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Microseismic monitoring illuminates phases of slope failure in soft soils
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Abstract

The role of microseismic monitoring in rock slope stability has been long established: large
microseismic events associated with rock failure can be detected by seismometers, even at
distances of a few kilometres from the source. This is a favourable characteristic for the
monitoring of mountainous areas prone to failure. We show that microseismic monitoring,
using short-period arrays and a sufficiently high sampling rate, can also record weak
precursory signals, that could represent early phases of a larger scale slope failure in soft
soils. We validate this hypothesis with field observations. We find that, even in high
attenuation material such as clays, it is possible to record and detect in the frequency
domain, soil failures at source-to-receiver distances up to 10m for crack
formation/propagation to more than 43m for small (less than 2.5m3) events. Our results
show for the first time, an extended frequency range (10Hz to 380Hz) where small soil
failures can be detected at short monitoring distances, even at sites with high background
noise levels. This is the first published study focusing on ground-truthed only, slope failure
induced seismic signals in soft soils at field scale and within the seismic frequency range (1
- 500Hz). We suggest that microseismic monitoring could complement existing monitoring
techniques to characterize the response and structural integrity of earth structures, such as
embankments, where the monitoring distances are a few 10s of metres, with the potential to
detect any material deterioration at the very early stages. This study does not focus on
automatic classification of slope failure signals, however, our observations and methodology
could form the basis for the future development of such an approach.

Keywords: microseismic monitoring, soft soils, instability, crack formation, crack
propagation

1 Introduction

The role of microseismic monitoring (or microseismics) in failure of rock slopes has
been extensively studied in recent years, e.g., Spillmann et al., 2007; Barla et al.,, 2010;
Helmstetter and Garambois, 2010; Fischer et al., 2020. It has been found to successfully
monitor stability and detect rockfalls through recording of induced microseismic events
(Amitrano et al., 2005; Senfaute et al., 2009; Lévy et al., 2011; Gigli et al.,, 2011; Walter et al,,
2012; Arosio et al, 2015). In general, the effectiveness of microseismic monitoring is
enhanced by the brittle nature of rock and there being sufficiently large energy emitted by
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rock impacts and the friction of the sliding rock mass on the ground surface. These attributes,
along with the ability to deploy well outside the unstable area, has made microseismic
monitoring a favourable option amongst engineers and geoscientists.

Today’s challenges arise from the urbanization of areas that wouldn’t necessarily
have been historically habitable, such as those susceptible to slope failure. This increased
urbanisation, combined with the increasing frequency and magnitude of natural disasters
related to climate change, dictate the need to improve the way we ensure resilient
infrastructure. Advancement of monitoring techniques and their adaptation to current
conditions is required. Whiteley et al. (2019) reviewed different approaches based on
geophysical monitoring of moisture-induced landslides. The authors present a lengthy
review of both active (refraction, surface waves) and passive seismic (horizontal to vertical
ratio, microseismicity, ambient noise cross correlation, ambient noise tomography) methods
that have been identified to provide useful information on landslides. Each method has
strengths and limitations with different spatial and temporal resolutions and modes of data
acquisition (time-discrete or continuous) and the choice between them depends on field
conditions, project requirements and the type of information sought to be found. In
microseismic monitoring applications, which is the focus of this paper, limitations are mainly
related to the detection of weak seismic signals above noise levels.

High seismic frequencies attenuate faster than low seismic frequencies (Li and Zhao,
2014). Smaller earthquakes, i.e. smaller instabilities and failures, have higher frequency
content (Tosi et al., 2012) and as such, are more difficult to detect as the distance from the
hypocenter increases. This is the reason why microseismic monitoring is most successful in
cases of large rock failures, i.e. for the detection of signals originating by brittle failure and
with sufficient magnitude (M > 1), even at heavily trafficked areas (Zimmer and Sittar, 2015).
Consequently, most recent approaches in the international literature that focus on the
characterization of a sliding mass using microseismic recordings (e.g. Guinau et al., 2019),
including seismic noise recordings (e.g. Lévy et al., 2010) or the automatic detection and
classification of microseismic signals emitted by slope instability, are tuned for slopes
consisting of brittle material, i.e. rocks (Dammeier et al., 2016).

For soft soils, geophysical properties have been used to study kinematics and
rheology characteristics. Ambient seismic noise monitoring has been proposed by Mainsant
et al. (2012) as an efficient way to predict failure based on observed changes of the seismic
velocity of the failing mass. Seismic noise along with electrical resistivity topography and
refraction techniques were also applied for the characterization of a large failed mass in clays
by Jongmans et al. (2009). More recently, a study by Fiolleau et al. (2020) presents the
investigation of 5 seismic parameters derived from ambient seismic noise monitoring to
study precursory signals of rupture in clay. Changes in the velocity of Rayleigh waves during
acceleration of the failing mass have been reported by Bertello et al. (2018) in their study of
clayey, slow moving landslides. One of the most recent comprehensive studies on the
application of microseismic monitoring for soft soils is that of Vouillamoz et al. (2018) where
microseismic recordings from clay-rich landslides are detected and classified. Detections
also include small fissure and crack formation events. This is particularly important as it is
the small events, i.e. crack formation and propagation and local, small scale failures, that are
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of most interest if we are to achieve a warning prior to an imminent slope failure. Such micro-
seismic events are very difficult to detect, mainly because of the weak signal being below, or
very close to, noise levels. As a result, the risk of these precursory events remaining
undetected, despite the fact that they can represent early signs of material deterioration, is
high. This might not be of significant importance for a slope failure at a remote area, but it
could be key to preventing a disaster in the case of an earthfill dam or a railway embankment,
for example.

In their study, Vouillamoz et al. (2018) are using Sonograms to detect signals of
interest which they distinguish from noise if they have been detected by three or more
monitoring stations. They then proceed to classify the detected signals into different
categories, one of them being cracks and fissures, based on signal characteristics from
classification studies published in the international literature (see Vouillamoz et al., 2018
and references therein). None of the cited studies include ground-truthing of the small-in-
magnitude events, i.e. cracks, fissures and small instabilities. The conclusions are based on
the timing of these events (immediately before a very large failure), and the assumptions
that due to the remoteness of the site any non-natural sources are rare-to-non-existent, and
that the natural seismic activity of the area is very low. The latter is documented by the lack
of reported earthquakes for the region in the seismic catalogue. We do not dispute the
validity of the assumptions which are reasonable and highly likely, neither do we disagree
with the conclusions, although the absence of earthquakes with magnitudes M < 1.5 from a
seismic catalogue does not necessarily mean they did not occur, but may simply imply they
could not be detected.

The difficulty in detecting weak seismic signals could potentially be attributed to four
main factors: (1) inadequate instrumentation: small weak events usually have very high
frequency content that common seismic instrumentation cannot detect. (2) inefficient signal
analysis methodology: in order to suppress noise and detect weak signals, filtering is
commonly considered to be a necessary step. Unfortunately, in many cases filtering leads to
the removal of not only noise but also of weak signals. (3) lack of actual precursory signals:
some failures happen very suddenly, therefore, precursory signals might not exist or might
happen very close to the actual failure. And (4) lack of undisputable validation of the
interpretation of the recordings rather than implicit assumptions.

In this paper we hypothesize that microseismic monitoring and existing
instrumentation, i.e. short-period seismometers, can be successfully used to monitor slope
failure even in soft soils where signal attenuation is high. Short-period seismometers, used
for local, temporary seismic monitoring networks, are sensitive to microseismic events (-3 <
M < 2). They have successfully been used in monitoring of large rockslides and landslides
(Tonnellier et al.,, 2013; Provost et al,, 2017; Vouillamoz et al., 2018). We apply commonly
used spectral analysis techniques to analyse recorded signals during two controlled induced
slope failures and we validate detections with visual observations. More advanced analysis
techniques were not required for our study but such approaches might be necessary for the
next step, i.e. automatic detection and classification of signals. To our knowledge, this is the
first study at field scale that provides validated (ground-truthed) evidence of very weak
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seismic signals that represent different failure modes, including crack formation and
propagation in soft soil.

2 Methodology
2.1 Field Experimental set-up

Field site: Two adjacent vertical slope faces, hereafter referred to as Vertical Face 1
(VF1) and Vertical Face 2 (VF2; see Figure 1), respectively, were created by a rectangular
excavation of dimensions L:14m, W:6m and D:2.5m. Each face was 2.5m high and 3m wide.
The field site was located at a non-residential area (see fig. 1a) in the northern part of Brasilia
(Brazil) at a distance of more than 5km from the closest water body to the East (Paranoa
Lake), and at a minimum 1.2km radius from a motorway (to the West) and populated area
(to the East). The ground surface of the site was flat, partially covered by low vegetation and
some trees. The top geological layer consisted mainly of unsaturated highly porous tropical
clay (porosity > 55%; Otalvaro et al., 2015), found in the high plain of Central Brazil, to a
depth of more than 20m. Typical for this type of soil friction angle values are between 24-
31 degrees. Geophysical surveys conducted at the area of the site suggested Vp values
between 0.3 - 1.2km/s for the first 20m below ground surface (fig. 4.113-4.115 in Silva,
2011).

Experiment: An experiment on the induced failure of the two vertical faces took place
on a Saturday afternoon between 19:00h-24:00h. Background noise from activities in the
surrounding area, e.g. traffic, was present but at lower levels compared to the levels during
day hours. Works at a construction site immediately to the west of the excavation (see fig.
1b) stopped by 17:00h, therefore did not contribute to the background noise at the site at
the time of the experiment. All parameters, i.e. local geology, location and geometry of the
microseismic network used for monitoring, and the methodology used to induce failure,
remained the same for the total duration of the field measurement..

Failure was induced at each face separately by increasing the vertical load at its
crown. The design of the loading mechanism (Figure 1c, d) aimed to add as little as possible
to the background seismic noise. There were three in-line reinforced concrete piles (reaction
piles), 0.65m diameter and 12m deep, at 3m spacing. The reinforcement, four construction
steel bars, were left exposed by 1.5m above the ground. A rigid, I-shaped steel beam was
placed on top of the piles. The beam was supported by wooden stands with the construction
steel of the piles welded around it to restrict movement. Below the beam, a soil area of 1m?
was levelled in between each pair of consecutive piles. A rigid 1m?2 square metallic plate was
placed on the level surface. This formed the base for the installation of a hydraulic jack, which
was in turn connected to a manually operated oil pump. The oil pump was placed on a soft
cushion. An additional cushion was placed between the handle and the body of the pump.
This aimed to minimize the vibrations caused by the pump. By increasing the pressure of the
oil, the hydraulic jack was pushed against the metallic beam and consequently the soil
surface, thus increasing the applied load on the crown of the slope. All parts of the loading
mechanism were levelled to ensure that the load was applied vertically. At times when parts
of the loading mechanism were found to deviate from vertical, the experimental process was
paused to restore verticality. A measuring tape, attached to the hydraulic jack and the
metallic beam, was used to monitor the induced vertical displacement on the crown of the
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vertical face. Vertical displacement was recorded manually. The corresponding times were
provided by a GPS clock. Only one vertical face was loaded at a time.

Microseismic monitoring was carried out using 11 short-period 3-component
seismometers (Sercel L4C-3D) with a flat spectrum response between 2Hz and 100Hz. A
dense deployment geometry was adopted to maximize detection of all types of potential
events, e.g. crack formation and propagation, and failure events. The location of all
seismometers used, relative to the location of the vertical slope faces, can be seen in Figure
2. The field site was a construction site and due to space restrictions, we were not able to
deploy any seismometers to the west side of the excavation. The chosen deployment
configuration formed a dense microseismic network with approximately 5m to 10m spacing.
As shown in Figure 2, this configuration of the monitoring network resulted from the
formation of two tripartite microseismic arrays, each consisting of 4 sensors, with aperture
size 10m and 20m (fig. 2), respectively. This deployment geometry, originally suggested by
Joswig (2008), has been used by a number of previously published studies, e.g. Vouillamoz
et al. (2018); Tonnellier et al. (2013), for clayey landslide monitoring. Part of the network
also formed a linear array consisting of sensors at distances 10m, 15m, 20m and 30m from
the excavation and allowing for studying attenuation effects. Finally, one seismometer (No
11) was placed inside the excavation at a different elevation than the rest. This was done to
study any differences between deployment of sensors behind and in front of a landslide’s
face and to assure that the smallest failures expected to emit weaker signals would be
recorded. Unfortunately, due to malfunction, we were not able to acquire any data from that
seismometer. All seismometers were buried at 50cm below the ground surface. The closest
distance between a seismometer and the vertical faces was 10m to ensure the safety of the
Sensors.

Recording was done on continuous mode, at a sampling rate of 1000Hz using
dataloggers (RefTek DAS-130/3). Synchronisation of all recordings was ensured via use of
GPS clocks. The North-South component of each seismometer was set perpendicular and the
East-West component parallel to the strike of the vertical faces. This orientation does not
coincide with the geographical North shown in fig.2.

Loading commenced on the crown of VF1 following one hour of background noise
recordings. The load increase was stepwise, starting from zero, with an additional 10kN
being applied at one-minute intervals. If a vertical displacement was visually observed on
the measurement tape, then the load was kept constant until all vertical displacement had
ceased and any accompanying cracking on the face had stopped. The load was maintained
for a further 60 seconds before resuming normal procedure. This loading strategy ensured
no overlap between potential failures and thus clear seismic recordings of individual seismic
events. Field notes of visually observed failures, along with photos and video footage, were
also taken during the field experiment. All data have the same time reference, through the
use of GPS clocks.
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Figure 2. Deployment geometry (plan view) of microseismic network consisting of 11 three-
component short-period seismometers next to the excavation pit (rectangle). The locations
of Vertical Face 1 (VF1) and Vertical Face 2 (VF2) within the excavation pit are also shown.
The deployment geometry allowed for the formation of two tripartite arrays of different
apertures, 10m (shown in blue) and 20m (shown in red), respectively and a linear array
(shown in green).

2.2 Analysis of microseismic recordings

The type of failure (as described in Section 3.1 below) and time of occurrence of all
visually observed failure occurrences was determined from the field notes and video footage.
We do not make any interpretations. The observed events were then identified in the seismic
recordings using the observed time of occurrence. We used spectral analysis in the frequency
and the time-frequency domain for the processing of the microseismic recordings that
contained the signals of the visually observed failures. Spectral analysis was based on the
algorithm proposed by Welch (1967) for the calculation of power spectral density (PSD)
(Welch, 1967; Press, 1992). All PSD values were in units of 10logi0(m?2s-2/Hz) [dB]. The noise
PSD was calculated from a 5 minute interval of the recordings prior to the start of the
experiment: The Power Spectral Density (PSD) of short duration noise recordings (4 sec
segments of recordings then averaged over a 5 minute total duration) was calculated for each
seismometer separately. For the PSDs of the signals, we used a 4 sec window in which we
had visual observations that a failure took place. The actual SNR value was calculated by
subtracting (since values are in dB, i.e. logarithms) the corresponding value of the noise PSD
from the signal PSD. To reflect that the SNR values reported are calculated from PSD values
in dB, we use hereafter the term SNR4s. All computations were carried out in Matlab ©.

In this paper, we make no attempt to characterize any other signals present in the
recordings that do not correspond to visual observations, i.e. we do not aim to develop a
detection/classification methodology for seismic signals originating from slope failure. We
only present our findings from the analysis of ground-truthed failure events, focusing on
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providing a proof of concept for the potential of microseismics to detect early stages of slope
instability.

3. Results
3.1 Types of observed failures as a result of induced displacement
We observed three main types of failures:

(1) Crack Formation/Propagation: As the vertical load and displacement on the
crown of VF1 increased, cracks started to form. Initially, cracks were observed at the bottom
of the vertical slope and they propagated upwards to the crown (Figure 3). During
propagation, the part of the cracks that formed first got wider and easier to visually identify.
When the cracks reached the crown, propagation stopped with the cracks continuing to grow
in width. Unfortunately, this process was observed only at the beginning of the experiment
(loading of VF1) due to deteriorating day light conditions. The light from the field lamp used
was not adequate to allow for further observations of this kind. We believe that cracks also
formed inside the soil mass, but no visual observations are available. As cracks formed and
propagated along the surface of VF1, there were 6 times when soil was observed bursting
out of them in the form of dust (Figure 3f). We attribute this to the continuous displacement
of VF1. The time of occurrence of these soil bursts was recorded and used later for the
identification of crack formation/propagation signals within the seismic recordings.

(2) Topple and Fall type failure: this involves soil block toppling and falling (Figure
4) as well as shear within the soil mass, occurring immediately after cracks were fully formed
on VF1. The cracks encircled the area where a topple and fall failure subsequently took place
as the vertical displacement kept increasing. The cohesion of the soil was retained after the
detachment of the soil volume from VF1, with the soil mass forming soil blocks that initially
toppled before reaching the ground. This failure type occurred twice during the full duration
of the experiment and resulted in the largest failed soil volumes, estimated between 1.8 m3
and 2.5 m3, based on the dimensions of the failed soil mass.

(3) Soil Block Fall type failure (without toppling): This was the most common failure
type observed during the field experiment. It involved having parts of both Vertical Faces
(VF1 & VF2) falling inside the excavation (Figure 5).
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Figure 3: (a) Face of VF1 with no cracks formed. (b - d) Crack formation and propagation
events starting from the bottom of VF1 and propagating upwards. (e) As the crack evolved,
the parts of the crack that had already formed, got wider. (f) During crack propagation soil
bursts were observed. For scale, the full depth of the excavation is 2.5m and the photos were
taken looking towards the south face of the excavation, with the Vertical faces to the left
(towards East). The video of this failure is available as Supplementary material.
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Figure 4: Soil block topple and fall: After cracking, a volume of soil was detached from the
vertical face. This type of failure involved soil blocks (a) toppling (area highlighted within
the square) and, (b) falling on the ground surface. For scale, the full depth of the excavation
is 2.5m and the photo in (a) was taken looking towards the south face of the excavation, while
the photo in (b) looking towards the North-East direction.

(a) § NG s W5
Figure 5. Photos of a Soil Block Fall during loading of VF2 (a) before, and (b) after failure.
The white box indicates the soil block that fell inside the excavation. This event was the

biggest observed for this type of failure. For scale, the full depth of the excavation is 2.5m
and the photos were taken looking towards the North-East direction.
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The corresponding times of occurrence for all visually observed failures on VF1 and VF2 are
shown in Figure 6a,b and d,e respectively. It should be noted that only the larger failure events,
i.e. events No 1, 2, 4, 5 and 6 for VF1 and events No 1 and 2 for VF2, can be clearly identified in
the time recordings after visual inspection. Crack formation/propagation or small soil block falls
did not produce amplitudes that could be distinguished visually above background noise levels
in Figures 6b and 6d. The only reason we know their time of occurrence is because of the field
observations and log book. Table 1 shows the total number per type of observed failure
occurrences during the experiment. There were multiple crack formation/propagation events
observed within the first 25 mins of the loading of VF1 (Figures 6a, b), preceding each of the
Topple and Fall failure events (events no 1 and 2 in Figure 6a, b).

Table 1. Visually observed failures during loading of both vertical faces. Numbers in
brackets indicate the time of occurrence for each failure in minutes from the start of 1st
loading for each vertical face.

Face Crack Soil Block Topple Soil Block Fall
Failure type | formation/propagation and Fall
. 3(31.95, 55.55,
VF1 Multiple 2 (19.48, 20.98) 120.83,120.83)
VF2 Not conclusive - 3(9.88,32.77,37.85)

11
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Figure 6. Vertical Face 1 (VF1): (a) Time evolution of induced vertical displacement (blue
line). The time origin corresponds to the start time of loading for each vertical face. (b) Time
record of the seismic signal for the whole duration of the induced failure as recorded by
seismometer No 1 at a distance of 10m from VF1. (c) spectrogram of the full recording for
VF1. The colour scale represents Power in [dB]. (d) Same as in (a) but for Vertical Face 2
(VF2). (e) same as in (b) but for VF2. (f) same as in (c) but for VF2. Gaps on the seismic
recordings and the green intervals on the vertical displacement curves correspond to time
periods when the experiments temporarily had to stop. The dashed horizontal lines in (b)
and (d) correspond to * 3o interval for the background noise, equal to * 3.7um/s. All visually
observed failure events are marked with vertical dashed green lines both on the seismic
signal records and the vertical displacement curves. (a-b) VF1: Numbers 1 and 2 - “Soil Block
Topple and fall”. Both were preceded by crack formation/propagation. Numbers 3 to 6 - “Soil
block fall”, (d-e) VF2: Numbers 1 to 3 - “Soil block fall”. The shaded areas represent the
windows of the recordings analysed in Figures 8 and 9.

3.2 Observations on the Induced Failure of Vertical Face 1 (VF1)

12
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The failure process for VF1 started with the formation and propagation of cracks,
marking an area on the right side of the loading mechanism (time period before Failure 1 in
Figure 6a,b). When these cracks were fully evolved, the enclosed area failed in a complex
mechanism of soil block topples and falls. Crack formation/propagation was a continuous
phenomenon appearing at the foot of the face, propagating upwards towards the crown.
Cracks occurred as a response to the vertical displacements that increased in steps of
millimeters. The failed soil mass of the first topple and fall event can be seen in Figure 4b.
This type of event corresponded to the creation of a failure plane starting at the foot of the
face and extending all the way up to its crown. A similar failure (Failure 2 in Figure 6a, b)
occurred 1.5 min later, on the left side of the loading mechanism. The crack evolution on VF1
before any failure events on the left side of the loading mechanism is shown in Figures 3a-b
and 3f. After these two failures, no further cracks could be visually observed due to poor light
conditions. Figure 7 shows the second full failure for VF1 occurring on the left side of the
loading mechanism. Other smaller in scale failure events followed; these were formed at
least 1m above the foot of the face propagating upwards towards the face’s crown.

3.3 Observations on the Induced Failure of Vertical Face 2 (VF2)

Only small-scale failure events were visually observed on VF2. No crack
formation/propagation events could be observed due to the poor lighting conditions.
However, progressive failure of the slope appeared to occur in a similar manner to that of
VF1 with the largest failure event occurring first. Similar vertical displacement rates were
observed for both vertical faces (Figure 6a and 6d).

Figure 7. VF1 as seen from a North-East direction during the second soil block topple and
fall event (left side of the loading mechanism). An arrow indicates the failing block. For scale,
the full depth of the excavation is 2.5m and the photo was taken looking towards the North-
East direction.

3.3 Time-frequency analysis of visually observed failures

For the failure events that were visually observed, the recorded time of occurrence was used
to identify corresponding signals within the seismic recordings. Figures 8 to 10 show
representative spectrograms and seismograms from different parts of the recordings that
contain visually observed failure events. These recordings come from seismometer No.1, the
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closest sensor to both vertical faces (~10m away, for location see Figure 2). Seismometer
No.1 was chosen because it was the sensor that recorded all visually observed failures
clearly, thus allowing better comparisons of the spectral characteristics between the
different types of observed failures.

3.3.1. Crack Formation/Propagation and Soil block topple and fall

Figure 8 shows spectrograms calculated from data recorded at all three components of
Seismometer No.1, containing the two observed soil block topple and fall failures. These
timings are verified by the visually observed times during the experiment on VF1. In the
spectrograms, both failures are seen by the lighter coloured lines with frequency content up
to ~380Hz.

The time of the weaker but still elevated spectral amplitudes (light blue shaded linear
features), visible before the two topple and fall failures, coincides with the observed time of
occurrence of crack formation/propagation. The duration of the crack
formation/propagation occurrences is shorter, their spectral amplitude weaker and the
frequency range over which they can be distinguished above noise is narrower compared to
those of the soil block topple and fall failures.
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Figure 8. Spectrograms and actual recordings of microseismic data from all three
components (a, b: vertical, ¢, d: North-South - perpendicular to the strike of VF1 and e, f:
East-West, parallel to the strike of VF1) of Seismometer No.1, containing the two observed
soil block topple and fall failures (Events No 1 and 2 in Figure 6a, b). Numbers 1 and 2 denote
the elevated spectral amplitudes (shown as lighter coloured lines compared to the
background) representing these two failures in all three spectrograms. The elevated spectral
amplitudes, appearing as light blue shaded linear features, before and between the two main
failures correspond very well to the time of occurrences of observed cracks forming and
propagating.
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3.3.2. Soil block fall

Figures 9 and 10 show spectrograms and the corresponding seismograms of recorded data
from only the vertical component of seismometer No.1. We found no significant differences
with the spectrograms of the horizontal components. The soil block falls are annotated with
white arrows. The spectrograms reveal that this type of failure can still be distinguished over
a larger range of frequencies, with the upper limit of the frequency content ranging from
60Hz (fig. 9a), to 370Hz (fig. 10a). The upper limit appears to correlate with:

1) The volume of soil involved in the failure event: The larger the volume of soil involved in
the failure event, the larger the overall amplitude of the signal emitted and consequently, the
larger the range of frequencies over which the event is distinguishable above noise levels at
the monitoring distances implemented in this study.

2) The distance from the initial position of the soil block to the ground surface: The nominal
height of VF1 and VF2 was 2.5m. As repeated failures occurred, soil fell to the ground surface
and the face height was gradually reduced. Hence, any failures that occurred closer to the
time of complete failure for each vertical face had a shorter travel distance of the failed
material to the ground. In addition, the impact was on unconsolidated soil, i.e. soil that had
failed earlier. An impact on a ‘softer’ surface (high absorbance medium) emitted a weaker
signal and only the lower frequencies were sufficiently recorded by the seismometer, even
at the short distance of 10 m.

The above can be validated by comparing the spectrograms of Failure No.5 in Figure 6a and
6b (Soil Block fall) for VF1 and No.1 (Soil block Fall) in Figure 6d and 6e for VF2. Failure No.6
for VF1 can be distinguished from noise at lower frequencies only (fig. 9c), compared to those
of Failure No.1 for VF2 (fig. 10a) due to the smaller volume of soil involved in the failure (i.e.
energy at higher frequencies had dissipated below noise levels by the time the signal reached
the seismometer), the smaller distance of the fall and the weaker impact on softer ground.
The spectrograms of Figures 9a and 10c contain elevated spectral amplitudes (annotated
with yellow arrows) that look similar to the annotated failure events (white arrows). There
were no visual observations of failures during the times of the yellow arrows, but this does
not necessarily mean that no failure took place. In Figure 10a, slightly elevated spectral
amplitudes can be seen preceding the spectral amplitude of the main failure. These could be
cracks forming, in the same way as for VF1 (Figure 8a), or small soil block falls, however, we
have no visual observations to document this due to poor daylight conditions at the time.
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Figure 9. Spectrograms (a, ¢, €) and seismograms (b, d, f) of Soil Block failures for VF1 as
recorded by the vertical component of sensor No.1. Occurrences of the observed Soil Block
Falls are shown with white arrows. (a) Failure No. 3 in Fig. 6a,b distinguishable from noise
at frequencies up to 60 Hz. According to the field log, this was a very small soil block failing
on already failed material. Annotated with a yellow arrow is an area of elevated spectral
amplitude that could represent a similar failure event but which was not visually observed.
(c) Failure No. 4 in Fig. 6a,b visible in the spectrogram at frequencies up to ~160 Hz. (e)
Failures No. 5 and 6 in Fig. 6a,b distinguishable at frequencies up to ~260 Hz. These two
failures took place one after the other within 4 seconds. This is why they appear as a single,
rather wide column. Note that the origin (0 sec) of the time axis in each spectrogram is
different. Time resets to zero at the time of the first measurement of induced displacement
following a gap in the data (see Fig 6a and the green intervals for the time occurrence of the
data gaps).
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Figure 10. Spectrograms (a, c, €) and seismograms (b, d, f) of Soil Block failures for VF2 as
recorded by the vertical component of sensor No.1. Occurrences of the observed Soil Block
Falls are shown with white arrows. (a) Failure No. 1 in Fig. 6d, e is distinguishable from noise
at frequencies up to ~350 Hz. This was the biggest failure for VF2 and the third biggest
amongst all failure events. (b) Failure No. 2 in Fig. 6d, e distinguishable at frequencies up to
~125 Hz. (c) Failure No. 3 in Fig. 6c, d distinguishable at frequencies up to ~250 Hz.
Annotated with yellow arrows are elevated spectral amplitudes that could represent similar
failure events but which were not visually observed.
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3.4 Spectral analysis of visually observed failures

The failures that were visually observed in the field and identified in the seismic recordings
with the use of spectrograms, are now analysed in the frequency domain in order to better
understand the energy distribution up to the Nyquist frequency, i.e. up to 500 Hz in this study
following the methodology described earlier in section 2.2.

3.4.1 Crack Formation/Propagation

Figure 11 shows the SNRds spectrum of a 4 second long segment in the recordings of VF1
during  which  crack formation/propagation was observed. Since crack
formation/propagation was observed as a continuous phenomenon in the field, the resulting
SNR is effectively an average SNR, representing many crack events within these 4 seconds.
As shown previously in fig. 3d, these are very small events occurring locally on a crack. These
events can be considered as precursory events to the larger failures, e.g. the Soil Block Topple
and Fall failures for VF1. We found that the maximum source-to-sensor distance that these
cracks could be detected in the recordings was 10m (fig. 11, black line).

Crack formation/propagation events were very weak, with the first visually observed soil
burst found to be below background noise levels in the spectra. Their weak nature makes
them very hard to identify and distinguish from noise. The SNRgds is consistently above zero
for frequencies between 20Hz and 350Hz for the horizontal components. If we set a
threshold of SNRas = 5, this frequency range is narrower, between 125Hz and 225Hz (Fig.
11, red and green lines).
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Figure 11. SNRds spectrum of an observed soil burst that occurred prior to the first Soil
topple and fall failure at VF1 using data as recorded by the vertical component (blue), the
North-South (perpendicular to the vertical face strike; red) and the East-West component
(parallel to the vertical face strike; green) of No.1 seismometer. The highest SNRds values are
found between 125Hz and 225Hz. Also shown is the SNR spectrum of the same soil burst
using data recorded by the East-West component of seismometer No2 at a distance of 15m
away from VF1 (for location see Fig. 2). The SNRds value of 0 and 5, corresponding to SNR
values of 1:1 and 3:1, are shown with a solid and dashed grey horizontal lines, respectively.
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3.4.2. Soil block topple and fall

Figure 12 presents the SNRds spectra of Failures 1 and 2 (Soil Block Topple and Fall) in Fig.
6a, b of VF1 using data recorded by the vertical component of Seismometer No.1. The
horizontal component data produced similar results for these two failures. All deployed
sensors, the furthest being at a distance of 43.5 m from VF1 face, recorded these failures
clearly. The SNRas is quite high (signal almost 100 times more than the noise levels)
throughout the whole frequency range examined at the monitoring distance of 10m. The
largest values for the SNRds are found within the range from 10Hz to 25Hz for both events.
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Figure 12. SNRas spectra of Failures No 1 (a) and No 2 (b) in Fig.6a,b (Soil Block Topple and
Fall) of VF1 from data recorded by seismometer No.1. The emitted energy can be clearly
distinguished from noise over almost the whole frequency range up to Nyquist frequency,
with the largest values for the SNRds found within the range from 10Hz and 25Hz for both
events. The SNRds value of 0 and 5, corresponding to SNR values of 1:1 and 3:1, are shown
with a solid and dashed grey horizontal lines, respectively.

3.4.3. Soil block fall

The SNRas spectra of different Soil Block Fall events are presented in Figure 13. As
mentioned in Section 3.3.2, the size of the soil block as well as the height of the fall and the
ground conditions on which it falls (consolidated or unconsolidated) affect the degree over
which the signal can be distinguished from the background noise levels.

We were able to visually observe three different sizes of soil blocks. Unfortunately, due to
the nature of the experiment we were not able to measure the exact dimensions of the blocks,
therefore we can only give a qualitative (small, medium, large) description of their size:
(1) Small events. The SNRds is in general low, below 5 for almost the whole frequency range
examined with the exception of the frequencies within the range 20Hz to 50Hz where the
signal almost reached 10 times larger than the noise levels and for frequencies 200Hz -
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250Hz (Figure 13a). This type of events could be distinguished from noise at other
frequencies with differences up to 5dB, but this is not consistent among the different
events. Such events were Failures No.3 and No.5 (see Fig.6a, b) observed for VF1. This type
of event was found to be detectable in the recordings at a 20m maximum distance from a
seismometer (black line in fig. 13a).

(2) Medium events. The SNRds is above zero for all components up to frequencies of 300Hz,
with the signal being at least 3 times larger (and more than 100 times larger at frequencies
below 100Hz) for all components for frequencies up to 200Hz (Figure 13b). Such events
were Failure No.4 (see Fig.6a, b) for VF1 and Failures No.2 & No.3 (see Fig. 6d, e) for VF2.
This type of failure was recorded by all deployed sensors. As such, the detection threshold
was longer than 43.5m which was the maximum horizontal distance between the
excavation front and the furthest away sensor (No.9 in Figure 2) in our experiment,
however at such a distance the SNRads is below zero for frequencies 100Hz and above (black
line, Figure 13b).
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Figure 13. SNRas spectra as recorded by all three components (blue: vertical, red: North-
South, green: East-West) of sensor No 1, at 10m horizontal distance from the excavation
front. (a) a small Soil Block fall during VF1 induced failure. The spectrogram of this event is
indicated by the white arrow in Figure 9a. When the horizontal distance reached 20m, the
SNR spectrum for this event barely (with very few exceptions) exceeds 0. (b) of a medium
Soil Block fall during VF1 induced failure as recorded by all three components (blue: vertical,
red: North-South, green: East-West) sensor No 1, at 10m horizontal distance from the
excavation front. When the horizontal distance reached 43.5m, the SNRds spectrum for this
event, as calculated from the data recorded at Sensor No 9, is below 0 for frequencies above
100Hz. (c) a large Soil Block fall during VF2 induced failure as recorded by all three
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components (blue: vertical, red: North-South, green: East-West) sensor No 1, at 10m
horizontal distance from the excavation front. The spectrogram of this event is shown in
Figure 10a. When the horizontal distance reached 43.5m, the SNR4s spectrum for this event,
as calculated from the data recorded at Sensor No 9, is consistently above 5 for frequencies
up to 100 Hz and the signal remains distinguishable up to 225Hz. The SNRgs value of 0 and
5, corresponding to SNR values of 1:1 and 3:1, are shown with a solid and dashed grey
horizontal lines, respectively.

(3) Large events. The SNRas is well above 5 for all components up to frequencies of almost
400Hz, with the signal being at least 10 times larger (and almost 1000 larger between 20Hz
and 50Hz) for all components for frequencies up to 300Hz (Figure 15). Such events were
Failure No.1 (see Fig.6d, e) for VF2 and No6 (see Fig.6a, b) for VF1. Large events were
recorded by all deployed sensors. The source-to-sensor distance detection threshold was
found to be larger than 43m. It should be stated here, that we consider the numerical values
of the SNRag of the different sizes of Soil Block Falls, as well as the detection threshold
distances, to be site specific, i.e. the geology and failure mechanism affect its values.

Discussion

Types of failures observed and recorded: Although microseismic monitoring has been
used since the ‘90s for landslide monitoring, its applications to soft soils are limited due to
unfavourable conditions: weak signals traveling through highly attenuating material. This is
reflected on the small number of relevant published studies in the international literature.
Our controlled experiment provided field scale documented evidence of the capabilities of
microseismic monitoring to illuminate different phases in a landslide process: crack
formation and propagation, soil block topple and fall and soil block fall failures, even when
they correspond to very small volumes (less than 2.5m3) of failed mass. We record these
failures at maximum distances that vary from less than 10m for crack
formation/propagation to more than 40m for soil block failures.

Frequency content of recorded failures: For the crack formation/propagation and the
smaller soil block failure events that were visually observed and analysed, only the low
frequency content of the signal is detected, as the higher frequencies were attenuated over
the monitoring distances used in our experiment. All frequencies that we report here
resulted from the analysis of recordings from seismometer No 1, which gave the signals with
the highest SNR. This is a common approach, as in Provost et al (2017). We detect failure
signals above noise levels at frequencies higher than 30Hz (figures 11 and 13a, b) with the
exception of the large failure events that were clearly distinguishable below 30Hz (figures
12 and 13c). We find that for larger failures, there are frequencies above 100Hz and up to
380Hz that are clearly distinguishable from noise at the short distance of 10m used in our
study. Published studies in clayey landslides report frequencies between 2Hz and 125Hz
(Tonnellier et al., 2013; Provost et al., 2016; Vouillamoz et al. 2018). This difference is not
characteristic of the source, but of the path and the monitoring distance. It is mainly due to
attenuation and the fact that the monitoring distances in our study were considerably
smaller to those reported in the literature: a few 10s of metres as opposed to 100s. The
higher frequency range we identify in our study can potentially be useful in monitoring
clayey slope instabilities at close source-to-receiver distances.
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Type of instrumentation used: In our study we used seismometers with a flat
frequency response between 2Hz to 100Hz. Our choice of instrumentation was based on
best/common practice in the field of clayey landslide monitoring and the expected frequency
band stated in the reviewed literature. Provost et al. (2017) and Vouillamoz et al. (2018)
used very similar sensors, short-period seismometers (Lennartz 3Dlite and 1Dlite, flat
frequency response between 1Hz and 100Hz), and in Tonnellier et al (2013), the associated
bandpass of the seismometers was between 0.1 Hz and 80 Hz. The deployment geometries
in all these studies were in tripartite arrays (following Joswig 2008, as we did in our study),
and their observed events fell within the frequency range between 2Hz and 125Hz. The
upper bound of the frequency range (380 Hz) we identify is a finding of the research
presented in this paper and could not have been known a priori. Due to our choice of
instrumentations, the estimated spectral amplitude for frequencies above 100Hz is rather
an underestimation of the actual spectral amplitude, i.e. a lower bound of the spectral
amplitude at these frequencies. This does not affect our conclusions. It should be highlighted,
however, that our results refer to clays and for materials with larger grain sizes, these
frequencies are likely to be different. The higher than expected frequency content identified
in this study can have implications in (1) the choice of microseismic monitoring system.
Commonly used microseismic systems have a flat response up to 100Hz. A different or
additional system, for example use of 4.5Hz geophones or accelerometers, to cover a wider
range would be beneficial to capture the full range of events when short source-to-receiver
distances are involved and (2) the automatic detection and classification algorithms that are
solely based on unique seismic signals as reference. The latter, and the need to use signals of
the same type but of different monitoring distances (and thus paths) has been highlighted
previously by Provost et al. (2017).

Detection threshold and monitoring distances: As a detection threshold, we looked at
SNRas values above zero, with a value of SNRds higher than 5 (corresponding to SNR 3:1)
indicating a strong signal. The latter is a somewhat conservative threshold. In their study,
Tonnellier et al. (2013) set a threshold of SNR equal to 2:1 for the detection of signals, while
in Provost et al. (2017) the ratio of the seismic signal spectrum over the noise signal
spectrum for a signal to be detected should be equal to 1.5. Despite such a conservative
threshold, the signals are still distinguishable. The noise levels at our site were considered
higher than in rural areas but still within the boundaries defined by the New Low-Noise
Model (NLNM) and the New High-Noise Model (NHNM) suggested by Peterson (1993) for
noise levels worldwide. The noise levels at our site are rather closer to the NHNM. To be
consistent with our data (in units of velocity), Figure 14 shows the PSD values that
correspond to velocity rather than acceleration. The corresponding values for the NLNM and
NHNM for velocities were taken from Tables 4.1 and 4.2 in Borman (2012).

Where observation of weak precursory signals is key, seismometers should be
located as close as possible behind the expected or existing failure plane (in plan view) and
within a short distance (< 15m if at high attenuation ground such as the site of this study).
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Figure 14. Characteristic (average) PSD of the background noise (red line) at the field site
from data recorded by the linear array consisting of seismometers No 2, 3,4 and 5 and
their corresponding PSDs (black lines). For comparison, the NLNM and NHNM are also
provided.

With site conditions such as in this study, i.e. high attenuation and relatively high
noise levels, weak events such as crack formation, were detectable at distances just over
10m, while large events like soil block topple and falls were detectable at distances of at least
43.5m. All failure events presented here were of exceptionally small volumes (< 2.5m3). For
larger volumes, the emitted energy is larger and as such, the distances over which a failure
event could be detected should be larger despite longer monitoring distances, e.g. 500m as
in Vouillamoz et al (2018).

Figure 15 shows how the SNRds changes with distance on our field site. To simplify
the figure we applied a 14-point moving average. We chose one of the topple and fall signals
which was the strongest recorded by all the seismometers of the linear array. From Figure
15 it can be seen that the SNRds value clearly falls below 5 (SNR 3:1) for the first time for
frequencies above 80Hz, 160Hz, 275Hz, and 380Hz at distances 43.5m, 30m, 20m and
15m/10m, respectively. We were not able to study the effect of attenuation over longer
distances for the other types of failure as they were only recorded by seismometers at 10m
and 15m.
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Figure 15. SNR spectra for failure No 1 in fig. 6a, b using data from the linear array
(seismometers No 2, 3, 4 and 5, see fig.2 for location).

The locations and spacing required between seismometers for a monitoring system
of a large slope would depend on the location of vulnerable targets, the site access
restrictions and the size of the failing mass volume that poses a significant hazard to
infrastructure and well-being. For large slopes, monitoring distances of less than 10-15m
from the failing mass might be difficult to realise, especially if there is a limited number of
available seismometers, thus small scale crack events, like those in our study, might remain
undetected. If cost is not a prohibiting factor, a geomorphological and geomechanical study
could identify “hot spots” where failures could start occurring. Such an approach could
minimize the area in need of monitoring, thus allowing for optimised deployment of the
monitoring network. Generally, such events for large slopes might be insignificant. What
could be classified as a precursory event in these cases are the bigger failure events we
observed, which should be possible to detect at longer distances, i.e. a few 10s of metres.

Small receiver to source distances can be implemented in the case of monitoring of
embankments where the overall dimensions and volume of the structure are significantly
smaller and where the detection of small crack formation is important. For the monitoring
of embankments or small road/rail cuts we would recommend a denser monitoring network
with seismometers deployed within 10m from each other. This is consistent with the
distance recommendations by Vouillamoz et al. (2018). For embankments, this would
inevitably mean that the instrumentation is deployed on what could potentially be failing
ground, however, the potential of detecting material deterioration, e.g. internal erosion, at
the very early stages, outweighs the risk of damaged instrumentation, which for this case is
considerably small.

Detection in the frequency domain: It is worth noting that the crack
formation/propagation events and the smaller soil block failures in our study had
amplitudes in the time domain that were below or just above the noise amplitude (figure
6b). This would make their recording and subsequent detection very difficult, if not
impossible, when using a triggering recording mode and detection methodologies based on
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the time domain. On the contrary, such events were present in the frequency domain,
therefore, a detection approach based in the frequency domain is recommended in automatic
detection from continuous microseismic recordings.

Cracks can be considered a precursor to larger failure events and ultimately, may link
up to form the failure plane, thus it is important that they can be detected. Our results
provide evidence of significant potential for microseismic monitoring networks to constitute
a complimentary part of a monitoring system for early detection of failures in locations of
known and anticipated landslide risk. However, in order for them to be effective, more
experiments like the one described in this study are required to establish statistically
significant values for the seismic signatures of different types of failure events. Currently,
there is no technology that allows early enough identification of material deterioration in
earthen structures. Unfortunately, any weakness becomes apparent either just before or
during failure with severe consequences at times, e.g. the recent failure of the Whaley Bridge
dam in England with more than 1,500 people evacuated (August 2019) and the derailment
of a passenger train in Scotland due to a landslide, resulting in loss of life (August 2020).

To our knowledge, no other study exists in the international literature that discusses
the seismic signature of ground-truthed slope failure at field scale, from crack propagation
to full failure, within the seismic frequency range (up to 500Hz) and without the use of
acoustic emissions (sampling rates of the order of kHz, e.g. Smith et al., 2014; Deng et al.
2019). From our spectral analysis we have evidence of the possible occurrence of numerous
failure events (for example, those indicated by yellow arrows in Figures 9a and 10e) other
than those we have visually confirmed in the field. For the visually confirmed failure events
in the field, due to the small number of events, it was not possible to statistically discriminate
between crack formation/propagation and small soil falls, based only on their spectral
characteristics. Hence, labeling of the recorded signals was solely based on visual inspection.
Neither could we robustly discriminate between medium/large soil block falls and soil block
topple and fall using only the seismic recordings. However, this is not a limitation of the
study. Our results could be used as the basis for further and more in-depth analysis aimed at
identifying specific classifiers for automated discrimination between different slope failure

types.

5 Conclusions

We provide evidence that it is possible to record seismic signals of crack propagation
preceding larger, more complex failures involving soil block topples and falls in clayey soils.
Detection is possible at short monitoring distances, a few metres for cracks and a few 10s
metres for soil block topples and falls. At short monitoring distances (up to 30m), our results
revealed an extended frequency range (20Hz to 275Hz) over which failures in clayey soils as
small as 2.5m3 can be detected over the background noise. This has implications in the choice
of monitoring instrumentation as well as in the development of automated detection and
classification algorithms that are commonly based on frequencies up to 100Hz. Our study
was limited to one experiment and number of visually observed failures of different types,
but if more experiments could be carried out to provide a larger number of visually observed
failures, a full spectral characterization for each failure type is possible. All the failures
observed during our experiment were of very small volumes compared to those reported in
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the literature. This makes them similar to precursory events to larger failures. Our research
provides ground-truthed evidence that microseismic monitoring can act as a temporary
monitoring method, deployed adjacent to a soft soil dominated slope, for assessing its
kinematic characteristics even at site locations with high noise levels such as those
encountered close to urban areas or at hydroelectric schemes, providing short monitoring
distances can be achieved. For example, microseismic monitoring could complement existing
geodetic and geotechnical monitoring networks established to assess the structural integrity
of earthfill dams and flood embankments. Most importantly, our study provides the first data
on some spectral characteristics of very small failures, validated against visual observations
of the failure type, on which future automatic identification and classification algorithms
could be based.
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