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Abstract. Progressive fracturing contributes to structural degradation of natural rock arches and other freestanding rock
landforms. However, methods to detect structural changes arising from fracturing are limited, particularly at sites with difficult
access and high cultural value where non-invasive approaches are essential. This study aims to determine how fractures affect
the dynamic properties of rock arches, focusing on resonance modes as indicators of structural health conditions. We
hypothesize that damage resulting from fracture propagation may influence specific resonance modes that can be identified
through ambient vibration modal analysis. We characterized the dynamic properties (i.e., resonance frequencies, damping
ratios, and mode shapes) of Hunter Canyon Arch, Utah (USA), using spectral and cross-correlation analyses of data generated
from an array of nodal geophones. Results revealed properties of nine resonance modes with frequencies between 1 and 12
Hz. Experimental data were then compared to numerical models with homogeneous and heterogeneous compositions, the latter
implementing weak mechanical zones in areas of mapped fractures. All numerical solutions replicated the first two resonance
modes of the arch, indicating these modes are insensitive to structural complexity derived from fractures. Meanwhile,
heterogenous models with discrete fracture zones succeeded in matching the frequency and shape of one additional higher
mode, indicating this mode is sensitive to the presence of fractures and thus most likely to respond to structural change from
fracture propagation. An evolutionary crack damage model was then applied to simulate fracture propagation, confirming that
only this higher mode is sensitive to structural damage resulting from fracture growth. While examination of fundamental
modes is common practice in structural health monitoring studies, our results suggest that analysis of higher-order resonance

modes can be more informative for characterizing fracture-driven structural damage.

1 Introduction

Natural rock arches are rare and remarkable, culturally valued geologic landforms owing to their rarity, fragility, and beauty,
as well as their significance to indigenous populations. Arches form and evolve over time in response to environmental and
anthropogenic stresses whose weathering action can be aided by predisposing geological factors such as weak rock layers or
rock mass fractures (Moore et al., 2020; Ostanin et al., 2017). Rock fractures nucleate and propagate in directions often

reflecting principal stress orientations or following pre-existing discontinuities (Blair Jr, 1987; Bruthans et al., 2014;
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Cruikshank and Aydin, 1994; Rihosek et al., 2018). As fractures grow to critical lengths, material is shed through partial
failures at the arch lintel and abutments, sometimes resulting in self-sculpture of ideal arch forms (i.e., the inverted catenary)
but often contributing to reduced stability and ultimate collapse (Moore et al., 2020). Understanding how rock mass fractures
impact the stability of rock arches and other natural landforms is crucial for developing effective monitoring strategies aimed
at their preservation.

Ambient vibration modal analysis of geologic landforms can provide crucial data supporting site characterization, stability
assessment, and vibration risk analysis (e.g., Bessette-Kirton et al., 2022; Finnegan et al., 2022; Kleinbrod et al., 2019;
Mercerat et al., 2021). Dynamic structural properties, such as modal frequencies, damping ratios, and deformation patterns at
resonance (i.e., mode shapes) are controlled by material properties and boundary conditions (Chopra, 2013; Doebling et al.,
1996), meaning accurate in-situ measurements provide data that can be used to create, calibrate or refine structural models
(Bottelin et al., 2017; Moore et al., 2018; lannucci et al., 2020; Bessette-Kirton et al., 2022; Miiller and Burjanek, 2023; Jensen
and Moore, 2023). These dynamic properties can also be tracked over time for structural health monitoring (SHM) in order to
detect and describe damage that may arise from natural and anthropogenic influences (Bottelin et al., 2013a, b; Burjanek et
al., 2018; Colombero et al., 2021b; Geimer et al., 2022).

The small footprint and non-invasive nature of data generated using in-situ ambient vibration approaches makes such methods
particularly well-suited for applications at culturally valued, fragile geological features (e.g., rock arches and towers) as well
as protected heritage sites (e.g., historic structures), where non-destructive techniques are required (Ceravolo et al., 2016;
Conati Barbaro et al., 2024; Dzubay et al., 2022; Finnegan et al., 2021; Hausler et al., 2021a; Pau and Vestroni, 2013). The
dynamic properties of an arch evolve with fracture propagation: as fractures grow the bulk material become softer (decreasing
Young’s modulus) and the landform may be increasingly separated from adjoining stable ground (increasing modal mass),
both resulting in resonance frequency decrease (Chopra, 2013; Clinton et al., 2006; Colombero et al., 2021b) Colombero et
al., 2021b). In contrast, resonance frequencies may increase as material is shed during partial failure (decreasing modal mass).
Such changes are anticipated to be detectable from ambient vibration modal analysis surveys, forming the basis for SHM
techniques (Bottelin and Baillet, 2024; Celebi, 2019; Doebling et al., 1996; Lévy et al., 2010). However, the nature of changes
to mode shapes can be more challenging to predict and are likely to reflect complex, localized variations in structural properties
created by fractures of varying length, aperture, and stiffness.

Previous studies have successfully used experimental ambient vibration modal analysis to calibrate numerical models,
providing input on structural parameters such as material properties and boundary conditions (Bessette-Kirton et al., 2022;
Grechi et al., 2024). However, past applications have mainly modelled rock masses as homogeneous, isotropic continuous
media. This assumption can be appropriate at sandstone arch and tower sites with few fractures and uniform lithology
(Finnegan et al., 2022; Geimer et al., 2020), but breaks down in cases of multiple lithologies or fractured rock masses, limiting
application of the approach. Moreover, in the hypothetical case of progressive landform failure, the influence of discrete
internal and bounding fractures grows increasingly significant as rock mass fracturing progresses, meaning a transition from

an isotropic continuum to a discontinuous rock mass may be anticipated as failure approaches (Taruselli et al., 2021). These
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cases of advanced failure with structurally relevant fractures are likely to be among the most critical for hazard analysis and
mitigation (Zhang et al., 2020).

Here we present operational modal analysis and numerical eigenfrequency modelling for Hunter Canyon Arch, a unique natural
arch located in southeastern Utah, that is deeply fractured at the interface of the lintel and cliff-side abutment. We hypothesized
that these fractures influence the properties of certain resonance modes, and evaluated results from operational and numerical
modal analyses to test this hypothesis. Comparison between an isotropic continuous model and field data fails for higher-order
modes (i.e. above mode two), indicating that simple models do not replicate the observed fracture-controlled mechanical
complexity of the arch. In contrast, numerical models implementing discrete weak mechanical regions in areas of mapped
fractures matched key aspects of higher modes. Interestingly, all models were able to match the first two resonance modes,
indicating that these are insensitive to structural complexity associated with fractures. Our results instead highlight how higher-
order modes may be most sensitive to evolving fracture-controlled structural damage, and that once identified, these modes

should be monitored over time to characterize structural changes caused by fracture propagation.

2. Study site and structural characterization

Hunter Canyon Arch (Lat/Long: 38.5063, -109.5928) is a large natural rock arch located 10 km southwest of Moab, Utah,
composed of massive sandstone of the Jurassic Wingate Formation (Fig. l1a). The arch measures 35 m high, 4 m wide and
spans 20 m at an azimuth of 30°N from the edge of a plateau. It is easily observed from the trail below, but access to the top
requires a demanding overland hike. The lintel is deeply fractured where it abuts the adjoining cliff, with multiple intersecting
discontinuities in this region (Fig. 1b, c) indicating potentially unstable conditions. The sharp and segmented geometry of the
arch is inherited from the local geostructural setting and reflects comparably recent rockfall and partial collapse events
sculpting the present-day form.

We performed a drone-based photogrammetry survey to construct a high-resolution point cloud of the study area from
georeferenced images using the structure-from-motion software Agisoft Metashape (www.agisoft.com). The resulting point
cloud was processed and cleaned using CloudCompare (www.cloudcompare.org) by applying a statistical outlier removal filter
for general noise reduction. The output was then analyzed using the Matlab toolbox Discontinuity Set Extractor 3.0 (Riquelme
et al., 2014), which allows for semi-automatic identification and classification of rock mass fractures through local statistical
and cluster analyses. Five joint sets were recognized from this analysis (Fig. 1), including sub-horizontal bedding (SO) and
four steeply dipping sets (dip direction/dip, respectively): S1 (187°N/82°), S2 (45°N/80°), S3 (124°N/83°) and S4 (082°N/85°).
The geometry of the sub-vertical fractures creates a double-cusp shape in the area between the plateau and the arch (Fig. 1b),
while two sub-vertical fractures and horizontal bedding partially isolate a rock volume on the cliff side of the abutment (S1
and S2, Fig. 1c). This fracture-bounded compartment is tilted toward the arch on the eastern side where its base is partially
overhanging, and the aperture of the back fracture (S2) is highest. Similarly, the fracture adjoining the lintel and abutment (S1)

is characterized by greatest aperture on the eastern side (Fig. 1c).



Figure 1: (a) Aerial overview of Hunter Canyon Arch located near Moab, Utah (location inset). Pole density contour plot in equal
angle projection showing the five fracture sets identified from our remote survey is shown at lower-right inset. (b, ¢) Aerial views of

100 Hunter Canyon Arch showing the main fracture traces (S0-S4) highlighted in different colors; camera locations for panels b and ¢
are shown in a. Dashed lines show fracture traces of S1 and S2 without exposed surfaces.

3. Modal analysis methods
3.1 Nodal array field experiment

We deployed nine FairField Zland 5 Hz nodal geophones on October 9, 2022, recording three-component ambient vibration

105 data during a 2-hour survey period (Fig. 2a, b). We placed eight stations in an approximately linear array with 3 m spacing to
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cover the arch lintel and most prominent part of the fractured abutment (stations HO1-H07). An additional station (HO8) was
deployed on the arch abutment, but due to the lack of suitable flat and debris-free bedrock, the geophone was positioned west
of HO7 interrupting the continuity of the linear array but still encompassing the fracture-bounded rock mass compartment
closer to the arch. Station HO9 was meanwhile positioned farther from the arch and abutment on the stable plateau to act as a
local reference (Fig. 2a). All sensors were levelled, aligned to magnetic north (10° N magnetic declination), and adhered to
bare bedrock surfaces using mounting putty to ensure good ground coupling. Continuous ambient vibrations were recorded at
a sampling frequency of 250 Hz between 18:00 UTC (10:00 MST) and 20:00 UTC (12:00 MST). Winds were calm during the
experiment, minimizing environmental disturbance and thus improving signal-to-noise ratio of the vibration data. Other

environmental factors, such as air temperature and relative humidity, varied little during the short duration of the experiment.

3.2 Spectral and array cross-correlation analyses

Ambient vibration data were analyzed for spectral content to identify resonance modes of Hunter Canyon Arch. The dataset
was first examined to extract the longest undisturbed (e.g., due to wind, earthquakes, or anthropogenic noise) continuous time
block for processing. This led us to reject the last 10 minutes of the recording. To process each array station and channel, we
first removed the mean, linear trend, and applied instrument response correction via spectral division, finally bandpassing data
between 0.1 and 50 Hz. Horizontal channels were rotated to longitudinal (i.e., radial) and transverse (i.e., arch perpendicular)
directions to align with the arch orientation (azimuth 30° N). Power Spectral Density (PSD) estimates of velocity were then
computed following the approach of McNamara and Buland (2004). We used Welch’s method (Welch, 1967) with stacked
fast Fourier transforms of 60 s Hanning-tapered windows with 75 % overlap to reduce variance and smoothed over 0.1 Hz
windows. We analyzed the resulting power spectra to manually identify spectral peaks that were hypothesized to represent
resonance modes of the arch (Fig. 2¢).

To further characterize the identified spectral peaks, we performed frequency-dependent polarization analysis (Koper and
Hawley, 2010). Polarization attributes (i.e., azimuth, incidence angle, and degree of polarization) of each spectral peak were
identified and extracted, focusing on the degree of polarization (f?) characterizing the extent to which particle motion is
organized at the resonance frequencies. We additionally estimated the damping ratio ({) of identified resonance modes using
the random decrement technique (RDT) (Ibrahim, 1977), which fits an exponentially decaying sinusoid to the band-passed
waveform approximating the free response of the system at each resonance frequency (Geimer et al., 2022). To characterize
modal deformation patterns (i.e., mode shapes) associated with the identified resonance frequencies, we performed cross-
correlation analysis using eight of the deployed array stations, omitting the reference station (H09). Mode shapes are essential
parameters in SHM studies as they represent specific deformation patterns at each resonance frequency, hence describing the

relative displacement and phase relationships across different regions of the structure (Brincker and Ventura, 2015).
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Figure 2: (a) Aerial view of Hunter Canyon Arch showing array stations (colored circles) and reference (gray triangle) as well as the
fracture traces at the arch lintel and abutment (red dotted lines). Lower-left inset shows an orthophoto of the array and fracture
traces. (b) Nodal geophones deployed on the arch (HO1 is not visible) and the near fractured abutment. (c) Velocity Power Spectral
Densities for all components (i.e., transverse, radial and vertical) and array stations. Decibel powers are relative to 1 m? s> Hz"'. (d)
Median and median absolute deviation values of the degree of polarization — 82 (circles) and modal damping ratio — { (squares)
for each of the nine identified resonance modes of Hunter Canyon Arch.

Cross-correlation modal analysis, also referred to as Natural Excitation Technique (NExT) (Farrar and James III, 1997), is a
time-domain, output-only method used to estimate modal properties of vibrating structures by analyzing the cross-correlation
functions between output response measurements under ambient excitation. We selected this analytical method over Frequency

Domain Decomposition (FDD) and Stochastic Subspace Identification (SSI) techniques (Brincker et al., 2001; Van Overschee
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and De Moor, 1996) on the basis of computational efficiency. The robustness of cross-correlation modal analysis, as compared
to FDD and SST has been previously demonstrated in comparative studies (Bessette-Kirton et al., 2022; Hausler et al., 2021a),
establishing it as a reliable approach for accurate modal property estimation of natural structures under ambient excitation.
Array data were downsampled to 100 Hz, segmented into 5-minute tapered windows, and spectral whitening was applied prior
to the cross-correlation of each station-pair (Bessette-Kirton et al., 2022; Lin et al., 2013). Maximum window amplitudes were
used for time-domain normalization (Bensen et al., 2007) before stacking each station-pair to obtain cross-correlograms for
the transverse-transverse (TT), radial-radial (RR), and vertical-vertical (ZZ) components. All cross-correlograms were then
filtered to 0.1 Hz bandwidth windows between 0.5 and 15 Hz, extracting the zero-time lag amplitude for each station-pair
while omitting autocorrelation values. The resulting curve for each station enables visualization of mode shapes along the
linear array, describing the amplitude and phase of relative modal displacements at each recording station (Fig. 3a). The curves
were then normalized by the maximum Root Mean Square (RMS) amplitude and averaged to obtain a mean mode shape curve
with standard deviation. Finally, for each resonance frequency identified from spectral analysis, we finally extracted the
average relative modal displacement for all components (i.e., TT, RR and ZZ) at all stations to plot 3D modal vectors on the
Hunter Canyon Arch surface model (Fig. 3b) (Grechi et al., 2024).
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Figure 3: (a) Array cross-correlation results for the radial (RR), transverse (TT), and vertical (ZZ) components for the first
resonance mode of Hunter Canyon Arch (f1). Colored lines are RMS-normalized amplitude at each station relative to other array



170

175

180

185

190

195

stations. Black bold lines are the mean and standard deviation of the zero-lag cross-correlation amplitudes at every station. (b) 3D
mode shape representation for f;. To improve the overall visualization of mode shapes, vectors are color-coded according to their
inclination angle, where 0° indicates horizontal inclination.

3.3 Numerical modal analysis

We performed 3D finite element eigenfrequency modal analysis (i.e., in the frequency domain and with no input excitation)
to support structural characterization of Hunter Canyon Arch. The aim was to replicate the dynamic behavior of the arch by
matching field data (i.e., resonance frequencies and mode shapes), thus constraining structural and material properties of the
fractured rock lintel and adjoining cliff (Geimer et al., 2020). To accurately recreate the arch geometry, we used the high-
resolution 3D surface model from our photogrammetric survey. General model improvements were performed in Meshmixer
(www.meshmixer.com) smoothing surface irregularities, filling holes from limited image coverage, and transforming the
surface mesh into a solid 3D object that we imported in the finite element analysis software Comsol Multiphysics
(www.comsol.com). Based on field surveying and results of spectral analysis, we cropped the final model to preserve the
geophone array on the cliff-side abutment area where two major fractures exist (i.e., S1 and S2, Fig. 2a), removing distal areas
not participating in modal deformation (e.g., reference station location H09) (Finnegan et al., 2022). Due to the lack of a
detailed geological description of fracture geometry, persistence, and aperture, as well as the presence and locations of rock
bridges at depth, we adopted different numerical representations to simulate the arch dynamics.

In a first modelling attempt, we simulated the arch and adjacent cliff as isotropic, continuous, and homogeneous. We assigned
material properties representative of Wingate Sandstone derived from previous studies (Moore et al., 2018): density (p) and
Poisson’s ratio (v) were set as 2200 kg m™ and 0.25, respectively, while Young’s modulus (E) was allowed to iteratively vary
to match the first two measured resonance frequencies. All model outer boundaries were fixed at zero displacement to simulate
the natural constraints of the surrounding rock mass. While continuum- modelling approaches have been successful in several
past studies (Geimer et al., 2020), the assumption breaks down when structural complexities such as macroscopic fractures are
involved (Burjanek et al., 2019; Moore et al., 2018). Subsequently, based on field observations of Hunter Canyon Arch, we
implemented a heterogeneous numerical model through simulation of the two fracture regions cutting the arch lintel and
abutment (i.e., S1 and S2 in Figs 1c and 2a). Starting from the continuous model, the two fracture regions were simulated as
discrete domains of reduced isotropic elastic modulus (E:) (Burjanek et al., 2019; Grechi et al., 2024). We relied on our
preliminary geologic model of the site, specifically on direct and remote surveys of fracture aperture and persistence, to
generate these compliant mechanical zones. While S1 was modelled as a 1 m wide zone cutting entirely through the lintel, S2
was generated as a 2 m wide zone intersecting the rock mass for 8 m from the eastern side of the cliff and propagating to 8 m
depth (Fig. 5a). Both reduced stiffness domains were implemented via model partitioning using block elements with the same
orientation as the real fractures. For material properties, we assumed p and v were invariant from the homogeneous case and
followed the previously described iteration for calibrating E: of both fracture zones to best match field data. Model calibration
was obtained for E: values of 0.7 and 0.1 GPa for S1 and S2, respectively. To further explore structural complexity of the site

and test different solutions for modelling fractures, we implemented two additional numerical models discretizing fractured
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regions with the same extent of the reduced stiffness domains. In the first, fractures were modelled as open zones, represented
as open discontinuities with constant aperture and no material properties assigned. The best-fitting between numerical and
field data was achieved for a constant fracture aperture value of 0.1 m. For the second case, we implemented two thin elastic
layers with isotropic surface stiffness (Ka) of 5 x 10® N m™ to match measured resonance modes (Bottelin et al., 2017;
Kulatilake et al., 2016). For all models, we extracted relative modal displacements in the transverse, radial and vertical
directions for the first four modelled resonance modes at points representative of array stations. Modelled mode shapes were
then compared with experimental array cross-correlation results by analyzing the distribution of normalized vector magnitudes
and angles (6) between experimental and numerical vectors in 3D space. We calculated the angular difference between 3D

experimental and numerical modal vectors as (Eq. 1):

6 = cos—t [V 1
-8 <||u||||v||> (b

Where u and v are the vectors being compared, ||u|| and ||v|| their magnitudes, and |u” v| their dot product.

4. Results

Spectral analysis revealed nine consistent peaks between 1.8 and 11.5 Hz across the nodal geophone array. The absence of
these spectral peaks at the reference station indicates they can be interpreted as resonance modes of Hunter Canyon Arch (Fig.
2c¢). The first and most prominent peak occurs at 1.8 Hz (f1), with spectral amplitudes highest on the transverse component of
arch stations (HO1-HO06) progressively decreasing toward the abutment (HO7). The decrease in spectral power suggests the
fundamental mode of the arch is out-of-plane bending. The second mode (f2 = 4.2 Hz) shows similar features with spectral
powers mostly concentrated on the transverse component of array stations and a marked decrease in spectral amplitude at
station HO7. Modal damping ratios were estimated at 0.6 and 1.1 % for the first two modes, respectively, in agreement with
results at other sandstone arch and tower sites in Utah (Hausler et al., 2021; Moore et al., 2019). No evidence of these first two
modes is found further on the cliff abutment at station HOS8, strengthening their interpretation as fundamental resonance modes
of the arch. Multiple higher-order peaks are visible across the arch lintel and abutment stations (H01-HO07) (i.e., 5.1, 5.3, 7.5,
8.5, 9.1, 10.1, 11.5 Hz). Two higher-order spectral peaks are visible at station HO8 (i.e., f2 = 5.3 and f5 = 7.5 Hz). Damping
ratios were also estimated for these higher-order modes, indicating an increasing trend with mode order (Fig. 2¢). Only mode
three exhibits an unexpectedly high damping ratio of 3.8 %, which is 2 to 3 times greater than adjacent modes (i.e., modes two
and four have damping ratios of 1.1 and 1.5 %, respectively). We computed the median $2and median absolute deviation
values at each resonance mode for all array stations. The analysis highlighted median 8?2 values in the range 0.7-1, indicating
highly polarized motion indicative of organized modal deflection (Fig. 2c).

Results of cross-correlation analysis allowed us to describe mode shapes associated with resonance frequencies of the arch
identified from spectral analysis (Fig. 4). The first two modes represent first- and second-order transverse bending and feature

no involvement of the abutment station HO8 (Fig. 4a and b). Higher-order modes are characterized by more complex modal
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deflection patterns, except for mode six which represents a first-order bending mode in the vertical direction (Fig. 4f). Mode
shape complexity arises starting at modes three and four, where modal vectors show greater variability between arch stations
as well as involvement of the abutment and fracture zone, as can be observed by the higher amplitude of modal displacements
at station HO7 (Figs 4c and d). Starting from these two modes and higher, strong similarity between stations H06 and HO7 (i.e.,
the two stations at the transition from arch to abutment) can be observed both in modal vector orientation and magnitude. At
mode five, for example, a second-order horizontal bending mode with node point at the middle of the arch, stations H07 and
HOS8 show in-phase modal vectors characterized by comparable magnitude and orientation with stations located on the arch
(Fig. 4e). Mode shapes for the last three identified resonance modes are characterized by a complex distribution of modal
vectors, mostly concentrated in the radial and vertical directions, but also involving the arch abutment.

To improve our understanding of fracture control on arch dynamics, we compared results from continuous and heterogenous
numerical models with field data. The heterogeneous model of Hunter Canyon Arch implemented using two reduced stiffness
domains is shown in Figure 5a. For both numerical solutions we obtained several higher-order and complex resonance modes
that showed poor correspondence with cross-correlation results. For this reason, we selected to analyze only those modes
characterized by the highest relative modal mass (RMM) values (Fig. 5b). This direction-dependent parameter is frequently
employed in engineering studies as it measures the extent of mass participation at each resonance mode, allowing for
assessment of the significance of specific eigenmodes in describing the dynamic behavior of a structure (Aenlle et al., 2021;
Mayes et al., 2015). For the continuous case, we were able to achieve a good match to the first two measured resonance modes
in both frequency and mode shapes implementing an isotropic Young’s modulus of 2.3 GPa, which is comparable to past
results at sandstone arches and towers within the Wingate Formation (Geimer et al., 2020; Moore et al., 2019). However,
modelled higher-order modes failed to reproduce field measurements in terms of frequency and mode shapes. The only
exception is represented by the similarity between modelled mode four and measured mode six (i.e., first-order vertical bending
mode). In this case, although the modelled mode order is not the same as field data and no evidence of third and fourth measured
modes was found, the continuous model predicts a first-order vertical bending mode at 6.8 Hz (i.e., 20 % lower than the
measured frequency). Therefore, due to the observed similarities in modal properties, we compared modelled mode four with
measured mode six to further assess consistency in the vertical bending response predicted by numerical models. The same
three eigenmodes of Hunter Canyon Arch are well resolved by the heterogeneous model implemented with fracture zones S1
and S2 (Fig. 5c). The presence of reduced stiffness domains simulating the compliant fractures within the model does not
strongly affect either the frequency or shape of the first two resonance modes of the arch. However, differences arise for the
third modelled mode, where the inclusion of fractures yields a good match in frequency and mode shape to the third measured
mode. The improved performance of the heterogeneous model in replicating the third resonance mode is also indicated by the
distribution of normalized modal displacement vector amplitudes and angular differences between numerical and experimental
vector orientations (Fig. 6). Among the analyzed modes, we found that mode three highlights the better match of all
heterogenous models when implementing discrete weak layers in areas of mapped open fractures (i.e., reduced stiffness

domains, open zones and thin elastic layers), with average angular differences in the range 8-30°. Conversely, the continuous
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numerical model failed to resolve this resonance mode as pointed out by differences in modal vector orientations up to 60°
(Fig. 6).

To further investigate the contribution of fractures and the control they exert on the dynamic response of natural rock
landforms, we created an evolutionary crack-propagation model for Hunter Canyon Arch (Fig. 7). Starting from a hypothetical
continuous-isotropic stage (T0), for which no fractures were implemented, we simulated structural damage as a sequence of
discrete stages with increasing crack depths (T1-T5) following a top-down propagation pattern to reach the actual site
conditions (T6). This crack evolution pattern was implemented based on field observations. However, this assumption is likely
also valid at sites characterized by similar geometrical, boundary and fracture conditions where, for example, bounding or
abutment fractures often exhibit similar propagation characteristics because of local tensile stress concentrations (Moore et al.,
2020). For each modelled damage stage, we derived resonance frequencies and mode shapes to evaluate potential changes in
the dynamic behavior of the arch due to increased crack propagation. Results show that mode three is characterized by a greater
sensitivity to fracture propagation than the other modes. In fact, while modes one, two and four undergo small shifts in their
resonance frequency values (+ 2 %) with increasing crack depth, mode three features a decreasing trend up to —12 % at stage
T6 (Fig. 7b). Meanwhile, the progressive deepening of S1 and S2 creates a marked shift in relative modal displacements of
mode three, with the shape at stage T6 closely matching our experimental results (Fig. 7c—f). On the other hand, other modelled
resonance modes undergo smaller changes in deformation patterns, with numerical results that are comparable to field data for

almost every damage stage, indicating their relative insensitivity to fracture depth.
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Figure 4: (a—i) 3D representation of the nine resonance modes of Hunter Canyon Arch via cross-correlation analysis. Arch models
in panels f and g are rotated relative to other panels to improve visualization of prevalent vertical in-plane deformation patterns.
Modal vectors are normalized to the maximum array amplitude. To improve the overall visualization of mode shapes in a 2D view,
vectors are colored according to their inclination angle, where 0° indicates horizontal inclination.
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Figure S: (a) 3D finite element model of Hunter Canyon Arch with detail of S1 and S2 implemented as discrete volumes of reduced
elastic modulus (red zones). (b) Relative modal masses in X, Y and Z derived for all modelled resonance modes using the
heterogeneous model. (c) Numerical modelling results (modes 1-4) for the reduced stiffness heterogeneous model. Modelled mode
shapes and frequencies are shown for each mode (f,™°%), while corresponding measured resonance frequencies are given in gray
(f.°*P). Model deformation, colormaps and arrows show zero-phase displacement normalized relative to each mode. Modelled mode
4 (f4m4 = 7.2 Hz) is compared to measured mode 6 (fs°° = 8.5 Hz) as numerical analysis failed to replicate measured modes 4 and 5.
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resonance mode, normalized modal displacement amplitude (upper row) and angular difference (8) between modelled and measured
3D modal vectors are shown for all array stations (lower row). Three different approaches were tested for simulating rock mass
structural-mechanical heterogeneity: reduced stiffness domains (red squares), thin elastic layers (green triangles), and open
fractures (blue diamonds).
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Figure 7: Evolutionary crack damage model describing the effect of increasing crack depth on resonance modes of Hunter Canyon
Arch. (a) 3D model of the arch with location of the two modelled fractures (S1 and S2). Inset sketch describes the seven modelled
crack depth stages (T0-T6): TO features no fractures (homogeneous case) while T6 reflects actual site conditions. (b) Modelled
resonance frequency change for f; to f; as a function of increasing crack depth. (c) Progressive change in 2D resonance mode shape
for the four modelled modes at different crack propagation stages. Experimental mode shapes are also provided (red dashed lines)
to compare field and numerical modelling results. (d—e) 3D modelled mode shapes for f;™°¢ at stages T0, T3, and T6; mode shapes

are not shown for f;™°9, £,;m°4 and f,™°¢ as they do not vary with crack propagation.
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5. Discussion

Ambient vibration array data generated at Hunter Canyon Arch enabled identification and characterization of nine resonance
modes of the natural sandstone arch. This is the largest number of modes measured until now at a natural arch site (Geimer et
al., 2020), demonstrating the value of array-based field data. We observed almost no involvement of the abutment stations
HO07 and HO8 in modal deflection patterns of the first two resonance modes of the arch. However, starting at mode three, we
find greater correspondence between stations HO6 (i.e., the last station on the arch) and H07, with modal vectors having
comparable magnitudes and orientations. Hence, experimental data show how the modal deformation field related to higher-
order resonance modes propagates to the cliff side across fracture S1 (i.e., the discontinuity dissecting the abutment), indicating
these areas are elastically connected.

Similar evidence can be derived from analysis of damping ratios. The first two resonance modes show low damping (< 1 %)
in good agreement with results obtained at other sandstone arch sites (Geimer et al., 2020; Hausler et al., 2021a; Moore et al.,
2019). These low damping values indicate that seismic energy is trapped within the structure and unable to propagate to the
surrounding rock mass due to the minimal contact area of the abutment and base surfaces compared to the overall modal mass
of the arch (Héusler et al., 2021b). Starting from mode three, higher-order resonance modes exhibit an increasing trend in
damping ratios (Fig. 2¢). This result is not unexpected since complex deformation patterns, generally characterized by a greater
number of node points, can aid in energy dissipation through relative motion and material-dependent internal friction
mechanisms. However, mode three itself shows a marked increase in damping (up to 3.8 %), indicating some additional,
frequency-dependent seismic energy dissipation mechanism. We hypothesize this change could arise from increasing
participation of the abutment fracture area, and corresponding fracture shear and normal compliance, in modal deflection of
the arch. In structural engineering, it is well-documented that frictional interfaces, such as joints and connections, contribute
to energy dissipation due to micro-slip and frictional losses under dynamic loading (Cimellaro, 2023; Lazan, 1968). This
phenomenon, often referred to as interface or slip damping, is critical in dynamic analysis and structural design. In engineering
geology, the role of fractures in modifying energy dissipation mechanisms is less extensively studied, and there is a higher
degree of uncertainty due to the complex nature of rock fractures (i.e., geometry, properties, contact areas). Despite this, it is
reasonable that frictional interactions at fracture interfaces, as well as surface roughness, can contribute to increased energy
dissipation within rock masses (Bandis et al., 1983; Goodman, 1980; Habaraduwa Peellage et al., 2024).

The increase in energy dissipation at the fracture scale is also indirectly supported by our numerical modelling results. Although
all models (i.e., continuous and heterogeneous) were able to resolve the first two (as well as the sixth) resonance modes of the
arch, suggesting their mode shapes are independent of the contribution driven by discrete compliant zones, only the
heterogeneous models could match the frequency and shape of mode three. Changes in internal mechanical and boundary
conditions (i.e., the introduction of fractures) did not affect mode shapes or frequencies for the first two resonance modes,
demonstrating the insensitivity of these low-order modes to the modelled fractures. It is worth pointing out that numerical

representation of fractures is a complex approximation as it involves many inherent simplifications and assumptions, especially
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in their geometrical discretization and mechanical characterization (Burjanek et al., 2019; Colombero et al., 2018). For this
reason, after accurate reconstruction of the arch geometry, we adopted different numerical solutions for implementing fractures
with the aim of testing the hypothesis of a fracture-controlled influence on the modal behavior of the arch. Our results suggest
that, regardless of the adopted approach and parametrization (i.e., reduced stiffness domains, thin elastic layers, open fractures),
the introduction of discrete compliant domains provides a better fit to experimental data than the continuous model for the
third resonance mode of the arch. It is worth underlining that real fractures are characterized by more complex and
heterogeneous structural-mechanical features than what was numerically recreated in this study, as they can include rock
bridges, voids, and material infillings, while their aperture may vary strongly with depth (Colombero et al., 2017). Nonetheless,
the results we obtained improved our engineering geological model of the site by providing evidence for the role of fractures
in affecting the modal behavior of the arch.

Our evolutionary crack damage modelling indicated that the third resonance mode of the arch was particularly sensitive to
simulated crack propagation at the arch abutment, undergoing substantial changes in frequency (- 12 %) and mode shape (Fig.
7). Other modes exhibited less change (frequency shifts around + 2 %), and especially the first two modes were comparably
insensitive to simulated crack propagation. These findings highlight the sensitivity of higher-order resonance modes to
localized rock mass damage, and additionally suggest that fundamental resonance modes might not always be the most
informative proxies for detecting and monitoring the evolution of structural damage in natural rock landforms. Based on the
results obtained at this site, we hypothesize that when a finite number of discrete fractures actively constrain the mechanical
and dynamic behavior of the landform, structural damage driven by progressive growth of these fractures could be undetectable
by fundamental resonance mode monitoring. Instead, where well-developed dense fracture networks exist and the role played
by individual fractures becomes less relevant, substantial changes in bulk properties may arise causing variation in the
structure’s full dynamic response across many modes (Grechi et al., 2024).

The combination of our experimental and numerical modelling results indicates that higher-order resonance modes may be
more sensitive to localized structural damage. This outcome is particularly relevant in relation to monitoring and conservation
of damaged structures, as in structural health monitoring applications the first resonance modes are often considered the most
informative to detect and track damage (Azzara et al., 2020; Clinton et al., 2006; Colombero et al., 2018, 2021a; Hausler et
al., 2021b). However, since well-developed discontinuities serve as preferential pathways guiding damage and rock mass
failure evolution, the consideration of fracture-sensitive, higher-order resonance modes could be valuable for identifying and
monitoring progressive degradation of natural rock landforms at early stages. In particular, the evolution of fractures due to
progressive failure could be assessed by discerning irreversible changes in modal properties of fracture-sensitive resonance
modes (Alaei et al., 2023). It is worth noting that although higher-order modes can provide valuable insights for the detection
and monitoring of structural damage, their identification and characterization can pose challenges due to general lower energy
levels and more complex shapes compared to fundamental modes (H&usler et al., 2021a).

Our results also indicate the importance of array-based field data in providing a more robust analytical framework compared

to single-station measurements for the investigation of sites characterized by complex structural and boundary conditions.
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Single-station ambient vibration data have been successfully used in the past in combination with 3D finite element analysis
to characterize the dynamic behavior of freestanding rock structures (Finnegan et al., 2022; Geimer et al., 2020; Moore et al.,
2019; Starr et al., 2015). These in-situ measurements have proved suitable for identifying and monitoring modal parameters,
which can be used to calibrate numerical models by matching experimental and modelled results to derive rock mass scale
material properties and describe modal strain fields (Bessette-Kirton et al., 2022; Moore et al., 2018). However, this approach
can fail when dealing with complex settings where rock mass fractures can act as primary factors of structural heterogeneity
(Grechi et al., 2024). Instead, the deployment of dense sensor arrays yields more comprehensive spatial coverage which is
crucial for identifying and characterizing resonance modes and relative modal shapes, particularly in discriminating higher-
order modes or changes in modal shapes due to structural heterogeneities. Therefore, array data are valuable at sites with a
high degree of structural complexity to provide accurate description of modal behavior, including the influence of fractures,
where initial array measurements can highlight fracture-controlled modes and repeated surveys can reveal structural changes

associated with damage evolution.

6. Conclusions

This study investigated how fractures influence the dynamic behavior of a natural rock arch, with the hypothesis that specific
resonance modes would be more affected by fractures and fracture propagation due to localized compliance effects. Ambient
vibration array data from Hunter Canyon Arch, Utah, allowed us to characterize the properties of nine resonance modes,
including modal frequencies, damping ratios and mode shapes. Results of operational modal analysis supported our hypothesis,
showing that fractures at the arch abutment affect the third resonance mode of the arch as evidenced by significant changes in
damping and mode shape. Numerical modelling further corroborated these findings, demonstrating that only models
incorporating fractures could replicate the observed dynamic behavior of the arch and specifically mode three, and that this
mode was most sensitive to simulated fracture propagation exhibiting substantial changes in frequency and mode shape.
Results of spectral and cross-correlation analyses showed no involvement of abutment or cliff sectors at the first two resonance
modes. While the first two resonance modes exhibit low damping ratios, in agreement with results from other sandstone arch
sites, we observed a strong increase in damping at mode three that we interpret as resulting from added energy dissipation
mechanisms associated with fracture compliance. We tested various numerical modelling approximations of the site, including
a homogenous model (i.e., without fractures) and heterogeneous models featuring different fracture configurations, as well as
an evolutionary crack propagation simulation. Results show that the first two modelled modes are insensitive to the simulated
fractures. Heterogeneous models were able to better match field data for the third mode, but could not match all, indicating
remaining limitations of our models in capturing the complexities of spatially varying fracture geometry and compliance.

Despite the complexities in representing real fractures numerically, our results underscore the primary role of fractures in
modifying the dynamic behavior of this natural arch at a specific resonance mode. In this sense, the significance of fracture-

sensitive resonance modes in structural health monitoring is noteworthy because, while traditional approaches often prioritize
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the first or fundamental resonance modes, our study suggests that investigating higher-order modes may be crucial for
identifying and monitoring the evolution of structural damage of natural rock landforms, especially where macroscopic
compliant fractures are involved. These findings additionally emphasize the importance of generating in-situ ambient vibration
array data, particularly at sites with substantial structural complexity. The approach we present here, integrating array-based
experimental modal analysis and numerical eigenfrequency modelling, not only enhanced our understanding of the dynamic
behavior and structural conditions of the arch, but also provided useful insights that can contribute broadly to refined structural
health monitoring practices. The integration of experimental measurements and numerical modelling is essential for
comprehensive assessment of the dynamic behavior of natural rock landforms, particularly those featuring complex fracture
networks, paving the way for improved conservation strategies and risk management at natural heritage sites. Furthermore,
calibrated numerical models (i.e., constrained by high resolution structural characterization and site-specific geophysical
investigations) are, in turn, crucial for scenario analyses where the role of preparatory processes and triggering actions can be

weighed and used to guide preservation solutions.
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