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Abstract

The Peace River region, Alberta, Canada, has experienced extensive landslide activity since deglaciation.
Shear zones within weak lacustrine silt and clay layers typically experience continuous creep, damaging
highway and utilities infrastructure. However, occasionally, movement accelerates and potentially
catastrophic failures occur. Conventional deformation monitoring approaches provide incremental
measurements with low temporal resolution and do not necessarily allow rapid changes in stability to be
detected and communicated sufficiently in advance to provide early warning. The study objectives were
to: (i) acquire a long-term dataset of continuous deformation measurements with high temporal resolution
of a case study slope in Peace River; (ii) enhance understanding of a typical creeping Peace River slope’s
behavior in response to climatic drivers; and (iii) investigate the potential of an Acoustic Emission (AE)
monitoring system to provide early warning of accelerating deformation behavior. ShapeAccel Array
(SAA) and AE instruments were installed, in addition to conventional inclinometers and piezometers.
Measurements show that the landslide is ‘extremely slow’, moving on average 5-mm annually, and reveal
seasonal activity with periods of acceleration and deceleration driven by pore-water pressures. Measured
AE correlated strongly with the rate and magnitude of SAA-measured displacement, demonstrating the

potential of the AE technique to warn of accelerating behavior.
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1 Introduction

1.1 Background

The Peace River region in Alberta, Canada, has experienced extensive landslide activity since
deglaciation and is one of the most historically active landslide sites in Western Canada (Figure 1)
(Davies et al., 2005; Morgan et al., 2012). This significant activity is due to the slopes of the river valley,
which were formed during deglaciation, being much steeper and narrower than the preglacial valley,

causing the slopes to progressively approach their preglacial geometry (Thurber, 1987).

An inventory of historic and active landslides in Peace River Alberta indicate that the shear zones of
many landslides develop within the weak lacustrine silts and clays (Davies et al., 2005). The landslides
move along these shear zones, typically with continuous creep, damaging highway and utilities
infrastructure. Occasionally, movement accelerates, triggered by elevations in pore-water pressures,
reaching high velocities and large displacements. These slope failures can be catastrophic if infrastructure
is in the landslide’s path. A typical slope failure in the Peace River region is shown in Figure 1d. A large
failure in May 2013 damaged the highway infrastructure. An orthoimage of this 2013 failure, located at
Site A (Figure 1b) is shown in Figure 2a. Two visible slope scarps are shown to be present at Site A and
are labeled as failures 1 and 2 on Figure 2b. This failure resulted in Highway 744 being closed for several
months, severely affecting transportation to and from the town. Other infrastructure at risk of landslide
damage at this site include: a railway corridor, located downslope, and a gas pipeline located upslope of

Highway 744.

Slope movements affecting infrastructure performance in the area have led to a suite of instrumentation
being installed along the highway as part of an ongoing risk management program. Conventional
monitoring approaches that have been used include annual visual inspections and bi-annual monitoring of

inclinometers and piezometers. However, these provide incremental measurements with low temporal

3
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resolution and do not always allow rapid changes in stability to be detected and communicated
sufficiently in advance to provide early warning. The objectives of this study were to: (i) acquire a long-
term dataset of continuous deformation measurements with high temporal resolution of a case study slope
near the town of Peace River, which, to the authors” knowledge, such data has not previously been
published; (ii) enhance understanding of the slope’s behavior in response to climatic drivers; and (iii) trial
an Acoustic Emission (AE) monitoring system and investigate its potential to provide early warning of

accelerating deformation behavior. The case study slope is highlighted as Site B in Figure 1b.

1.2 Slope Behavior and Monitoring

Monitoring slope displacement rate patterns allows the landslide behavior to be classified (Lerouil et al.,
1996). Figure 3 shows the idealized relationship between displacement and time for slopes that are:
approching failure, undergoing movemenet due to seasonal activity, or creep. The relationships shown in
Figure 3 do not take into account progressive failure, strength softening, or the brittle versus ductile
nature of the soil. The displacement rate of some slopes increases exponentially prior to failure (Figure
3a). When a slope is experiencing accelerating displacement behavior, the time to failure can be
forecasted by graphing the inverse velocity versus time data and finding the location where an
extrapolated curve intersects the time axis (Saito, 1965; Fukuzono, 1985; Bozzano et al., 2014). Figure
3b shows the relationship between displacement and time of a slope undergoing seasonal movement. For
this case, the inverse velocity versus time graph will undulate with one or more peaks in velocity
throughout the year. Since the data plotted and extrapolated on the inverse velocity versus time plot does
not cross the x-axis, failure with accelerated displacements is not forecast for these seasonal movements.
Figure 3c represents a slope that is experiencing continuous creep. The rate of displacement for a slope
experiencing creep does not change with time and the inverse velocity versus time relationship is

constant. A high-temporal resolution baseline of slope displacement rate measurements permits an
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assessment of whether an observed increasing displacement rate is likely seasonal, or indicative of

impending failure.

Monitoring for slope risk management has historically been performed using incremental displacement
and displacement rate measurements provided by manual surveys of inclinometer casings (Figure 4a)
(e.g. Bressani et al., 2008; Massey et al., 2013; Stark and Choi, 2008). When higher temporal resolution
is needed, In-Place Inclinometers (IPIs) can be permanently installed at the shear surface depth to provide
continuous measurements of slip surface deformation (e.g. Simeoni and Mongiovi, 2007). A more recent
development is ShapeAccelArrays (SAAS) (Figure 4b) (Dasenbrock et al., 2012; Abdoun et al., 2013),
which comprise a linear array of micro-electro-mechanical systems (MEMS) sensors that monitor
displacement continuously. The string of sensors is installed vertically into the borehole, and the
instrument provides displacement measurements with high temporal resolution at each sensor (available
SAA gauge lengths are 0.2, 0.305 and 0.5 m) with the benefit that the exact location of the slip surface(s)
need not be known prior to instrumentation. Surface deformation monitoring techniques, such as
differential Global Positioning Systems (dGPS) (Malet et al., 2002; Jaboyedoff et al., 2004; Brunner et
al., 2007; Macciotta et al., 2014), tiltmeters (Uhlemann et al., 2016) and surveys using Total Stations, are
also available, but typically have limitations in accuracy or temporal resolution. Continuously read IPIs
and SAAs provide the level of information required to detect rapid changes in stability for early warning;
however, these instruments are relatively expensive, which limits their application to high risk sites where
a sizable budget for monitoring and instrumentation is available. An AE subsurface displacement rate
monitoring instrument (Slope ALARMS) (Figure 4c) has been developed to provide continuous real-time

information with high temporal resolution at a lower cost than other technologies for use in early warning.

1.3 Acoustic Emission (AE) Monitoring of Slopes
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Slope monitoring strategies using measurement and quantification of AE generated by deforming soil
have been developed over a period of decades (e.g. Koerner et al., 1981; Chichibu et al., 1989; Nakajima
et al., 1991; Rouse et al., 1991; Fujiwara et al., 1999; Dixon et al., 2003; Smith et al., 2014a,b,c; Smith &
Dixon, 2015; Dixon et al., 2015a,b; Smith et al., 2016a,b). Waveguides (e.g. steel tubes) are used to
transmit AE from the subsurface to ground level with low attenuation. An approach has been developed
that uses ‘noisy’ backfill material (e.g. gravel) placed around the waveguide, which generates quantifiable
AE (i.e. AE is measured from the backfill material and not from the host slope material) as the slope
deforms. AE monitoring of these ‘active’ waveguides offers many benefits over traditional deformation
monitoring techniques, which include: the subsurface materials are low-cost and easily sourced, which
enables them to be widely used; continuous and real-time measurements can be provided at relatively
low-cost because of low-cost electronics; and they continue to operate at larger displacements (>500 mm
of shear surface displacement) than other conventional techniques (Dixon et al., 2015b; Smith et al.,
2016a). The current version of the AE system cannot locate the shear surface depth; however, it is
possible to do so if the full AE waveform was monitored and arrival times of wave modes were calculated
(e.g. Spriggs 2005). This AE system does not monitor the full waveform but instead monitors ring-down
counts (RDC), which reduces processing, storage and power requirements. This has allowed the
development of a portable AE sensing system that can monitor continuously and operate for long

durations in the field on battery power.

Active waveguides are installed in boreholes, or retrofitted inside existing inclinometer or standpipe
casings, that intersect existing or anticipated shear surfaces beneath the slope, and they comprise the
composite system of a steel tube with a granular backfill surround (Figure 4c). As the host slope deforms,
the active waveguide deforms, and this causes particle-particle and particle-waveguide interactions to take

place, which generate the AE. AE generation mechanisms include friction (rolling and sliding friction)



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

Berg et al Acoustic Emission Monitoring of an Extremely Slow Landslide 06 Feb 2018

and collisions (e.g. particle contact network rearrangement and release of contact stress as interlocking is

overcome and regained) (Koerner et al., 1981; Michlmayr et al., 2013; Michlmayr & Or, 2014).

Field trials and laboratory experiments (Smith et al., 2014a,b,c; Dixon et al., 2015a,b; Smith, 2015; Smith
et al., 2016a) have established that there is a direct relationship between slope displacement rates and
active waveguide-generated AE rates. Generated AE rates are proportional to applied displacement rates
because an increasing rate of deformation (i.e. in response to increasing slope velocity) generates an
increasing number of particle-particle and particle-waveguide interactions per unit time. Each particle
interaction generates transient AE events, which combine and propagate along the waveguide where they

are monitored at the ground surface.

Slope ALARMS is a unitary battery operated AE slope displacement rate sensor. A piezoelectric
transducer coupled to the waveguide at the ground surface converts the AE to an electrical signal, which
is processed by the AE sensor. The AE sensor amplifies the signal and attenuates frequencies outside of
the 20 to 30 kHz range, removing low frequency (<20 kHz) environmental background noise (e.g. traffic
and construction activity). The sensor records the number of times the waveform crosses a pre-
programmed voltage threshold level within pre-set time intervals; ring-down counts (RDC) per unit time
(AE rates). RDC are illustrated in Figure 5a where an RDC is detected when the waveform crosses the

voltage threshold level.

Figure 5b shows the relationship between measured AE rates and the velocity of slope movement from a
field trial in a shallow reactivated landslide at Hollin Hill, North Yorkshire, UK (Smith et al., 2014a).
The coefficient of proportionality needs to be calculated to determine the displacement rate of a slope
from recorded AE rates. The velocity at any given time is equal to the AE rate divided by the coefficient

of proportionality. The coefficient of proportionality is dependent on many variables associated with the
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monitoring system, including: the sensor sensitivity, which is controlled by the voltage threshold level
and signal amplification; the depth to the shear surface, which governs the magnitude of AE attenuation
as it is transmitted from the subsurface to ground level (Smith et al., 2016b); and the geometry and

properties of the active waveguide (Dixon et al., 2015a).

The AE system was trialed at the site near the town of Peace River to investigate the potential of the
technique for monitoring ‘extremely slow’ (<15mm/yr) (Cruden & Varnes, 1996) rates of slope
movement and to detect changes in rates of movement of this magnitude that could indicate accelerating
behavior for use in early warning. To date, the lowest rate of movement measured by the technique has
been ‘very slow’ (cm’s/yr) (Dixon et al., 2015b). This trial has also allowed the examination of the
performance of the AE technique in monitoring slides with deep shear surface(s), as the landslide near the
town of Peace River has a deeper shear surface than those in previous trials. Furthermore, the system had
never before been used in a comparable environment, with significant temperature variations (e.g. +30°C

to -35°C) and ground freezing.

2 Landslide Test Site near the Town of Peace River

2.1 Geological Setting of Peace River

The Town of Peace River is located in the Peace River Lowlands physiographic zone within the Interior
Plains of Canada. The geological setting of the area is complex due to Holocene erosion and processes
resulting from the late Wisconsin glacial event (11,000 to 85,000 B. P.). The advance of the Laurentide
Ice Sheet during glaciation produced proglacial lakes, causing lacustrine sediments to be deposited in the
area. The particle size of the sediments increases towards the surface with sand and gravel being

deposited on top of the lacustrine silts and clays (Davies et al., 2005).
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The surficial geology of the area consists of a local veneer of eolian sand and silt overlaying lacustrine
fine sand and clay with mixed colluvial material on the slopes (Thurber, 2009). The overconsolidated
lacustrine clays and silts are a major lithologic component of the colluvial deposits in the area. The low
strength lacustrine clay is responsible for many of the slope stability problems in the Peace River region
(Davies et al., 2005) since the failure surfaces of many translational slides in the area are located in the

clay layer (Morgan et al, 2012).

These sediments overlay two bedrock formations, the Peace River Formation and the Shaftsbury
Formation. The Peace River Formation is the lower lying formation. It occurs along the bottom of the
Peace River Valley, and consists of silty shale, fine sandstone and silty interbeds (Davies et al., 2005).
The Shaftsbury Formation is an upper Lower Cretaceous unit and consists of silty shale and shale,
ironstone beds, bentonite partings and thin silty and sandy intervals (Thurber, 2009). Morgan et al. (2012)
present a full description of the geological setting for the large landslides observed in the Town of Peace
River, Alberta, including a vertical cross-section of the inferred Quaternary stratigraphy across the Peace

River valley approximately 1 km from the study site.

2.2 The Test Site (Site B)

Site B is one of seven sites located along Highway 744 that are currently being monitored for slope
instability. Site B consists of 200 m of highway located between chainage 57.7 km and 57.9 km and is
undergoing slide movement based on Cruden & Varnes (1996) classification system. In May 1984,
Highway 744 was converted from a two-lane gravel road to a paved road, which permitted the first
instances of road cracking to be observed in 1988. Cement-stabilized stone columns were installed along
the length of the site between 1988 and 1992 to stabilize the slope. However, the slope remained unstable

and in 1992 settlement was observed along the downslope face of the installed columns. Inclinometers



217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238
239

240

Berg et al Acoustic Emission Monitoring of an Extremely Slow Landslide 06 Feb 2018

were installed in 1992 as part of an initial monitoring program. Slope movements continued between
1992 and 1996 and following a period of above average precipitation, the roadway dropped up to 1 m,
and a scarp crack began to form in the backslope above the highway. Further remediation took place in
1996 to 1997 (Diyaljee, 2014) consisting of realigning a portion of the highway and then installing a 180
m long (km 57.87 to km 58.05, north of the waveguide) anchored concrete caisson wall along the
downslope edge of the re-aligned highway. The roadbed upslope of the wall was also excavated and
rebuilt over lightweight fill (shredded tires) to reduce loads acting on the wall. A shear key and toe berm
using lightweight fill consisting of shredded tires were later constructed below the highway in 1998,
between km 57.77 and km 57.92 (downslope of the waveguide) to provide additional stability in that area.
Since 1999, some settlement and cracking have been observed, as well as continued movements measured
at depth by the inclinometers (Thurber, 2009). Currently, Site B comprises a series of 1 m to 4 m high

scarps and several small slides, which are located downslope of the concrete pile wall.

Five conventional slope inclinometers and five piezometers were installed at Site B in March 2010
(Figure 6). Instrumentation cluster 8 (i.e. SI10-8 and P110-8 in Figure 6a) is the focus of this study.
Inclinometer S110-8 was retrofitted with an SAA in December 2014 to provide continuous subsurface
deformation measurements. An AE active waveguide was installed 1 m south-east of SI10-8 in July 2013
(Deep AE Sensor in Figure 6b). A second waveguide (Shallow AE Sensor) was installed 2 m south of the
Deep AE Sensor in October 2015 as part of a strategy to remove extraneous noise from the AE

measurements. Figures 6¢ and 6d show the slope angle is approximately 17 degrees.

2.3 Historical Inclinometer Measurements

Figure 7a shows the plotted S110-8 inclinometer data for the period between March 2010 to December

2014, and soil layering from the log of the borehole in which S110-8 was installed. The shear surface is

10
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located approximately 16 m below the ground surface at an elevation of 498 m. The total displacement
measured at the shear surface by the inclinometer was 32.3 mm over this 1740 day period. The average
displacement rate for this period was 0.018 mm/day (6.6 mm/yr). The shear zone developed in the
lacustrine clay, which is consistent with other landslides in the area. The lacustrine clay at the shear
surface was very stiff due to the water content being close to or below the plastic limit. Despite the

stiffness of the clay it is a weak layer due to preshearing (Morgan et al., 2012)

2.4 AE Instrumentation Installation

2.4.1 Deep AE Sensor

The active waveguide (location in Figure 6) was installed in a 150 mm diameter borehole to a depth of 21
m (Figure 7c). The waveguide consisted of a 38 mm diameter steel pipe with 4 mm wall thickness,
connected in 3.05 m lengths using screw-threaded couplings. The waveguide was placed in the centre of
the borehole, and the annulus was then backfilled. Subrounded 10 mm washed pea gravel was used to
backfill the lower portion of the borehole from the base up to 11.9 m below the ground surface. AEs are
predominantly generated in the zone of shearing, and therefore the active length with gravel backfill only
needed to extend above and below the shear surface. A bentonite grout plug was used to seal against the
ingress of water, which could potentially generate AE and contaminate the measurements. The bentonite
plug was produced using hydrated bentonite grout chips, which were used to backfill the annulus from
11.9 m to 8.8 m below ground level. The top portion of the annulus was then filled with borehole spoil
(Smith et al., 2014c). The waveguide extends 0.3 m above the ground surface and is enclosed in a locked
protective chamber that was initially comprised of black plastic culvert and a metal lid but was later
changed to a design consisting of white plastic culvert and a wooden lid in November 2015 (described in

Section 3.3.2).

11
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2.4.2  Shallow AE Sensor

The Deep AE Sensor measured extraneous noise, which contaminated the AE measurements. It was
suspected that this was caused by surficial processes related to low temperatures (e.g. frost heave) and/or
the cover responding to thermal effects. Extraneous noise in the AE data will be further discussed in
section 3.3.1. A Shallow AE Sensor (Figure 7c) was installed adjacent to the active waveguide, allowed
removal of AE measured from shallow sources from that measured by the Deep AE Sensor, thus isolating
AE generated only by subsurface ground movement. This waveguide used the same 38mm diameter pipe
but only extended 3 m into the ground. The annulus around the waveguide was backfilled with auger
cuttings to replicate the upper portion of the Deep AE Sensor, and the same surface cover (white plastic
culvert and a wooden lid) was employed. Both AE measurement systems were configured to have a

0.25V threshold level, and 1-hour monitoring intervals and both are powered by air alkaline batteries.

2.5 SAA Installation

The SAA was installed to provide continuous subsurface displacement measurements for comparison
with AE measurements and to develop an enhanced understanding of the slope’s behavior. The SAA
extends from the ground surface to a depth of 20.1 m (Figure 7b) and has 0.305 m gauge lengths. The
SAA string was first installed inside 27 mm diameter unplasticized polyvinyl chloride (UPVC) conduit,
which was fastened together in 3 m lengths using epoxy, ensuring twisting of the SAA did not occur
(standard installation procedure). After the SAA had been secured within the UPVC conduit, it was
lowered inside the inclinometer casing, which had already been filled with bentonite-cement grout with
mix proportions of 1.0, 6.6 and 0.4 for Portland cement, water and bentonite respectively. This bentonite-
cement grout mix was selected to ensure it behaved comparably to the surrounding in situ soil. The
conduit was sealed to ensure it was watertight, and the SAA was connected to a datalogger, which is
powered by a battery and recharged by a solar panel. Initially, the measurement interval was set to 15

minutes to investigate noise in the data and ensure sufficient temporal resolution to capture the behavior

12
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of the slope. The period over which the rate of displacement varied was of the order of days, as opposed
to minutes, and so the monitoring interval was increased to 2 hours, which also reduced the amount of

data processed and hence battery usage during data transmission over a cellular modem.

2.6 Piezometer Installation

A pneumatic piezometer (P110-8 in Figure 6a) was installed in March of 2010 at an elevation of 497 m
(Figure 7d), which is within the lacustrine clay layer where the shear zone is located. The piezometer was
attached to the outside of the inclinometer casing installed at the same time, and the casing was then
tremie grouted using bentonite-cement grout from the bottom of the borehole to the ground surface.
Measurements were taken manually from the piezometer twice per year, except between December 2014
and November 2015 when the sampling frequency was increased due to site construction being performed

at Site A.

3 Monitoring Slope Displacement

3.1 SAA and Inclinometer Data

The SAA data were averaged over 24 hour periods, and the weekly displacement measured with depth is
shown in Figure 7b. There is one failure surface located at a depth of approximately 16 m. The failure
surface measured by the SAA agrees with the previously collected inclinometer data shown in Figure 7a.
Measurements taken after April 15, 2016, show negative movement occurring below the shear surface,
which is likely due to movement below the base of the SAA at the second shear surface, located at a
depth of 26 m (Figure 7a). Since the software used to process the SAA data assumes that the base of the
SAA remains stationary, if it is moving, MEMS nodes located below the shear surface that are
experiencing little or no movement will measure negative movement. Errors in the measured

displacement caused by the base of the sensor not remaining stationary do not affect the calculated

13
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incremental displacements, so the incremental displacement at each node can be used to correct for

measurement errors in the cumulative displacement measurements.

3.1.1 Relationship between Displacement, Precipitation and Piezometric Head

The cumulative displacement, cumulative total precipitation, and piezometric head between March 2010
and June 2016 are shown on Figure 8. By comparing precipitation (Figure 8a) and piezometric head
(Figure 8b), it can be seen that instances of heavy precipitation, such as the events that occurred between
June and September of 2011 and 2013 (circled areas on Figure 8), resulted in an increase in the
piezometric head. The piezometric head was very low at the beginning of 2011 and, despite a large
amount of precipitation, was lower than records over the subsequent 6.5 years. As a result, the smallest
magnitude of movement (3 mm) occurred during 2011. The peak in piezometric head occurred in 2013 in
response to significant precipitation, causing 12 mm of shear surface displacement, which is more than
double the average yearly displacement measured between 2010 and 2016 of 5mm. This highlights the
important link between piezometric head and stability and demonstrates that it is not a simple process to

interpret changes in piezometric head from precipitation records alone.

Figure 9 shows the relationship between slope velocity and the piezometric head value. At low
piezometric head values (i.e. below 3 m of piezometric head) the velocity of slope deformation varied
independently of the pore-water pressure and movement could be interpreted as having been governed by
a constant rate of creep deformation. Carey et al (2015) found a similar trend between pore water
pressure and velocity for a site in southern England. At this site, a background creep deformation of
approximately 0.02mm/day was observed that did not appear to respond to changes in pore water
pressure. At piezometric head readings above a threshold value of 3 m, a linear relationship was found to

exist between the velocity of the slope and the piezometric head, with higher pore-water pressures leading

14
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to increases in the velocity of the slope. The slope of the linear regression through the velocities was
found to be 0.015mm/day per m of piezometric head. It should be noted that the linear relationship
between slope velocity and piezometric head will not continue indefinitely, as higher piezometric levels

than observed during the study period, could result in acceleration as the slope approaches failure.

3.2 Interpretation of Slope Behavior

Traditional inclinometer measurements at the site had a low temporal resolution (biannual readings)
which prevented a full observation of the seasonality of the slope’s deformation behavior. Continuous
SAA shear surface displacement measurements for the period January 2015 to April 2016 are shown in
Figure 10a. This data indicates that the slope is continuously deforming, but at variable rates through the
year. To further investigate the seasonality of the deformation, the 60-day moving average inverse
velocity is plotted in Figure 10b. This moving average period was selected as it is a multiple of one month
and, given the extremely slow rate of movement, captures the deformation behavior with sufficient
temporal resolution. The cyclic nature of the inverse velocity data shows that the slope is experiencing
seasonal movement superimposed on top of continuous creep. The piezometric head was fairly constant
between January and November of 2015, varying by less than 0.3 m, with peaks in the piezometric head
occurring in January and May. Accelerated slope movement occurred in January, April, and August. The
relationship between piezometric head and displacement rate at this site is complex, due to the continuous
creep, and further study is required to understand fully the effect small changes in piezometric head have

on slope displacement.

3.3 AE Data

3.3.1 Raw AE Data

15
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Data from the Deep AE Sensor has been collected continuously since July of 2013, with two gaps due to
battery failure between July 22" and October 9" of 2014 and November 1% and December 9" of 2014.
Figure 11a shows the raw AE rate data, and Figure 11b shows the cumulative AE record and the
cumulative slope displacement. AE generated by periods of slope movement are expected to follow trends
comparable to slope behavior, with characteristic S-shaped cumulative AE records as the slope
accelerates, decelerates and then becomes stable again (Smith et al., 2014a; Dixon et al., 2015a;
Uhlemann et al., 2016). Individual spikes of AE and AE that does not follow trends comparable to slope
behavior are generated by spurious noise. Although there are several points in the cumulative data that
resemble an S-shaped curve, many of these jumps are due to a single data spike generated by extraneous
noise, which is why the cumulative AE does not line up with the cumulative displacement data (Figure

11b).

Environmental factors such as precipitation and temperature were investigated to develop an
understanding of the causes of extraneous AE noise. Figure 11c shows the daily total precipitation since
July 2013. By comparing Figure 11c to 11b, it can be seen that the cumulative AE and the cumulative
precipitation do not follow the same trend, which indicates that precipitation does not generate noise in
the AE measurements through impact with the cover or surface infiltration since large spikes in the AE
did not coincide with large precipitation events. Figure 11d shows the hourly change in temperature. It
was found that a larger number of AE spikes occurred in the data during the winter of 2013/2014 when
the temperature fluctuated by a larger amount than during the winters of 2014/2015 or 2015/2016. Large
AE spikes occurred in February of 2014 and March of 2015 when the temperature fluctuated around zero
degrees Celsius, indicating that temperature dependent factors such as freeze thaw cycles and frost heave

could be a source of extraneous noise.
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The surface cover was modified in November 2015 (from black culvert with a metal lid to white culvert
with a wooden lid), and differences in AE measurements before and after the modification were analyzed
to investigate the effect of thermal expansion and contraction of the surface cover on the amount of AE

data spikes.

3.3.2  Effect of Cover Design on Extraneous Noise

The original cover for the AE sensor consisted of a black plastic culvert base covered by a metal lid
(Figure 12a). Since it was found that changes in temperature resulted in large AE spikes in June and
September of 2015, it was theorized that solar radiation could be causing thermal expansion and
contraction of the metal lid leading to strains in the cover/foundation and generating AE. A new cover
was installed to test this hypothesis (Figure 12b). Since the black culvert would also lead to larger
amounts of solar radiation, the sides of the cover were painted white. The new cover was installed in
November of 2015. By comparing the cumulative AE and cumulative displacement over a 6 month
period when the original cover was in place (2014/2015) and the same 6 month period the following year
(2015/2016) after the new cover design was installed, the effect of the cover design on the amount of
noise present in the AE data can be analyzed. The six month period being considered includes the winter

months since more noise was shown to be present in the data during the winter (Figure 12a).

Figure 12c shows the variation in cumulative AE. It can be seen that the cumulative AE during the time
period with the original cover design is almost an order of magnitude larger than the AE measured with
the new cover design. This larger amount of AE is independent of slope displacement since the
displacement measured using the SAA for the two time spans varies by less than a factor of 2 (Figure

12d), and active waveguide-generated AE rates are proportional to slope displacement rates (Section 1.3).
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This shows that the cover design plays a significant role in the efficacy of the AE monitoring approach; a

cover that produces spurious AE could lead to false alarms, reducing the reliability of the system.

3.3.3 Use of Shallow AE Sensor to Filter Noise

Although the cover design was found to cause significant extraneous noise, other sources of noise
remained. An additional source of this contamination could be surficial processes that are independent of
slope deformation (e.g. frost heave), which cannot easily be filtered from the AE measurements.
Therefore, a second waveguide (Shallow AE Sensor) was installed to measure this extraneous AE so that

it could be removed directly from AE measured by the Deep AE Sensor.

Figure 13a shows time series of measurements from both AE sensors and the SAA. Both AE sensors
follow the same trend and detect a large AE measurement in December of 2015. Figure 13b shows time
series of the filtered AE data (by removing AE measured by the shallow sensor from AE measured by the
deep sensor during each time interval) and the SAA shear surface displacement measurements for the
period November 2015 to May 2016. Both time series in Figure 13b exhibit comparable trends in
behavior. Cumulative filtered AE measurements are plotted against SAA shear surface displacement
measurements in Figure 13c to establish a correlation. It was found that a strong linear correlation exists
between the measured SAA displacement and the AE measurements with an R?value of 0.93. Based on
the relationship shown in Figure 13c, a cumulative (filtered) RDC value of 85500 corresponds to 1 mm of

displacement for the AE system installation at Peace River.

3.4 Calibrating the AE system for early warning
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Early warning systems for slope instability need to alert users of accelerating slope deformation behavior
to enable safety-critical decisions to be made. The purpose of the AE monitoring system is to provide
information on the rate of slope displacement so that accelerating movements indicative of incipient
failure can be detected and communicated to responsible persons so that appropriate action can be taken.
An approach to convert AE rate measurements to the velocity of slope movement is therefore required.
To achieve this, a quantification framework to calibrate AE system installations was developed by Smith
(2015) using laboratory and field experiments, which included parameters for: AE attenuation (i.e. the
magnitude of lost energy as the AE propagates along the waveguide from the active zone in the
subsurface to ground level); backfill type and properties; waveguide geometry and properties; and sensor

settings and configuration.

Figure 14 shows the measured (filtered) AE rate versus SAA measured velocity relationship for the
installation at Peace River, using 90-day moving averages of measurements from the period November
2015 to May 2016. The strong correlation demonstrates the ability of the AE technique to detect changes

in rates of movement.

The purpose of the AE system is to provide an early warning of slope failure by detecting and quantifying
increasing rates of movement. Accelerating slope behavior progresses over orders of magnitude; the
standard landslide velocity scale varies from extremely slow (1mm/yr) to extremely rapid (1m/s) (Cruden
and Varnes, 1996). The velocity in the measured relationship in Figure 14 ranges from approximately
0.0001 to 0.0007 mm/hr, which demonstrates the sensitivity of the AE approach to changes in
displacement rates. It is expected that if the slope began to accelerate, AE rates would increase

proportionally with displacement rates, as has been shown in previous studies (detailed in Section 1.3).
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The AE rate/velocity relationship in Figure 14, calculated for the installation at Peace River, is more than
an order of magnitude larger than the predicted relationship using the framework detailed in Smith (2015)
(i.e. the AE rates generated by the system at Peace River in response to applied rates of slope movement
were significantly greater than predicted). This discrepancy is hypothesized to be due to a series of factors
that were not incorporated in Smith (2015)’s framework, which include: shear zone thickness; backfill
stress level, which increases with depth and governs the magnitude of inter-particle contact stresses and
hence AE energy; and the size of the active zone (i.e. backfill volume being deformed, which is
influenced by borehole diameter and active gravel backfill length). It is also possible that voids in the
bentonite/clay backfill reduced the magnitude of attenuation as AE propagated from the subsurface to
ground level. Smith (2015)’s framework was developed using cases of slopes with shallow shear surfaces
and hence low backfill stress levels. Furthermore, the active backfill volume in the Peace River
installation is an order of magnitude larger than those used in the physical model tests to develop the

framework (Smith, 2015; Smith et al., 2016a).

The higher than expected AE rate/velocity relationship indicates that although the level of AE attenuation
during propagation along the steel waveguide increases with depth to the shear surface, which initially
was thought could limit the possible shear surface depths that can be monitored, elevated stress levels
with depth and larger active zones significantly increase the magnitude of generated AE, compensating
for the experienced attenuation. This indicates that greater shear surface depths can be monitored than
previously anticipated. Further research is required to understand fully the link between backfill stress

level, active backfill volume, shear zone thickness and generated AE rates.
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4 Conclusion

Landslides in the Peace River region, Alberta, Canada, cause repeat damage to highways and utilities
infrastructure and, occasionally, movement accelerates, and potentially catastrophic slope failures occur.
The purpose of this study was to enhance understanding of the patterns of movement in these creeping
landslides and to trial an Acoustic Emission (AE) monitoring system, which was developed to detect and
communicate accelerating rates of slope movement indicative of incipient failure for use in early warning.

The principal findings are summarized in the following conclusions.

(@) A long-term dataset has been obtained for a case study landslide in Peace River. The landslide
moves with an average displacement rate of 5 mm/yr and is therefore classified as ‘extremely
slow’. High temporal resolution SAA measurements revealed that the slope experiences seasonal
movement with higher displacement rates in January, April and August. The piezometric head
measurements varied by more than 5 m over the 2010-2016 record, reaching a peak in 2013 of
nearly 5 m above the piezometer tip, which is installed in the shear zone, and causing 12 mm of
displacement that year (more than double the average displacement measured between 2010 and
2016). At values of piezometric head below a threshold value of 3 m, no relationship between
landslide velocity and piezometric head was observed. In contrast, at piezometric values higher
than this threshold, a linear relationship between piezometric head and the average slope velocity
was observed, with a 1 m increase in head resulting in a 0.015 mm/day increase the velocity of
slope movement. It is not expected that this linear relationship would continue indefinitely with
higher pore water pressures since the slope will accelerate as it approaches failure, illustrating the

continued need for deformation rate-based landslide early warning sensors.

(b) Although the AE instrumentation monitors high frequencies (above 20 kHz) to filter low-
frequency noise, significant extraneous noise was detected at the Peace River site due to surficial

processes (e.g. frost heave) and/or the cover responding to thermal effects. Modifying the surface
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(©)

cover to minimize thermal effects by changing a black culvert and metal lid for a white culvert
with wooden lid was observed to reduce this noise by an order of magnitude. In addition, a
shallow waveguide installed adjacent to the active waveguide was used to measure AE generated
by the cover and/or surficial processes, which was then successfully removed from the AE
measured by the active waveguide to obtain only AE highly correlated with subsurface ground

movement.

Comparisons between continuous SAA deformation measurements and filtered cumulative AE
measurements provide evidence that the AE technique is able to measure ‘extremely slow’ rates
of movement. The AE and deformation measurements exhibit the same trends in behavior and,

when plotted against each other, display strong correlation.

(d) A calibration relationship was established using AE rate and slope velocity measurements, which

can now be used to derive slope displacement rates from measured AE rates in the future for use
in early warning. This measured AE rate/slope velocity relationship was more than an order of
magnitude greater than a predicted relationship using the framework developed by Smith (2015).
This is hypothesized to be due to greater shear zone thickness, backfill stress level and active
backfill volume in the installation at Peace River than in the laboratory and field experiments
used to develop Smith (2015)’s framework. This demonstrates that slopes with significantly
greater shear surface depths can be monitored than previously expected, but further research is
required to fully understand the link between backfill stress level, active backfill volume, shear

zone thickness and generated AE rates.

Monitoring of this site will continue in order to better understand how the slope reacts to variations in

pore water pressure and to further develop ways to detect the onset of slope failure.
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Figure 1: a) Location of Peace River b) Location of two landslide sites along highway 744 near the town of Peace River, Alberta c) Image
of site A and B as well as an example of a typical landslide in the area d) Close up view of landslide shown in the box on Figure 1c
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Figure 2: a) aerial photogrammetry model of slope with failures 1 and 2 b) Ground image, taken
looking south, showing failures 1 and 2 along road
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failure b) seasonally activated landslides and c) creep displacement
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Figure 4: Methods used to monitor landslide displacement: (a) Inclinometer; (b) ShapeAccelArray; and (c) Acoustic Emission active

waveguide



Berg et al Acoustic Emission Monitoring of an Extremely Slow Landslide 06 Feb 2018

a) A
Ring-Down
Count

......... == == Threshold Level

/ Time

Amplitude

AE rate (RDCfhour)
- (W8] (WY
()] o [9)]

-
o

Velocity (mm/hour)

Figure 5: a) lllustration of AE amplitude versus time and RDC b) Relationship between measured
AE rates and the velocity of slope movement from a shallow reactivated landslide (after Smith et
al., 2014a; Smith et al., 2016a)
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Figure 6: a) Location of sensors at Site B b) Proximity of AE and SAA sensors to highway 744 c) Cross section A-A’ of Site B shown on

Figure 1 d) Close up of cross section shown in box in Figure 6¢
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Figure 7: @) Inclinometer data with soil layers determined from borehole log data, b) Cumulative SAA data showing one failure surface at

a depth of 16 m, c) Sketch of installed Deep and Shallow AE Sensors at Site B in Peace River, Alberta, and d) Piezometer installation
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Figure 8: a) cumulative total precipitation, with timing of sensor installations highlighted b)
piezometric head (above piezometer tip, which is installed in the shear zone) c) cumulative

displacement measured at the shear surface from the inclinometer and SAA
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Figure 10: a) cumulative SAA-measured displacement at the shear surface b) Inverse SAA-measured velocity of the slope using a 60-day

moving average
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Figure 11: a) raw deep AE sensor data showing large spikes in measured RDC b) cumulative AE

data (x10°%) from deep AE sensor and cumulative displacement c) cumulative daily total

precipitation collected by Environment Canada d) hourly temperature data collected by

Environment Canada
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Figure 12: a) image of original cover design b) image of modified cover design after second AE
sensor was installed c) cumulative AE (RDC x10°) measured over 6 month period in 2014/2015 and
2015/2016 d) cumulative displacement measured by SAA over a 6 month period in 2014/2015 and
2015/2016
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Figure 13 a) Comparison of cumulative AE (x10°) measured from deep and shallow sensors b)
Comparison of filtered cumulative AE (x10°) data and displacement measured by SAA c)

Relationship between filtered cumulative AE (x10°) data and displacement data from SAA
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Figure 14: Measured AE rate -velocity calibration relationship for the installation at Peace River
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