Nat Hazards (2016) 81:887-907 y
DOI 10.1007/s11069-015-2110-2 @ CrossMark

ORIGINAL PAPER

Developing an early warning system for a very slow
landslide based on displacement monitoring

Renato Macciotta' - Michael Hendry” - C. Derek Martin®

Received: 13 July 2015/ Accepted: 30 November 2015/ Published online: 10 December 2015
© Springer Science+Business Media Dordrecht 2015

Abstract The Ripley Landslide is a soil slide moving on a fully developed, sub-hori-
zontal, shear surface. The landslide represents a hazard for two important railway lines
across its toe. The landslide is being monitored by an array of displacement measurement
systems including GPS units, a ShapeAccelArray (SAA), satellite InSAR, and crack
extension metres, as well as an array of piezometers targeting pore water pressures in the
vicinity of the shear surface. The displacement monitoring system shows an annual cycle
of slope deformations most active between September and May. Annual horizontal dis-
placements range between 60 and 100 mm. Vertical displacements range between 20 and
80 mm of settlement. The average horizontal velocities during the active displacement
period are between 0.2 and 0.35 mm/day, with maximum velocities of up to 0.6 mm/day.
This paper describes the development of an early warning system based on landslide
displacement measurements. The system is based on GPS and SAA measurements, which
provide near real-time displacement data. The early warning system focuses on detecting
changes in landslide annual displacement cycles and potential accelerations, as well as the
effects of slope deformation on the railway alignment. As such, the system monitors both
the integrity and performance of the slope.
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1 Introduction

The Ripley Landslide is a soil slide located in the Thompson River Valley in the Province
of British Columbia (Fig. 1) near Ashcroft. This valley hosts an important railway corridor
that connects the Port of Vancouver and the rest of the populated parts of North America to
the east. Both Canadian Pacific Railway (CP) and Canadian National Railway (CN) use
this corridor, and as such, it is vital for the economic health of Canada.

The Thompson River Valley south of Ashcroft has experienced several landslides that
have been the subject of study (Stanton 1898; Clague and Evans 2003; Eshraghian et al.
2007, 2008; Bishop et al. 2008). While some of these soil slides have involved volumes of
up to 15,000,000 m>, the Ripley Landslide’s estimated volume of 750,000 m?> is com-
paratively small. However, because it is moving the fastest and CN and CP’s tracks both
traverse this landslide, it warrants a proactive hazard management approach.

The Ripley Landslide is estimated to move at a rate between 25 and 180 mm/year
(Bunce and Chadwick 2012; Hendry et al. 2015). The landslide velocity classification
proposed by Cruden and Varnes (1996) considers very slow and extremely slow landslides
(velocities below 1.6 and 15 mm/year, respectively) to have very low destructive signifi-
cance. The Ripley Landslide velocity is classified as very slow. Examples of structures
impacted by very slow and extremely slow landslides that successfully function with
regular maintenance are plentiful, e.g. Picarelli (2007), Alonso et al. (2010), Oyagi et al.
(1996), Sarkar et al. (2013), Froese (2007), and Brooker and Peck (1993). Mansour et al.
(2011) present an analysis of slow-moving landslides within Canada and elsewhere,
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Fig. 1 Location of the Ripley Landslide
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detailing the level of damage caused by each landslide and the monitoring approaches
adopted.

Even when slow landslides are associated with low destructive significance, monitoring
and early warning are essential for hazard management. Recent studies document the
development of early warning systems for natural and engineered slopes (Atzeni et al.
2015; Thiebes et al. 2014; Intrieri et al. 2012; Vaziri et al. 2010), and an international
workshop held in Italy in 2013 focused on discussing the challenges, problems, and
available tools to determine warning criteria (Cloutier et al. 2014). In addition, a volume of
the proceedings of the Second World Landslide Forum, dedicated to early warning,
instrumentation, and monitoring, has been recently published (Margottini et al. 2013).
These recent efforts highlight the need for robust and reliable monitoring and early
warning systems as a key part of cost-effective hazard management.

This paper presents the development of an early warning system based on displacement
monitoring for the Ripley Landslide. Adequate understanding of landslide deformation
mechanisms is essential to develop a reliable early warning system. The deformation
mechanisms of the Ripley Landslide are summarized and provide a basis on which to
assess the likely slope behaviour preceding a sudden movement leading to collapse of the
slope. Displacement monitoring can indicate when cumulative deformations of the slope
could lead to excessive damage of existing structures or a transition towards imminent
slope collapse (uncontrolled slope acceleration). The system is based on data acquired with
a global positioning system (GPS) and a ShapeAccelArray (SAA), which provide near real-
time displacement data. The system focuses on warning of potential track deflections,
which require lower train speeds be imposed if they occur, as well as uncontrolled
acceleration of the slope. The purpose of the system is to provide timely notice for
landslide experts to evaluate the hazard level associated with the Ripley Landslide.
Analyses of the landslide displacement patterns and near real-time monitoring data are
combined with previous studies of landslide-induced railway track deflections and track
quality standards to develop early warning displacement thresholds and associated hazard
management protocols.

2 The Ripley Landslide

The Ripley Landslide is approximately 200 m long and 40 m high from the highest
detected open crack to its projected toe, with a width of approximately 300 m. Figure 2a is
a picture of the landslide, highlighting the main scarp and the location of both railway
lines. Figure 2b shows a typical cross section of the landslide, which is comprised of
overconsolidated glacial deposits (diamicton, glaciolacustrine, and glaciofluvial). The
location of the main scarp and inclinometer data has been used to interpret the geometry of
the landslide sliding planes in Fig. 2. The sub-horizontal sliding plane at the base of the
landslide has been interpreted as a shear surface originated by stress relaxation following
glacial melting and river down-cutting. This shear surface could have the potential to
extend behind the main scarp, although no signs of present instability have been detected
upslope.

The landslide was first identified in 1951 by Charles Ripley (Leonoff and Klohn
Leonoff Ltd. 1994). Since then, it has either been inactive or moving so slowly that regular
maintenance of the track has kept up to the displacements (Bunce and Chadwick 2012).
CN and CP have both recognized the need to increase our understanding of the
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Fig. 2 Frontal view (a) and typical cross section (b) of the Ripley Landslide. Depths to bedrock are inferred
from previous field work and are approximate

mechanisms of and triggers for movement of the slope, as well as to implement a moni-
toring and early warning system for hazard control.

2.1 Previous studies and slope behaviour

In 2005, CP constructed a new rail siding that required slope cuts and the construction of a
lock-block retaining wall. As part of the geotechnical investigation and monitoring for its
construction, four boreholes were cored and two inclinometer casings and five vibrating
wire piezometers were installed. Shortly after, deformations were noticed at the newly
constructed lock-block wall, and the inclinometer casings sheared within 17 months
(Bunce and Chadwick 2012; Macciotta et al. 2014).

In 2007, survey pins were installed on the slope to monitor the landslide surface dis-
placement. In 2008, GPS was installed to provide continuous measurements of the land-
slide displacement and to develop an early warning system (Bunce and Chadwick 2012).
Displacement monitoring data and piezometric elevations within the slope have been
analysed by several authors (Macciotta et al. 2014; Bobrowsky et al. 2014; Huntley et al.
2014; Hendry et al. 2015), leading to the following conclusions:

(a) The Ripley Landslide is sliding along a weak, shear surface within a high plastic
clay layer (Fig. 2b). The materials within the moving soil mass are developing
secondary steep shear surfaces.

(b) The elevation of the horizontal sliding surface is coincident with the bottom of the
riverbed or slightly below. Thus, the continued down-cutting of the river may result
in further instability.
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(¢) The piezometers indicate that there is an upward hydraulic gradient at the base of the
sediment layer containing the slide base.

(d) The pore pressures within the landslide are defined by both the regional
hydrogeological regime and the elevation of the Thompson River (Bishop et al.
2008). When the river is at its highest level, the slope velocity is at its lowest. This
most likely corresponds to increased stability of the landslide due to a combination
of a buttressing effect of the river and the increase in mobilized shear strength with
increasing effective stress along the sliding surface (evaluated numerically by
Hendry et al. 2015).

CP completed a risk assessment of the Ripley Landslide, comparing the risk to life and
the environment with the cost of stabilizing the slope. The risk to life and the environment
was concluded to be extremely low, but that stabilizing the slope would be costly, may not
be effective, and could have a substantial negative impact on the Thompson River (Bunce
and Chadwick 2012). Therefore, a monitoring and early warning system based on GPS was
adopted to manage the risks associated with the operations and to increase understanding
of the displacement mechanisms and potential triggers for sudden movement.

The monitoring instrumentation at the Ripley Landslide was enhanced in May 2013
(Macciotta et al. 2014), as illustrated in Fig. 3. A Measurand Inc. ShapeAccelArray (SAA
in figure inset) was installed within a borehole cored in the vicinity of a previous incli-
nometer. Nine steel corner reflectors (GSC in figure inset) were installed and their
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Fig. 3 Location of instruments measuring the landslide displacement
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displacement tracked via satellite interferometric synthetic aperture radar (InSAR). Manual
measurements of the extension of the main scarp were initiated (MSE in figure inset), and
laser scans of the slope were also taken from a ridge across the Thompson River from the
landslide. The scans had an average 10 cm resolution and were combined with the existing
bathymetry of the Thompson River bed and used to generate a digital elevation model with
values every 0.2 m. The extensive array of displacement monitoring tools is being used to
gain increased knowledge about the details of deformation patterns of the slope.

3 GPS and SAA displacement monitoring of the Ripley Landslide
3.1 GPS monitoring system

The existing system consists of three GPS monitoring stations (Fig. 3) and one reference
station located on stable bedrock outside the landslide area. The Leica GPS stations consist
of single-phase receivers in a differential GPS mode. It has been demonstrated that the
system is capable of detecting 12.5 mm of cumulative ground movement with a variability
of £1 mm. Leica GeoMOS software is used to retrieve GPS data, which basically consist
of latitude, longitude, and vertical positioning coordinates (daily average of hourly
recorded GPS position) that are processed to calculate lateral and vertical displacements
(Bunce and Chadwick 2012).

Figure 4 shows the cumulative displacement measured by the three GPS stations
between February 2008 (at installation) and September 2014. Horizontal displacement in
the direction of slope movement increases towards the positive values, and negative
changes in elevation correspond to downward displacement. Data gaps in Fig. 4 corre-
spond to periods of time when the system did not record positioning due to system
malfunction, upgrades being installed or required maintenance. These measurements
suggest that the landslide is moving towards the Thompson River at an average velocity
over the monitoring period of 60—-100 mm/year. The displacement is less at the north end
of the landslide (between 60 and 70 mm/year based on GPS 1 and GPS 2) than at the south
end (100 mm/year based on GPS 3). The rate of vertical settlement also increases towards
the south portion of the landslide; GPS 1 and 2 show about 20 mm/year of vertical
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Fig. 4 GPS cumulative horizontal (a) and vertical (b) displacements
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settlement, whereas GPS 3 shows closer to 80 mm/year. However, GPS 3 is located on a
retaining wall which may be exaggerating the vertical movement of this location. Both the
horizontal displacements and vertical settlements show a seasonal deformation trend that
accelerates in the cold months and is near zero in the warm months. During the active
period of the landslide (September through May), the average horizontal velocity is
between 0.2 and 0.35 mm/day.

3.2 ShapeAccelArray (SAA)

An SAA was installed in May 2013 within a borehole located in the toe of the slope. Its
location is shown in the cross section in Fig. 2b and the plan view in Fig. 3. The SAA
consists of 33 segments and an overall length of 10 m, between elevation 250.5 and
260.5 m above sea level (masl). SAA data consist of relative displacements measured
every hour.

Figure S5a shows the cumulative horizontal displacement with depth measured by the
SAA. The shear surface identified by the SAA is at an elevation between 256 and 257 masl.
Both the magnitude of the displacements and the elevation of the shear plane in Fig. 5a are
consistent with the GPS measured displacements and inclinometers. The vertical dis-
placement profiles are sequenced in 6-month intervals (Fig. 5a). The slope displacement
measured by the SAA is concentrated along its shear surface, with no significant measured
displacement above or below.

Figure 5b shows the total horizontal displacements measured by the SAA across the
shear surface. The onset and halt of displacements are consistent with the GPS measure-
ments and indicate the landslide accelerates in September and decelerates in May of each
year. The amount of displacement measured by the SAA during the active period was just
over 80 mm, which is consistent with GPS measurements.

4 Early warning system based on displacement monitoring
As noted above, the cyclic slope displacement and velocities of the Ripley Landslide have

been associated with low risk to life and the environment (Bunce and Chadwick 2012), and
the impact of slope deformation on railway operations is successfully managed with
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regular maintenance of the railway alignment. Therefore, the level of stability of the Ripley
Landslide can be considered adequate, provided the cyclic deformation pattern remains
unchanged. Two types of unfavourable changes in the slope deformation can be foreseen.
One is a significant increase in the measured displacement (or velocity), such that railway
operations cannot continue in a safe manner because of deviations in the railway align-
ment. The other is a sudden motion of the landslide leading to a collapse of the slope.
Monitoring and early warning aims to inform landslide experts of excessive deformations
and any potential for a sudden collapse of the slope into the Thompson River. This requires
understanding the annual displacement trends, periods of active deformation, average
velocities, and maximum velocities in the short term.

4.1 Expected landslide behaviour

A thorough understanding of the landslide deformation mechanism is required to develop a
reliable early warning system based on displacement monitoring. The deformation
mechanisms of the Ripley Landslide discussed in Macciotta et al. (2014) and Hendry et al.
(2015) and summarized above provide a basis on which to assess the likely slope behaviour
preceding a sudden movement leading to collapse of the slope. The annual displacement
trends and velocities provide a baseline measure of the slope behaviour.

The cyclic balance between driving forces and resisting forces governs the movement of
slow landslides sliding over fully formed shear zones (Picarelli 2007). As further sliding
occurs after initial formation of the shear zone, the frictional resistance along the sliding
surface (or surfaces) reaches a residual state. Subsequent sliding occurs every time the
residual strength is mobilized. This implies that the main contributors to velocity changes
in the short-term are the boundary conditions of the landslide (i.e. imposed surcharge loads,
pore pressure fluctuations).

If the boundary conditions change gradually, the response of the landslide should be a
similar gradual change in velocity. However, the potential for a sudden collapse of the
slope with little warning exists if gradual changes in boundary conditions (and further
sliding) lead to one of three conditions:

1. A sudden change in the relationship between driving and resisting forces after a critical
geometric configuration is reached, such as loss of the landslide toe due to river
erosion, or steeper downslope topography. The Ripley Landslide has a confined
geometry (Hendry et al. 2015), where the rate of river erosion at its toe seems to be
gradual and balanced with the slope’s gradual change in geometry as it deforms.
Sudden erosion at the toe can only be foreseen for extreme flood events of the
Thompson River. Other scenarios would require an abrupt morphological change,
which is considered unlikely.

2. The landslide is composed of metastable materials that are prone to a collapse of their
internal structure with further straining of the landslide. The Ripley Landslide is not
composed of metastable materials, but over consolidated glacial deposits (Huntley and
Bobrowsky 2014), therefore this condition is not applicable; and

3. A change in landslide deformation mechanisms such as full development of internal
shearing required for the kinematical feasibility of the slide or the progressive failure
of brittle materials. The internal shearing required for the kinematical feasibility of the
Ripley Landslide (formation of internal wedges) is likely fully developed, as suggested
by active tension cracks in the body of the landslide (Huntley and Bobrowsky 2014;
Macciotta et al. 2014).
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Therefore, a sudden collapse of the Ripley Landslide without measurable changes in
displacement trends or increased accelerations is considered unlikely.

The current displacement trends of the slope were considered tolerable and are the
baseline to assess the potential sudden collapse of the slope. Based on the preceding
discussion, it is expected that a sustained acceleration of the slope movement will occur
prior to collapse, in excess of that observed during typical annual cycles. This requires that
the time between the onset of the sustained slope acceleration and collapse is large enough
to allow for proper warning and risk mitigation actions to be in place. The connection of
the GPS monitoring system to the wayside train control provides the timely response
needed, provided the warning thresholds are appropriately set (See Bunce and Chadwick
2012).

4.2 Annual displacement trends

Compared with the annual horizontal displacement measured by the SAA (Fig. 5), the GPS
is able to provide a longer period of measurements on which to assess the timing and
magnitude of the slope deformation cycle. Annual horizontal and vertical displacements
measured by the GPS for the active periods of 2011-2012, 2012-2013, and 2013-2014 are
depicted in Fig. 6 and summarized in Table 1.

Figure 6 shows a consistent annual displacement cycle with an active period between
September and May, as discussed in Sect. 3.1. Annual variations are less than 5 mm for
GPS 1 and GPS 2; however, GPS 3 shows larger variations in cumulative displacement.
These variations have not shown a clear increasing or decreasing trend. Based on GPS
displacement data, horizontal displacements of about 70 mm in GPS 1 and 2, and up to
about 100 mm in GPS 3, are considered representative of the annual displacement cycle.
Changes in elevation about —20 mm/year for GPS 1 and 2 and up to —80 mm/year for
GPS 3 are considered representative.

Horizontal velocities and elevation change velocities were calculated using

D; —D;_
R= i it 1
A (1)

where R; is the velocity at time i, D; is the cumulative displacement at time i, and At is the
time period between measurements. GPS displacements are based on the daily average of
hourly position records. Therefore, Az corresponds to 1 day and i is the date of the mea-
surement. The velocity is expressed in units of mm per day. As an example, Figs. 7 and 8
show the horizontal velocity and elevation change velocity for GPS 3, respectively.

Figures 7 and 8 show the daily-average value, the 7-day running average, and the
35-day running average for GPS 3 for the 2-year period between October 2012 and October
2014. The running average for any given window size was calculated using

L (w=1)

Zig R;

Ry == @
where R;, is the running average of the velocity with a window size w at time i. For the
GPS measurements, w is in day units.

Figure 7 shows that the 35-day running average of the daily-average position of GPS 3
provides a close representation of the seasonal trend of horizontal velocities. The 7-day
running average shows some variability with respect to the seasonal trend, likely a com-
bination of real velocity fluctuation in the short term and scatter of the measurements. The
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Fig. 6 Annual (July to June) cumulative displacement of GPS stations

trends of elevation change velocity were not clear based on data from GPS 1 and GPS 2;
however, GPS 3 (Fig. 8) data show a clear seasonal trend (35-day running average). The
scatter of the 7-day running average for the elevation change velocity is too large to
observe any short-term fluctuation in velocity. It is worth noting the differences in accuracy
between horizontal and vertical measurements. Vertical accuracies for these GPS units are
2-3 times that of the horizontal accuracy (USGS 2014). Analysis of GPS data will mainly
focus on the horizontal displacement measures, particularly when displacement rates are
being assessed.

Table 2 presents a summary of the maximum velocities measured by the GPS. Running
average windows shorter than 7 days were considered to have too much scatter for any
trend to be clear. This variability is discussed later in this section.
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Table 1 Summary of annual displacements

Year Cumulative horizontal displacement (mm) Cumulative elevation change (mm)
GPS 1 GPS 2 GPS 3 SAA GPS 1 GPS 2 GPS 3
2011-2012 64 73 75 - —-17 —24 -56
2012-2013 65 70 96 - -17 22 -72
2013-2014 67 72 88 80 —18 —23 —65
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horizontal velocity
(mm/day)

-1.2

MY L : L L L
Jan 13 Jul 13 Jan 14 Jul 14

12
0.8

P . S e .G,
0.4 1, S S e S w‘}‘ . o ke . . ‘x'«,;»,,w?' R e R »‘eo,\ - . o s
Lo . o4 LY - W TR

R 7
e, %

(mmy/day)
o

—04}
-08

horizontal velocity

-1.2

. . . . . .
Jan 13 Jul 13 Jan 14 Jul 14

12
08

04 ™ TN

(mm/day)
o

—04}
—08}
-1.2

horizontal velocity

. . . . . .
Jan 13 Jul 13 Jan 14 Jul 14

35-day running average - GPS 3  7-day running average — GPS 3

Fig. 7 Horizontal velocities of GPS 3 for the 24-h measurements, and the 7-day and 35-day running
averages

Table 2 shows that the seasonal horizontal velocity during the active period of slope
motion can reach 0.4 mm/day at GPS 1 and GPS 2 and up to 0.5 mm/day at GPS 3. Short-
term accelerations, as estimated from the 7-day running average values, increase this rate
to up to 0.6 mm/day. The seasonal elevation change velocity during the active period of
slope motion can reach 0.3 mm/day. The 7-day running average of the elevation change
velocity also suggests that short-term vertical rates could reach up to 0.6 mm/day; how-
ever, as discussed previously these values show more scatter.

Figure 9 shows the total horizontal velocity measured by the SAA. SAA measurements
correspond to hourly readings; therefore i, At, and w in Egs. (1) and (2) are in units of
hours. However, velocities are presented in mm/day to be consistent. Figure 9 shows the
hourly rate and running average windows of 12 h and 3, 7, and 35 days. The SAA seasonal
trend in horizontal velocity (represented by the 35-day running average) during the
2013-2014 active period reached a rate of 0.5 mm/day, consistent with the GPS. The short-
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Fig. 8 Elevation change velocities of GPS 3 for the 24-h measurements, and the 7-day and 35-day running
averages

Table 2 Summary of maximum GPS velocities measured

GPS station Measured maximum velocity (mm/day)
Horizontal Vertical
35-day trend 7-day running 35-day trend 7-day running
average average
GPS 1 0.4 0.55 0.2 0.6
GPS 2 0.4 0.5 0.2 0.6
GPS 3 0.5 0.6 0.3 0.6

term trend (represented by the 7-day running average) reached maximum values of about
0.6 mm/day, also consistent with the GPS.

4.3 Short-term velocities

The 7-day running average of both the GPS (Fig. 7) and the SAA horizontal velocities
(Fig. 9) provide a means to evaluate short-term trend variations in displacement. However,
for an early warning of a potential sudden collapse of the slope, the 7-day running average
window may be ineffective if the instability progresses faster. Thus, the GPS and SAA
measurement scatter was further analysed to evaluate a suitable metric for an early warning
under such scenario.
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Figure 10 shows the horizontal velocities for GPS 1 (daily, 7-day running average, and
35-day running average—top), SAA 24-h and 7-day running averages (centre), and SAA
daily average (bottom). This figure focuses on data from January to May of 2014 for
illustrative purposes. The SAA daily-average calculations (bottom in Fig. 10) are based on
the average velocities of the 24 SAA measurements within a given day. The SAA cal-
culations are compared against a trend (black line in Fig. 10 centre and bottom) calculated
as a weighted average. For each daily calculation of this trend, the weight value selected
was 7 for the measure on the day being assessed. The weight then decreases by 1 each day
forward or backwards. This means that each weighted average considered 13 days of data.
This weighted average can be easily calculated by the 7-day running average of the 7-day
running average. This double average successfully captured variations in velocity and
minimized scatter.

Further analysis assumes that the SAA and GPS trends in velocity can be approximated
by the double average and the 35-day running average, respectively. The measurement
scatter was then quantified by estimating their dispersion around the trend. The dispersion
was calculated as the difference between measurements and the trend according to

ARiw = Riw - RT> (3)

where R;, is the rate measurement at date i for a running average with a window size w, Ry
is the rate trend for the same date, and AR;,, is the difference. A value of zero represents no
dispersion, and positive and negative values indicate the measurement is larger than or
lower than the trend, respectively. Figures 11 and 12 present the frequency distribution of
AR;,, for the GPS and for the SAA, respectively.

These figures show the large dispersion of the GPS daily-average measurements and the
SAA hourly measurements, which correspond to the large scatters shown in Fig. 10. There
is a dramatic decrease in dispersion for all other average horizontal rate measurements,
illustrated by frequency distributions accumulating towards zero. The vertical rate mea-
surements of the GPS appear more dispersed and even shifted towards positive values.
Only for a 21-day running average window do the distributions accumulate towards zero.
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Fig. 10 Horizontal velocities for
GPS 1 (top), SAA 24-h and 7-day
running averages (centre), and
SAA daily average (bottom),
compared against trends
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Date (2014)

Daily average (dots)
Double 7-day average (black line)

Date (2014)

The maximum and minimum values of AR;,, as well as the 0.5 and 99.5 % percentiles of
the frequency distributions in Figs. 11 and 12 were used to assess the dispersion of velocity
measurements. These values are presented in Table 3.
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Fig. 11 Dispersion of GPS horizontal velocity and elevation change velocities with respect to the
displacement trend (35-day average)
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Fig. 12 Dispersion of SAA horizontal velocities with respect to the displacement trend
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4.4 Proposed early warning system based on displacement monitoring

An early warning system at the Ripley Landslide based on displacement monitoring should
be able to monitor:

1. The annual displacement cycle. Focused on deviations from seasonality (onset and end
of active period), total annual displacements and average displacement rates.
Variations of these could suggest an evolution of the deformation mechanisms,
kinematics, or a transition towards a less stable condition; and

2. Sudden accelerations. These could accuse the onset of processes leading to a collapse
of the slope and could lead to unacceptable railway track configurations.

The system proposed in this study aims to provide timely warning for landslide experts
to intensify observations of the Ripley Landslide.

As noted above, the annual displacement cycle is characterized by a most active period
between September and May, with total horizontal displacements between 60 and 80 mm
in the north area and up to about 100 mm in the south area. The total elevation change is
about —20 mm in the north and up to about —70 mm in the south area, with maximum
measured horizontal velocities (as per the 7-day running average) of about 0.6 mm/day.
Displacements outside of the active periods or increases in annual deformations or
deformation rates could indicate a change in the slope deformation mechanism that could
be associated with a change in risk. Deviations from the annual displacement cycle should
be communicated to a ground hazards expert for analysis.

Transport Canada has published Rules Respecting Track Safety, which include the
maximum tolerances for deviations of the railway track geometry from its intended config-
uration (Transport Canada 2011). These tolerances depend on the class of the track, which are
associated with operating speed limits. Across the Ripley Landslide, normal freight speeds
can exceed 64 km/h, which makes this section a Class 4 track. Hendry et al. (2013) show

Table 3 Summary of the dispersion of horizontal velocity measurements

Values in mm/day Percentile Difference
0.5 % 99.5 % Minimum Maximum

GPS 1—daily record —-1.07 1.49 —7.98 8.46
GPS 1—7-day running average -0.19 0.24 —1.10 1.07
GPS 1—21-day running average —0.09 0.06 —0.30 0.36
GPS 2—daily record -0.92 1.06 —1.03 1.37
GPS 2—7-day running average -0.19 0.16 —0.20 0.16
GPS 2—21-day running average —0.05 0.08 —0.05 0.09
GPS 3—daily record -0.72 1.04 —1.36 1.51
GPS 3—7-day running average —0.15 0.18 —0.24 0.22
GPS 3—21-day running average —0.07 0.06 —0.08 0.07
SAA—daily average —-0.22 0.21 —0.88 0.58
SAA—24-h running average —0.53 0.53 —0.75 0.78
SAA—3-day running average —0.19 0.19 —0.28 0.28
SAA—7-day running average —0.07 0.07 —0.10 0.10
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based on track geometry measurements that track alignment is most influenced by the
deformation of the Ripley Landslide. The alignment is evaluated as the mid-point offset of an
18.9 m (62 foot) chord. For a Class 4 track, deviations in alignment exceeding 38 mm require
a slow order to be issued and repairs to be carried out within 72 h (Transport Canada 2011).
The 12.5 mm/day threshold proposed by Bunce and Chadwick (2012) for warning trains is
one-third of this threshold, and the total magnitude is comparable if this movement rate was
sustained, given the time frame for correction of the defect. Hendry et al. (2013) analysed the
relationship between the displacement of the Ripley Landslide as measured by the GPS and
the deviation in track alignment. They showed annual track alignment deviations mostly
between 5 and 20 mm, with one measurement reaching 25 mm. This suggested that maxi-
mum track alignment variations are significantly smaller than the cumulative landslide dis-
placement. Hendry et al. (2013) attributed this difference to landslide deformations being
accommodated by a large section of track. Moreover, they concluded that the current velocity
of the landslide is effectively managed with normal maintenance practices, from the point of
view of railway operations.

Considering a Class 4 track (maximum alignment deviation threshold of 38 mm),
annual average displacement of 70 and 90 mm in the northern and southern sections of the
landslide, and alignment deviations of 20 mm, the landslide displacement (MD) required
to reach the Class 4 track deviation maximum threshold can be approximated as

D(mm) x 38 mm

MD(mm) = 20 mm

; (4)
where D is the annual landslide displacement (northern or southern sections). Solving for
the value of MD suggests that landslide displacements of about 130 and 170 mm in the
northern and southern areas of the landslide, respectively, could lead to excessive defor-
mations for Class 4 tracks.

Note that this approach assumes a linear relationship between landslide displacement
and deviation in track alignment. Adopting this simplified approach was justified by the
translational kinematics of the landslide, where the soil mass is sliding along a sub-
horizontal shear surface. There is uncertainty associated with this simplification; however,
it allows for estimating landslide deformations required to reach excessive track deviations
and based on measurements in situ.

Maximum measured horizontal velocities of about 0.6 mm/day correspond to short-
term rate calculations using both GPS and SAA measurements. Sustained increases in
velocities above this value could reflect a progressive acceleration of the slope with the
potential to lead to a sudden collapse of the Ripley Landslide. Bunce and Chadwick (2012)
suggest that if the GPS indicates movement in excess of a threshold value of 12.5 mm in
any 24-h period trains be directed to proceed across the landslide at a slow enough speed
such they can stop within half their sight distance. In addition, we suggest that an early
warning system also utilize criteria consisting of a velocity threshold that, if exceeded,
triggers a request for close observation of slope behaviour by a landslide expert. Such a
warning would require a short-term velocity calculation, near real-time, and with minimum
scatter. The dispersion values presented in Table 3 show that 99 % of the SAA daily-
average measurements fall within +0.22 mm of the estimated trend. The SAA daily
average was considered a good compromise between data scatter and required averaging
time (24 h). The scatter was considered acceptable when compared with the maximum
accelerations measured (0.6 mm/day). However, this scatter needs to be considered when
formulating the warning criteria in order to minimize unnecessary warnings. In this regard,
a threshold between 1 and 1.5 mm/day is suggested as appropriate.
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With the above considerations, an early warning system for the Ripley Landslide is
proposed in Table 4. In the top section of this table, thresholds are set to identify deviations
from annual displacement trends that might accuse evolution of the landslide mechanisms
towards a more unstable state. Proposed protocols, given these thresholds are exceeded,
correspond to intensification in landslide monitoring and observation to assess the
implementation of risk mitigation strategies. This includes sustained accelerations over
1.5 mm/day. The intensified monitoring if this rate is exceeded aims at identifying
potential rapid accelerations of the landslide that would require avoidance of the area and
preparedness to deal with its consequences. This section of the table deals with the safety
of operations.

The lower section of Table 4 deals with the serviceability of the railway track with
regard to the landslide movement. These thresholds aim at identifying potential deviations
of the track beyond Class 4 standards. The associated protocols aim at timely inspections
of the track if excessive deviations are suspected.

The proposed warning system has been tested with monitoring data between 1 May
2014 and 24 August 2015. Figure 13 presents the SAA cumulative horizontal displacement
and daily-average horizontal displacement rates for this period. Horizontal velocities,
cumulative horizontal displacement, and annual displacement were all below the criteria.
The only noticeable feature was the start of acceleration in 2015 (July 10), which is early
compared to most other annual observations. It is believed that the dry conditions in the
area during this period of time might have lead to an earlier decrease in river level, thereby
removing the river buttressing effect on the landslide and triggering its acceleration at an
earlier date. Cumulative displacements and accelerations are being closely monitored by
the GPS and SAA systems to detect any longer change in annual trends.

Table 4 Proposed early warning system and associated protocols

Scenario Proposed Protocols
No change Continue monitoring
Change in annual displacement cycle:

The change in annual landslide displacement

Annual horizontal displacement cycle might be related to a change in
- GPS1orGPS2>90mm deformation mechanism and variation of the
- SAA>100 mm risk associated with the landslide. Sustained
- GPS3>130 mm velocities above previously observed or
sustained landslide acceleration could suggest
Annual elevation change a potential sudden collapse of the slope.
- GPS 1orGPS2>40mm
- GPS3>90mm - Continue monitoring
- Communicate change in landslide
Annual horizontal displacement behaviour to ground hazards expert
between May and September > 25 mm - Assess risk level and mitigation options
- Implement risk mitigation options if
SAA daily-average horizontal velocity necessary
> 1.5 mm/day
Horizontal displacements above these
Displacement related to track thresholds could potentially cause deviations of
geometry: the alignment of the railway track beyond
Class 4.
Cumulative horizontal deformation
- GPS1,GPS 2orSAA>130 - Communicate information to ground
mm hazards expert
- GPS3>170 mm - Implement management strategies if
necessary
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Fig. 13 SAA cumulative horizontal displacement and daily-average horizontal rate between 1 May 2014
and 24 August 2015

Figure 13 also shows track maintenance during this period of time. It has to be noted
that maintenance records indicate that corrected sections were limited, 10-20 m long, and
that each maintenance date corresponds to different locations of different tracks. Cumu-
lative landslide displacements starting on these dates can be used to assess when track
deflections increase towards thresholds for Class 4 track at these locations.

5 Conclusions

The Ripley Landslide is a very slow soil slide moving on a fully developed, sub-horizontal,
basal shear surface. Its significance is associated with the presence of two important
railway lines along its toe. Displacement of the Ripley Landslide is being monitored
through several approaches, including a GPS monitoring system that provides real-time
measurements of the position of three locations on the surface of the landslide and a SAA
that provides real-time slope displacement with depth at one location. The monitoring
system shows an annual cycle of slope deformations most active between September and
May. Annual horizontal displacements range between 60 and 80 mm in the north area of
the slope to about 100 mm in the south area of the slope. Elevation changes range between
25 and 80 mm for the north and south areas, respectively. The average horizontal velocities
during the active displacement period are between 0.2 and 0.35 mm/day, with maximum
velocities of up to 0.6 mm/day.

It was illustrated how the GPS lost information for some periods, but generally allows
for consistent measurements of the annual displacement cycle and is judged to be adequate
for monitoring long-term behaviour of the landslide as well as excessive displacements in
short periods of time. The SAA provides more continuous measurement of displacements
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and a finer resolution that allows for short-term velocity monitoring of the landslide.
However, the amount of deformation of the slope will shear the SAA casing; therefore, it is
expected to only provide reliable measurements for 3 years before replacement is neces-
sary. In this regard, the SAA is not an adequate tool for monitoring long-term landslide
behaviour. The GPS and SAA systems are complementary and together provide another
option for managing the risks associated with the Ripley Landslide.

An early warning system was developed for the landslide based on displacement
monitoring. The system aims to identify deviations from annual displacement trends that
might accuse evolution of the landslide mechanisms towards a more unstable state that
could eventually lead to a collapse of the slope, and identify potential deviations of the
track that could compromise its serviceability. The limitations of the system are associated
with the short lifespan of the SAA casings at this location (3 years), and the need for
constant power and remote data transfer. Although this last one is common to many
monitoring systems, the lifespan of the SAA casing can represent a sensitive cost. It is
important to note that the system considers a simple linear relationship between landslide
displacement and track deformation. It is likely that the relationship between these evolves
following further disaggregation of the slope-forming materials. This will require con-
tinuous updating in light of newly acquired displacement information. The system, how-
ever, provides a robust approach that considers safety and serviceability of railway
operations. It was tested for recently acquired data, showing detailed and continuous
landslide displacement measurements that allowed for trends and displacement rates to be
assessed with no false warnings triggered.

Acknowledgments This research was made possible by the (Canadian) Railway Ground Hazard Research
Program, which is funded by the Natural Sciences and Engineering Research Council of Canada (NSERC),
Canadian Pacific Railway, Canadian National Railway, and Transport Canada. Both BGC Engineering and
Ian Chadwick from EDH Consulting contributed greatly to this analysis through the results of their
investigations and monitoring. The authors thank the Cooks Ferry Indian Band for allowing access to
Basque Ranch during this study. The corner reflectors were acquired and installed with funding from the
Geological Survey of Canada and Transport Canada.

References

Alonso E, Pinyol N, Puzrin A (eds) (2010) A constrained creeping landslide: Brattas-St. Moritz Landslide,
Switzerland. In: Geomechanics of failures advanced topics. Springer, Berlin, pp 3-32

Atzeni C, Barla M, Pieraccini M, Antolini F (2015) Early warning monitoring of natural and engineered
slopes with ground-based synthetic-aperture radar. Rock Mech Rock Eng 48:235-246

Bishop NF, Evans SG, Petley DJ, Unger AJA (2008) The geotechnics of glaciolacustrine and associated
landslides near Ashcroft (British Columbia) and the Grand Coulee Dam (Washington). In: Proceedings
of the 4th Canadian conference on geohazards. Presse se 1’Université Laval, Quebec

Bobrowsky PT, Sladen W, Huntley D, Zhang Q, Bunce C, Edwards T, Hendry M, Martin D, Choi E (2014).
Multi-parameter monitoring of a slow landslide: Ripley Slide, British Columbia. In: Proceedings of the
12th TAEG Congress, 13—19 Sep 2014, Torino, Italy

Brooker EW, Peck RB (1993) Rational treatment of slides in overconsolidated clays and clay shales. Can
Geotech J 30:526-544

Bunce C, Chadwick I (2012) GPS monitoring of a landslide for railways. In: Proceedings of the 11th
international and 2nd North America symposium on landslides, Banff, Canada

Clague JJ, Evans SG (2003) Geologic framework of large historic landslides in Thompson River Valley,
British Columbia. J Environ Eng Geosci 9(3):201-212

Cloutier C, Agliardi F, Crosta GB, Frattini P, Froese C, Jaboyedoff M, Locat J, Michoud C, Marui H (2014)
The First International Workshop on Warning Criteria for Active Slides: technical issues, problems and
solutions for managing early warning systems. Landslides 12(1):205-212

@ Springer



Nat Hazards (2016) 81:887-907 907

Cruden DM, Varnes DJ (1996) Landslide types and processes. In: Turner AK, Schuster RL (eds) Landslides:
investigation and mitigation. National Research Council (US) Transportation Research Board Special
Report 247, pp 36-75

Eshraghian A, Martin CD, Cruden DM (2007) Complex earth slides in the Thompson River Valley, Ash-
croft, British Columbia. Environ Eng Geosci 13(2):161-181

Eshraghian A, Martin CD, Morgenstern NR (2008) Movement triggers and mechanisms of two earth slides
in the Thompson River Valley, British Columbia, Canada. Can Geotech J 45:1189-1209

Froese CR (2007) Peace River Landslide Project: hazard and risk assessment for urban landsliding. In:
Proceedings of the 60th Canadian Geotechnical Conference, Ottawa, Canada, pp. 699-704

Hendry MT, Martin CD, Choi E, Chadwick I, Edwards T (2013) Safe train operations over a moving slide.
In: Proceedings of the 10th world conference on railway research, 25-28 Nov 2013, Sydney, Australia

Hendry MT, Macciotta R, Martin CD, Reich B (2015) The effect of the Thompson River elevation on the
velocity and instability of the Ripley Slide. Can Geotech J. doi:10.1139/cgj-2013-0364

Huntley DH, Bobrowsky PT (2014) Surficial geology and monitoring of the Ripley Slide, near Ashcroft,
British Columbia, Canada. Geological Survey of Canada Open File 7531. http://geoscan.ess.nrcan.gc.
ca. Accessed 30 April 2015

Huntley DH, Bobrowsky PT, Zhang Q, Sladen W, Bunce C, Edwards T, Hendry M, Martin D, Choi E
(2014). Fiber optic strain monitoring and evaluation of a slow-moving landslide near Ashcroft, British
Columbia, Canada. In: Proceedings of the World Landslide Forum 3, 2-6 Jun 2014, Beijing, China

Intrieri E, Gigli G, Mugnai F, Fanti R, Casagli N (2012) Design and implementation of a landslide early
warning system. Eng Geol 147-148:124-136

Leonoff C, Ltd Klohn Leonoff (1994) A dedicated team: Klohn Leonoff consulting engineers 1951-1991.
Klohn Leonoff, Richmond

Macciotta R, Hendry M, Martin CD, Elwood D, Lan H, Huntley D, Bobrowsky P, Sladen W, Bunce C, Choi
E, Edwards T (2014) Monitoring of the Ripley Landslide in the Thompson River valley, B.C. In:
Proceedings of geohazards 6, June 15-18, 2014, Kingston, Ontario, Canada

Mansour MF, Morgenstern NR, Martin CD (2011) Expected damage from displacement of slow-moving
slides. Landslides 8:117-131

Margottini C, Canuti P, Sassa K (2013) Landslide science and practice, vol 2., Early warning, instrumen-
tation and monitoringSpringer, Berlin

Oyagi N, Makino H, Mori S (1996) Landslide structure and control works at Nishitani landslide, Wakayama
Prefecture, Japan. In: Chacon J, Irigaray C, Fernandez T (eds) Landslides. Balkema, Rotterdam,
pp 247-254

Picarelli L (2007) Considerations about the mechanics of slow active landslides in clay. In: Sassa K,
Fukuoka H, Wang F, Wang G (eds) Progress in Landslide Science. Springer, Berlin, pp 27-45

Sarkar S, Ghosh A, Prasanna-Kanungo D, Ahmad Z (2013) Slope stability assessment and monitoring of a
vulnerable site on Rishikesh—Uttarkashi highway, India. In: Margottini C, Canuti P, Sassa K (eds)
Landslide science and practice, vol 2., Early warning, instrumentation and monitoringSpringer, Berlin,
pp 67-71

Stanton RB (1898) The great land-slides on the Canadian Pacific Railway in British Columbia. In: Pro-
ceedings of the Institution of Civil Engineers, Session 1897-1898, Part II, Section 1, pp 1-46

Thiebes B, Bell R, Glade T, Jiger S, Mayer J, Anderson M, Holcombe L (2014) Integration of a limit-
equilibrium model into a landslide early warning system. Landslides 11:859-875

Transport Canada (2011) Rules respecting track safety (TC E-54). https://www.tc.gc.ca/eng/railsafety/rules-
tce54-830.htm. Accessed 28 April 2015

USGS (2014) USGS global positioning applications and practice. http://water.usgs.gov/osw/gps. Accessed
18 Sept 2015

Vaziri A, Moore L, Ali H (2010) Monitoring systems for warning impending failures in slopes and open pit
mines. Nat Hazards 55:501-512

@ Springer


http://dx.doi.org/10.1139/cgj-2013-0364
http://geoscan.ess.nrcan.gc.ca
http://geoscan.ess.nrcan.gc.ca
https://www.tc.gc.ca/eng/railsafety/rules-tce54-830.htm
https://www.tc.gc.ca/eng/railsafety/rules-tce54-830.htm
http://water.usgs.gov/osw/gps

	Developing an early warning system for a very slow landslide based on displacement monitoring
	Abstract
	Introduction
	The Ripley Landslide
	Previous studies and slope behaviour

	GPS and SAA displacement monitoring of the Ripley Landslide
	GPS monitoring system
	ShapeAccelArray (SAA)

	Early warning system based on displacement monitoring
	Expected landslide behaviour
	Annual displacement trends
	Short-term velocities
	Proposed early warning system based on displacement monitoring

	Conclusions
	Acknowledgments
	References




