| Geological Engineering
~ Practice I - Rock Engineering

Phenomenology &
Observational Approach
to Design

. EOSC 433 (2017) .

Phenomenology: the investigation and description of phenomena, as
experienced or observed, as a means to grasp the
logical cause behind a phenomena. Implicit is a
trust that analyzing behavior can provide one with
a greater understanding of nature.
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| For example, one observes a phenomenon and asks how/why that
~ specific phenomenon occurs (i.e. inductive reasoning).

Samples removed from

7 a triaxial cell have '
inclined failure planes,
therefore failure must
" have occurred through - |
'''' shear and the - —
. development of shear ‘
—.. fractures.

Shear stress
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~ Such approaches are ‘holistic’ and generally disregard details of
~ the underlying mechanisms while concentrating on the overall
- performance of the system.

~ Mechanistic approaches on the other hand, try to break the

- problem/system down into its constituent parts to understand the
“f cause and effect relationships (and their evolution), which govern
fhe behaviour of the system.

e 'Close examination of rock samples during triaxial -

.| testing shows that failure involves the

, I:> localization of a failure surface through the
.| initiation, propagation and coalescence of

~ micro-cracks, and that the failure mode is only

. in shear for cases involving high confinement
""" . (vs. extensile under low confinement).

| Kilchenstock, Switzerland
1 (1930)




Phenomenological Approach to Early Warning

Kilchenstock: Where were we 70 years ago?
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Phenomenological Approach to Early Warning

Kilchenstock: Where were we 70 years ago?

Upper Part of Slidi

Lower Part of Slidi
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Upper Part of Sliding Mass m

with Measurement Stations S, F, G.

Lower Part of Sliding Mass

with Measurement Stations E, E1, M und O L
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Grimselstrasse, Switzerland
(2000)
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water injection
down tension cn

ck
(~ 9000 I/min) |
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| Despite the monitoring data indicating that failure was imminent, and having
‘| redirected 9000 |/min from a surface stream down the rear tension crack, it still
‘| took two large blasts (> 19 tonne) to bring the “unstable” material down.
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— — Upper Section of Sliding Mass
with Measurement Stations S, F, G.

Lower Section with E, Ey, M und O

Limiting Factors:
+ Focuses on surface measurements,

+ Technique anplled in the same way

ignoring changes in behaviour with
epth.

regardless of failure mode
(franslahonal slide, topple, etc.)
and/or data source (crack meter,
geodetic monuments, etc.).
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Way forward?:

How well do we understand the
geological factors and mechanisms
promoting instability?
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* To provide an understanding of the ground conditions, for
prefeasibility and design purposes.
* To provide input values for design calculations.
~ *To check for changing ground conditions as the project
—— develops, or advance/progress to greater depths.

~ Monitoring:
~ *To assess and verify the performance of the design.
' i' To calibrate models and constrain design calculations.
*To provnde a warning of a change in ground behaviour, thus
enabling intervention to improve safety or to limit damage
through a design change or remediation measure.
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Campo Vallemaggla -
Switzerland

. EOSC 433 (2017) .




Geology - gneisses & schists
|ﬂ\Mechamsm - translational slide
Surface Area ~ 6 km?

Total Volume ~ 800,000,000 m3

Average Velocity ~ 5 cm/year
Maximum Depth ~ 300 m

Background:

For more than 200 years, the villages of Campo Vallemaggia
and Cimalmotto have been slowly moving atop a deep-seated
rockslide in the southern Swiss Alps. Over this time,
numerous mitigation measures have been carried out to
stabilize the rockslide but with limited to no success. These
works largely focussed on minimising erosion at the toe of
the landslide. More recently, the need to stabilize the slope
was becoming critical as with each passing year the two
villages were being pushed closer to the edge of a 100-m
high erosion front at the foot of the rockslide. S S S S P S S S S s SN
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ar-gun

Opinion #1: { _ Opinion #2: Deep

| Massive erosion | 3t 4} artesian water

at the toe of ‘ pressures act to

the slide acts to | (Sl : reduce the effective
reduce passive : strength along the
resistance. . slide surface.

Solution:

7 _Deep drainage.




Campo Vallemaggia - Field Investigations

Borehole_and seismic investigations
“’| indicated the basal sliding surface
reached depths of up to 300 m.

. |The slide was also seen to be divided into
.| two main bodies, separated by a large
| fault running the length of the rockslide.
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Occasional
ponding of water

- Bonzanigo et al. (2007)
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Campo Vallemaggia - Subsurface Monitoring

© Boreholes

S1.2: Single-tube cored with piezometers (1962-63)
CVMI-3: Destructive drilled with inclinometers (1988)
CVM4-6: Triple-tube cored with inclinometers &

multipoint piezometers (1990-91)
CVM7: Double-tube cored (1990)
UGC1,2: Double-tube cored (1990)

< Seismic reflection survey (1991)

1 Seismic refraction survey (year - number)

——— Shear/fault zone

Tension crack/scarp
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Bonzanigo et al. (2007)
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Campo Vallemaggia - Displacement Monitoring

CYM6 - Deformation (mm)
CVM4 - leurmallifn {mm) . Surface geodeﬁc and subsurface 2 ] 100 200 £
ot v P o inclinometer measurements
indicated that the eastern half
of the slide (Campo) was moving
freely towards the valley along ighty attered
afor alieration sone well-defined shear planes. 2 "'A **’"“‘;""
,'_:,. el 2o
- E aiered kit gosts
tesian pressure i !
o R oot 1oeatigiine
E s } wafor achaitle shesar some
= ) ) alterition
H e e
E 4
H ] mafor
'g alteration T
- . Fone Bonzanigo et al. (2007)
w0
brecciated zome
Tm =1 m thick)
L. &= shear zome {1 o thicks
300 In contrast, the western half (Cimalmotto) was inhibited in its movement by the
neighbouring Campo block resulting in a more diffused behaviour with depth.
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Campo Vallemaggia - Displacement Monitoring
'"f'[f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'f'
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Campo Vallemaggia - Integrating Data Sets
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Campo Vallemagqgia - Deep Drainage Mitigation

1

e——— phreatic surface e
== flow dircction
o observed equipatential

—— aquipatential contours {100 m intervals)

Flow at depth
was seen to

be controlled
_| by fracture
permeability.

wm=me phreatic surface
—= flow direction

observed equipotential

—— equipotential contours (100 m imtervals)

permeability

Eberhardt et al. (2007)
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Campo Vallemagqgia - Deep Drainage Mitigation
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< . g
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° and the slide ceased moving.
£
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Eberhardt et al. (2007)
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Campo Vallemagqgia - Deep Drainage Mitigation

BEFORE Drainage AFTER Drainage

,

3
<
0]
9

Total settlement
with drainage
1995-1998

Vertical component
1993-94

Eberhardt et al. (2007)

... geodetically measured surface displacements showing down-slope
displacements before deep drainage, and the development of a
settlement trough (i.e. consolidation) after deep drainage.
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Eberhardt et al. (2007)

Legend

o perforation |44
borehole

Campo Vallemaggia

Despite the apparent success, the effectiveness of
deep drainage was called into question given the low
outflows (<30 litres/s) for the large volume targeted.

It should be noted, that.at the
same time the drainage adit was
constructed, so was a diversion
tunnel to redirect the river. Thus
proponents of the erosion"
protection solution could also claim
their solution stabilized the slide,
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To better understand the
stabilizing influence of the two
mitigation measures carried
out, and to argue that the
drainage tunnel was effective
and therefore should be

: CEREs . OB maintained, numerical modelling
R e s s was undertaken.
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Campo Vallemaggia - Numerical Analysis

without
toe erosion

Eberhardt et al. (2007)

10.0

4.0

Horizontal Displacement (m)

0.0

Simulation of
influence of
erosion protection
in the form of
non-removal of
buttressing
material at toe of
slide. ]

with toe erosion

o

s
£ - -- without toe crosion
3 {i.e. with erosion protection)
influence of erosion
protection magnified 10«
50000 100000 150000 200000 23000401
Time Steps
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Campo Vallemaggia - Numerical Analysis

-
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Simulation-of -deep-drainage was-carried out-through-a coupled
hydromechanical distinct-element analysis, using measured borehole

pore pressures to constrain the model.
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Campo Vallemaqggia - Conclusions

|
10001 without drainage “dj Distinct-element models
E verified that very little
@ ; ‘ / drainage is required
S 1001 i
g drainage (app.rogur.na'rely 10 1/s)
o adit to significantly reduce
| o
NE ; opened pore pressures and to
S| @ 0101 stabilize the slope.
~|a
S [
v X without pore pressures (i.e. dry slope)
5 001 +H— ‘ ‘
£ 20000 60000 100000
é Time Steps

Fracture permeability corresponds
to low storativities, therefore large
water outflows through drainage
are not necessary to achieve
significant reductions in head.
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Aiding the Judgment Process

v/ The more complex the model, the more input parameters it requires and
the harder it becomes to determine these parameters without
extensive, high quality (and of course, expensive) field investigations
and laboratory testing:

v' As such, we should always begin by using the simplest model that can
represent the key behaviour of the problem, and increase the
complexity as required.

"Everything should be made as simple as possible...
but not simpler”.

- Albert Einstein

"Numerical modelling should not be used as a
substitute for thinking, but as an aid to thought
and engineering judgment”

—[J<— 340r55 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)
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- In the 1940's, Karl Terzaghi adapted the phenomenological

~ approach to develop a systematic means to solve geotechnical

~ problems. This has become known as the “observational method”,

~ the conceptualization behind which Terzaghi wrote (paraphrased

"~ here):

chnical works, avast
amount of effort goes towards securing only roughly '
~Tapproximate values for the physical constants that
""" appear in the equations. In these equations many
additional variables are not considered or remain
unknown. Therefore, the results of computations are
no more than working hypotheses, subject to
confirmation or modification during construction.”

—>. — 350f 55  Erik Eberhardt - UBC Geological Engineering  EOSC 433 (2017)

= Iil the past, only two methods have been used for coping with
~—inevitable uncertainties: either to adopt an excessive factor of

—safety, or else to make assumptions in accordance with general
~—experience. The first of these is wasteful; the second is :
~—dangerous as most failures occur due to unan‘hcupa‘red or unknown -
= 'geologlcal factors/processes.”

\ A A A

{ '“A Thir‘d mefhod, the obser'vational method, provides a ‘learn as '
~ you go' alternative. The procedure for this is to base the design
~on whatever information can be secured, make note of all possible
~differences between reality and the assumptions, then compute,
~ on the basis of the original assumptions, various quantities that
~ can be measured in the field. Based on the results of these
- measurements, gradually close the gaps in knowledge and, if
" necessary, modify the design during construction.”

o TerghidPeck(1948)

—>. — 36 of 55 Erik Eberhardt - UBC Geological Engineering  EOSC 433 (2017)
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A ~ Inacceptable risk level

' e
s, -
> Tlmul
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---------—
The Observat onql Me'rhod in Desuqn REEREE

L ‘
In br-lef the comple're appllcatlon of the method embodaes the
follewmg components:

‘a) Sufficient exploration to establish the general nature,
|| pattern and properties of the soil deposits or rock mass:

) Assessment of he_[ﬁo + probable conditions and th

most unfavourable conceivable deviations from these
conditions;

' c) Establishment of the design based on a working
hypothesis of behaviour anticipated under the most
probable conditions;

. d) Selection of quantities to be observed as construction
proceeds and calculation of their anticipated values on
~ the basis of the working hypothesis:

—->.(— 38 of 55 Erik Eberhardt - UBC logical Engineering EOSC 433 (2017)
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The Observational Method in Design

In brief, the complete application of the method embodies the
following components (continued):

e) Calculation of values of the same quantities under the
most unfavourable conditions compatible with the
available data concerning the subsurface conditions;

f) Selection in advance of a course of action or
modification of design for every foreseeable significant
deviation of the observational findings from those
predicted on the basis of the working hypothesis:

g) Measurement of quantities to be observed and
evaluation of actual conditions;

h) Modification of design to suit actual conditions.

— < 39055 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)

Observation Method Example - Jubilee Extension

The Jubilee Line Extension to the London Underground, started in
1994 and called for twin tunnels 11 km long, crossing the river in
four places, with eleven new stations to be built, eight of which
were to be underground. One of the more problematic of these
was a station placed right opposite Big Ben.

[T
= EB & WB
Platform Tunnel |

W T -
Station I'§ ?”““'"9
Je calator Box

Shield Chambers %;mnels (IS

M 'jume‘ﬁ Wes‘ml I'|E|BI'

Brldge

, —. Big Ben '*J':_
V""'T i o) I Clock
| Pala‘%ar i i Tower: = | River

k-3
Sathoe® nderground - ] Thames
AR S
gg@” | [\ "Car Park)y 55' 4]
A
m ‘

s {

v
S L S P

i
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Observation Method Example - Jubilee Extension

The technical implications were immense. Built in 1858, Big Ben is known
to be on a shallow foundation. It started to lean tfowards the North
shortly after completion. Any ground movement in the vicinity would
exaggerate this lean, and threaten the stability of the structure.

Ponculks House
Now Parlismontany Buikding

it New Fatace Yard
Turinels i Uneorgrouna Car Fan

Burland et al. (2001)
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Observation Method Example - Jubilee Extension

To deal with excavation-induced settlements that may irreversibly
damage historic buildings in the area, the design called for the use of
compensation grouting during tunnelling. In this process, a network of
horizontal tubes between the tunnels and the ground surface is
introduced, from which a series of grout holes are drilled. From these,
liquid cement can be injected into the ground from multiple points to
control/prevent movement during excavation of the main tunnels.

Big Ben
Bridge Street
I Subway i [ [ Pl

= 3

e2%e Pipe Arch ‘Compensason Groutag Horizon §
. Eastbound Pilol & Landon <5
= Platform Tunnel [=%
o
— TEmPD v
o
Wistbound Pilot & <
@ Plattorm Tunnel E
o
- @
— [« 420r55 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)
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‘learn as you go'

base the design on information
that can be secured, making note

of all possible differences between

reality and the assumptions

compute, based on original
assumptions, various quantities
that can be measured in the field

based on the results of these
measurements, gradually close the
gaps in knowledge and, if
necessary, mc i

~Instrumentation was attached to 'B‘ig"Be‘n and to the 'b‘uil"dir‘lgs" in Thel '

~vicinity to measure movement (with some 7000 monitoring points),

~and computers were used to analyze the data to calculate where and

~when the grout has to be injected.

:i'i'y‘

40

R s e e e e e e e e e =

Tunnal Progress:
Phicts

w
=3

e
=

=]
T

Tilt of Clock Tower (mm/55m)

=

Box Excavation
Progress [m]:
1] 3 6 22 2531 36 39

Eow W

4 b

1
- - -

A0 L

2
O]
4
Nov-94 Nov-95 Now-96 Nov-97 Nov-98

For Big Ben, a movement of
15 mm at a height of 55m
(approximately the height of
the clock face above ground
level) was taken to be the
point at which movement had
to be controlled. Throughout
the 28 month construction
period, experience had to be
gained as to which tube to
use for grouting, the volume
of grout to be-injected and
at what rate.

L I

Nov-99 New2000 | Burland et al. (2001)
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Observation Method Example - Jubilee Extension

A
iy
R rm,
g T S~
T s 4 & aaaa with grouting
&Xf ~ mqo\w
Exciusion zone
Grouting
% L S N T
\. Tad void|
-~ @ ,%
- /
Shazld machine Snings

It was calculated that without the
grouting, the movement of Big Ben
would have gone well over 100 mm,
which would have caused
unacceptable damage.

TeRTT BT i
LU R ' L

i i G LIy

Following construction, the grouting pipes were
left in place and monitoring continued. Thus,
compensation grouting can be restarted if
required. However, instrumentation is showing
that no further grouting is necessary.

Compensation grouting

—[ ]« 450r55
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Geotechnical Risk Management

COMMUNICATE
AND CONSULT

| ESTABLISH

j

at CONTEXT AND
B score il

'UNDERSTAND |
THE HAZARDS |

| IDENTIFY THE
UNWANTED
EVENTS

| ANALYSE AND
| EVALUATE RISKS

| CONSIDER THE
. CONTROLS /
~ BARRIERS

TREAT THE RISKS

MONITOR AND
REVIEW

LOOK FOR
CHANCES

\

[ —

Xue et al. (2010)

—[J<— 460r55

Erik Eberhardt - UBC Geological Engineering

EOSC 433 (2007)

23



. 7 The initial trigger point for concern should be if the movement rate

| is double the survey accuracy from the last reading. In this case
~the reading should be repeated as soon as possible, and if correct,
- —additional readings should be taken at an increased frequency.
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~the area should be reduced or suspended and the reading frequency
e incpeased. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

. —— If an increase in movement greater than four times the survey error
~ " is recorded for any reading when there has been no previous activity,
———operations should be notified immediately and the area cleared until- -
rrrrrr the-point-has-been-resurveyed. If the-reading-is-confirmed, the-area-
—i.should remain cleared-until the situation has been investigated. .
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A i e T T e S S T Ty s
Xue et al, (2010)
! Red - Level 4
Moritaein Tell Tale movement: Tell Tale movement: Tell Tale movement: Tedl Tale movement:
Triggers 9 « < 10mm on "T" (tofal) & « Between 10mm and 15mm | « Between 15mm and 23mm on “T" (lotsl) | ® >25mm
» < 5mm on "L {lower) on “T" (total) or or
» Between Smm and 10mm | « Between 10mm and 25mm on 1"
on "L" (lower) llower)
Trigger Actions Responses for above Trigger Leveds (Responsibilibes)
_  Install support for Level Green # Inform Supervisor of « Inform Supervsor of face conditions. + Noroad fall area
Mine Workers » Note and record any partings changed face conditions. = Mote and record any partings defected « |nform Supervisor of face
(Miner Driver & detected while drilling roof « Install support for Level whie drilling roof bolt/cable holes — conditions.
Bolter Operalor) beltheles - infarm Supervisar. Yellow. infiorm Supervisor. » Withdraw to a safe area.
+ May increase level of support to + Install support for Level Orange. » Parficipate in Risk Assessment
suit conditions, for fall recovery where required.
» Monitor newly installed Tell Tales | # Notify relevant Coordinator |  MNolify Geotachnical Engineer and » Withdraw men, No Road and
Supervisor 2 times per shift for first 5 days » Investigate and determine if relevant Coordinator. notity Mine Manager and
after installation and record info on Tell Tale or Extensometer | » Stop work and comect deviations from Geotechnical Engineer.
shift report. is required to monitor Support Plan immediately » Ensure nobody works under
« Monitor all other Tell Tales once ground conddtions. « Moniior area and withdraw if necessary. unsupported ground.
per shift and record info on shift » Note location & nature of » Nole location of structures, failures and | » Requires approval from Mine
report. conditions/geclogical tefale movements on shift reports. Manager before changing down
= Ensure Installed support is in structures on shift » Install addibonal manitonng as required from Level Red.
accordance with Support Plan production reports. (Telitala). « Parlicipale in Risk Assessment
= Ensure excavations are within = Maonitor and record Tell Tales every for fall recovery where required,
: __design specificationa: 1 __hour
—>[/J«— 480f55 Erik Eberhardt - UBC Geological Engineering  EOSC 433 (2007)
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Red - Level 4
Check shift reports for changed Consult with refevant Consult with relevant Supervisar and Consult with Mine Manager,
Site Geatechnical conditions. and Coord Coord: relevant Supendsor and
Engineer + Routine monitoring and mapping. | » Check shift reports for » |nspect and map area as soon as Coordinator
+ Have all Support Plans prepared changed conditions. practicable within 12 hours of repart. o Inspect area as soon as
and signed off # Inspect, and map withn 48 | » Delermine whether addtional support is practicable and within 4 hours of
# Prowde plots of instrument results hrs of report, required and other comective actions reporl.
# Ensure all support consumabiles. » Determine whether + Determine level of monitoring required, | o Assist with the development of a
are available on site remedial achion is required. | » Parbcipate in Strata Control PHMP recovery plan.
+ Conduct dubies as defined in + Determine level of meetings.  Provide recommendations
PHMP Responsibilities manitoring required » Review TARP conditions & triggers ff regarding reducing level of
* Review TARP levels & necessary. support.
triggers if necessary. » Particpate in Risk Assessment
« Review instrument for fall recovery where required.
manitoring intervals.
Monitor shift reports = Monitor shift reports, » Consult with Geotechnical Engineer, » Advise SSE on recovery plan
Underground Mine » Note changed conditions. relevant Supervisor and Coordinator  Authorise reduction of level of
Manager » Review and approve any » Authorise Recovery Plan support
proposed changs to TARP. | e Partake i Strata Control PHMP » Notify Site/industry Safety &
meedings and advise SSE on Health Representatives and
recommended response. Inspectorate as required.
+ Review and approve any proposed
change to TARP.
,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,,,.,.,.,_.,.Xuee,fal(ZOIO)
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) i The SMART (S'rre'rch Measuremen’r 'ro Assess Remfor‘cemenf Tenslon)

~ Cable combines the support capabilities of a 7-strand cable bolt with the
~sensory capabilities of a multipoint borehole extensometer without
~changing the load-bearing properties of the cable. This allows a standard
- cable in the support pattern to be directly replaced with an instrumented
__cable capable of carrying out the support requirements of the

~one it replaces, as well as providing a clear indication of the cable

| loading at six points along its length.
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Monitoring & Optimization: Smart Cables

Load determination is based on the stretch of the cable bolt. The results
may be used to assess the factor of safety of the support, thereby
optimising support design and minimising risk. The SMART Cable can be
supplied as a plain seven-wire strand cable bolt, garford bulb or bulge
cable layout with variable bulb spacings and debonded sections.

The instrumentation does not affect the bond strength properties of the
cable, and can be installed by a cable bolt crew as a routine installation.

W . Excavation Mining Days Ge-f
N Zone  Step E 254 -
o —— L L a1 1@ £ f
] & o 2 om |IT ‘
. Y oGad 3 30 g 209 6ad
P e 4w || E 4 Sa&b 4
Legend I I I I a5 om || 85 2822 3&3a_ - i
|:| Mined & Filled H I Test location 5 1&1a £, ‘
/ %1 stope 804 = ./_ - |

I =
PBillar B a2 / 10750 Level f ya —i " A
n " foais 4
b 35 " e 0 T T : : »
— = 0 50 100 150 200 250 300
Time (days)

1% Orelimsits

Bawden & Lausch (2000)

‘SMART Cable response in relation to blast sequencing.
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Case History - Smart Cables

;o PMOL |
1] Cable bolt optimization study at the Barrick
Gold Bousquet mine, conducted for a stope at
1370 m depth. The original support design

9 called for installation of 530 meters of single

j { strand Garford bulge cable per stope overcut.
oo | At an average cost of $35/m this resulted in a
' cost of $18,550 per stope, and the mine was
spending a total of $1.52 million/year to install
a total of 43,500 meters of cable bolts.

3500 S2ope Overaut

S e S F L

m

BI00N
625N

474 Elev.

| PS-05
3475 Stope Undercur

The SMART cables in the lower
two hangingwall holes all loaded to
near rupture, whereas the back
SMART cables recorded little
movement, and hence minimal load
development, with no movement
deeper than 2.5 m into the back.

Bawden & Lausch (2000)
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Case History - Smart Cables @
5 O1d Standard Based on these
3 Loy results, the
< ‘ . cable support
3 n \ / was redesigned
3 i Bulge Cable 10m " . g i
5 L X Hangingwall cable
T M bolting
T requirements
fg 3tel0m Jel0m We:'e f'educed by
Section View Section View 63/° fOI" the
A . primary stopes
23 -|and 46% for the
= . | secondary
JEEET = ol e | stopes.
i Plan View - e Plan View B e e S S e
| This support optimization study resulted in an annual reduction of 9,300 |
| meters of cabling for an annual cost saving of $325,000 [projected
| cost savings for the remaining five years of reserves of $1.5 million].
| The total instrumentation cost for the study was <$20,000.
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=
ittt A

GENERATIVE
HSE is how we do business
round here

PROACTIVE
We work on problems that we
still find

REACTIVE
Salety is important, we do a lot
every time we have an accident

PATHOLOGICAL
Who cares as long as
we're not caught
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~Case History

Geology - gneisses & schists
\Mechanism - translational slide
Surface Area ~ 6 km?

Total Volume ~ 800,000,000 m3
Average Velocity ~ 5 cm/year
Maximum Depth ~ 300 m

Background:
For more than 200 years, the villages of Campo Vallemaggia
and Cimalmotto have been slowly moving atop a deep-seated
rockslide in the southern Swiss Alps. Over this time,
numerous mitigation measures have been carried out to
stabilize the rockslide but with limited to no success. These
works largely focussed on minimising erosion at the toe of
the landslide. More recently, the need to stabilize the slope
was becoming critical as with each passing year the two
villages were being pushed closer to the edge of a 100-m
high erosion front at the foot of the rockslide. . S S S S P S S S S s SN
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Case History - Campo Vallemaggia @

rtainty in stabilizing the rockslide came about from two competing

g

Opinion #2: Deep
SRS tesian water

‘ pressures act o

{1 reduce the effective
strength along the
slide surface.

‘Opinion #1: .
'Massive erosion | =l
at the toe of
the slide acts to
reduce passive
resistance.

ol
‘.

}

L Solution: oo e ]
Eposion | = =% | Solution:
j protection. | Deep drainage.

Campo Vallemaggia - Field Investigations =
e s s e s e e e e e e e e e e
Borehole and seismic investigations
“’| indicated the basal sliding surface
reached depths of up to 300 m.
: & X
\\\ N N
| AN s 7 cvmeQ 2 Ms 1
o T anesReyMi s
Tl N i Mo M;és:vmz [
- S
N \\a’\ T TSS i, VGCH
7 oo R '
& Cand® 0 1 km
Rva““ || ; )
~ Bonzanigoetal.(2007) | The slide was also seen to be divided into ||
S T T T N two main bodies, separated by a large
"""""""""""""" fault running the length of the rockslide.
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phies =)
2000 — \\
Piane -~
Bosco —— delle Rose \ i ™ .
Valley > 7 o
1750 —
—— — = Oceasional
ponding of water

I . Bonzanigo et al. (2007)
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© Boreholes ]
§1,2: Single-tube cored with piczometers (1962-63)
CVMI-3: Destructive drilled with inclinometers (1988)
CVM4-6: Triple-tube cored with inclinometers &
multipoint piezometers (1990-91)
CVMT: Double-tube cored (1990)

UGC1,2: Double-tube cored (1990)

SUL Seismicreflection survey (1991) - (SNSERAVEREUEN
£:1 Seismic refiaction survey (year - number)
N 7 s TR
N, J ——— Shear/fault zone

———— Tension crack/scarp

. L
4 ) T
,,,,,,, L ~J |
14 mm ‘IV'E | i
,,,,,,, wzn | ..
,,,,,,, - +

) R“ﬂ‘\ad\ [ — -
Bonzanigo et al. (2007) /
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Campo Vallemaggia - Displacement Monitoring

CVMA - Deformation {mm)
0 100 200

-g

mifor alteration zene
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o pressures
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¥
200 —

brecciated zome
=1 o thick)

] 0]
T\ o shear zone (-1 nr thick)

"

Surface geodetic and subsurface
inclinometer measurements
indicated that the eastern half
of the slide (Campo) was moving
freely towards the valley along
well-defined shear planes.

Inclinonscier Depth

CYM6 - Deformation (mm)
100 200 Ao

Breccimted zond

artesion pressnres
ahiered schivtone gneins

3 | altered amphibolites

comoctantic shear some

Campo
block

Bonzanigo et al. (2007)

300 In contrast, the wes

stern half (Cimalmotto) was inhibited in its movement by the
neighbouring Campo block resulting in a more diffused behaviour with depth.

—[ ]« 610r55
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Campo Vallemaggia - Displacement Monitoring

| Historical geodetic measurements - Total Station |

1986-1987

1 m/year
—_—

J

1989-1993

10 em/ycar
—_—

—

e ol

1993-1994

1 m/year
—_—

Bonzanigo etral..(2007)
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~Campo Vallemaggia - Integrating Data Sets
,,,,, . —_ 4
S 5788.8 z
e g,
,,,,, | 57886 E
| E £
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,,,,, 15 -
1=
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,,,,,,,,,,, IR AR AR R R I e
1 !
T 1400 Comparisons between
_ L E eI\ periods of slope
M| = e DN - :
= = . / acceleration and pore
u ALLE critical threshold pressures at depth
uen | 0] 2 at 1390 m showed a high degree
wm o[]S of correlation.
| S
| § 1300
— 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998
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Campo Vallemagqgia - Deep Drainage Mitigation

——— phreatic surface —
== flow direction
o observed equipatential

—— aquipatential contours {100 m intervals)

===== phreatic surface
—= flow direction
observed equipotential

——— equipatential contours | 100 m imtervals)

Eberhardt et al. (2007)

Flow at depth
was seen to

be controlled
_| by fracture
permeability.
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Campo Vallemagqgia - Deep Drainage Mitigation

—_~ —_ 4
E 7888 >

N E
2788.6 g 3
%788.4 : d_ramage E 2
S i adit opened 3
27882 v s 1
< S

=

S 788 0
© 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

1400

1350

Borehole Head (m)

1300

1989 1990 1991 1992 1993 1994 1995

With construction of the
drainage adit, the pore
pressures at depth were
seen to drop significantly
and the slide ceased moving.

1996 1997 1998

Eberhardt et al. (2007)
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""" - BEFORE Drainage ©~~ | AFTER Drainage =~
,,,,,,,,,,,,,,,,,,,,,,,, miyear e
—-50
f—1'007 100
‘\Vertical component e Total settlement -150
1993-94 200 with drainage 0
I 1995-1998
L300 -300
-4‘007 - -400
I-soo - 500
w0 Ho
D SN SEN TS TP IS SN U TETS P S SUS S PO SR SN S TS PN SRR SU: Eberhnrd* et.ak (2007) TS .
... geodetically measured surface displacements showing down-slope
displacements before deep drainage, and the development of a
. settlement trough (i.e. consolidation) after deep drainage.
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e P Eberhardt et al. (2007)
- e - - |
opemion 4o

N fauh zone

gk /. '
2. ® Despite the apparent success, the effectiveness of
mEE | | | deep drainage was called into question given the low
12 outflows (<30 litres/s) for the large volume targeted.

It should be noted, that_at the
same time the drainage adit was
constructed, so was a diversion
tunnel to redirect the river. Thus
proponents of the erosion
protection solution could also claim
their solution stabilized the slide.

Flow (I's)
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To better understand the
: !al stabilizing influence of the two
mitigation measures carried
out, and to argue that the
drainage tunnel was effective

| and therefore should be

- My SRR | maintained, numerical modelling
e B R S S i *| was undertaken.
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Campo Vallemaggia - Numerical Analysis =

,,,,, S S NS S NS SIS NN SV N SN SN SN NN SIS NS NS N SIS S NS N SN SN SO O
- | Simulation of
Without | influence of
toe crosion =4 . .

| erosion protection
|in the form of
| non-removal of
| buttressing
| material at toe of

Sliae.
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Campo Vallemaggia - Numerical Analysis

S .
dralnage adit
2 [ O fwhime siep) apened
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g drainage adit drainage adit | 5
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[ At > O/ 5
o
o
— — f
500 m SO0 m 2
. q . o w
Simulation-of -deep drainage was-carried out-through-a-coupled
hydromechanical distinct-element analysis, using measured borehole
pore pressures to constrain the model.
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Campo Vallemaqggia - Conclusions

]
10007 without drainage “dj Distinct-element models
E verified that very little
2 ‘ / drainage is required
S 100 ;
g drainage (app.rogcr.na‘rely 10 1/s)
@ adit to significantly reduce
| o
NE} ; opened pore pressures and to
Q| @ 0101 stabilize the slope.
~|a
S [
e without pore pressures (i.e. dry slope)
5 001 +H— ‘ ‘
£ 20000 60000 100000
é Time Steps

Fracture permeability corresponds
to low storativities, therefore large
water outflows through drainage
are not necessary to achieve
significant reductions in head.
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Aiding the Judgment Process

v/ The more complex the model, the more input parameters it requires and
the harder it becomes to determine these parameters without
extensive, high quality (and of course, expensive) field investigations
and laboratory testing;

v As such, we should always begin by using the simplest model that can
represent the key behaviour of the problem, and increase the
complexity as required.

"Everything should be made as simple as possible...
but not simpler”.

- Albert Einstein

"Numerical modelling should not be used as a
substitute for thinking, but as an aid to thought
and engineering judgment”

—[ ]« 730r55 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)
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