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Why slope monitoring?

= Landslides pose major risks to infrastructure and safety
= Monitoring helps in early detection and prevention

= Enables data-driven design and mitigation



Different methods for slope monitoring
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Various field methods used to characterize an unstable slope (Lissak, 2012)



Different methods for slope monitoring

m Safeland (2010)
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Passive optical sensors
(photography, etc.)

Active optical sensors
(ALS, TLS, etc.)

Active microwave sensors
(InSAR, PS, etc.)

Ground-Based
(accoustic, micro-seismicity, etc.)

Airborne
(electromagnetic, gamma-ray, etc.)

Offshore

(multi-beam, 3D high resolution seismic, etc.)
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(wire, probe, fixed)

Inclinometer
(probe, in place)
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(piezometers, contact earth pressure cells)
GPS

Well Core




Different methods for slope monitoring

Example of a
terrestrial laser
scanning survey

Figure 31: 3D point cloud of a rock slope. Discontinuity planes and vegetation are visible in this figure. The
= Safeland (2010) gray shades represent the intensity of the returning signal with low intensity (dark gray) on vegetated areas and
high intensity (white) on rock surfaces perpendicular to the line-of-sight.
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Different methods for slope monitoring

m Safeland (201C

Figure 34: landslide precursory displacements at Val Canaria,
Pedrazzini et al., 2010.

meters

Ticino, Swiss Alps. Figure extracted from

Multi temporal
comparison of laser
scanning can be used
to assess
displacement
evolution over time



Different methods for slope monitoring
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Designing an Appropriate Geotechnical Investigation Program

= Begin with a morpho-structural and geological analysis using field surveys, remote
sensing, and archival research.

= |[nvestigation must match the type of instability.

= A preliminary understanding of the subsurface materials is needed (e.g. difficoult
sampling in coarse materials)

= Strategy must adapt to site constraints: slope steepness, vegetation, road access,
(helicopter transport may be needed ...)

= Plan borehole positioning and depth
= Plan for in-situ geotechnical testing
= Plan retrieval of samples for laboratory testing



Borehole positioning

= A preliminary plan should include:
« Minimum of 3 boreholes (top, middle, bottom of slope)
« Multiple profiles (longitudinal and transverse)
« Sufficient density to avoid unreliable interpolation in heterogeneous areas



Borehole positioning
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Location and layout of investigation points (after Mc Guffey et al., 1996): A. drilling grid in the case of a
potential instability zone without confirmed movement; B. borehole placement in the case of a confirmed

- landslide."




Depth of investigation

= Defining the investigation depth in advance is particularly challenging.
However, a few empirical rules can help estimate it:

« The depth of movement at the center of the landslide is rarely greater
than the width of the unstable zone.

« The maximum depth of the slip surface is often approximately equal to
the distance between the initial rupture point on the slope and the
uppermost scarp or fracture.



Depth of investigation

= The investigation depth can be estimated using a longitudinal profile aligned with

the central axis of the gravitational movement. It is possible to draw several
potential circular or elliptical slip surfaces, which suggest the maximum possible
depths of movement. LEM analyses can help to constrain the expected depth of the

failure mechanism
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= Importantly, at least one borehole should extend below the presumed slip
surface (by 3—4 meters at a minimum). This is also essential to securely anchor

an inclinometer casing into the stable ground.



Extensiometers

= Measure the change in distance between two or more points
= Tape extensiometer for surface displacement:

band stratching dial indicator
the tape

tape reel
invar steel tape

firmly anchored
measuring point

Geosence.com Matuszkova et al. 2021



Extensiometers

» Fixed borehole extensiometer

Measure distance from face
of collar anchor to end of rod:

change in distance = AL
)N

Collar anchor

Sleeved steel rod

Borehole

A ".,—--* Downhole anchor
A <! o)

= Dunnicliff et al. 2005.com



Extensiometers

= Wire extensiometers

— Pulley and potentiometer

Data logger ——

Extra wire

Counterweight ——~

Borehole
= casing
Failure

\ surface

_——— Mortar

Weight —/

Corominas et al. 2000



Extensiometers

= Correlation between GWL changes and displacements registered with a wire
extensimeter (Vallcebre landslide, Spain)
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Fig. 14. The Vallcebre landslide: groundwater level depths and displacements registered at borehole S2.



Inclinometers

= To measure displacements normal to the axis of a tube by means of a probe passing
along the pipe

Readout unit °

Graduated

electrical

cable

Borehole

W\\%

AR

Probe
containing
gravity-
sensing
transducer

Guide casing

Guide
casing

Dunnicliff et al. 2005 The probe has wheels that guide

Coupling it into the tube

Grout

Borehole

S



Inclinometers

= |nstallation of an inclinometer

Grouting

Drilling and tube positioning




Inclinometers

= The probe is lowered through a graduated cable to the bottom of the hole and pulled to
the ground, with stops at prescribed intervals, where the its inclination with respect to
vertical is read.
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Inclinometers

= The inclination along depth is converted into a displacement normal to the vertical

direction.
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Inclinometers

- inclinometer
85
Possible uses: inclinometer _%\‘%-E_
= - =

= The determination of the zone of a 5 & \ [Je=am =
landslide movement; however, the < & o [Je=-1m x
probe inclinometers do not allow - +E;§o.75m Lo
continuous recording of the ALF “Lletom o
displacements and cannot work after W -em
displacements of only a few i zmem
centimetres; W :-125m

= Monitoring of horizontal movements Aa W:-7sm z=ten

of earth dams, embankments in soft

soil and along excavations or tunnels; Inclinometers to read horizontal displacements

= Monitoring of deviations from vertical of retaining walls in a road embankment

of bulkheads or retaining walls.



Inclinometers

= |n-place (or fixed) inclinometers can be used when rapid measurements are needed or
site is difficult to reach
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Inclinometers

Displacement (mm) Displacement (mm)

" Repeatl ng -20 0 20 40 60 8O0 20 O 20 40 200 20

40 60 RO -20 0 20 40

measurements at ’ A : ’
different dates can be 16.05.199¢ :) :{
used to assess the ’ — = ’
temporal evolution of j
displacements at 10 L ' ]
different depths (until the ¢ £ 15,2005 i
tube is cut), and to £ 15 £ 15 ; ;
assess possible multiple 3 8 | i]11.06.2006 -
failure mechanisms. 2 2
25 25
Inclinometer B3f Inclinometer B3c
null measurement: null measurement:
%0 12.09.1995 20 12.09.1995
North direction East direction North direction East direction

Figure 1: Example of inclinometer measurements for two different boreholes at the
Steinernase landslide (Switzerland).



Inclinometers

= Repeating
measurements at
different dates can be
used to assess the
temporal evolution of
displacements at
different depths (until the
tube is cut), and to
assess possible multiple
failure mechanismes.
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Figure 4: Cross-section along the centre of the landslide, indicating the multiple

slip surface system as interpreted from inclinometer readings.
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Measurement of pore water pres.

Surface seal

NN NLOUNTUNNT

= Observational wells: pipe installed in a
borehole slotted in the lower section.

= The space between the pipe and the
borehole is filled with high-permeable
materials (sand and/or gravel) so that Groundwater level [
water from all strata at all depths concur to S
establish the water level in the tube.

Coarse sand
or fine gravel

[ Riser pipe

= The only seal is at the surface to prevent i
direct superficial water infiltration into the 9y I
tube, while allowing air ventilation to avoid 1 Bl sorenote
air-pressurization. ANNEE

= Used to measure the position of the
ground water level but cannot provide
local values of pore water pressures.

Slotted plastic or steel
pipe, or wellpoint

= Suitable for coarse soils k> 103cm/s

Dunnicliff et al. 2005



Measurement of pore water pres.
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= Open stand-pipe piezometers: used to
measure piezometric head in a specific
layer.

Standpipe

= Grouting prevent water infiltration from
other layers into the tube. o

Special grout

Filter

Sand
Dunnicliff et al. 2005




Measurement of pore water pres.

= Measurements are done by inserting a [ ]
probe capable of detecting presence of —
water into the tube. The distance of the P SE—

water level in the tube from the ground
surface is reported and can be converted Distance of GWL

. . Depth of borehole, d
into a pressure head in the tube. from ground, a

Coarse sand
or fine grave

Groundwater level §

A

Riser pipe

Pressure head

hy = (d—a)

Borehole

Slotted plastif or steel
pipe, or wellgoint




Protective Protective

and vented cap and vented cap

Measurement of pwp.

ZIN 7

_....Y.. Piezometric line

Y.. Piezometric line

= Casagrande’s piezometer: used to
measure localized values of pore water
pressure. Also in soils with low

Bentonite-cement
grount

Bentonite-cement
grount

| }— twin blind tube %"

— 1 %" blind tube

Bentonite seal

‘ Bentonite seal

4 Sand cell filter Sand cell filter

Casagrande
double-tube filter

Casagrande
single-tube filter

m  Sisgeo.com




Gas suppl
 EEMETE PRl

Measurement of pwp

Pressure gage %

- - . . Inlet
= Pneumatic, vibrating wire / / tube
and electrical resistance 7 =& ~ e Rttt
piezometers: the water enters ( / /
in a small cavity within the NOTO | L.
probe and the pressure is :
converted into a signal read by
a data acquisition system.
= Suitable for automatic and - i Iﬁ f s
continuous data acquisition, v o
. / % L7
storage and sending. —specalgon iz i
[ 4 % /] \
( ¢ / ¢
| Y / /
v #
Transducer body
| Flexible diaphragm
attached to transducer
body around rim
2N Filter (Piezometer enlargement)




Measurement of pore water pres.

= Pneumatic, vibrating wire
and electrical resistance
piezometers: the water enters
in a small cavity within the
probe and the pressure is
converted into a signal read by
a data acquisition system.

Vibrating wire piezometer

= Suitable for automatic and e
continuous data acquisition, »
storage and sending. 4

Resistance piezometer




Measurement of pore water pres.

. “Jet-fill" tensiometer
» Tensiometers ‘

are used to | =
measure
negative pore
water pressures
(i.e. suctions)

reserve supply of water —— ;

vacuum gauge

water reservoir ———

porous filter

—

Quantity of air in the reservoir
can increase uncontrollably at
higher suctions

Range of measurement is
reduced by 10kPa for every
metre that separates the
vacuum gauge from the tip.



