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1 Introduction

This report summarizes the results of NGI's activities on processing and analysing monitoring data
from Aknes. The analysis is limited to a number of devices and does not cover the entire dataset
available (with regard to time and devices) from Aknes. However, the presented approach may be used
to further assess the data from Aknes monitoring system.

The aim of the analysis is to study the movement nature of the Aknes rock-slope and updated existing
geological information. The study also is helpful to select and generate geological cross-sections for
the numerical modelling. In addition, it was intended to see if there are any correlations between the
groundwater changes and displacements at the study site or not.

All data used in the analysis is provided by NVE. This report does not describe technical specifications
related to measurement instrumentation.

The following instrumentations at Aknes have been analysed, with the locations shown in the map
(Figure 1);

1. GPS (red marking)
2. DMS instrumented in boreholes (purple marking)
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Figure 1. Location of the studied instruments.

2 Data analysis
The field measurements data are in the format of "displacement — time" series; and they were used to

obtain velocity and acceleration of the Aknes rock slope. Several MATLAB scripts were developed to
process the data and obtain the velocity and acceleration of the sliding mass.
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For the field measurements the following Cartesian coordinate was assumed:

- Vertical direction is assumed as Z-axis. Upward is positive and downward is negative values.

- Horizontal in East-West direction as X-axis. Toward East is positive and toward West is
negative.

- Horizontal in North-South direction as Y-axis. Toward North is positive and toward South is
negative.

The displacement vectors at the time of # can be expressed as (Note that all the bold values in this
report are vectorized values):

X(t) = x(t)i+yt)j+ z(t)k (D

The velocity can be obtained for the time #;:

V(i) = vwi+vj+ vk (2)
Where
v, = x(tipq1)—x(t;) vy = V(tiy1)—Y(t;) and v, = Z(tiy1)—2z(t;)

tiy1— t; tiy1—t; tip1— &

The acceleration at the time of #; is also defined as

a= ayi+ayj+ ak 3)
Where
_ Ux(tir)—vx(t) _ ”y(ti+1)‘”y(ti)and _ vz(tiv1)—vz(t)
X i+ D-t@) Y t(i+D)-t() Z 7 i+ -t(D)

The dip angle of the displacements / velocity /accelerations was calculated as:

. _ AZ
dip = tan™ (rzer) @

Where AX, AY and AZ is the displacement in a specific period, for example:
AX = x(tiv1) — x(t)

AX, AY and AZ can be changed to corresponding values in velocity and acceleration as well as dip
angle of velocity and acceleration.

Dip-direction (DD) of the displacement / velocity / acceleration is calculated with the following

technique. First, the X-Y plane is divided to four sections (Figure 2) and then the calculations were
carried out as presented in Table 1.
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Figure 2. The horizontal plane (X-Y plane) is divided in 4 zones to calculate the dip/ dip-direction of the
displacement / velocity / acceleration (see Table 1 for the calculations).

Table 1. Calculating dip-direction of the movements. The zoning is defined in Figure 2.

Zone Axiom Calculation of dip direction
Zonel | If AX&AY >0 — tan—1 (2%
= DD = tan (AY)

Zone 2 |fAYSO&AXZO DD=900+(900_tan—1(ﬂ)
|aY]

Zone 3 |fAYSO&AXSO DD = 1800+tan—1 (M)
[AY]

Zoned | IfAY>0& AX<O0 DD = 360° — tan™! (M)
AY

From the physics point of view (static) if a body is in equilibrium the acceleration (a) is zero:
YF=ma=0 (5)

where F is the force; and m the mass of the body. However, a=0 does not mean that the displacement
and velocity are equal to zero. It means that the velocity is either a constant value or zero.

When velocity starts to change with time, then acceleration is a# 0; meaning that Y F # 0. Hence, at
that the time there are external effects (for example, groundwater, earthquake, reduced shear strength
etc.) which is changing the force equilibrium condition of the moving body.

To understand the failure mechanism of the slope, we must look at the slope movement process and
how it changes over time. Figure 3 shows three different scenarios of displacement which might be
relevant for a slope (Wyllie & Mah, 2004) [1]:

- Regressive: cycles of accelerations if external force is imposed. As soon as the external force is
gone, the moving mass goes toward stabilising. The external force can for example be
groundwater rise / increased water head. In this case the frictional resistance of the sliding

p:\2018\06\20180662\leveransedokumenter\rapport\20180662-05-r\20180662-05-r.docx
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surface is enough to stabilise the slope if the external disturbance is remove or sufficiently
reduced.

- Progressive: in this behaviour gradual increase in slope velocity can be observed. The frictional
resistance of the sliding surface is not enough to stabilise the slope and it is unstable.

- Progressive — regressive behaviour can be observed if intact rock fracturing is happening and a
sliding plane is developing inside the rock mass (the sliding plane has not been fully developed
yet). With considering the fracture mechanics of the rocks under sub-critical conditions, it is
possible to describe progressive — regressive behaviour more in detail (Jaeger et al. (2007),
Atkinson (1987) and Sullivan (2007)) [2, 3 and 4]. In the progressive — regressive behaviour,
the acceleration is not due to the external forces and it happens naturally in the rock mass due
to fracture propagations inside the intact rock materials. It can be related to some environmental
factors if fracturing happens in sub-critical level. For example, large changes in the temperature
and water content of the rock can decrease the fracture toughness and allow further propagation
of the fracture.

Identifying the progressive and regressive behaviour of the slopes is a key factor in slope monitoring.
The velocity changes dependent on the geology and nature of the slide. However, gathered data from
open pit mines showed wide variation of critical velocities short time before failure (Sullivan (2007)
[4]. Ryan and Call [5] suggested that a critical velocity, when failure could be expected in short time is
ca. 12 mm/day.

In addition, further investigations are required to find how the displacement in the different parts of the
slope are correlating with each other. The Aknes rock slope is studied over decades, and as described
in Kveldsvik [6] the rock slope may be divided in 12 blocks which have different behaviour and
movement patterns.
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Figure 3. Interpreting observed displacements in the rock-slopes, from Wyllie & Mah (2004) [2]
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3 GPS

Table 2 presents a list of active GPS devices in Aknes. They have been active for seven years. Appendix
A shows the velocity and accelerations calculated for data from GPS-displacement — time series

obtained from the GPS monitoring data.

Table 2. GPS monitoring time for data extraction.

GPS Start Stop Months and days
Date/time Date/time
2 13.10.2011 /12:00 17.10.2018 /18:00 | 84 mos., 5 d.
3 13.10.2011 /12:00 17.10.2018 /18:00 | 84 mos., 5 d.
4 13.10.2011 /12:00 23.09.2018 /18:00 | 83 mos., 11 d.
5 13.10.2011 /12:00 17.10.2018 /18:00 | 84 mos., 5 d.
6 13.10.2011 /12:00 17.10.2018 /18:00 | 84 mos., 5 d.
7 14.10.2011 /12:00 17.10.2018 /18:00 | 84 mos., 4 d.
8 13.10.2011 /12:00 17.10.2018 /18:00 | 84 mos., 5 d.
9 13.10.2011 /12:00 17.10.2018 /18:00 | 84 mos., 5 d.
4 DMS

4.1 Measurements

The biggest advantage of the DMS-sensors installed in boreholes, versus regular inclinometers, is that
it is possible to have an early warning system based on the sub-surface displacements, rather than just
surface instrumentation. However, it has a disadvantage over the classical inclinometers, since the
DMS-sensors are connected to the rock mass by a small plastic spacer. In some places, by the time the
spacers can slide or deform, leading to faulty results. Hence, in our analysis, we checked the local
cumulative displacement at specific depth versus time, to check whether there was error in the data.
Table 3 shows available DMS data at the site and the period instrumentation was active. The data from
DMS are horizontal displacement in North and East directions versus time (see Chapter 2).

The data from inclinometers shows the relative shape of the inclinometer casing to the initial condition.
Plotting the magnitude of change at each reading depth is useful to identify potential zones / planes of
movement. The most common type of graph displays cumulative lateral deformation with depth,
starting at the bottom of the casing as zero and summarizing increments of displacement for each
measured interval up to the ground surface. Change in the cumulative displacement graph, if it happens
on a specific depth, show a potential sliding plane or a sliding zone. Plots can be developed to illustrate
the location of deformation zones clearly.

Table 3. Available DMS monitoring time at data extraction.

Total station Start Stop Months and
Date/time Date/time days

KH-01-06 22.11.2010 15.07.2013 31 mos., 23 d.

KH-02-06 21.09.2015 21.10.2019 49 mos.

p:\2018\06\20180662\leveransedokumenter\rapport\20180662-05-r\20180662-05-r.docx
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Total station Start Stop Months and
Date/time Date/time days
KH-03-06 21.09.2015 21.10.2019 49 mos.
KH-01-12 24.09.2015 24.09.2019 48 mos.
KH-01-17 15.10.2018 14.01.2019 3 mos.
KH-02-17 15.10.2018 21.08.2019 10 mos., 6 d.
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4.2  Potential errors

Graphs of cumulative displacement versus depth can be affected by systematic errors. Systematic errors
are mostly handled by monitoring software and we are not going to discuss them further. However,
there are some errors that could happen because of detaching of the DMS sensors from the rock mass.
Then the shape of cumulative displacement could become as presented in Figure 4. For classical
inclinometers, this error is called rotational error. By detaching the inclinometer casing from the rock
mass, the inclinometer casing experiences excessive rotational deformation. In rotational error, the
measurements in one of the directions (axis A) can also capture deflection in another axis direction
(axis B). This type of error can happen in DMS if they detach and start to deform under their own
weight. For handling such error, the cumulative displacement at some selected depth versus time was
checked (for example plot displacement for every 5 m along the hole) leading to identifying location
of a potential sliding plane or zones. Since displacement in A-direction shows a portion of the
movement in B-direction, it is possible to correct the measurements in A-direction by deducting
measured displacement in B-direction from it (Figure 4) Green & Mikkelsen [7].

CASING PROFILE B AXIS CORRECTED
{CROSS AKIS INCLINATION DEFLECTION A AXIS

NQ CORRECTION
DEFLECTION A AXIS

1
L
¥ |

Figure 4. Correcting the measurements when the sensors are detached and rotated inside the borehole [7].

5 Identify sliding planes or zones from DMS data

DMS data show several locations in each borehole with possibility of being identified as sliding
planes/zones. However, these depths must be checked against the available core pictures or logs to be
verified; unless they are possibly just errors in the DMS. Table 4 summarizes depths where there are
large changes (or jumps) in the displacements measured by DMS and whether they are sliding plane or
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not. Note that between the available boreholes, KH-01-2006 was ignored since it was not possible to
correlate it with the available core logs.

Appendix B shows correlation between the cores (pictures or core logs) and the marked sliding planes
in the boreholes from the DMS data.

Table 4. Locations with visible jump / stepping in displacements measured by DMS and verifying them against
core pictures whether they are sliding plane / zone.

Borehole Depths with sharp | Comment Sliding
changes in the plane/zone?
displacement / depth
curves

KH-02-2006 34 m There is evidence of sliding plane in | Yes

core logs.
115 m No evidence of sliding plane in core | No
logs.

KH-03-2006 No sharp changes, only | No core picture available. Based on | No
small steps in upper part | core logs it is confirmed that there
of borehole is no sliding plane in this depth.

KH-01-2012 31m Confirmed by cores Yes
63 m Confirmed by cores Yes

KH-01-2017 35m Data from core does not show any | No

sliding plane.
40-41m Confirmed by core; 5 to 10 cm of | Yes
sliding plane

KH-02-2017 33m Confirmed by cores, 2-3 m of sliding | Yes

zone
71m Confirmed by cores, 10 cm of sliding | Yes
zone

KH-01-2018 355m Confirmed by core picture Yes
94.5 There is no sliding plane visible in | No

cores

KH-02-2018 15m Confirmed by core picture Yes
112 m There is no sliding plane visible in | No

cores

DMS in boreholes KH-03-2006 and KH-01-2012 show rotational errors, as shown in Figure 4.
Therefore, the corrected version of the data is used to obtain the locations with large deviation in the
displacements. In these boreholes the corrected displacement in the north direction is calculated by
deducting the measured displacement in the East direction from the measured displacements in the
north direction. In addition to confirming the location of the sliding plane by the core pictures / logs,
they were controlled by checking the cumulative displacement versus time of some specific depth
above and under the identified sliding planes.
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6 Interpretation of the monitoring results

6.1  Sub-surface and surface displacements (DMS and GPS)

Table 5 and Table 6 present mean velocity and its azimuth measured on the ground surface by GPS and
in subsurface by DMS data, respectively.

From Table 5 and Table 6, there are two dominating displacement directions with azimuth of 185 —
225 and 135-143 degrees in the West and East flank, respectively. The slope can, therefore, be divided
into two different sections denoted as West and East flank. This is also reported in earlier analyses on
the deformations at Aknes and it has been correlated with the folding of the foliation at the site NGU
(2007) [8]. Hence, the West and East sections of the slope is denoted as West and East flank,
respectively.

Moreover, folding and different angle of the foliation may be the reason that the West and East flanks
have also different mean sliding velocity, confirming two separate sliding environments. In addition,
in the West flank DMS in the uppermost boreholes (KH-02-2012 and KH-02-2017) show evidence of
two sliding planes (denoted as S1 and S2) while in the East flank just one sliding plane is discovered
(S3).

Table 5. Mean sliding velocity and directions from DMS on different sliding planes/zones.

Borehole Depths Belong to | Azimuth of | Sliding plane | Mean horizontal
of sliding | west (W) | disp. name sliding  velocity
plane or east (E) | (degree) (mm/day)

(m) flank

Kh-02-2006 | 36 m E Not S3

possible to
measure.

KH-03-2006 | No - No sliding plane | O
sliding i
plane

KH-01-2012 | 31m W 220-224 S2 Not possible to
63 m W 224 S1 assess velocity

due to error in
DMS readings

Kh-01-2017 |40-41m | E 165 S3 0.06

Kh-02-2017 |33 m w 185 - 200 S2 0.21
71m w 188 - 200 S1 0.18

Kh-01-2018 | 35.5m w 201-211 S1 0.2

Kh-02-2018 15m w 218 -244 S1 0.2
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Table 6. Mean velocity and direction of slope surface movements measured by GPS in East and West flank of
the slope.

Sensor | North East Vertical Total Horizontal Azimuth of
(mm/day) | (mm/day) | (mm/day) | (mm/day) | (mm/day) displacement
(degree from
north)
West Flank
GPS-3 | -0.19 -0.05 -0.28 0.08 0.08 195
GPS-4 | -0.32 -0.06 -0.36 0.14 0.13 190
East Flank
GPS-5 | -0.04 0.03 0.03 0.06 0.05 143
GPS-6 | -0.04 0.04 0.04 0.07 0.05 135
GPS-7 | -0.08 0.08 0.04 0.12 0.11 135
Toe area
GPS-8 | 0 0 0 0 0 0
GPS9 |0 0 0 0 0 0

Measurements in KH-03-2006 and GPS 8 and 9 show that there is no displacement in the lower section
of the slope, denoted as toe area initially by Ganerad (2008) and Jaboyedoff (2011) [9 and 10].
However, some uplift and contraction in vertical direction are discovered. This is interpreted to be
correlating with the rock surface temperature changes during summer and winter, and not actually
movements/uplift caused by sliding.

Measured sliding direction and orientations are slightly different from GPS and DMS data. However,
comparing the data from DMS which has not been subjected to the rotational error, shows that there
are good correlations between DMS and GPS in terms of mean velocity direction (or mean
displacement direction). In terms of magnitude of the displacements, we can compare only horizontal
velocities from GPS with DMS data, which show good correlations.

6.2 Analysis of surface displacements in the north-western area

A closer analysis has been done on the north-western area of the Aknes rock slope. Kveldsvik et al.
(2008) divided the rock slope in 12 blocks studying displacements on the surface based on
photogrammetry in different time frames (1961-1983 and 1983-2004), see Figure 5. In addition, newer
displacement measurements from prisms and total stations were used in between 2004 and 2008.
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\_—  10cm/100m

Figure 5. Initial block model and annual average slope displacements derived from photogrammetry 1983-2004.
Scale; cm for displacements and m for block model, from Kveldsvik et al. (2008).

Block 8 is an interesting area with registrations of displacements. Therefore, block 8 is chosen for
further analysis. Kveldsvik et al. (2008) found that mean horizontal displacements in block 8 was as
follows:

e 12,6 cm/year in the period between 1961-1983 (8 points, photogrammetry)

e 7,7 cm/year in the period between 1983-2004 (35 points, photogrammetry)

e 06,8 cm/year in the period between 2004-2006 (total station/prisms)

Today GPS3, GPS4 and NewGPS are active or have been active from 2011/2012. GPS4 is in the central
part of block 8, see Figure 6. Registered horizontal displacement from 13" October 2011 to 23
September 2018 was 4,7 cm/year with azimuth N170E (almost directly South). Furthermore, NewGPS
is positioned at the same place as GPS4 (see Figure 6). Registered horizontal displacement for NewGPS
in the period 24™ June 2012 to 23" June 2020 was 5,1 cm/year with azimuth N163E. The direction of
movement is approximately the same for GPS4 and NewGPS but the displacement is less. Based on
the registered displacements in GPS4 and NEWGPS the tendency is that the displacements in block 8
is decreasing with time.
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Figure 6 Snip from Figure 1 illustrating approximately location of block 8 (marked with dark blue lines) together
with the new boreholes.

6.3  Effect of groundwater on slope movement

Several analyses are carried out to find if there is a correlation between groundwater fluctuations and
possible acceleration in the Aknes rock slide. In addition to four sectioned boreholes from 2017 and
2018, monitoring of water table in open boreholes have been done since 2005/2006. An overview of
the monitored boreholes is given in Table 7. DMS data is available in the same boreholes plus surface
displacements from GPS and prisms can help to decrease uncertainties in the assessments.
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Table 7. Overview of boreholes and water table monitoring.

Borehole Installation Calibration Stopped

KH-01-05 2000 | NA | 2017 | Open
KH-02-05 No monitoring

KH-03-05 No monitoring

KH-04-05 2009 NA 2017 Open
KH-01-06 2007 NA 2013 Open
KH-02-06 | 22-05-2014 | 20-09-2015 | Active Open
KH-03-06 | 04-08-2015 | 18-09-2015 | Active Open
KH-01-12 | 22-05-2014 | 24-09-2015 | Active Open
KH-01-17 | 25-06-2019 | 06-11-2019 | Active Packers
KH-02-17 | 29-09-2018 | 15-10-2018 | Active Packers
KH-01-18 | 30-10-2019 | 08-11-2019 | Active Packers
KH-02-18 | 29-10-2019 | 08-11-2019 | Active Packers

As we can see from Appendix A and C, the velocity is almost constant. It is possible to fit a linear
function to the monitored displacement data from GPS with least square coefficient factor above 98%.
No significant acceleration has been observed during the monitoring period.

In the hydrogeological report [11] it was found seasonal variations in the open boreholes with
characteristic groundwater level decline during winter and recovery from March/April when the snow
melting is high. In the sectioned boreholes (with packers) small seasonal dependency can be seen in
the middle part of the boreholes, and the results are changing slowly. No direct correlation with
precipitation can be seen. The influence of water infiltration from surface seems to be low since the
water table show only small seasonal variation.

When looking at stability assessment, the groundwater pressure at and directly above the sliding plane
is the most important parameter reducing the normal stress and the stability. Therefore, the water
pressure on or directly above the major identified sliding plane was studied. In the West flank it was
found that the water pressure over the monitoring period varied from 0 to 3,5 m, see Table 8§ for details.
In half of the boreholes the water head is below the sliding plane. The investigation of the slope
behaviour versus groundwater should be concentrated on changes of the water head measured on the
sliding plane. Unfortunately, available data from KH-01-2018 is limited to winter 2019 and spring
2020. The data period for KH-01-2012 is longer: 24.09.2015-24.09.2019 (Table 3).

Table 8. Overview of registered variation of water pressure on main sliding plane (or close to main sliding plane).

No. of Water Depth to main | Water pressure
Borehole . - e R
number piezo- table* sliding plane on main sliding

meters (mbgl) (mbgl) plane (m)
BH-01-06 1 55-60 49-50 0
BH-02-06 1 43,7-45,7 33 0
BH-03-06 1 41,5-44 24 0
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No. of Water Depth to main | Water pressure
Borehole . . s
number piezo- table* sliding plane on main sliding

meters (mbgl) (mbgl) plane (m)
BH-01-12 1 ~62 62 0-2,7
BH-01-17 9 ~353 35,5 0-0,5
BH-02-17 11 ~66,5 70 2,3-3,5
BH-01-18 10 ~33,4 34 0,4-1,4
BH-02-18 12 ~18 15 0

*Water table close to the main sliding plane.
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Figure 7 shows groundwater table in Borehole KH-01-2012 versus time. Three dates with highest water
head was marked to assess whether there are any correlations between the groundwater table and sliding
at West flank. As it is visible, the recorded highest water head is always from start of October to middle

of November.
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Figure 7. Upper: Recorded groundwater table in open borehole of KH-01-2012 and marked 3 highest recorded
water heads. Lower: Groundwater fluctuation in a period of one year for borehole KH-01-2012.

The displacements measured by GPS 3 and 4 which are located in the West flank, are shown as
example to investigate the correlation between groundwater changes versus displacements (Figures 8
— 10). They show that there are no visible changes in the displacement rate during those dates with

highest marked groundwater level.
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Figure 8. Recorded displacements in (a) GPS-3 and (b) GPS-4. The marked date with red correspond with the

highest water head (4 m water standing on the sliding plane) recorded in KH-01-2012 at 10.10.2017.
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Figure 9. Recorded displacements in (a) GPS-3 and (b) GPS-4. The marked date with red correspond with the
second highest water head (1.7 m water standing on the sliding plane) recorded in KH-01-2012 on 20.11.2018.
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Figure 10. Recorded displacements in (a) GPS-3 and (b) GPS-4. The marked date with red correspond with the
third highest water head (1.5 m water standing on the sliding plane) recorded in KH-01-2012 at date of
03.10.2016.

Groundwater head measurements in borehole KH-01-2018 is useable just from 01.01.2020 due to the
errors happening after the filling of the packers. Similarly, to the approach presented in section 3.1 of
the hydrogeological report [11], the water head at 01.01.2020, 01.02.2020 and 01.03.2020 was
extracted from borehole KH-01-2018 and a representative groundwater table was found for those dates.

As we can see from Figure 7 the water table starts to decrease from first December every year towards
March. Again, after March the water table starts to increase and reaches the peak value around October
/ November each year. Hence, water head is descending or constant during first 3 months of the year,
as presented in Figure 11. This shows that the water head measurements in both boreholes are
corresponding to each other. Moreover, there is no observed acceleration during this period since water
head is descending (Figure 12).
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Figure 11. Water head changes in borehole KH-01-2018 during January, February and March 2020.
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Figure 12. Displacements recorded in (a) GPS-3 and (b) GPS-4 during 01.01.2020 to 30.03.2020.

Based on the mentioned mechanism we suggest following criteria to investigate the correlation of the
groundwater fluctuations and slope acceleration:

- Since there are no clear correlations between groundwater fluctuations and precipitation [11],
groundwater fluctuations and water pressure on sliding plane should be correlated with
displacement, not precipitation rate.

- Increase in water head leads to decrease of normal stress on the sliding plane. Build-up of water
pressure on and above sliding plane should be correlated with displacement in the specific
section with detected sliding plane.

7 Geological cross-sections for numerical modelling

For the 2D stability analysis, it is required to have geological cross-sections which shows location of
the sliding planes and the geology around it. So far two different geo-models have been suggested for
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Aknes rock slide Ganered et al. 2008 [7] and Jaboyedoff et al. 2011 [8]. Since both models were
developed with less data than today, it is natural to consider their uncertainties before using them. Based
on the knowledge from those two suggested geo-models and current observations, geological cross-
sections for the Aknes rock slide will be suggested.

7.1 Available geo-models

Initial model was suggested by Ganerod et al. (2008). Figure 13 shows the suggested model and a cross-
section along the slope. The Aknes rock slope area is defined by the prominent 500-meter-long back
scarp at 900 meter above sea level (masl), a deep valley and a fault as western and eastern limits,
respectively, and the toe zone that outcrops at about 100 masl. The sliding zones delimit the moving

slope in depth, daylighting at different levels in the slope. Four domains were identified in the sliding
body.

The well-developed foliation in the rock mass is intensely folded at the head scarp but dips subparallel
to the topographic slope downslope. Biotite-rich layers, with up to 20 cm thickness, is oriented parallel
to the foliation and represent zones with high fracture frequency. These geological features are probably
closely linked to the large-scale displacement and enables formation of tension fractures along the back
scarp and sliding on weak layers downslope.

Heqavily fractured rock 1o 35-46 m depth
Fractured rock fo 100 m depth

Sliding surface af 35-65 m depth

Sliding surface (mopped of surface)

- Possilole sliding zone (from geophysics)
== 7 Bedmock folation
E = extensicn

C = compressicn

Ekenation ()
1000

00 4

: 5
,.;_\ Figrne & \

'\\ .“
Toe zone

angis of fopegaphic sope s 30-35° 0T

Figure 13. Geo-model suggested by Ganergd et al. (2008).

Second model was suggested by Jaboyedoff et al. (2011). The model identifies that extension processes
generated the backscarp due to sub-vertical isoclinal folding, is repeated at several topographical ridges
downslope from the backscarp (brown sub-vertical planes in Figure 14). Both the sub-vertical extension
fracturing and existing shearing zones control movements of the slope, generating a stepped sliding
surface. They also argued that undulation of the foliation joints lead to two different sliding directions
in the Aknes rock slide.

p:\2018\06\20180662\leveransedokumenter\rapport\20180662-05-r\20180662-05-r.docx



Document no.: 20180662-05-R
Date: 2020-07-09
ﬂ Rev.no.: 0

Page: 27

Upper fast slide

\ Direction of sliding

Figure 14. Conceptual model of the unstable slope at Aknes. From Jaboyedoff et al. (2011).

Both models identify two directions of movement in the western and eastern part of the slope.

Both models considered a toe area at elevation of about 150 masl. showing uplift movement. They
assumed that the toe area is under compression from the unstable mass moving in higher elevations
without providing any evidence from neither structural geology point of view nor kinetics point of
view.

7.2 Suggested geological cross-sections for numerical modelling

Long-term monitoring of the slope has revealed that there is no movement in the toe area (located at
about 150 masl.) in contrast to Ganered et al. (2008) and Jaboyedoff, et al. (2011). GPS 8 and 9 show
that there are vertical fluctuations in the ground which follows the atmospheric temperature. They show
expansion and contraction in summer and winter temperature, respectively.

To develop geological cross-sections, a systematic approach was followed:

1. The location of the sliding planes was marked with considered DMS data.

2. The sliding planes were confirmed by cores from the boreholes.

3. The sliding plane extrapolated between boreholes located on same cross-sections with
considering geophysical measurements, that is provided by NVE in the Petrel model.
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4. The tension crack at the back of the slope (back scarp) was considered as the upper boundary
of the slope.

Extrapolating the data from sliding planes marked by boreholes, electrical resistivity and backscarp
toward toe reveal that the toe of the sling mass is located almost at the elevation of the springs marked
around 450 — 400 masl (Figure 15 and 16).

Toe area (based on sliding plane below
subdomain 3) from Ganergd et al. 2008

Back scarp zone with graben c

Central zone with
subdornains 1 fo 4

BExfension domain
Compression domain

Topographic slope

L] e

Sliding surfaces

395000 395200 395400 395600 395800

Legend
~—Streams <l Meteo-station 2 GPs

== back-scarp  Broadband seismometer © Boreholes Extensometers
= = gliding-plan ® Geophones ] Bunker

Figure 15 lllustration presenting location of boreholes, GPS, geophones, extensometer as well as suggested
location of two sliding planes (dotted red lines) and one sliding plane in the middle (red line) and registered
streams (modified from Clara Sena's presentation, 28. Nov 2019).

The suggested geological cross-sections for the numerical modelling are presented in Appendix D.
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Figure 16. lllustration of possible locations of local toe areas in the rock slope.

8 Concluding remarks

Comparing displacement — time curves from the GPS data shows continuous linear displacement over
the entire rock slope. Highest displacements are registered in the West flank with mean velocity for
GPS4 (Oct 2011 to Sept 2018) of 0,14 mm/day and 0,13 mm/day for total and horizontal velocity
respectively. An interesting observation is that for the north-western part (block 8 in Kveldsvik et al.
2008) the analysis of old surface displacements shows a trend with decreasing displacements (See
Chapter 6.2). Photogrammetry from 1961 to 1983 gives mean horizontal displacement of 0,35 mm/day
for GPS3. And between 1983 and 2004 the mean horizontal velocity was 0,21 mm/day. From this the
conclusion is that the displacements at the surface in block 8 is decreasing. New data from block 8
should be analysed in the future.

The West flank is showing a regressive or transitional behaviour, either following curve A or C in
Figure 3. The north-western area of the rock slope has shown a regressive period from 1961 until today.
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Aknes has two different main blocks, East and west flank, with different movement patterns
independent from the other. Therefore, in case of acceleration of the unstable mass, it should be studied
separately. The rock slope may be divided in more than 10 blocks which have different behaviour and
movement patterns (Kveldsvik et al. 2008) [6]. Behaviour in West and East flank should be analysed
separately. Water head in a section of a borehole in East flank cannot be related to acceleration on the
West flank. This report has not focused on finding different movement patterns. Rather to find the most
critical areas for numerical modelling. Therefore, it was decided to start with a profile in the north-
western part, Profile W2, of Aknes rock slope, see Appendix D for details on location of this profile.
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Appendix A

VELOCITY AND ACCELERATION FROM GPS
DATA
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GSP-3 Velocity and acceleration in East and North directions
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GSP-4 Velocity and acceleration in East and North directions
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GSP-5 Velocity and acceleration in East and North directions
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GSP-6 Total overview
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GSP-6 Velocity and acceleration in East and North directions
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GSP-7 Velocity and acceleration in East and North directions
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GSP-8 Total overview
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GSP-8 Velocity and acceleration in East, North and vertical directions

5 %10

A

— Narth
East
Heigth

Dafe|

3 %10°%

North
East
Heigth

m / Day2

Velocity
AN B~ G - SN
2014 2015
Acceleration
_ = A e a A~ SN
= . - —
2014 201{

p:\2018\06\20180662\leveransedokumenter\rapport\20180662-05-r\rapport ny (tidl tn-02)\vedlegg\appendixa.docx



Document no.: 20180662-05-R

Date: 2020-07-09
1 Rev.no.: 0

Appendix: A, page 14

o
GSP-9 Total overview
Displacement
0.08
North
0.08 East ||
Height
0.04 [— eig
c 0.02[— A Date|
| = _ [ —— - | L _ I eV R N
2012 2013 2014 2015 2018 2017 o 2018 I~ R
0.02 [— —
004 [— _
0.06
Velocity
2
North
i East | |
Height
- e
o _;270%27 A P A . '210%5"\**—* _ _72%15 o B 2017 L /,_2%1\8/ ]
@ - fi ~
8 | |- A | \/
—~ Date
L -
2 _
3
%1073
-4 Accerelation
15 210
—North
1 East
Height
Q 05— Date |
2 AN A SN AN N AWAY AT WA N AT AN . ANV, Al
- - e —
z 2012 2013 015 2015 2016 2017 209
05 —
4= —
1.5

p:\2018\06\20180662\leveransedokumenter\rapport\20180662-05-r\rapport ny (tidl tn-02)\vedlegg\appendixa.docx



;

Document no.: 20180662-05-R
Date: 2020-07-09

Rev.no.: 0

Appendix: A, page 15

GSP-9 Velocity and acceleration in East, North and vertical directions
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Borehole KH-02-2018
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Appendix C

VELOCITY AND ACCELERATION FROM
SELECTED DMS DATA:

Carried out on limited number of DMS data
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DMS — KH-02-2017: Displacement at depths 20, 45, 75 and 100 m
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DMS — KH-02-2017: velocity and acceleration at depth 20 m
Date
Oct 2018 Nov 2018 Dec 2018 Jan 2019 Feb 2019 Mar 2019 Velocity Apr2019 May 2019 Jun 2019 Jul 2019 Aug 2019 Sep 2019
0 | 1 T ] | \ | T T
~ — East
01— e — f‘\ N
\
02— "‘*‘\_‘H‘ "gl —
= — [ \
03— - ".‘ \ —
E \ Vo
04— . "\ |
\
I‘\
06— —
0.6
Acceleration
0.04
North
i East
0.02— —
q 001 [ ™ —
é‘ L / 'l‘ Date
E, | s W | I R NN A\ [ S |
B Now 2018 “lan 2019 \r\egzﬂ’rg_‘ Warzote  Aproog TWay 2019 Jun 3819 Ju \'\Izuﬁ 9 "
|
001 | —
0.02 — —
0.03

p:12018\06\20180662\leveransedokumenter\rapport\20180662-05-r\rapport ny (tidl tn-02)\vedlegg\appendixc.docx



;

DMS — KH-02-2017: velocity and acceleration at depth 45 m
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. o
DMS — KH-01-2006: velocity and acceleration at depths 25, 35, 55, 80 m.
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DMS — KH-01-2006: velocity and acceleration at depths 25 m.
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DMS — KH-01-2006: velocity and acceleration at depths 35 m.
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DMS — KH-03-2006: Displacement at depths 25, 45, 75, 100 m.
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DMS — KH-03-2006: Velocity and acceleration at depths 25 m.
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Appendix D

GEOLOGICAL CROSS-SECTIONS FOR
NUMERICAL MODELLING
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