displacement, except during four other relatively small events
(Figure 4.2-6) of increased acceleration. Most of them (except event 2) were related to
rainfalls. After mid-July the velocity decreased to almost zero. It is worth mentioning that
most events (except event 5) happened during the winter and were preceded by longer periods
of positive temperatures, most probably related to increased water inflow into the landslide
body due to snow melting. Although the spring and summer brought quite frequent and
intense rainfalls, neither of these events triggered a comparable acceleration to that of event 1.
Consequently, from the data available from the survey period, we could either conclude that
the landslide finally mostly stabilised after event 4, or that pre-loading of the mass by snow
melting prior to rainfalls is necessary for the triggering of this slide. Only a longer survey
period could decide between those possibilities. However the monitoring device had to be
removed due to remediation measures at the location of the system.
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Figure 4.2-4. Inclinometric record of cumulative displacement along the N-S plane in the DMS borehole at the
Ampflwang site registered from December 2010 to September 2011.
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Figure 4.2-5: Polar diagram of the inclinometric record of cumulative displacement in the DMS column below
the building at the Ampflwang site registered from December 2010 to September 2011.
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Figure 4.2-6. Graph of cumulative dlsplacement (dark green), compared to total daily precipitation (blue,
courtesy of the Central Institute for Meteorology and Geodynamics (ZAMG)), to calculate acceleration (wood
green, absolute value [mm/h2]), and air temperature (orange) registered at the Ampflwang site between
December 2010 to September 2011.
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Figure 4.2-7. The “January
hourly DMS measurements (transparent colours) and their eight-hour running averages (in full colour).
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4.2.3.2 Soil temperature

Figure 4.2-8 shows the results of temperature monitoring at different depths. The results show
no relevance to the movement of the landslide below the depth of 1 m. Only seasonal
variations can be recognised. The minimum temperature can be detected in early March at a
depth of 1 m and is delayed to mid-July at a depth of 7 m. However no anomalous events can
be identified. In any case, recording of temperature variations is important for the
interpretation of resistivity measurements since they depend significantly on that value. The
available results from this test site suggest that for depths below 4-5 meters the influence of
temperature on resistivity is negligible.
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Figure 4.2-8. Measurements of temperature at different depths measured inside the DMS column, upper graph
showing all depths and lower graph only displaying results from deeper levels (different scales for better
resolution used)
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4.2.3.3 Resistivity

Resistivity measurements were performed along one profile close to the DMS column 2. One
set of data comprising around 4000 gradient-type measurements was taken every four hours.
For the power supply, a connection to the local power grid was installed. The data was sent
every day to the GSA office, where the results were checked for quality and time sequences of
apparent resistivity and inversions were automatically generated each day. Figure 4.2-9 shows
the display of all performed measurements for the entire survey period. This general plot is
used to observe the performance of the system and to detect general tendencies and
dependencies on precipitation (plotted at the left side of the Figure 4.2-9). Colours indicate
normalised variations to the starting value of apparent resistivity. It very clearly indicates a
general decrease of resistivity reflected in almost all measurements after major rain events. In
displacement events 1 and 3, a decrease of resistivity can be recognised even some time
before the rainfall event, most probably due to increased water infiltration because of
snowmelt and/or thawing of the top soil layers. Additionally, seasonal variations (increase of
resistivity in spring and decrease of resistivity in summer) can clearly be observed.
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Figure 4.2-9. Display of all performed measurements for the entire survey period; colours indicate normalised
variations to the starting value of apparent resistivity.

Figure 4.2-10 shows the time series of selected apparent resistivity values in correlation with
precipitation and displacement whereas Figure 4.2-11 gives a close up look at the winter and
spring period, during which all major displacement events took place. From these figures it is
obvious that most of the major rain events were accompanied by a resistivity decrease. To
investigate the dependencies in more detail, we will focus on the data from selected periods.
Figure 4.2-12 and Figure 4.2-13 show details of the period of the major displacement event
that took place on January 13™ 2011. Resistivity values already start to decrease around
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January 8™ most probably due to additional inflow of water from snow melting. This trend
continues until a first short rainfall on January 12™ after which the decrease accelerated.
Following the start of an intense rainfall after midnight on January 12", apparent resistivity
decreased further until around 4 o’clock when the landslide started to move again with
increased speed. At around 16 o’clock, after the main acceleration phase, resistivity started to
increase rapidly although precipitation continued with less intensity for almost one day.

Data from events 2 and 3 in February (Figure 4.2-14 and Figure 4.2-15) show quite similar
behaviour. Resistivity started to decrease in the afternoon of February 4™ and 5™, thus starting
to speed up the landslide on the 5™ without any influence from the rainfall. Again, the reason
could be snow melting. The resistivity decrease took place before and during the acceleration
phase. During the period of constant (but increased) speed of the landslide, resistivity also
became constant on an average until after the first rainfall took place in the morning of
February 11", Interestingly, during the first hours of rainfall on the 12" the landslide slowed
down, indicated also by a short increase of resistivity. After that, resistivity started to decrease
significantly until 14 o’clock when the landslide started to speed up again. During the
acceleration phase, resistivity values became almost constant and started to increase again
after the major acceleration phase on February 13™,

Figure 4.2-16 and Figure 4.2-17 show the results from event 4 in March 2011. No additional
influence from snow melting can be assumed for this period. However, apparent resistivity
values started to decrease several days before the event on March 10" which eventually
correlated with a small rainfall. A sharp decrease in resistivity started at 18 o’clock on the 17
for surface values, and at 6 o’clock on the 18" for deeper soil layers. The decrease continued
until the acceleration of the landslide, when a smooth increase of resistivity started.

Figure 4.2-18 shows the time lapse inversion results of the resistivity data measured between
the 11" and 16™ of January. For reference, compare the results with Figure 4.2-13. Hardly any
resistivity change took place until 4 o’clock in the morning of January 12, Until 8 o’clock on
the same day, however, a very local resistivity decrease could be determined around profile
distances 18 and 30 which disappeared again until intense precipitation started after midnight.
The results at 4 o’clock in the morning of the 13" show a general decrease of resistivity in the
very shallow part of the subsurface. The wetting front successively penetrated to greater
depths until 16 o’clock (to the depth of the sliding plain at four meters, as determined by the
DMS system) and the largest decrease of resistivity was reached. This period of maximum
decrease in resistivity very well correlates with the period of maximum acceleration of the
landslide. After that the subsurface resistivity increased again until 4 o’clock on the 14"
when only an isolated anomaly was left, eventually correlating with the position of a drainage
pipe. Also, in that period the speed of the landslide first decreased smoothly and then rapidly
after the morning of the 15™. However, this final rapid decrease of speed was not visible in
the resistivity data.

Based on the results described above, we can conclude that decreasing values in the time
series of apparent resistivity definitely correlate with the penetration of wetting fronts into the
subsurface due to rainfall or snowmelt events. However, no information could be derived
about landslide movements triggered by rainfalls, since no acceleration event was monitored
in the late spring and summer when even more intense rainfalls took place. The reason could
be that the landslide generally stabilised during that period. Further facts to understand this
behaviour could only be derived if the monitoring were to continue for another year, which in
this case is not possible.
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In any case, it can be concluded that resistivity monitoring can help to map the subsurface
processes that accompany the triggering of a landslide. Thus resistivity monitoring very
efficiently supplements automatic displacement measurements (which provide only point
information) by providing additional facts about ongoing subsurface processes, and therefore
it could support decision-making nicely in the case of emergencies. Finally, one observation
must be made which may bring about ideas for better interpretation in future; in the above
case, movements were only triggered during periods of general resistivity increases
(correlated with a temperature decrease equal to thawing between low temperature periods).

In the spring and summer when resistivity showed a general decreasing trend, no movements
were triggered.
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Figure 4.2-10. Display of displacement (red), precipitation (blue; courtesy of the Central Institute for
Meteorology and Geodynamics (ZAMG)) and apparent resistivity at different relative apparent depths (green: 1
m; purple: 2 m; orange: 4 m) for the whole survey period.
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Figure 4.2-11. Display of displacement (red), precipitation (blue; courtesy of the Central Institute for
Meteorology and Geodynamics (ZAMG)) and apparent resistivity at different relative apparent depths (green: 1
m; purple: 2 m; orange: 4 m) in the winter/spring period.
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Figure 4.2-12. Display of displacement (red), precipitation (blue; courtesy of the Central Institute for
Meteorology and Geodynamics (ZAMG)) and apparent resistivity at different relative apparent depths (green: 1
m; purple: 2 m; orange: 4 m) for the time around the major displacement event (event 1) in January 2011.

e shaiaieae s T e TR e e

Project No.: 226479 Page 161 of 382
SafeLand

— T
N apgena &



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

Prcipititsy [ |16 ]
Displacement [rmm]

1 ) ]

Figure 4.2-13. Display of displacement (red), precipitation (blue; courtesy of the Central Institute for
Meteorology and Geodynamics (ZAMG)) and apparent resistivity at different relative apparent depths (green: 1
m; purple: 2 m; orange: 4 m) for the time around the major displacement event (event 1) in January 2011; close-
up detail of the major event.
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Figure 4.2-14. Display of displacement (red), precipitation (blue; courtesy of the Central Institute for
Meteorology and Geodynamics (ZAMG)) and apparent resistivity at different relative apparent depths (green: 1
m; purple: 2 m; orange: 4 m) for the time around event 2 and 3 in February 2011.
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Figure 4.2-15. Display of displacement (red), precipitation (blue; courtesy of the Central Institute for
Meteorology and Geodynamics (ZAMG)) and apparent resistivity at different relative apparent depths (green: 1
m; purple: 2 m; orange: 4 m) for the time around event 3 in February 2011; close-up detail.
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Figure 4.2-16. Display of displacement (red), precipitation (blue; courtesy of the Central Institute for
Meteorology and Geodynamics (ZAMG)) and apparent resistivity at different relative apparent depths (green: 1
m; purple: 2 m; orange: 4 m) for the time around event 4 in March 2011.
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Figure 4.2-17. Display of displacement (red), precipitation (blue; courtesy of the Central Institute for
Meteorology and Geodynamics (ZAMG)) and apparent resistivity at different relative apparent depths (green: 1
m; purple: 2 m; orange: 4 m) for the time around event 3 in March 2011; close-up detail.
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Figure 4.2-18. Time lapse inversion result of resistivity measurements for the period between January 11 and

16™. Resistivity changes are calculated to a reference measurement on January 11™ at 4 o’clock.
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4.2.3.4 Self-potential

Figure 4.2-19 shows the results of a selected self-potential time series over the whole survey
period. It shows a quite obvious correlation of SP anomalies with rainfall events until the end
of May 2011. After that period the correlation could no longer be detected. Moreover, the
major displacement event in January is correlated with a very large SP event, which is more
than five times larger than every other anomaly. Figure 4.2-20 shows the results of that period
in more detail. The sharp decrease of SP in the morning of January 12" exactly correlates
with the appearance of the resistivity decrease that is an isolated anomaly, visible in the
inversion results after January 12" at 8 o’clock (Figure 4.2-18) — almost one day before the
triggering of the landslide.

Event 2 and 3 in February are both correlated with a small decrease in SP immediately before
the triggering, which is accompanied by an increase in SP during the major acceleration phase
(Figure 4.2-21). The results of event 4 (March, Figure 4.2-22) again show an increase in SP
before triggering time.

To conclude, it is obvious that a major SP anomaly was correlated with the only significant
triggering event. However this anomaly developed in correlation with a very local resistivity
anomaly and could only be detected in that area. Since one of the drainage pipes is located
close to this location, the SP as well as the resistivity anomaly might be correlated with an
inflow of water along this drainage pipe.
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Figure 4.2-19. Results of inclinometric and self-potential monitoring and precipitation (courtesy of the Central
Institute for Meteorology and Geodynamics (ZAMG)) for the whole survey period.
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Figure 4.2-20. Results of inclinometric and self-potential monitoring and precipitation (courtesy of the Central
Institute for Meteorology and Geodynamics (ZAMG)) for the event in January 2011.
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Figure 4.2-21. Results of inclinometric and self-potential monitoring and precipitation (courtesy of the Central
Institute for Meteorology and Geodynamics (ZAMG)) for the event in February 2011.
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Figure 4.2-22. Results of inclinometric and self-potential monitoring and precipitation (courtesy of the Central
Institute for Meteorology and Geodynamics (ZAMG)) for the event in March 2011.

4.2.4 END-USER INVOLVEMENT AND ALARM CHAIN

In this case, although automatic warning messages were sent to GSA personnel, only a
manual communication by phone was set up with the owners of the house and the responsible
civil engineering company as this monitoring was not set up for early warning purposes, but
rather for scientific research and to plan future remediation measures in detail. However, this
kind of alarm chain proved to be sufficient in this case. The end-user additionally supported
GSA during the installation of the system, provided manually measured data (outflow of
drainage system), and performed some maintenance tasks.

4.2.5 SUMMARIZED EVALUATION OF PARAMETERS

High-resolution displacement monitoring has proven to be an efficient way to monitor
displacements and to issue early warnings. The results showed that the availability of at least
hourly data is a necessity. However, to derive information about related triggering processes,
correlation with other data is necessary. For this purpose, precipitation and resistivity
monitoring proved to be supplementary and very efficient.
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ABSTRACT

The Ancona site represents a large and deep landslide, which affected the city of Ancona on December 13",
1982, ten years after a distinct earthquake in this area. The landslide occurred in the lower and middle Pliocene
clays of the Tavernelle sincline. The early warning system and an Emergency Plan of the Ancona City were
established in 2008 after a regional law was issued in 2002. The core of the monitoring system consists of seven
Automatic Robotic Stations with 230 reflector points; 26 geodetic GPS; eight geodetic GPS (dual frequency);
and seven high-precision clinometric sensors, complemented with the automated inclinometers, thermometers
and piezometers of DMS in three boreholes up to 100 metres deep, and with the GEOMONP situated in the
lower central portion of the landslide installed in April 14™, 2011. This report sumarizes the analysis of the
DMS, GEOMON™, and hydrological monitoring results from 2011 and 2012. In order to understand the link
between rainfall, water table and displacements, an analysis on the delay time between them was performed. A
major rainfall occurred from 27/02/2011 to 03/03/2011 with a cumulative precipitation of 161.8 mm. The
groundwater level started to rise about 30 and 31 hours later, and a micro-reactivation occurred about one month
later in the depth of 67-68 m b.g.1., and about 2.7 months later in the depth of 91 to 92 m b.g.l. The latest
displacement event could be delayed after the rainfall event due to greater volume of the mass, or caused by
settlement. The study of geoelectric parameters was significantly influenced by external noise and the analysis of
this effect is presented.

Presented parameters: displacement, velocity, groundwater level, precipitation, resistivity, self-
potential.

4.3.1 GENERAL DESCRIPTION OF THE TEST SITE

The Ancona site represents a large and deep landslide, which affected the city of Ancona
located on the east coast of the Adriatic Sea on December 13", 1982 (Cardellini and Osimani
2010). The northern part of the city at the Montagnolo Hill slid towards the sea (Figure 4.3-1).
The 1982 landslide caused extensive damage to structures and infrastructure, such as the
University Medical Faculty, the local hospital, main road, and the railway line running
parallel to the coast (Anon, Cotecchia; both in Cotecchia 2006). About 3000 people were
evacuated, gas and water supplies were interrupted and the city was without elementary
services for days (Cardellini and Osimani 2010).

Geological and geomorphic settings
The town of Ancona is situated between two major geological structures: the Tavernelle
sincline and the Conero anticline, both related to the tectonic compressive evolution of the
Adriatic Foredeep. The NE-SW transverse faults (Borghetto and Posatora faults) and the EW
normal faults with an anti-Appennine strike have been activated since the lower Pleistocene.
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These faults form the contact between the lower and middle Pliocene clays (Cotecchia 2006)
in Ancona.

P S pem———

Figure 4.3-1. General view of the Ancona monitoring site.

The area is tectonically active and it has been affected by several earthquakes since 1972. In
particular, the earthquake of June 14™ 1972 caused deep jointing of the clayey rock; natural
trenches originated on the north slopes of the Montagnolo Hill (Cotecchia 2006). The joints
and trenches were probably the main factor in subsequent water infiltration and sinking to
deep parts of the host clayey rock, and thus could be considered the main controlling factor of
the landslide event that occurred 10 years later.
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Figure 4.3-2
Figure 4.3-3. Geomorphic and geological sketch of the great landslide of Ancona and the cross section
(modified after Cotecchia 2006).
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Characterization of the site

The 1982 landslide involved about 180 million m® of Lower and Middle Pliocene
homogenous and well-stratified marly clays and clayey marls with a high silt content, and
rarely with the presence of thin sandy beds, and covered an estimated area of 2.2%¥10% m?
(Cotecchia 2006) in a slightly elliptical shape (Figure 4.3-3). It is a rotational-translational
very deep-seated landslide with the maximum depth of the sliding zone down to 120 m b.g.1.
(Cotecchia 2006). The head scarp of the entire original slope failure is about 80 m high. The
upper part of the landslide body is comprised of several blocks separated by trenches and
scarps. The lower part of the body is relatively steep and it was affected by subsequent
rotational landslides. The landslide toe is not distinct because it is situated below the level of
the Adriatic Sea.

Description of the history of the mass movement

The first records of cracks and jointing occurrence were recorded in 1773, in the area of the
future landslide. Another documented event happened in 1858, when a landslide occurred in
the eastern portion of the future landslide. In 1919, both the Montagnolo Hill and the Barducci
superficial slides were seen to share a common deep-seated sliding surface (Crescenti et al.
1983).

On June 14", 1972 at 18:55 p.m. (GMT), the city of Ancona was hit by a particularly strong
earthquake (magnitude M= 4.7) with a focal depth of 15 km (UNESCO 1974). As a direct
consequence of the earthquake, a deep-seated jointing and bedrock separation into blocks
occurred in a major portion of the future landslide area.

On December 13", 1982 the stronger event took place. The main triggering factor was a
period of six days of uninterrupted rainfall.

In 2000, the geological and geotechnical surveys related to the landslide concluded that the
most effective solution for slope remediation would be a massive consolidation of the slope.
However, the consolidation was considered not feasible because of the relevant environmental
impact and high costs (Cardellini and Osimani 2010).

Aiming at reducing the risk for inhabitants, the local authority of the Marche Region carried
out a series of alternative remedial works consisting of bulkhead reinforcement and a
superficial and subsurface drainage system. The authority made a special law for the people
still living in the landslide area, giving the local administration the responsibility of creating
an early warning system and an emergency plan.

In early March 2011, a heavy rainfall event occurred over several days in the whole Marche
Region. A landslide isolated 20 families in the local village of Sappanico near Ancona, and
another slide invaded the local road from Ancona to Portonovo, resulting in its closure
(Boccanera et al. 2011). The local meteostation of Ancona registered a cumulative rainfall of
161.8 mm in about five days (between February 27" and March 3™). Since the DMS columns
are multi-parametric, it was possible to compare the rise of the water table with the micro-
movements registered in depth. In column DMS 1 a delay of 30 hours was calculated between
the start of the rainfall and the water table’s rise to 4 m. Finally a micromovement of 5 mm
occurred a month later (between March 29™ and April 5) at 67-68 m b.g.l. The same
happened on column DMS 2, where the water table’s rise (of 2.5 m) occurred 31 hours after
the rainfall event, and three displacement events of about 5-7 mm were registered a month
later (from February 26™ until March 4™) at 80-81 m, 61-63 m and 36-37 b.g.l. This data
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allow the implementation of a forecasting model and the evaluation of the hazard level in
function of a multi-parametric instrument like the DMS.

4.3.2 DESIGN OF THE MONITORING NETWORK

The early warning system and the Emergency Plan of the Ancona City were established in
2008. The core of the monitoring system consists of seven Automatic Robotic Stations; 230
reflector points (installed in part on the 64 inhabited houses and on the structures and
infrastructures); 26 geodetic GPS; eight geodetic GPS (dual frequency); and seven high-
precision clinometric sensors, complemented with the automated inclinometers, thermometers
and piezometers of DMS (Differential Monitoring of Stability; patent and trademark CSG-
[taly) that have been installed inside three boreholes up to 100 m deep (Cardellini and
Osimani 2010, 2011).

The geoelectric monitoring system was installed on April 14™, 2011 (Figure 4.3-4Figure
4.3-5). The electrode spacing of the S—N oriented profile is 4 m. The profile is measured five
times a day, and the electrical self-potential (SP) is measured every hour. Electricity is
provided by a 230V power cable. The profile was set up close to the DMS 1 installation site
(Figure 4.3-3). Cables were dug at an approximate depth of 40 cm (Figure 4.3-5). The profile
was planned to monitor variations in the hydrological conditions of the subsurface, since no
major accelerations are expected on this site in near future. The inversion results of
geoelectrical measurements collected along this profile using gradient configuration generally
show very low resistivity values (below 25 Ohmm) (Figure 4.3-6). Only one anomalous
region with a high resistivity of up to 150 Ohmm (most probable an artificial lateral fill) could
be found, marking the edge of the steepest slope. Additional borehole inductivity
measurements proved the existence of very low resistivity values down to a depth of 130 m.
The borehole is located approximately 200 m aside from the geoelectrical profile around
profile distance 212 (approximately 50 m a.s.l.). The log shows relatively high resistivity
values (6-10 Ohmm) from the surface down to 40 m b.g.l. Below 65-70 and 75-85 m, values
decrease to 4.5 Ohmm. Below 90 m, a successive increase up to 7 Ohmm was detected. A
fluid conductivity log could not be measured since the sensor was too lightweight to enter the
fluid-clay mixture in the hole. The logging results fully agree with the outcome of the
geoelectric inversion, as they show few high values within the top layers and low values at the
bottom. Based on the generally low resistivity values we can conclude that the majority of the
volume monitored consists of clay layers with a variable content of sand. The lower resistivity
values below 50 m might be due to the influence of saline water infiltrating from the sea. Due
to the high clay content, groundwater flow will only be possible in more sandy layers along
slipping plains. Therefore, resistivity variations on the monitoring profile are expected to be
small. Assuming a background resistivity of the pore fluid (rainwater) of approximately 20
Ohmm, the impact of precipitation could result in a decrease of subsurface resistivity. At a
certain depth the infiltration of seawater will be dominant, however no direct proof exists.
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Figure 4.3-5. Installation trench of the monitoring profile.
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Figure 4.3-6. Results of geoelectrical inversion along the monitoring profile Ancona.
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Figure 4.3-7. Results of borehole geophysical measurements: gamma log (red), inductivity log (blue), altitude of
top of the hole: 50 m above sea level.
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4.3.3 ANALYSIS OF MONITORING DATA

4.3.3.1 Displacement

In order to understand how rainfall, water table and displacements are linked, an analysis on
the delay time was performed.

Analyzing rainfall events that occurred in Ancona and data from the DMS system, the delay
time between the rainfall events, the rising of the water table level, and the beginning of
micromovements were calculated.

The three largest rainfall events in Ancona since 2008 occurred at the following periods:

From 27/02/2011 at 17:00 to 03/03/2011 at 6:00 with a cumulative rainfall of 161.8 mm

From 27/09/2010 at 15:00 to 01/10/2011 at 9:00 with a cumulative rainfall of 134.1 mm

From 03/03/2008 at 10:00 to 08/03/2008 at 16:00 with a cumulative rainfall of 109.2 mm

For a detailed analysis, the first event, which happened in 2011, was chosen (Figure 4.3-8).
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Figure 4.3-8. Cumulative rainfall in March 2011

The delay time between the precipitation event and the rising of the water table was calculated
from measurements from each of the three DMS columns, and it was evaluated was made of
whether there were displacements soon after the events.

For the first column, called DMS Anconal, the water level started to rise on February 27" at
23:00, 30 hours after the onset of the precipitation event (Figure 4.3-9).

By aligning the column to February 27" (the starting date of the event), it was possible to
detect some micro movements (Figure 4.3-9):

On module 18, depth 67-68 m, from 29/03/11 to 05/04/11, (blue line)

On module 22, depth 63-64 m, from 05/04/11 to 09/04/11, (red line)
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Figure 4.3-9. Water table level and total displacements of DMS_Anconal

As such, it was possible to detect a triggering event between 63 and 68 m b.g.l., appearing one
month after the start of the precipitation event.
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On the second column, Ancona2, the water table level rose on March 1% at 00:00, 31 hours
after the onset of the rainfall (Figure 4.3-10).

The column detected some micromovements occurring after that (Figure 4.3-10):

On module 14, depth 80-81 m, from 26/03/11 to 09/04/11

On module 32 and 33, depth 61-63 m, from 26/03/11 to 09/04/11

On module 58, depth 36-37 m, from 26/03/11 to 09/04/11
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Figure 4.3-10. Water table level and total displacements of DMS_Ancona2
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Figure 4.3-10 presents three triggering events that originated with a delay, like the previous
one.

The same procedure was implemented on the third column, Ancona3. The water level rose on
February 29™ at 23:00, with a delay of 30 hours (Figure 4.3-11).
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Within the analysed period no sensible displacements were detected. Only a very small micro-
event is shown by module 3, between 91 and 92 m b.g.l., from 19/05/11 to 21/05/11. This
displacement could have been triggered by the rainfall event with a very large delay or caused
by settlement.
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In general the analysis of DMS data shows a delay of about 30 hours between the beginning
of the rainfall and the effect on the water table level, and one month of delay on the
occurrence of displacement phenomena.

This data permits the implementation of a forecasting model and the evaluation of the risk
level in function of more parameters, unlike traditional instruments.

It is important to notice that this analysis could not be achieved with only surface systems,
because it was developed based on micro-movements occurring at important depths.

4.3.3.2 Hydrological parameter
Figure 4.3-12 shows the location of sensors of the hydrological measurement network around
the geoelectrical monitoring profile. In 2011 three piezometers (PZCL3, PZBA1 and DMS 1)
and four sensors for discharge measurements (MP4, MP5, MP3, and MP1) were still active
(yellow rectangle).

o e
________

Figure 4.3-12. Location map of monitoring instrumentation used for interpretation (red: points of discharge
measurements; blue: piezometers; orange: DMS (displacement and piezometer)).

Figure 4.3-13 and Figure 4.3-14 show a compilation of all hydrological results for the survey
period 1.1.2011 to 25.2.2012. As the curve of cumulative precipitation shows, two major
rainfall events took place, one at the beginning of March 2011 with a cumulative value of
more that 160 mm, the other at the beginning of February 2012 with around 80 mm. All
piezometers show an increase of water levels during the time of the first major event and
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during most of the minor events during the winter and spring period. Within April 2011 only
PZBAI1 shows an increase in water level correlated with minor rainfalls. After April 2011
until February 2012 no correlation between precipitation events and water levels could be
detected at all. No data is available so far for the February 2012 event. Interestingly, data from
PZBA1 show a significant and abrupt decrease of values before each of the events not
following the general trend of decay at this location. The values of discharge (Figure 4.3-14)
correlate well with almost all precipitation events, even during the summer to winter period,
when piezometers show no anomalies. After the precipitation events, values decay rapidly.
The only anomalous behaviour is shown by the values of MP3 after the major event in March
2011. After a sharp increase during the rainfall, a steady increase of the outflow follows until
the time of the recorded displacement event at DMS 1 (shaded rectangle) when values soon
start to decrease. Since MP3 is located quite close to DMS 1, a correlation between the
triggering of the micro-movements and the increased outflow in MP3 seems to be obvious.
One reason could be the continuous opening of micro-cracks and consequent activation of
sliding planes due to the increased water pressure and correlated larger outflow rates.
However the reservoir seems to be different to that monitored by DMS 1, since the water level
in this hole decays rapidly after the event and no change of its behaviour is detectable after the
displacement event. For events later in 2011, MP3 reacts again in the usual way, i.e. rapid
decay after an event (Figure 4.3-15).

Therefore we can conclude that an anomalous behaviour of MP3 (Figure 4.3-15) after a
precipitation event could be an indication of an impending (micro-) movement.
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Figure 4.3-13. Overview of hydrological parameter 1: precipitation, water levels and temperature; grey rectangle
shows period of increased displacement rates.
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Figure 4.3-14. OverV1ew of hydrological parameter 2: prempltatlon dlscharge
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Flgure 4.3-15: abnormal (left) and “normal” (right) behaviour of outflow at MP3

When we look on the more detailed display of curves (Figure 4.3-16 and Figure 4.3-17), we
see that water levels in PZCL3 and PZBAI1 react almost immediately after the first
precipitation events and reach the value of saturation even before the major phase of
precipitation. On the other hand, MP4 and MP3 react with a delay of 10 h and DMS 1 and
MP1 with a delay of more than 24 h. Therefore, we could conclude that PZCL3 and PZBA1
are more directly influenced by raining water, whereas DMS 1 and MP1, MP4 and MP3
monitor the subsurface water flow.
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Figure 4.3-16. Hydrological parameters: details for the period 20.2.-10.4.2011.
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Figure 4.3-17. Hydrological parameters: details for the period 26.2.-6.3.2011.
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4.3.3.3 Resistivity

Monitoring results from the first year showed that due to the low background resistivity and
the high background noise (very low signal to noise ratio), no stable results (inversion error
without clipping of low quality data > 40 %) could be monitored. Filtering over time
improved the stability of the inversion results; however any reasonable interpretation of
changes remained difficult. Figure 4.3-18 clearly shows that the variations of monitoring
values have increased with drying of the surface soil during the hot summer period.
Amazingly, after an intense rainfall at the beginning of February 2012 data quality improved
significantly (Figure 4.3-19). The inversion error without cutting of values came down below
12 % after the first iteration, a result which was never achieved before on this profile (not
even at the beginning of the monitoring).

Analysis of raw data values (Figure 4.3-20 and Figure 4.3-21) showed that the background
noise remained at the same level (around 50mV), but at many injection dipoles, a much higher
amount of current could be injected which significantly improved the signal to noise ratio.
Therefore we can conclude that for monitoring in a low resistive environment within urban
areas (high noise level), more than 400 mA must be injected to derive a reasonable result.

For the interpretation of the results we conclude that geoelectric monitoring at Ancona site
proved to be very difficult due to the low signal to noise ratio (high noise level in a very low
resistive environment). For a detailed interpretation, a longer observation period is necessary
and special noise-filtering algorithms must be developed. Both are planned within a follow-up
project after the termination of SafeLand.
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Figure 4.3-18. Grid of measured resistivity variations (normalised) with time.
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Figure 4.3-19. Variation of resistivity values (purple, pink, [Ohmm]) with time of selected configurations
correlated with rainfall events.

Project No.: 226479 Page 188 of 382
SafeLand



D4.6 Rev. No: 1
Report on evaluation of mass movement indicators Date: 2012-04-17

Figure 4.3-20. Data samples for one single measurement before (left) and after (right) the intense rainfall at the
beginning of February.

Figure 4.3-21. Data samples for one single measurement before (left) and after (right) the intense rainfall at the
beginning of February.

4.3.4 SUMMARIZED EVALUATION OF PARAMETERS

The monitoring data have demonstrated a general dormancy of the landslide since 2008, both
on the ground surface and in the subsurface. Only micromovements have been recorded in
particular by DMS.

The rain event of March 2011 showed significant variations of the water table increasing at
the same date and time in all three DMS columns.

In future, particular attention will be dedicated to the evaluation of the landslide’s natural and
artificial drainage systems to define in the model the rain events capable of triggering the
overall landslide body.
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ABSTRACT

At the Bagnaschino landslide an early warning system comprised of automatic displacement measurements in
combination with geoelectrical and water level monitoring was installed. Within two survey periods, several
events could be detected and analyzed. The results showed an obvious correlation between heavy precipitation
and the reactivation of the landslide. A correlation between instability and quantity and duration of rainfall could
be derived. The results of geoelectric time lapse inversion and water level monitoring helped to refine the
conception of ongoing subsurface processes. The results highlight the necessity of installing multi-parameter
monitoring networks to support efficient early warning procedures.

Presented parameters: displacement, velocity, groundwater level, precipitation, air temperature,
soil temperature, resistivity.

4.4.1 GENERAL DESCRIPTION OF THE TEST SITE

The Bagnaschino site represents a complex landslide reactivated within an old deep-seated
gravitational slope deformation mass. The main event occurred in November 1994 destroying
part of the provincial road in the Casotto valley.

Geological and geomorphic settings

The old landslide is located on the east slopes of the Casotto valley about 4 km SE of Torre
Mondovi (NW Italy; Figure 4.4-1) and developed in a tectonically densely jointed calcareous-
mica schist and diamictic colluvium superimposed on altered amphibolite and prasinites.
Evident indications of deep-seated gravitational deformation (crowns and scarps, zone of
accumulation of large paleoslides, etc.) suggest that the current slopes are in a condition of
limit-equilibrium and are predisposed to slow instability, triggered most probably by rain
and/or snow melting and river erosion at the foot.
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Figure 4.4-2. Geomorphic and geological sketch of the Bagnaschino landslide and related geological cross
section (Peisino et al. 2009).
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The unit of Bagnaschino, eradicated from the Brianzonese domain (portion of the crystalline
basement) was thrusted over the Villanova formation belonging to the Piedimont domain.
Following this event, a series of brittle tectonic elements was superimposed over the two
formations. The geological structure was studied by several core boreholes. The main rocks,
recognized underneath the colluvium clastic deposit, were intense fractured mica schist and
amphibolite. These rocks reached a high level of metamorphism (green schist). The Villanova
formation lying below is composed of limestone and dolomites characterised by diffuse
karstification (Giuliani et al. 2010).

Characterization of the site

The studied active landslide from 1994 covers an estimated area of 150,000 m? and comprises
a displaced material of 1.2 million m*® (only the flow part). It is a rotational-translational
landslide of an elliptical shape and with a depth of failure at about 8 m b.g.l. It affected
mainly colluvium deposit and mica-schist rocks. The maximum observed velocity of the slide
was about 1 m/year in 2009. The crown of the landslide is situated at an altitude of 637 m
a.s.l., whilst the toe is about 540 m a.s.l. A perched groundwater level was registered at a
depth of about 6.5 m b.g.1., which is probably the main triggering factor of the active sliding
zone. The displacement has performed in distinct relation to rainfall events or snow melting.

The active landslide is part of an older deep-seated gravitational slope deformation (DSGSD),
situated on the east slopes of the mountain ridge elevated about 778 m a.s.l. The DSGSD is
most probably structurally controlled and its base and upper trench follow the probably active
regional thrust fault (Figure 4.4-2). Deep creep movement of the DSGSD has been recognized
about 30-44 m b.g 1.

Description of the history of the mass movement

The entire Bagnaschino DSGSD was recognised and mapped in the frame of the Inventario
dei Fenomeni Franosi in Italia (IFFI) project in 1979. Debris and small boulder falls affected
the road called SP n. 164. However, the main recent event related to the active landslide
occurred in November 1994 after a distinct heavy rainfall event. It caused an interruption of
the SP n. 164 road and also partly dammed the Casotto creek.

Since another reactivation took place in October 1996, a geologic survey began in 1997 in
order to study the behaviour of the slope failure. The road, which was affected by the
landslide, was rebuilt and a protective tunnel was realised.

Later on, the DMS column registered five displacement events, which occurred between the
fall of 2008 and the spring of 2009. These events were clearly triggered by snow melting
and/or heavy rainfalls.

The active landslide endangers a provincial road. The other hazard is related to the formation
of a potential dam.

4.4.2 DESIGN OF THE MONITORING NETWORK

A 60-meter long DMS monitoring column was installed in October 2008. It allowed for the
investigation of several displacement events and GWL variations. The column was removed
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in July 2009, when a maximum displacement of 60 cm was reached, since its operation on
larger displacements could not be guaranteed (Figure 4.4-3). The excavation of the column
made it possible to exactly verify the results of the DMS readings. The whole column could
be recovered and was taken to CSG for repair. A new monitoring strategy was developed so
the system could accommodate the specific local conditions of a fast-moving first layer and
slowly creeping deeper structures, and so the installation would hold for a longer observation
period. The column was separated in two parts. The first column, 20 m in length, was
installed in a separate hole to monitor the shallow and fast displacements. For the second
column, 40 m in length, a hole with a diameter of 1 m was excavated to a depth of 20 m. This
was followed by the usual inclinometric drilling on the downhill side of the 1 m hole, thus
allowing the exact monitoring of the deeper displacements and in case of larger shallow
movements. This second installation was in operation from June 2010. Subsequently, in
October 2010 a geolelectrical monitoring system with variable electrode distances was
installed using the GEOMON technique. The main aim of the monitoring is early warning for
civil protection. Additionally, precipitation data is available from the weather stations Viola
and Pamparato, operated by the Province of Cuneo, and piezometric data is available from the
deep DMS column (although the casing is not perforated) and one automatic station near the
end of the geoelectric profile.

4.4.3 ANALYSIS OF MONITORING DATA

Observation period November 2008-April 2009

=

. ARTRCE
Figure 4.4-3. DMS column installation (October 28™ 2008) an.
(Photo: C.S.G.).
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4.4.3.1 Displacement and precipitation

Correlations between the DMS column and weather data permitted the identification of
critical events that have reactivated the landslide on the sliding surface at 7 m b.g.1., with 30°
NE direction. During the observation period it was possible to continuously monitor different
kinematics and weather conditions (Figure 4.4-4). The DMS column permitted the
investigation of five triggering events and their relative period of stasis, with a clear delay
time after rain events or snow melting. The characteristics of each event are described in what
follows:
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First event: On November 28" 2008 there was the first snowfall (one of the most
intense of the last century in the area) that was followed by some rainy days and
finally by another snowfall on the 13-19™ of December. Over the same days there was
a temperature rise that caused partial snow melting and subsequently, the first
movement read by the DMS column.

Second event: On March 1% 2009 there was a light rainfall followed by a strong
temperature rise (thermal zero moved to 1500 m a.s.]) that caused the second landslide
activation on March 2™ 2009 at 20:03, 37 hours after the rainfall began.

Third event: On March 31% 2009 at 06:00 a strong rainfall began and lasted for a few
days. After 30 hours, the landslide started to move.

Fourth event: This event is linked to several rainfalls that occurred on April 16-22™
2009 and differs from the previous events because of a lower movement velocity
(displacement of about 10 mm).

Fifth event: On April 26™ 2009 the strongest spring rainfall started and after about 29
hours (on April 27" at 08:00) the landslide moved. This heavy rainfall lasted for a few
days; the cumulative displacement was 299.7 mm in only two days. The roll axis on
the involved DMS module reached its saturation angle (tilt>20°), and the further
displacement is calculated with the interpolation of its pitch axis, still active.

In the following diagram and table each triggering event has been described in detail
considering also rain, cumulative rain, snow events and temperature.

DMS TORRE MONDOVI'
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Figure 4.4-4. Chart of displacement events at
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Tablel: Triggering events:

1% EVENT 2" EVENT 3" EVENT 4™ EVENT 5™ EVENT
R 12/12/2008 01/03/2009 31/03/2009 16/04/2009 | 26/04/2009
Rainfall start 0.00 6.00 6.00 6.00 3.00
. 16/12/2008 02/03/2009 01/04/2009 22/04/2009 | 27/04/2009
Displacement start 6.00 20.00 12.00 0.00 8.00
Rainfall type Snow Rain/snow Rain Rain Rain
Snow at ground Yes Yes Yes No No
Temperature rise Yes Yes No No No
Concomitant factors Snow melting | Snow melting i i i
90 mm 120 mm
Rainfall [mm] 70 44 63 160 77.6
Rainfall duration [h] 84 96 30 138 29
Critical intensity [mm/h] 1.786 1.708 2.100 1.159 2.676
Total cumulative rainfall [mm] 190 354 480 590 800
Cumulative rainfall event 150 164 180 110 220
[mm]
Total cumulative 115 160.6 209.0 225.0 524.7
displacement [mm)]
Cumulative displacement 115 149.1 48.4 10.0 299.7

event [mm]

For each event, a particular value — the critical intensity — was calculated that corresponds to
the ratio between precipitation quantity (calculated in millimeters) that caused triggering
movement and its duration (calculated in hours).
The interpolated line in the bi-logarithmic plot can be considered a site-specific deterministic
approach to the limit equilibrium threshold that separates the stability and instability field.
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Figure 4.4-5. Rain intensity-duration graph for the reactivation events at the Bagnaschino site in the period
2008-20009.

The DMS column was removed on July 132009 (Figure 4.4-2). The DMS column allowed
the kinematics of the landslide in action — not only limited to the initial stages of trigger but
also during the evolution up to achievement of stasis conditions — to be obtained with
continuity.

The integrity of the DMS column was preserved in spite of a displacement of 60 cm; the
excavation to release the column confirmed depth, direction and extent of the displacement,
allowing the complete recovery of the instrumentation and the repair of the inclinometric pipe
that is replaced and protected by another pipe with a large diameter.

Continuous monitoring of the landslide allowed for weak deep creep to be noticed in the
interval 30-44 m b.g.l., in addition to the considerable shallow movements. The activation of
deep movements is delayed in respect to shallow movements, with well-defined behaviour.
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Observing period June 2010-November 2011

4.4.3.2 Displacement

Two new DMS columns were installed in June 2010 for early warning purposes as described
above, active in the interval depths of 20-60 m and 0-20 m b.g.l. In the following chapter, the
results obtained within the observation period from June 2010 to November 2011 are
presented.
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Figure 4.4-6. Inclinometric record of E cumulative displacement in the shallow DMS column at the
Bagnaschino (March 2011 event).

The displacement registered by the DMS column at shallow depth (0-20 m b.g.l.) represents
the behaviour of the shallow active landslide, which generally moves towards the east. The
inclinometric results of the mass movement fit well with the geomorphic and engineering-
geological observations of the local topography and the slope orientation. A slip zone was
identified at the depth of 8-10 m b.g.l. (Figure 4.4-6). A triggering event occured starting on
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12"™ March; cumulative displacement reached 63.3 mm at a depth of 8 m b.g.1. on 17" March,
and the event stopped after 9 days on 21* March with cumulative displacement of 71.5 mm
oriented eastwards (Figure 4.4-6 and polar detail 4.4-7).

In July 2009, the previous DMS column was excavated and removed. Inside the hole, a 1 m
pipe for the deep column was installed and the hole filled up again. The colluvial mass that
was excavated and then again deposited has probably undergone settlement since then. This
settlement could still influence the local observations at shallow depth, although the new
drillhole for the shallow DMS was performed several meters away.
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Figure 4.4-7. Polar diagram of the inclinometric record of cumulative displacement in the shallow DMS column
at the Bagnaschino site registered from December 2010 to November 2011 (alignment October 21%, 2010).

The inclinometric results of the displacement in deeper part (20-60 m b.g.l.) display slow and
small displacements of about 2 cm along the monitoring column during the observation period
(Figure 4.4-8). The results do not show any distinct sliding surface or a stable (not moving)
base. The vectors of the deep movements differ: the deepest parts move towards north
(perpendicular to the slope dip), and the movement vector in the more shallow part (-33 m
b.g.l. and less) then turns towards east respecting the slope dip (Figure 4.4-9).

The deepest movements, which are oriented towards north, could be due to two possible
reasons: (1) the aluminium inclinometric pipe has bended laterally within the borehole due to
loading by the weight of the modules, or (ii) due to neotectonic activity. The site is located in
a tectonically active area and the regional thrust fault is situated very close to the base of the
DSGSD (Figure 4.4-2). The absence of a distinct sliding zone could either indicate that the
entire slope undergoes a creep deformation and/or that the base of the inclinometer was not
fixed in stable ground. However, for any final interpretation, a much longer observation
period is needed.
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DOMS PCNO0O1-060-0610: Modulo dello spostamento (A) - Cumulative
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