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Modal analysis of freestanding rock formations is crucial for evaluating their vibrational
response to external stimuli, aiding accurate assessment of associated geohazards.
Whereas conventional seismometers can be used to measure the translational compo-
nents of normal modes, recent advances in rotational seismometer technology now allow
direct measurement of the rotational components. We deployed a portable, three-com-
ponent rotational seismometer for a short-duration experiment on a 36 m high sandstone
tower located near Moab, Utah, in addition to conducting modal analysis using conven-
tional seismic data and numerical modeling. Spectral analysis of rotation rate data
resolved the first three natural frequencies of the tower (2.1, 3.1, and 5.9 Hz), and polari-
zation analysis revealed the orientations of the rotation axes. Modal rotations were the
strongest for the first two eigenmodes, which are mutually perpendicular, full-height
bending modes with horizontal axes of rotation. The third mode is torsional with rotation
about a subvertical axis. Measured natural frequencies and the orientations of displace-
ments and rotation axes match our numerical models closely for these first threemodes. In
situ measurements of modal rotations are valuable at remote field sites with limited
access, and contribute to an improved understanding of modal deformation, material
properties, and landform response to vibration stimuli.

Introduction
Predicting the vibration response of freestanding rock land-

forms to seismic, atmospheric, or anthropogenic sources, in

support of hazard and conservation management, requires

detailed understanding of the natural modes of vibration,

including eigenfrequencies and mode shapes (Dowding et al.,

1983; Geimer et al., 2020; Finnegan et al., 2021). Recent

advances in experimental and numerical modal analysis of

rock formations, including arches, towers, and bedrock slope

instabilities, have shown that these geological structures exhibit

many similarities to civil infrastructure, including bridges and

tall buildings (e.g., Brownjohn, 2003; Clinton et al., 2006;

Michel et al., 2010). Rock towers (slender in both horizontal

dimensions compared to height), in particular, have been

shown to exhibit fundamental modes consisting of full-height

bending about the slimmest horizontal dimension, followed by

a second, perpendicular full-height bending mode, and a third

torsional mode with tower rotation about a subvertical axis

(Bottelin et al., 2013; Colombero, Godio, and Jongmans,

2021; Finnegan et al., 2022). However, unlike civil structures,

rock towers generally lack suitable locations for seismometer

arrays, and thus experimental modal analyses are limited by
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sparse spatial data. Measurements of mode shapes and spatial

gradients of modal deformation are rare.

Previous modal analyses of rock landforms have relied on

data recorded by conventional (i.e., translational) seismometers

(e.g., Lévy et al., 2010; Bottelin et al., 2013; Moore et al., 2016).

These data provide details of the eigenmodes at a single point;

only in rare cases have seismic array data been used to resolve

mode shapes (e.g., Geimer et al., 2020; Häusler et al., 2021;

Bessette-Kirton et al., 2022). Translational data alone, however,

cannot directly measure rotational motion, and thus most data

sets are lacking this component of the deformation field, which

can be important for improved characterization of material prop-

erties through inversion techniques (Remillieux et al., 2015;

Keil et al., 2022; Noe et al., 2022) and for assessing the potential

for earthquake-induced damage (e.g., Chandler, 1986; Lee et al.,

2009; Igel et al., 2012; Anagnostopoulos et al., 2015). Modal

rotations have previously been measured by calculating spatial

gradients of motion from seismometer arrays (e.g., Çelebi,

2006; Castellani, 2017; Guéguen et al., 2020)—a technique that

may suffer from limitations imposed by small measurement

areas at most rock landforms. However, recent advances in rota-

tional seismometer technology based on fiber-optical gyroscopes

(Bernauer et al., 2018) now allow direct in situ measurement of

modal rotations (Guéguen et al., 2020), data that can provide

missing details of modal deformation fields aiding improved

structural characterization and damage monitoring. Such data

can be especially valuable when experimental conditions pre-

clude deployment of large sensor arrays.

In this study, we present new ambient vibration data from

both translational and rotational seismometers placed atop a

slender rock tower located near Moab, Utah. These data sets

are interrogated for modal analysis and compared: translation

data provide eigenfrequency and eigenvector information,

whereas rotation data reveal rotational components of the

eigenmodes and orientations of the modal rotation axes. Our

results are the first to use direct measurement of modal rotations

at a natural rock landform and are verified by numerical mod-

eling. The incorporation of rotation measurements in modal

analysis has the capacity to improve measurement of complex

mode shapes, describe elastic material properties, and validate

theoretical models, contributing to improved understanding

of landform response to vibrational forcing. Such information

is important in evaluating the stability and the potential for

damage of culturally valued rock landforms (e.g., Moore et al.,

2016), including rock towers and arches, as well as monitoring

structural change through passive ambient vibration techniques.

Study Site and Experiments
Our study site (Fig. 1a) is a 36 m high rock tower located 17 km

southwest of Moab, Utah, in Kane Springs Canyon (latitude:

38.48172°, longitude: −109.59498°). The tower (termed Kane

Springs Ledge Tower) is composed of massive, monolithic

Jurassic Wingate sandstone and formed through partial

collapse of rock slabs from an extended cliff trending at an

azimuth of 338° (328° from magnetic north). It is ∼5 m thick

and ∼13 m across, with approximately prismatic geometry.

Accessing the top of the tower requires scrambling 300 vertical

meters up steep boulders and colluvium of an ancient land-

slide, then crossing an ∼1 m wide open crack separating the

tower from the cliff. This open crack extends downward

20 m, where it becomes filled with fallen rock and eventually

fully closes toward the base of the tower. The top surface of the

tower is relatively flat, tilting slightly to the southeast, which

together with natural undulations of the rock surface limit suit-

ably flat areas to deploy seismometers (Fig. 1b).

We analyze data from two short-term experiments that

were spatially collocated (station code KSLTA, see star in

Fig. 1b) but separated in time by 8 months: (1) We deployed

a Nanometrics Trillium Compact 20 s (TC-20) three-compo-

nent seismometer with 24-bit Centaur data logger on 16

January 2021, continuously measuring ambient vibration

velocity data at 100 Hz for approximately 23 hr (Fig. 1c).

(2) We deployed an iXblue blueSeis-3A (BS-3A) three-compo-

nent rotational seismometer, paired with a DiGOS C-CUBE,

recording ambient rotation rate at 200 Hz for five hours

on 10 August 2021 (Fig. 1d; see Data and Resources).

Unfortunately, due to unknown reasons possibly related to

high temperatures during the measurement or a poor cable

connection, only 40 min of useable data were obtained in

the latter deployment. In addition to these experiments,

we separately installed a Trillium Compact seismometer and

Centaur datalogger continuously recording 50 Hz ambient

vibration data at a point in the center of the tower on 20

February 2021, with data collection still ongoing. The location

was selected for instrument safety and is sufficiently different

from our two short-term deployments to preclude polarization

comparison. We use data from this monitoring station only to

link natural frequencies measured with different instruments

at different times, as these drift slightly throughout the year

with changing temperatures (e.g., Bottelin et al., 2013; Geimer

et al., 2022). All seismometers were set on the bare rock sur-

face, leveled, and aligned to magnetic north using a hand com-

pass (estimated accuracy ± 5°). TC-20 seismometers were
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covered with a bucket to mitigate wind buffeting, while the

larger BS-3A was left uncovered (Fig. 1). Because of demanding

site access, it was not possible to collocate TC-20 and BS-3A

instruments during the same measurement period.

Methods
We processed all ambient seismic data (i.e., both translational

and rotational) in a similar manner to determine spectral and

polarization attributes. Trillium Compact data were demeaned,

detrended, instrument-corrected, and band-pass filtered between

0.1 and 15 Hz to analyze relevant velocity data in m/s. Raw

blueSeis data were first “deramped” by the manufacturer—a pro-

cedure that removes signals from operation of the fiber-optical

gyroscope. The instrument has a flat transfer function from DC

to 50 Hz, with a scaling factor that is relatively insensitive to

temperature changes (Bernauer et al., 2018). Scaled data were

demeaned to remove the DC component of the signal related

to rotation of the Earth, detrended, and then band-pass filtered

between 0.1 and 15 Hz to analyze rotation rate in nrad/s. For

TC-20 data, we selected a representative hour with low wind

and few anthropogenic disturbances between 01:00 and 02:00

UTC on 17 January 2021 (6 p.m. local time on 16 January 2021).

For BS-3A data, we used all available data between 15:16 and

15:52 UTC (9 a.m. local time) on 10 August 2021. This time

block included a short gap while we checked the data stream,

which we removed from further processing.

We computed the power spectral density (PSD) for each

data set separately using fast Fourier transforms (FFT) over

selected time blocks to generate 3 × 3 spectral matrices (Koper

and Burlacu, 2015). Because of varying sampling rates, the

number of points per FFT window were 2048 (TC-20) and

4096 (BS-3A). We then averaged the spectra from 80% over-

lapped, Hanning-tapered windows. For polarization analysis,

we computed polarization attributes at selected frequencies

(Koper and Hawley, 2010; Incorporated Research Institutions

for Seismology Data Management Center [IRIS DMC], 2015)

using the same window parameters as the PSDs. We deter-

mined the degree of polarization (β2; dimensionless ranging

from 0 to 1; Samson, 1983), the polarization orientation in the

horizontal plane (degrees from magnetic north), as well as the

incidence angle (degrees from vertical). We applied this work-

flow to both TC-20 and BS-3A data. For the translational data,

highly polarized ground motion corresponding to spectral

peaks visible in PSD curves reveals the natural modes of the

tower, and the polarization orientations describe particle

motion at the sensor location. For rotational data, polarization

Figure 1. Overview of study site and seismometer deployments. (a) Lateral
view of the sandstone tower located in Kane Springs Canyon, near Moab,
Utah, U.S.A. (inset map). The tower is approximately 36 m high, 13 m
wide, and 5 m thick. Although not visible, the rear crack is fully pen-
etrating through the upper ∼20 m of the tower. (b) Aerial view of the
tower showing open rear crack and location of the seismometer
deployments (yellow star). (c) TC-20 translational seismometer deployed
in January 2021 (dashed circle added for clarity). (d) BS-3A rotational
seismometer deployed in the same position in August 2021.
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and PSD peaks again correspond to natural modes of the

tower, but the azimuth and incidence values now describe

the orientation of the rotation axis for each mode.

We created a 3D model of the tower using the program

Blender based on field measurements (tape measure and

TruPulse 360 laser rangefinder) as well as ground observations

and photographs. Various field visits provided opportunity to

access the base and all sides of the tower to allow detailed inspec-

tion and measurement. The scaled 3D geometry was first

coarsely sketched in Blender and then carefully sculpted to

account for local geometric details on all visible faces. The rear

fracture was extended in a planar manner downward to the base

of the tower, reflecting the obscured intact rock contact with the

adjoining cliff. The base of the tower was placed at a strati-

graphic interface in the Wingate Sandstone just above the con-

tact with the underlying (and slope forming) Chinle Formation.

Following methods of Moore et al. (2019) and Finnegan et al.

(2022), we performed finite-element numerical modal analysis

using COMSOL Multiphysics (see Data and Resources). The

analysis outputs the eigenfrequencies of the tower and associated

3D modal deformation fields. As both this tower and Castleton

Tower studied previously by Moore et al. (2019) are composed

of Wingate sandstone, we implemented the same uniform den-

sity (ρ) of 2200 kg=m3. Next, providing simple boundary con-

ditions with the tower fixed at its base and up to 16 m on its

northeastern side (as determined from field inspection), we

adjusted the value for Young’s modulus (E) until the predicted

eigenfrequencies matched the natural frequencies observed in

the data. We extracted modeled deflections at the sensor loca-

tion, computing modal displacement vectors to compare with

polarization of the translational data and the curl of modal dis-

placement to compare with orientations from the rotational

data. Natural frequencies can drift throughout the year, as tem-

perature variations affect the stiffness of the rock mass (e.g.,

Bottelin et al., 2013; Colombero, Godio, and Jongmans, 2021;

Colombero et al., 2021; Geimer et al., 2022). Therefore, we

allowed E to vary slightly in our analysis matching frequencies

measured during summer versus winter.

Results
Spectral analysis of translational seismic data revealed clear indi-

cations of up to six normal modes of the tower (Fig. 2a). At the

time of measurement in January 2021, these occurred at

frequencies of 1.8, 2.8, 5.1, 7.4, 9.1, and 10.5 Hz. Polarization

values (β2) were nearly 1 for the first three modes, dropping

to a low of 0.6 at mode 5. Ground motion was oriented roughly

Figure 2. Spectral data from seismometer deployments. (a) TC-20 ambient
vibration spectra from 01:00 to 02:00 UTC on 17 January 2021.
Components are east, north, and vertical (HHX, HHY, HHZ, respectively)
relative to magnetic north. Velocity power spectral density is shown in
decibel power relative to 1 m2s−2 Hz−1. (b) BS-3A rotational seismic data
from 15:16 to 15:52 UTC on 10 August 2021. Rotation power spectral
density is shown in decibel power relative to 1 nrad2s−2 Hz−1.
Components are rotation about east and north horizontal axes (HJX, HJY,
respectively), and the vertical axis (HJZ). (c) Frequency drift over time for
the first three modes (f1, f2, and f3) from a seismometer installed at the
center of the tower. Frequencies drift over the year with changing
temperatures. The dashed vertical lines mark the times of measurements
shown in (a) and (b).
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parallel to the narrowest horizontal axis of the tower for the first

mode and aligned with the wider horizontal axis for the second

mode, as expected for full-height bending. Other modes showed

slightly more irregular orientations (Fig. 3).

Spectral peaks associated with the first three natural modes of

the tower were also clearly visible in BS-3A rotation rate data

(Fig 2b). At the time of measurement in August 2021, these

frequencies had drifted to slightly higher values of 2.1, 3.1,

and 5.9 Hz, an increase of 17%, 11%, and 16%, respectively

(compare to Colombero et al., 2021; Geimer et al., 2022).

Figure 2c shows the monitored variation of the first three modal

frequencies over time, with our two measurements also indi-

cated, demonstrating that the measured drifts are within the

expected seasonal range for this tower. Spectral peaks associated

with higher modes (4–6) were not visible in the rotational data.

Polarization values for the first two modes approached 1,

whereas the third mode dropped steeply to 0.3. Polarization ori-

entations revealed that the first two modes have subhorizontal

axes of rotation with mutually perpendicular orientations: the

first rotation axis trends perpendicular to the narrowest tower

width, whereas the second is perpendicular to the wider hori-

zontal axis. The third mode has a vertically oriented rotation

axis, as expected for a torsional mode.

Results of numerical modal analysis are shown in Figures 4

and 5. Implementing a Young’s modulus of 1.4 GPa closely

reproduced the six modal frequencies identified in TC-20 data,

with a mean absolute difference of less than 2% (Fig. 4).

Accounting for seasonal frequency drift, E increased to 1.8 GPa

to match the summer rotational data (mean frequency variation

<1%). Both Young’s modulus values are well within the expected

range for sandstones in the region (Geimer et al., 2020).

Modeled eigenvector orientations matched measurements from

the translational data closely, with an average mismatch of 14°

Figure 3. Polarization results from measurements and modeling.
(a)–(f) Polar plots comparing measured and modeled polarization vectors
and rotation axes for the first six modes of vibration (rotation data only
available for modes 1–3). Radial coordinates are incidence angle (vertical
at center and horizontal at the perimeter), and angular coordinates show
azimuth with 0° = magnetic north. The tower is oriented with its longer
horizontal dimension trending 328° (parallel to the cliff): see bold dashed
lines in panels (a) and (b).

Figure 4. Comparison of measured and modeled frequencies from the two
seismometer deployments. The dashed line is 1:1 trend indicating a
perfect match. Measured frequencies drift upward by an average of 14%
with changing temperatures during the year, which is modeled by
increasing Young’s modulus from 1.4 to 1.8 GPa.
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for azimuth and 4° for incidence across all six modes (Fig. 3).

Similarly, modeled curls closely matched rotation axis orienta-

tions, with an average mismatch of 10° for azimuth and 11° for

incidence across the three resolved modes. The close match

between modeled and measured frequencies and orientations

indicates that our model is appropriately parameterized, sup-

porting our assumptions of uniform material properties and

boundary conditions (Fig. 5a). The full modal deformation fields

Figure 5. Numerical modal analysis of the Kane Springs Ledge tower.
(a) Geometry and boundary conditions. The blue shaded polygon is the
fixed rear boundary where the tower adheres to the cliff; yellow star is the
field measurement location. (b)–(g) First six modes of vibration, with color
map and arrows illustrating deformation at zero phase (normalized rel-
ative scale for each mode).
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are shown in Figure 5, confirming that the first two modes are

full-height bending in mutually perpendicular directions aligned

with the thinnest and thicker horizontal widths of the tower. The

third mode is torsional with a subvertical rotation axis, whereas

modes 4–6 are more complex second-order and possibly third-

order bending modes.

Discussion
Our experimental data demonstrated that a three-component

fiber-optical gyroscope rotational seismometer can measure

the rotational components of modal deflection of a 36 m high

sandstone tower. Although direct measurements of modal

rotations in buildings are themselves rare (e.g., Guéguen et al.,

2020; Lin et al., 2012), to our knowledge this is the first time

modal rotations that have been directly measured on a rock

landform. Rotation rate data from the BS-3A instrument were

output in standard miniSEED format and processed using

identical routines as used for the translational seismic data,

that is, no additional or new processing codes were needed

to analyze the rotational data. We note that fiber-optical gyro-

scope instruments have also recently been successfully used to

measure ground rotations in other seismology investigations,

for example, with applications in volcanology (Eibl et al., 2022;

Wassermann et al., 2022).

Although we were able to detect and characterize six modes

of vibration of the tower from TC-20 data, rotational measure-

ments from the BS-3A only revealed three modes (compare

Figs. 2a,b), likely due to the excitation levels of modes 4–6

not being above detectable limits of the sensor. The BS-3A

instrument is among themost sensitive portable rotation sensors

available, with self-noise in the range of ∼10–20 nrad=s=
p
Hz

(Bernauer et al., 2018), however, our data show that spectral

information at mode 3 is just above the instrument noise floor,

suggesting that any rotational motions associated with modes

4–6 are undetectable in our dataset. Ways to lower the noise

floor in the field might include covering the sensor to avoid wind

contact (as is standard for our TC-20 deployments). Data from

higher excitation time periods, for example, shaking from earth-

quakes, might also have been recorded during a longer deploy-

ment, making the higher modes detectable in rotational data.

Prior to the experiment, we hypothesized that modal rotations

would be greatest for the torsional mode of the tower—mode 3;

however, our data revealed that rotation rate had the greatest

amplitude at the first two full-height bending modes. Moore et al.

(2019) and Finnegan et al. (2022) established that slender rock

towers, such as this, exhibit Euler–Bernoulli bending modes akin

to a cantilever, in contrast to shear deformation more common

in buildings. Rotations are expected for Euler–Bernoulli bending,

whereas they might be less pronounced for shear deformation,

suggesting that measurement of rotations could be an experi-

mental means to assess theoretical models of modal deflection.

Modal mass participation factors resolved from our numerical

analysis additionally show that modes 1 and 2 incorporate ∼30%
effective modal mass in their respective orientations, whereas

mode 3 has less than 2% effective modal mass, suggesting that

the first two modes likely dominate the resolved ambient vibra-

tion spectra.

Comparison of eigenvector orientations with modal rota-

tion axes revealed expected trends. For modes 1 and 2, we

found that the modal rotation axes are oriented perpendicular

to the modal displacement directions, each having horizontal

incidence angles, as expected for first-order bending modes

(Figs. 3 and 5). Meanwhile, the torsional mode has a subvert-

ical rotation axis nearly perpendicular to the incidence angle of

the modal displacement vector (Fig. 3c). This ∼90° difference
might be a revealing metric for torsional motion from instru-

mental data alone, as identifying torsional modes from sparse

translational seismometer deployments is often not possible

without numerical modeling (e.g., Finnegan et al., 2022).

The addition of a rotational seismometer, in combination with

translational seismic data, may thus uniquely allow for iden-

tification of torsional modes from field data.

Rotational seismic data have been shown to contribute

unique information relevant for damage detection in structural

health monitoring applications (Doebling et al., 1998;

Bońkowski et al., 2020; Huseynov et al., 2020). To explore

the sensitivity of rotational polarization metrics to damage,

as compared to translational values, we conducted a series

of simulations using our model of the Kane Springs Ledge

Tower. We created three horizontal domains layered through

the middle of the tower—each 5 m high and located in areas

experiencing large strains for the first modes. We then simu-

lated damage by softening each layer in turn, reducing the

Young’s modulus by half to 0.7 GPa, and calculated the result-

ing polarization parameters for both translation and rotation.

Results showed that the torsional mode (mode 3), in particular,

exhibited notable changes in azimuth of the rotation axis when

softening the different layers (10°, 7°, and 11° for the bottom,

middle, and top layers, respectively), whereas translational vec-

tor orientations were less affected (azimuth change of 1° to 3°

over all models). These preliminary tests suggest that polari-

zation parameters calculated from rotational seismic data
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may be more sensitive to material changes caused by damage

than corresponding translational polarization metrics.

The addition of rotational seismic data may also add new

information useful for material characterization, such as

describing the material stiffness tensor from inversion of exper-

imental modal analysis data or improving characterization of

complex structures consisting of multiple materials (Doebling

et al., 1998; Remillieux et al., 2015; Noe et al., 2022).

Moreover, rotational data can add new information useful for

seismic stability analyses, for example, showing how rock land-

forms rotate during earthquakes and allowing calculation of

rotational strains, or revealing the degree of excitation of tor-

sional modes from different energy inputs (Anagnostopoulos

et al., 2015). With recent advances in seismometer technology,

rotational seismic data and resulting descriptions of the rota-

tional components and response of normal modes stand to

become increasingly common in applications relating to char-

acterization and structural health monitoring of unstable rock

formations and landslides, benefiting geohazard analysis, infra-

structure and resource protection, and public safety.

Conclusions
We deployed a portable blueSeis-3A rotational seismometer to

measure rotations associated with the normal modes of a 36 m

high sandstone tower located near Moab, Utah. The results

compared well with seismic data from the same location gen-

erated using a translational seismometer (Trillium Compact

20-s). Although TC-20 data revealed six modes of vibration

of the tower, BS-3A data could only conclusively characterize

three in our deployment, likely related to low excitation levels

of higher order modes. Processing both data sets for polariza-

tion information revealed consistent trends: for modes 1 and 2,

rotation axes are horizontal and perpendicular to the displace-

ment azimuth, as expected for first-order bending modes,

whereas the third mode has a subvertical rotation axis

perpendicular to the incidence angle of modal displacement.

These results indicate that the first two modes represent

Euler–Bernoulli bending and the third mode is torsion.

Direct measurements of rotation are needed to identify tor-

sional modes in most cases at natural rock landforms where

deployment of dense sensor arrays is rarely feasible.

Incorporation of rotational data in future experiments stands

to benefit material and structural characterization, assessment

of seismic stability, as well as damage assessment and monitor-

ing supporting landform conservation and hazard man-

agement.
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