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Abstract

The dynamic properties of freestanding rock landforms are a function of fundamental
material and mechanical parameters, facilitating non-invasive vibration-based structural
assessment. Characterization of resonant frequencies, mode shapes, and damping ratios,
however, can be challenging at culturally-sensitive geologic features, such as rock arches,
where physical access is limited. Using sparse ambient vibration measurements, we describe
three resonant modes between 1 — 40 Hz for 17 natural arches in Utah spanning a range of
lengths from 3 — 88 m. Modal polarization data are evaluated to combine field observations
with 3-D numerical models. We find outcrop-scale elastic moduli vary from 0.8 to 8.0 GPa,
correlated with diagenetic processes, and identify low damping at all sites. Correlation of
dense-array measurements from one arch validate predictions of simple bending modes and
fixed boundary conditions. Our results establish use of sparse ambient resonance
measurements for structural assessment and monitoring of arches and similar freestanding
geologic features worldwide.

Plain Language Summary

Natural rock arches vibrate under ambient conditions with a unique set of frequencies
controlled by geometry, host material, and interactions with nearby bedrock. Recent rockfall
events at well-known arches in Utah have highlighted the need to develop non-invasive
assessment methods to better understand how these sensitive landforms evolve. To reduce
site impacts, we employed limited instrumentation to measure ambient vibrations of 17
arches across Utah for identification of resonant frequencies. We combine direct observations
with predictive numerical models to visualize resonant mode shapes and describe the
controlling material properties and structural boundaries. In defining the first three modes of
each site, we are able to characterize dynamic properties at arches encompassing several
geologic formations and a range of length scales. These results establish a versatile method
for structural evaluations of arches and other significant freestanding geologic features.

1 Introduction

Ambient vibrations of manmade and natural structures are stimulated by broadband

excitation sources such as wind, anthropogenic activity, and seismicity. The resulting induced
resonant modes are a function of primary structural and material properties, notably boundary
conditions, damping, density, and elastic modulus (Ewins, 1984). Non-invasive monitoring of
modal characteristics has thus been broadly employed to monitor changes within the built
environment, with structural health monitoring (SHM) techniques used extensively in civil
engineering for characterization of recoverable and permanent mechanical changes (Doebling
et al., 1996).

SHM studies often employ induced resonance, allowing for limited instrumentation to assess
both sudden and progressive structural changes (Peeters & De Roeck, 2001). Applications
range from early work on evolving resonant modes of a bridge during ongoing construction
(Carder, 1937) to influences of water level on an artificial dam (Darbre et al., 2000). In
studies of seismic hazards, SHM has shown value in assessing the impact of earthquakes on
buildings (Michel & Gueguen, 2010); e.g. Clinton et al. (2006) traced more than 75% of the
long-term frequency drop of the Caltech Millikan Library to a single earthquake.

While development and application of SHM methods have historically focused on engineered
structures, there is a growing body of research applying time-dependent modal analysis to
geologic features (Larose et al., 2015). Ambient vibration measurements and numerical
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modeling have been used to assess the dynamics of unstable rock columns and landslides
(Lévy et al., 2010; Bottelin et al., 2013a; Bottelin et al., 2013b; Kleinbrod et al., 2017) while
human activities, including explosions, machinery, and artificial reservoirs, have been
analyzed for their impacts on rock landforms with high cultural value (Dowding &
Cummings, 1983; King & Demarco, 2003; Moore et al., 2016). SHM of natural rock arches is
in turn- motivated by rockfall events at Landscape Arch in 1991 and 1995, and the collapse of
nearby Wall Arch (both in Arches National Park) in 2008. Studies to date, however, have
been narrow in scope, with single-site evaluations of dynamic properties (Moore et al., 2016;
Starr et al., 2015) and assessment of stiffness variations within a single geologic unit (Moore
etal., 2018).

In this study, we apply ambient vibration modal analysis from sparse seismic arrays to a
varied collection of natural rock arches. We compare quantitative assessments of sites across
different scales and host lithologies to facilitate more complete understanding of the strengths
and limitations of the technique, as well as provide detailed characterization of mechanical
and structural variations in these iconic desert landforms. Our results establish the
methodology and highlight its limitations, permitting broad application to similar
freestanding geologic features worldwide.

2 Study Sites

The 18 natural arches in this study are located in the Colorado Plateau of southern Utah
(Figure 1, Table 1), with 17 sites measured using sparse sensor deployments and 1 site
characterized with a dense seismic array. Arch spans vary from 3 to 88 m, including the
longest arch in North America (Landscape Arch). In addition to access considerations, sites
were selected for simple and slender geometries facilitating interpretation of limited ambient
vibration data and construction of 3-D photogrammetric models. One site (Rainbow Arch)
collapsed during the winter of 2018-19, after the completion of field measurements.

The majority of arches analyzed are hosted in Jurassic sandstones (Table 1), with the greatest
number of sites in the cross-bedded Navajo Sandstone, and others formed from the
interbedded Kayenta Formation, massive cliffs of the Wingate Sandstone, or smooth
exposures of the Entrada Sandstone (Doelling, 2004). Other materials in this study include
calcareous sandstone of the Paleogene Claron Formation (Biek et al., 2015), Permian cross-
bedded White Rim Sandstone, thickly cross-bedded Cedar Mesa Sandstone, and interbedded
sandstone of the Lower Cutler Group (Doelling, 2004).

3 Methods
3.1 Sparse Ambient Vibration Measurements

We recorded ambient vibrations of rock arches using temporary seismometer installations.
Limited or restricted site access led to standardization of a sparse, two-station deployment at
each site, arranged in an active-reference configuration. We used three-component broadband
Nanometrics Trillium Compact 20s seismometers and 24-bit Centaur data loggers recording
at 100-200 Hz, varying with arch size. Each active station was placed on the arch lintel, with
reference stations installed 50-200 m away on flat bedrock. Instruments were set on intact
rock surfaces, leveled and aligned to magnetic north, and shielded from wind and temperature
variations. Measurement details are given in Figure S1 and Table S1.

Ambient vibration data were analyzed for modal properties of each arch, including frequency
content, mode shapes, and damping ratios. We first removed the mean, trend, and instrument
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response from all channels. Horizontal channels were rotated to longitudinal (parallel) and
transverse (perpendicular) of the arch orientation. We calculated the power spectral density
(PSD) of each component for one-hour records following McNamara & Buland (2004). Each
PSD was estimated using Welch’s method, with stacked fast Fourier transforms of 40.96 s
Hanning-tapered windows, 50% overlap to reduce variance, and smoothing over a 0.12 Hz
window (Welch, 1967). Modal peaks resulting from arch resonance were distinguished from
instrumental noise and undesired local sources by narrow spectral peaks and high spectral
ratios with reference stations. As the number of identifiable modes varied at each site due to
excitation levels and active station location, our analysis focused on the first three modes,
which could be reliably detected across the sites. Viscous damping ratios of fundamental
modes were estimated with the half-power width of the PSD peak, averaging results over 10
time windows Hanning-tapered by 5% and overlapping by 10%. For several smaller arches,
we verified damping using the logarithmic decay of manual impulses (Silva, 1999).

Using polarization analysis described by Park et al. (1987) and modified by Koper & Hawley
(2010), we constrained mode shapes by characterizing particle motion at the active station.
Eigen-decomposition was applied to the spectral covariance matrix to obtain frequency-
dependent polarization attributes of incidence and azimuth, as well as nondimensional degree
of polarization to coherence of the motion. Similar to the PSD workflow, we applied eigen-
decomposition over short overlapping time windows, generating probability distributions to
constrain mode shape parameters (Figures S2-18).

3.2 Numerical Modeling

We used finite element analysis (FEA) to visualize resonant mode shapes and constrain the
structural-and material properties required to replicate modal behavior at the active station
location. Implementation of FEA first required construction of accurate 3-D geometries for
each arch. We generated georeferenced ground- and drone-based images and aligned
photosets using commercial structure-from-motion photogrammetry software (Bentley
Context Capture: www.bentley.com) to create 3-D surface models, with scaling verified by
field measurements. Model refinement was performed in Meshmixer (www.meshmixer.com),
e.g. filling holes from incomplete photo coverage, smoothing irregular surfaces, and
transforming the surface into a solid 3-D object. We relied on field assessments to crop the
final model, removing distal material not participating in the resonant modes.

We used the FEA software COMSOL Multiphysics (www.comsol.com) to perform
eigenfrequency analyses of the 17 photogrammetry-derived 3D arch models. Homogenous
material properties were assigned based on the largely massive and unfractured texture of the
host sandstones, as well as confinement of individual arches to single stratigraphic units. We
applied fixed boundaries to replicate confined in-situ conditions. Forward modeling resulted
in estimates of material properties able to reproduce the first three observed resonant
frequencies at each site. Under assumptions of linear elasticity, small deflections, and
consistent boundary conditions, the resonant frequencies (fi) of a beam vary as:

E

fi°<;

Where E is the Young’s modulus and p density (Chopra, 2011). Following data collected
from representative Navajo and Wingate sandstone samples in southern Utah, we held
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density constant at 2000 kg/m? for all materials and allowed E to vary to reproduce observed
resonant frequencies (Moore et al., 2018).

Polarization agreement between numerical results and field data was evaluated by extracting
predicted particle motion vectors for the simulated eigenmodes at active station locations. For
each arch, we assessed the resulting agreement with a normalized misfit function based on
the resonant frequency and vector orientation of the first three modes (Table 1; Text S1,S2).
This metric allowed for qualitative comparison of modal analysis success across all study
sites. Misfit was used to guide changes to forward modeling — via adjustments to boundary
conditions, geometry, or modulus — and improve the overall agreement.

3.3 Dense geophone array correlation

At Musselman Arch in Canyonlands National Park, the 37-m-long, beam-like span facilitated
a deployment of a dense array to identify mode shapes in-situ. While insufficient 3-D
modeling of surrounding material prevented comparison to FEA results, we designed the
array to validate assumptions regarding modal behavior and boundary conditions. We
deployed 30 three-component Fairfield Zland 5 Hz nodal geophones across the arch for 125
minutes in December 2017, sampling at 250 Hz. The array consisted of two parallel lines 1 m
apart with 5 m station spacing (Figure 2).

We calculated normalized correlation coefficients across the array to identify mode shapes,
extracting the stable amplitude and phase differences between stations during resonance
(Farrar & James 111, 1997). Data were first downsampled to 50 Hz and rotated to the arch
reference frame. We cut data into five-minute detrended, tapered windows without overlap.
Following Bensen et al. (2007) and Lin et al. (2013), we applied spectral whitening prior to
cross-correlation of all station combinations in each line. We used the maximum window
amplitudes for temporal normalization, prior to stacking each station-pair correlation to
generate nine cross-correlograms (ZZ, ZT, ZL, etc.). Analogous to the correlation coefficient
but avoiding re-correlation for each passband, we filtered cross-correlograms to frequency
peaks on individual PSDs and extracted the zero-time lag amplitude for each station-pair,
omitting noisy auto-correlation amplitudes, creating a curve for each station in the line.
Curves with a root-mean-square (RMS) within the largest 75% for each line were normalized
by the RMS and averaged to calculate the final normalized correlation amplitude curve and
error (Figure 2).

4 Results
4.1 Ambient vibration modal analysis

We identified and characterized the first three resonant modes of 17 arches (Figure 3a), with
misfit quantified between observed and predicted results (Table 1). The majority of modes
are simple vertical or transverse bending modes. Second-order bending is also well-resolved
when present among the first three modes. Torsional bending is less common, primarily
occurring at sites with pronounced geometric asymmetry and small fixed boundaries relative
to arch span, e.g. Sunset Arch or Arsenic Arch.

Application of the cumulative misfit function to the full dataset reveals Moonshine Arch to be
the best match, with strong model agreement facilitated by clear geometry and boundary
conditions, as well as active station placement near the center of the span, optimal for
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accurately capturing low-order bending modes (Figure 4). This stands in contrast to the
similarly clear Corona Arch, where the second and third modes were poorly captured at the
active station location, resulting in a large relative misfit (Table 1).

We find the combination of single-station vibration measurements and numerical modeling is
sufficient to constrain outcrop-scale stiffness and damping values. Despite modeling
uncertainties related to boundary conditions, instrument placement, and material
heterogeneity, estimated elastic moduli cluster within an order of magnitude across seven
geologic formations, ranging from 0.8 to 8.0 GPa with 65% of sites between 2 and 5 GPa
(Figure 3b). The Navajo Sandstone, hosting the largest number of sites (9), exhibits moduli
ranging from 0.8 to 4.7 GPa. We find damping to be consistently low (< 4%), measured with
half-power width and verified by logarithmic decay of impulsive excitations (Table 1). This
is consistent with high spectral amplification observed between the active and reference
stations (Chopra, 2011).

4.2 Musselman Arch mode shapes

Normalized correlation amplitudes across the Musselman Arch dense array captured five
bending modes below 10 Hz (first three modes shown in Figure 2), with mode shape
orientation extracted from the relative amplitudes of channel combinations (i.e. strongest
correlation on ZZ suggests vertical bending). Phase shifts reveal higher-order bending modes,
illustrating how single-station observations can be adversely affected by node point locations
(Figure 2f). Comparison between the parallel array lines produced highly similar and well-
constrained shapes for each of the first three modes. The 5-Hz geophone corner frequency
does not impact results under ambient excitation, with similarly stable mode shapes extracted
above and below the corner (cf. Ward & Lin, 2017).

5 Discussion

Characterization of the first three resonant modes of arches provides a standard for evaluation
of a diverse and multi-scale collection of sites. With the majority of sites similarly fixed by
adjacent bedrock abutments, arch span generally correlates with resonant frequency.
However, several sites — notably Rainbow Bridge, Causeway Arch, and Arsenic Arch — have
lower resonant frequencies than predicted by span alone (Figure 3). This is a function of a
more freestanding geometry causing vibrational behavior closer to that of a cantilever,
lowering resonant frequencies and demonstrating the added value of FEA modeling to
validate irregular modal geometries (Young & Budynas, 2002). Large relative misfit between
observed and predicted results is a function of suboptimal observation locations (e.g.
measurement at a node point) and poorly constrained boundary conditions — often caused by
inaccessible or obscured bounding fractures. Misfit due to material heterogeneities appears to
be present at several sites (Moonrise Arch, Rainbow Arch, Squint Arch), with possible
anisotropy-driven split modes observed in PSDs not reproduced by our model results (Zadler
et al., 2004).

Direct mode-shape observations from the Musselman Arch array validate the sparse modal
analysis method applied to other arches. Characteristically low correlation amplitudes off the
lintel for all resonant modes indicate simple bending involves minimal contributions from
adjacent bedrock abutments. This suggests spatially-compact 3-D models with artificially
fixed boundary conditions reflect real-world behavior and are sufficient to simulate realistic
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mode shapes (Moore et al., 2016). Similarly, smooth variations in amplification and phase
support inclusion of homogenous materials in forward modeling.

Modeled elastic moduli reflect outcrop-scale stiffness, which is not easily assessed in-situ by
other means (Hoek & Diederichs, 2006). Published empirical relations often scale the
behavior of lab-tested cores to account for decreased stiffness resulting from inclusion of
discontinuities such as bedding and joints (Bieniawski, 1978). With stiffness of Navajo and
Wingate sandstone samples between 10 and 15 GPa (Moore et al., 2018), and all arch moduli
values falling below this range, our synthesis of observed and modeled resonance appears
able to incorporate outcrop-scale heterogeneities to produce reasonable moduli estimates.

Our results indicate that sparse-array modal analysis is sensitive to the effects of diagenetic
alteration on outcrop-scale elastic moduli, distinguishing these effects from variations in
estimated methodological quantities like boundary conditions and material heterogeneity.
Limited impact of these systematic uncertainties is supported by comparison of Corona Arch
and Longbow Arch (located 4 km apart), which have distinct geometries and boundary
conditions but share a stratigraphic setting, resulting in nearly identical moduli estimates.
While we find elastic moduli to be similar across host formations, systematic material
variations may explain notable outliers and trends (Figure 3b). Several of the highest moduli
are associated with the longest arches in the study (e.g. Landscape Arch, Owachomo Bridge,
Rainbow Bridge), suggesting that increased stiffness of the host rock contributes to the
formation of large spans, independent of underlying tectonic or geomorphic factors.
Consistently low damping across the study sites further supports the idea that natural arches
behave similarly to engineered structures and can be modeled with the same FEA tools to
predict dynamic behavior (Satake et al., 2003).

Conversely, arches with low elastic moduli may reflect diagenetic effects related to
stratigraphic position (Moore et al., 2018). Aqueduct Arch, in the iron-depleted upper
Wingate, has an elastic modulus lower than the average of the similar eolian Navajo
sandstone. Likewise, Moonshine and Squint Arches share a bleached appearance and below-
average elastic modulus, reflecting grain-rind degradation due to iron removal by reducing
fluids along flanks of Laramide uplifts (Beitler et al., 2005; Loope et al., 2010). Among
unbleached sites, Arsenic Arch and Causeway Arch show evidence for recent rockfall and
significant weathering along cross-bedding, suggesting anomalously low stiffnesses are
associated with weak or leached cements. Tectonic factors may also play a role in softening
the host rock, with Rainbow Arch formerly located within shattered strata adjacent to the
Moab fault (Doelling et al., 2002).

6 Conclusion

We have established sparse ambient vibration measurements as a robust and adaptable non-
invasive tool for assessing the dynamic properties of rock arches, which share limited access
and cultural prominence with similarly freestanding geologic features worldwide. We
combined single-station seismic data with 3D numerical modeling to characterize the modal
properties of 17 arches in southern Utah. Low damping ratios produced high spectral
amplifications that allowed for at least three resonant modes between 1 and 40 Hz to be
characterized under ambient excitation. Methods to assess boundary conditions and mode
shapes produced consistent agreement in features over a range of scales. Results of our
predictive modeling were supported by correlation of a dense array across Musselman Arch,
demonstrating ambient excitation of simple resonant mode shapes with fixed boundary
conditions. We find elastic modulus varies systematically with diagenetic alteration across
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multiple geologic units. Results from this study demonstrate key dynamic properties of rock
arches and similar freestanding landforms can be deduced using a versatile workflow that
combines polarization of sparse ambient vibration data with photogrammetry-based 3D
numerical models.
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Table 1. Modal analysis results, sorted by total modal misfit.

_ Misfit (%) Damping

Site Name Site Span Formation E Ratio
Code (m) (GPa) | 1otal |Freq. [Orient.| (€£0 %)
Moonshine Arch MOON 21 Navajo 2.4 10 -2 11 28+0.2
Avrsenic Arch ARS 25 Navajo 0.8 13 | -14 21 14+0.2

Big Arrowhead Arch | BARH 7 Cedar Mesa 2.7 19 20 35 1.2+0.2*

Moonrise Arch MRIS 12 Navajo 2.7 21 26 37 1.3+0.2*

Ednah Natural Bridge | EDNA 9.5 Kayenta 3.0 23 6 52 14+03

Aqueduct Arch AQUA 24 Wingate 1.8 29 | -19 67 1.6+0.2
Landscape Arch LAND | 885 Entrada 7.3 29 -5 51 27101
Rainbow Bridge RAB 84 Navajo 4.7 29 37 26 24402
Longbow Arch LNGB 35 Navajo 3.4 31 14 57 1.9+0.2
Rainbow Arch RAIN 3.5 Entrada 2.0 35 | -13 89 1.0+0.2*
Corona Arch COR 335 Navajo 35 36 55 54 19+01
Causeway Arch CAUS 11 Navajo 1.0 49 32 | 102 25+0.1*
Sunset Arch SSET 18 Navajo 2.3 49 5 122 13+£0.1*
Two Bridge TWBR 9 Claron 5.2 56 | -53 | 104 09+0.1*

Owachomo Bridge Oowo 55 Cedar Mesa 8.0 57 31 | 137 26+0.3

Squint Arch SQNT 12 Navajo 2.1 66 | -38 | 148 1.6 £0.3*

Little Bridge Arch LTBR 115 Cutler 3.0 87 57 205 27%03

Note: * denotes verification via logarithmic decay. Misfit quantifies agreement between
predicted and observed modal behavior of each arch using the first three modes, with values
approaching zero as agreement improves. Resonant frequency and orientation misfit are the
summed percentage differences between predicted and observed values. Total misfit sums
absolute frequency and orientation misfit and normalizes to a theoretical poorly-described
site with total misfit of 100%, where predicted frequencies and orientations differ from
observations by 50% and 90°, respectively.
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Figure 1. (a) Locations of studied arches within Utah (filled circles). Letters indicate arch
locations in following panels. Shaded regions are partnering units of the National Park
Service. (b-f) Selected sites — Moonshine Arch, Corona Arch, Two Bridge, Sunset Arch, and
Owachomo Bridge — with corresponding three-component power spectral densities.
Horizontal channels are rotated to longitudinal and transverse of arch orientation. Relative
power is given in decibel units of spectral acceleration, 10logio [m?/s*/Hz]. White scale bars
in photos are 5 m.
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Figure 2. First three mode shapes of Musselman Arch calculated from correlation of a dense
geophone array. (a,b) Top and side views show arch geometry, inferred abutment extents, and
station locations. (c,d,f) Identified modes on Line A (black) and B (red) using RMS-
normalized mean correlation amplitude with £1 standard deviation bars plotted at each station
location. In-phase motion is positive and out-of-phase is negative. (e) Oblique photo of

Musselman Arch with geologic units labeled.
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Figure 3. Modal analysis results for 17 arches. (a) Modeled (filled circles) and measured
(open) resonant frequencies are plotted on a log scale, with sites sorted by arch span. Color
indicates modeled bending mode type. (b) Best-fitting elastic modulus, with color and sorting
by host formation, and marker size proportional to arch span. Site codes are given in Table 1.
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Figure 4. Modal analysis results for Moonshine Arch. (a) One-hour PSD of active (solid) and
reference (dashed) channels. Power is given in decibels. (b-d) Probability distributions of
polarization azimuth, incidence, and degree of polarization, with modeled results (filled
circles). (e) First three modeled mode shapes and frequencies; measured frequencies given in
parentheses. Triangle marks the active station location. Relative modal displacement shown
by deformation, color map, and arrows. Inset stereo plots compare lower-hemisphere
projections of modeled (filled circles) and measured (open) polarization vectors. Dashed lines
show longitudinal and transverse arch orientations with respect to magnetic north (MN).
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