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Fracture Network Imaging on Rock Slope Instabilities
Using Resonance Mode Analysis
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Abstract We performed modal analysis using frequency domain decomposition of ambient seismic
vibration data collected on large rock slope instabilities. This technique enables a robust detection of
resonance frequencies and provides the corresponding mode shape vectors. We applied the technique to
synthetic and� eld data sets acquired by seismometer arrays on two rock instabilities in Switzerland. We
found that, at the fundamental mode, the entire instability vibrates in�phase with the dominant mode shape
vector oriented perpendicular to dominant fracture systems. At higher frequencies, different compartments
of the instability resonate antiphase. Therefore, delineating the zero crossings between the phases allows
dominant fractures to be ef� ciently mapped. Approximately 1 hr of ambient vibration data suf� ces to apply
the method successfully. The method also potentially detects hidden fractures that cannot be observed by
geological� eld mapping. In addition, this approach combines classic ampli� cation and polarization analysis
into one technique, simplifying data processing efforts.

Plain Language Summary Large engineered structures, such as tall buildings, show very large
ampli� cation of vibrations at distinct frequencies (resonance modes). Measuring these vibrations allows
engineers to derive information about the structure, for example, information on the stiffness and geometry
of the object investigated. In this study, resonance mode analysis of ambient seismic vibration data was
applied on two unstable mountain slopes that can be considered as large natural structures. We installed
arrays of seismometers across the instabilities and recorded the ambient seismic vibrations for
approximately 1 hr. We found that the instabilities are indeed vibrating at distinct resonance modes and that
the direction of de� ection is perpendicular to the large�scale fracture system. At resonance modes of higher
frequencies, separate units of the instability are vibrating in opposite directions. We veri� ed our � ndings
using a computer model of one of the unstable slopes. The technique presented in this paper can support
geologists in mapping the dominant fracture network of the unstable slope. This approach allows slopes to
be mapped quickly and ef� ciently, only requiring a few hours of seismic data recording. In contrast, slope
mapping based on displacement monitoring (e.g., Global Navigation Satellite System) often requires longer
time series of up to several years.

1. Introduction

Unstable mountain slopes pose a signi� cant hazard to infrastructure and settlements in mountainous areas.
Understanding the dynamics and structure of potentially unstable rock slopes is therefore of crucial impor-
tance for successful hazard management (e.g., Andres & Badoux, 2018). Traditional characterization and
monitoring of unstable slopes is based on geological and geomorphological� eld mapping, eventually sup-
ported by surface displacement measurements (e.g., Global Navigation Satellite System, terrestrial laser
scanning, and radar interferometry). However, such measurements generally require long time series of sur-
face displacement recordings and provide little information about the extent of the instability at depth.

Ambient seismic vibration measurements have been increasingly used to characterize unstable slopes (Del
Gaudio et al., 2014; Del Gaudio & Wasowski, 2011; Galea et al., 2014; Iannucci et al., 2018; Jongmans et al.,
2002; Kleinbrod et al., 2017), prone�to�fall rock columns (Bottelin et al., 2017; Colombero et al., 2018; Lévy
et al., 2010; Valentin et al., 2017), and rock arches (Moore et al., 2016; Moore et al., 2018; Starr et al., 2015). Of
particular interest is such seismic mapping in case of brittle rock failure, where only little prefailure displa-
cements can be registered. Polarization analysis and wave� eld ampli� cation studies using ambient vibra-
tions acquired at the Randa and Walkerschmatt rock slopes (Burjánek et al., 2010; Burjánek et al., 2012;
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Moore et al., 2011) led to the conclusion that the wave� eld within the instabilities exhibits distinctive normal
mode behavior. Normal mode phenomena are often observed at slopes characterized by deep fractures that
separate the instability in distinct blocks. Landslides of this type were classi� ed asvolume�controlledsites by
Kleinbrod et al. (2019).

Normal mode analysis using ambient vibrations is commonly performed in the� elds of civil and mechanical
engineering to investigate the inner state of structures (e.g., Brincker & Ventura, 2015). Modal analysis of a
structure provides the resonance frequencies of the object, the damping parameters, and the three�
dimensional mode shapes. These parameters are useful, both in retrieving physical quantities that character-
ize the structure studied and in monitoring the structure over time (e.g., Clinton et al., 2006). Bottelin et al.
(2013) applied operational modal analysis (OMA) to a rock column deploying three seismometers and using
the frequency domain decomposition (FDD) technique that was introduced by Brincker et al. (2001).

In this paper, we explore the capabilities of FDD to decompose large complex rock instabilities into compart-
ments by using higher vibration modes, thus helping to detect dominant cracks cutting the instability. After
introducing the study sites and the OMA technique using FDD, we show the concept on a synthetic data set
of ambient vibrations and on two� eld data sets that were acquired on large rock instabilities in Switzerland
using arrays of seismometers.

2. Experimental Sites
2.1. Walkerschmatt

The Walkerschmattmeadow is a rock slope instability situated at the western� ank of the Matter valley in
southwestern Switzerland (Figure 1a). This side of the valley encountered a few large landslides in the recent
past, for example, the events at Randa in 1991 with a total volume of 30 ×106 m3 (5.5 km south of
Walkerschmatt). The Randa events and the remaining instabilities, situated in similar geological conditions
as Walkerschmatt, were intensively investigated in a number of geological and geophysical studies; see
Gischig et al. (2011), Spillmann et al. (2007), Heincke et al. (2006), and Moore et al. (2011). Yugsi�Molina
(2010) estimated the volume of the instability at Walkerschmatt between 800,000 m3 and 1 × 106 m3. He
mapped a dominant SW�NE striking joint set, J1, which divides the instability in several decameter�wide
blocks. The second well�developed joint set, J4, strikes WNW�ESE. However, 1�D tachymetric monitoring
since 1996 shows no signi� cant displacement. Burjánek et al. (2012) concluded in their studies on ambient
vibrations that the seismic wave� eld within the potentially unstable rock mass is dominated by normal
mode motion (standing waves). They observed wave� eld polarization at 1.6 Hz toward 120°N, correspond-
ing to the perpendicular direction relative to the mapped cracks. Directional site�to�reference spectral ratio
(SRSR) at 1.6 Hz showed wave� eld ampli� cations of up to a factor of 7 toward 120°N, whereas the transverse
component (30°N) only showed ampli� cation factors of two to three. Burjánek et al. (2012) stated the obser-
vation of other local maxima in SRSR at 2.3, 3.7, and 5.3 Hz without interpreting them.

2.2. Preonzo

The Preonzorock slope instability is located at the western� ank of the Riviera valley in southern
Switzerland (see Figure 1b). In 2012, a volume of 210,000 m3 collapsed at the site, leaving a remaining
unstable volume of 140,000 m3 in place. Loew et al. (2017) and Gschwind and Loew (2016) give details on
the monitoring and early warning system prior to the 2012 failure and on the long�time evolution of the site,
respectively. The open tension cracks have an estimated depth of about 20 m. More details on the geological
and hydrogeological conditions are provided by Willenberg et al. (2009). Burjánek et al. (2018) performed a
small�aperture seismic array measurement on the remaining unstable volume shortly after the 2012 failure
and observed strong polarization phenomena perpendicular to open fractures and strong wave� eld ampli� -
cation in the same direction. The highest ampli� cation occurred at 3.5 Hz with factors of up to 35. This fre-
quency is interpreted as the fundamental normal mode of the instability, showing a normal mode splitting
effect, resulting in three distinct peaks at 3.2, 3.4, and 3.6 Hz. Furthermore, ampli� cation peaks at higher
frequencies (5.1 and 6.0 Hz) were understood as higher modes or local resonances but were not
further interpreted.
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3. Methods
3.1. FDD Modal Analysis

The aim of OMA is to identify the natural modes of vibration, including resonance frequencies and mode
shapes. OMA is an•output�onlyŽtechnique; that is, the input loads are assumed to have white noise char-
acteristics in a bandwidth covering at least the frequency range of interest. The resulting vibrations are
simultaneously measured at different locations across the system. Therefore, OMA is well suited for modal
analysis of large engineered and natural structures, since it is hardly possible to excite these
structures arti� cially.

FDD is a frequency domain OMA technique introduced by Brincker et al. (2001), initially applied to analyze
the dynamic response of civil engineering structures. FDD allows for a better identi� cation of close modes

Figure 1. Aerial photographs of the unstable rock slopes at (a) Walkerschmatt and (b) Preonzo. Fracture sets based on
Yugsi�Molina (2010) and Gschwind et al. (2019), respectively. Coordinate system is CH1903 (geodata panel a © swisstopo).
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than the classical approach of picking the mode directly on the power spectral density and preserves the
phase information.

In this study, we applied the following work� ow: In a � rst step, any transient signals crossing the array are
manually removed, since they clearly violate the assumption of randomly distributed noise sources. Second,
as proposed by Brincker et al. (2001), the cross�power spectral density matrix between all input traces and
discrete frequencies is computed using the averaged, modi� ed periodogram method by Welch (1967).
Third, computing the singular value decomposition provides the singular values (SVs) and the singular
vectors. The SVs can be understood as the auto spectral densities of the modal coordinates, which peak at
the resonance frequencies of the system. The corresponding singular vectors are interpreted as the three�
dimensional mode shape of the structure. Higher�order SVs indicate the presence of close or hidden modes.
The striking advantage of FDD is that information from all traces are consolidated into one plot, the singular
value plot (SVP), which greatly simpli� es the identi� cation of normal modes (for more information on OMA
and FDD see Brincker & Ventura, 2015).

To improve the mode detection, we propose to cut out any near�monochromatic signals in the SVP. The noise�
contaminated frequencies are identi� ed on the mean of all power spectral density spectra determined by mul-
titaper technique (Thomson, 1982). The noisy bandwidths are then cut out from the SVs and singular vectors
and the resulting gaps are� lled by spline interpolation. Then, we smooth the SVs and vectors with a� rst order
Savitzky and Golay (1964)� lter. The mode shapes are normalized to one component of a reference station,
allowing different data sets from the same site to be combined, given that the reference station was running
during all surveys. This normalization additionally provides the wave� eld ampli� cation, analogous to SRSR.
Finally, we spatially interpolate the mode shapes at the resonance frequencies between individual sensors
using a natural�neighbor interpolation. We use the modal assurance criterion (MAC, Allemang, 2003) to eval-
uate the similarity between two mode shapes (see Text S1 and Figure S1 in the supporting information).

3.2. Field Instrumentations

In Walkerschmatt, two passive seismic arrays, called WAL01 and WAL02, were deployed during a survey in
August 2009 using 8 and 10 portable seismometers (Burjánek et al., 2012). WAL01 had a near�linear con� g-
uration and was recording 30 min, whereas WAL02 was spread across a large part of the instability and mea-
sured during 60 min. Both con� gurations are sharing one reference sensor being installed throughout the
survey (WALref, see Figure 1a).

An array, called PRE01, consisting of 12 seismometers, was installed in May 2012 at the Preonzo instability
(Burjánek et al., 2018) and recorded ambient vibrations for 1 hr. Station PRE001, located in the stable area,
was chosen as a reference (PRE001, see Figure 1b).

For every survey, the sensors were placed on metal trihedrons on the solid bedrock or in shallow holes after
removing the uppermost layer of the soil. The sensors were oriented using a compass, resulting in an orien-
tation accuracy of about 5°. We used Lennartz LE�3D/5s seismometers with 24�bit Quanterra Q330 digitizers
with a sampling frequency of 200 Hz for all measurements.

3.3. Numerical Modeling

We modeled ambient seismic vibrations for the site Walkerschmatt using the Wave Propagation Program by
Appelo and Petersson (2009). Four cracks simulating the joint set J1 are introduced; see C1 to C4 in Figure
S2. The elastic parameters of the rock mass are set toVp = 2,600 m/s (compressional wave velocity),Vs=
1,500 m/s (shear wave velocity), andq = 2,500 kg/m3 (density). The modeled cracks have normal and shear
stiffness ofkP = 20.3 MPa/m andkS = 9 MPa/m, respectively. All cracks have a common base at 1,825 m
above sea level; that is, their depth is dependent on the local topography and varies approximately between
300 and 200 m (see Figure S3). The stiffness of the cracks was selected in order to� t the observed fundamen-
tal frequency at 1.6 Hz and the corresponding ampli� cation level at this frequency.

4. Numerical Modeling Results

We applied FDD on the synthetic data set and identi� ed � ve resonance frequencies between 1 and 6 Hz on
the SVP shown in Figure 2a (f1 to f5). f1 consists of two peaks (1.7 and 2.4 Hz), representing the same modal
subset of the structure. The MAC value between the mode shape evaluated at 1.7 Hz, thus at the highest peak
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of the subset, and the mode shapes evaluated between 1.2 and 2.9 Hz remain greater than 0.6. For instance,
the MAC of the two subpeaks (1.7 and 2.4 Hz) is 0.76, justifying the assignment of these subpeaks to the same
underlying mode. Such mode splitting phenomena are often observed in complex, asymmetric, and
fractured structures (e.g., Charnley & Perrin, 1978). The mode shape is visualized in Figure 2b. It reveals
an increasing ampli� cation east of crack C1 with maximum amplitudes between C2 and C3. In the
western part of the instability, the orientation of the mode shape vectors is about 120°N, thus perpendicular
to the fracture set. In contrast, the mode shapes are rotated to 90°N toward the east of the measured area. We
attribute this rotation to the varying topography along the individual cracks: toward SE, the ridge becomes
increasingly asymmetric around the fractures (see Figure S3).

Figure 2. (a) First nine singular values with picked resonance frequencies and interpreted mode bells (colored lines); (b)
mode shape at 1.7 Hz (f1); (c and d) mode shape at 3.1 Hz (f2); (e and f) mode shape at 4.0 Hz (f3); and (g and f) mode shapes
at 4.7 Hz (f4) and 5.7 Hz (f5), respectively. Black arrows indicate the mode shape at each seismic station. The color map
represents the relative horizontal ampli� cation in the direction indicated by the white arrow (geodata © swisstopo).
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The higher SVs (>4, see Figure 2a) rapidly increase towardf2 at 3.1 Hz, indicating the presence of an addi-
tional mode. Figures 2c and 2d show the mode shape at this frequency in directions 120°N and 30°N, respec-
tively. Obviously, the different compartments of the instability are now vibrating antiphase; the zero
crossings between the two phases match roughly crack C2 on the 120°N component, whereas the zero cross-
ings of the 30°N component coincide well with cracks C1 and C4. The mode shape of resonance frequencyf3
(4.0 Hz) is presented in Figures 2e and 2f and again shows antiphase behavior with zero crossings that coin-
cide with the simulated cracks. Frequenciesf4 andf5 (4.7 and 5.7 Hz, respectively) are well detectable as clear
peaks in the SVP. Their mode shapes in direction 120°N are depicted in Figures 2g and 2h and are very simi-
lar except for the area east of crack C3. The vertical mode de� ection for all resonance frequencies is generally
weak (except forf3). The unprocessed SVP of this data set and the mode shapes of all resonance frequencies
in three dimensions (vertical, 120°N, 30°N) are summarized in Figures S4 and S5, respectively. An overview
of all picked frequencies is given in Table S1.

We draw two important conclusions from this synthetic test: First, the normal mode behavior at about 1.6
Hz observed by Burjánek et al. (2012) can be con� rmed by numerical modeling and the mode shapes repro-
duce the� ndings obtained by polarization analysis. Second, OMA using FDD is capable of detecting higher
modes on the synthetic data as well. The zero crossings between different phases of the same resonance fre-
quency coincide robustly with the location of the cracks in the model.

5. Field Data Results
5.1. Walkerschmatt Site

The SVP of the two surveys WAL01 and WAL02 are given in Figures 3a and 3b, respectively. The� rst reso-
nance frequency (f1) is well visible in both data sets at 1.6 Hz. As the reference station was identical for both
surveys, the mode shapes of both data sets can be merged. This combined mode shape (Figure 3c) is clearly
oriented toward 120°N with increasing ampli� cation toward east, reaching a maximum ampli� cation factor
of 9. Therefore, the polarization and ampli� cation pattern observed at 1.6 Hz by Burjánek et al. (2012) can be
reproduced using FDD. However, the ampli� cation factor (9) is slightly higher than measured by SRSR (7).
The mode shape of the second resonance frequencyf2 at 2.3 Hz is in�phase and similar tof1 but shows a rota-
tion of the general displacement vector toward ~150°N (Figure 3d). In addition, the ampli� cation rapidly
increases on the eastern side of the mapped rear fracture.f3 at 2.7 Hz is the most dominant resonance fre-
quency in both data sets and its mode shape shows two phases with its zero crossings separating the north-
eastern part of the array from the rest (Figures 3e and 3f).

We evaluate the fourth resonance frequencyf4 at 3.4 Hz. This mode is well detectable on WAL02. On
WAL01, the mode is less evident on the� rst SV. For this data set, the MAC exceeds 0.6 only in the
narrow band from 3.3 to 3.4 Hz. Nevertheless, the third SV indicates the signi� cance of this mode.
The corresponding mode shape identi� es the strongest ampli� cation in the northeastern part. A similar
antiphase behavior as forf3 can be observed, separating the western compartment from the eastern
compartment (Figure 3g). The mode shapes off3 and f4 both suggest a separation of the northeastern
compartment (stations WAL201 to WAL204 and WAL206). This separation is not evident from the
structural map by Yugsi�Molina (2010). However, we observed a partially boulder�in� lled macrostruc-
ture striking with ~10°N between stations WAL107 and WAL206. This feature continues as a narrow
lineament toward south, passing between stations WAL106 and WAL109 (see white line in
Figures 3e…3g). We therefore interpret this feature as an additional joint set, J5, probably conjugated
to J1 (intersection angle ~30°) and striking parallel to the cliffs limiting the instability toward east
(cf. Figures 1a and S6).

The resonance frequencyf5 at 5.9 Hz is very pronounced on the� rst SV of WAL01. It becomes evident from
the mode shape in Figure 3h that the driver of this resonance frequency is mainly the area at the easternmost
station (WAL111), interpreted as a separate rock volume. However, we could not map all major fractures by
FDD: Stations WAL204 and WAL203, for example, are clearly separated by a crack (visible depth of about 15
m), but no phase zero crossing can be observed between them. The unprocessed SVP and the mode shapes of
all resonance frequencies are summarized in Figures S7 and S8, respectively. Table S2 gives an overview of
all picked frequencies.
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5.2. Preonzo Site

A dominant peak at about 3.3 Hz (f1) dominates the SVP as illustrated in Figure 4a and four less pronounced
peaks characterize the spectrum above 4 Hz. The mode shape off1 describes an in�phase de� ection of the
entire area toward 60°N with a strong increase in ampli� cation on the eastern side of the mapped rear frac-
ture, where a maximum ampli� cation of factor 20 is reached (Figure 4b). These� ndings match the results of
the SRSR and polarization analysis performed by Burjánek et al. (2018). As suggested by the aforementioned

Figure 3. First nine singular values with picked resonance frequencies and interpreted mode bells (colored lines) of the
WAL01 (a) and WAL02 (b) surveys; (c) combined mode shape at 1.6 Hz (f1); (d) mode shape at 2.3 Hz (f2); (e and f)
mode shape at 2.7 Hz (f3); (g) mode shape at 3.4 Hz (f4); and (h) mode shape at 5.9 Hz (f5). Black arrows indicate the mode
shape at each seismic station. The color map represents the relative horizontal ampli� cation in the direction indicated by
the white arrow (geodata © swisstopo).
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study, we do not interpret the two subpeaks at 3.2 and 3.5 Hz as individual modes and attribute them to a
mode splitting phenomenon. The MAC exceeds 0.6 in the broad frequency range from 2.0 to 4.1 Hz,
indicating the presence of one single mode. At 4.1 Hz, the higher SVs increase rapidly and a small peak is
visible on the � rst SV. This is likely an artifact of the noise�band that was cut between 3.9 and 4.0 Hz
(spectral leakage, see unprocessed SVP in Figure S9).

Between 4.0 and 6.3 Hz, the� fth SV is almost� at around 38 dB, which indicates the presence of four differ-
ent modes.f2 at 4.7 Hz is well detectable on the� rst SV. Its corresponding mode shape shows antiphase pat-
tern with zero crossings coinciding with the mapped fracture system (Figure 4c). The resonance frequencyf3
is not well expressed on the� rst SV. However, the second and third SVs increase toward 5.2 Hz, allowing us
to selectf3 as a resonance frequency. The mode shape evaluated atf3 shows antiphase behavior with zero
crossings consistently following the traces of the fractures (Figure 4d). The ampli� cation at stations
PRE003 and PRE004, thus on the western side of the mapped rear fracture, are high (factor 7) compared
to stations PRE001 and PRE002, situated presumably on the same, stable unit. However, in order to obtain
such a strong gradient between PRE001 and PRE002 on one side and PRE003 and PRE004 on the other side,
an additional fracture striking parallel to the known rear fracture is proposed. This proposed hidden crack
coincides with a linear depression in the topography (see photograph in Figure S10) and the morphologic
lineament mapped by Loew et al. (2017).f4 at 6.0 Hz is well detectable on the� rst and higher SVs. Its

Figure 4. (a) First nine singular values with picked resonance frequencies and interpreted mode bells (colored lines);
mode shapes at 3.3 Hz (f1, panel b); 4.7 Hz (f2, panel c); 5.2 Hz (f3, panel d); 6.0 Hz (f4, panel e), and at 7.0 Hz (f5, panel
f). Black arrows indicate the mode shape at each seismic station. The color map represents the relative horizontal
ampli� cation with respect to the reference station in direction 62°N.
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mode shape is mainly controlled by station PRE008, which is located between two densely spaced tension
cracks (Figure 4e). Asf4, the resonance frequencyf5 at 7.0 Hz can be well observed on the� rst and the next
three higher SVs. Its mode shape is similar to the one off4, but the area around station PRE008 is rather pro-
nounced due to strong amplitude contrasts than due to zero crossings (Figure 4f). However, we interpret that
both frequencies are representing the same subvolume of the instability. The mode shapes of all resonance
frequencies are summarized in Figures S11. An overview of all picked frequencies is given in Table S3.

6. Conclusions

We successfully applied FDD modal analysis on two unstable rock slopes and con� rmed the normal mode
behavior previously observed through wave� eld polarization and SRSR analysis. The advantage of FDD lies
in combining all recorded seismic traces within one visualization, the SV plot, which facilitates the identi� -
cation of resonance frequencies. The singular vector at a selected resonance frequency provides the mode
shape of the rock mass. Applying FDD combines ampli� cation and polarization analysis in one technique,
simplifying data processing and interpretation. In contrast to SRSR, FDD facilitates the detection of higher
modes and preserves the phase information. For most cases, the zero crossings of different phases at these
higher modes correspond to the fracture systems mapped at both investigated sites and the synthetic data
set of Walkerschmatt.

Geodetic surveys and remote sensing techniques usually require long time series (weeks to years) to charac-
terize a rock slope instability. In contrast, FDD modal analysis could provide structural and dynamical infor-
mation based on seismic time series in the range of hours. We therefore recommend FDD modal analysis as
a rapid mapping technique to delineate the dominating fracture systems of volume�controlled rock instabil-
ities, complementary to geodetic surveys. For example, the technique could help to subdivide the instability
into compartments in order to optimize the geodetic monitoring setup. Modal analysis could also support
geological mapping of fractures with absent or nondescript surface expressions. However, the method is lim-
ited to volume�controlled instabilities, where deep fractures are separating distinct rock volumes, thus per-
mitting seismic normal mode behavior.

Future research could investigate damping of the unstable volume, which can be derived from OMA and
might be related to the detachment of the instability at depth. Furthermore, FDD could also be applied to
data from permanent monitoring stations to track temporal variations of resonance frequencies and
mode shapes.
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