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Abstract The natural modes of vibration of bedrock landforms, as well as the sources and effects of
stimulated resonance remain poorly understood. Here we show that seismic energy created by an induced
earthquake and an artificial reservoir has spectral content coincident with the natural modes of vibration
of a prominent rock bridge. We measured the resonant frequencies of Rainbow Bridge, Utah using data from
two broadband seismometers placed on the span, and identified eight distinct vibrational modes between
1 and 6 Hz. A distant, induced earthquake produced local ground motion rich in 1 Hz energy, stimulating

a 20dB increase in measured power at the bridge's fundamental mode. Moreover, we establish that wave
action on Lake Powell, an artificial reservoir, generates microseismic energy with peak power ~1 Hz, also
exciting resonance of Rainbow Bridge. These anthropogenic sources represent relatively new energy input
for the bridge with unknown consequences for structural fatigue.

1. Introduction

Vibration sources rich in energy at a structure's natural frequencies can excite resonance, resulting in
increased amplitude oscillations and potential internal damage [Carder, 1936; Hall et al., 1995]. While ana-
lysis of structural dynamics is well developed in civil engineering [Chopra, 2011], until recently the same
methodology has not been applied to naturally occurring geological features such as rock arches, which
may exhibit similar natural modes [Lévy et al., 2010; Burjdnek et al., 2012; Bottelin et al., 2013; Starr et al.,
2015]. Like civil structures, resonance of rock features may be stimulated by a variety of sources; however,
in contrast, natural structures are not specifically designed to accommodate the variety or periodicity of
human-induced loads. Here we evaluate the dynamics of one of the world's longest rock spans,
Rainbow Bridge, Utah [Chidsey et al., 2000], identifying key natural frequencies as well as anthropogenic
sources that stimulate resonance.

Situated aside Lake Powell near the Arizona-Utah border (Figure 1), Rainbow Bridge is a sacred site for
neighboring Native American tribes and is an internationally recognized visitor attraction managed as a
National Monument by the U.S. National Park Service [Sproul, 2001]. The natural bridge has an opening
breadth of 83 m and vertical height of 75 m as it crosses Bridge Creek [Skipper, 1985]. At full pool, water from
Lake Powell extends underneath the bridge; however as lake levels vary the shoreline can be up to 1km
away. Concerns regarding adverse anthropogenic effects (e.g., rising waters of Lake Powell) have prompted
several past studies [Halliday and Woodbury, 1961; Dames and Moore Group, 1972; Skipper, 1985]. However,
previous investigations have not probed the structural dynamics of Rainbow Bridge, including analysis of
anthropogenic energy sources, which was the focus of our work.

Structures at the Earth's surface vibrate in response to the ambient wavefield and boundary layer effects.
Energy sources may be natural, such as wind and earthquakes, or anthropogenic, such as traffic or machinery
[Nakamura, 1989; Clinton et al., 2006; Bonnefoy-Claudet et al., 2006]. Human activity has altered the Earth's
vibration wavefield, for example, by generating moderate-magnitude-induced earthquakes at frequent inter-
vals [Keranen et al., 2014], air and ground pressure waves from blasting or aircraft overflights [Hanson et al.,
1991], or persistent background vibration from transit sources [Hanson et al., 2006]. However, the dynamic
response of geological features (e.g., rock arches) to the variety of anthropogenic energy sources is largely
unknown. Moreover, potential impacts of this vibrational energy are rarely considered in stability analysis
of natural landforms [cf. King, 2001; King and DeMarco, 2003].
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2. Experimental Data
and Results

We conducted a field test on 23-24
March 2015 to measure the resonant
frequencies of Rainbow Bridge from

UTAH
L B ambient seismic data. We deployed

c 2015/03/24: 02:00-03:00 UTC — RABC four Nanometrics Trillium Compact
Vertical component three-component broadband seism-

ometers with 24 bit Centaur digitizers
recording continuous data at 100 Hz
(Figure 1): (1) station RABA was
located 25m from Rainbow Bridge
v on an adjoining rock knoll, (2) RABB
-160 was located on the bridge at the
western abutment, (3) RABC was
placed on the lintel at our farthest
accessible position, and (4) RABD
was located in the canyon bottom
220 m to the northwest. Due to safety
concerns, we could not access addi-
-160 tional sensor positions on the bridge.
All seismometers were placed on
solid, bare rock surfaces, aligned to
magnetic north, and leveled. The
maximum duration of recording was
22 h, limited by access constraints
on this highly visited and revered
natural bridge.

Power (dB)

0.1 1.0 10.0
Frequency (Hz)

Ambient seismic data were pro-
cessed for spectral content, degree
Figure 1. Ambient vibration field study and results. (a) Rainbow Bridge of polarization, and orientation. We
viewed from the west (inset location) showing seismometer positions (1) removed the mean and trend
RABA, RABB, and RABC. (b) View from the north showing reference seism- from each trace, (2) removed the
ometer RABD. (c) Power spectral density plots for sensors RABC (red) on
the bridge and reference RABD (blue) for a selected 1 h time period

exhibiting typical results; peak frequencies labeled. Power is reported in
decibel (dB) units of spectral ground acceleration, 10log1g (m?/s*/Hz). data between 0.002 and 50Hz. We
then computed the power spectral

density (PSD) by fast Fourier trans-

form over hour-long data blocks sub-
divided into sixteen 409.6 s windows with 50% overlap and averaged the PSD [Koper and Burlacu, 2015] to
reduce the variance in the spectrum. For polarization analysis we measured polarization attributes at distinct
resonant frequencies [Koper and Hawley, 2010]. We calculated the degree of polarization (dimensionless
ranging from 0 to 1), the orientation of motion in the horizontal plane (azimuth clockwise from magnetic
north), and the dip of particle motion (degrees from horizontal). The duration of data analyzed at each sensor
was (UTC): RABA: 23 March 21:00 to 24 March 19:00, RABB: 23 March 23:00 to 24 March 19:00; RABC: 23 March
23:00 to 24 March 19:00; RABD: 24 March 01:00 to 24 March 17:00.

Figure 1 compares spectra from station RABC on the bridge with those from reference station RABD on the
canyon floor. We observed several consistent spectral peaks between 1 and 10 Hz at RABC that were not pre-
sent on the reference sensor, notably at 1.1, 2.2, 2.5, 4.2, 44, 5.4, 6.1, 7.9, and 9.8 Hz, which we interpret as
resonant frequencies of Rainbow Bridge. Energy at frequencies greater than 10 Hz was less consistent over
the period of our test and challenging to interpret. Spectra from station RABA revealed strong peaks at 2.7
and 3.4 Hz, which likely represent natural modes of the adjoining knoll, while spectra from station RABB
reflected combined vibration of the bridge and knoll. An additional spectral peak observed in all data

instrument response by spectral divi-
sion, and (3) bandpass filtered these
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a Geometry and Mesh b Mode 1: 1.0Hz (1.1 Hz) ¢ Mode2: 23 Hz (2.2 Hz)

O Measured
@ Modeled

d Mode 3: 3.0Hz (2.5 Hz) e Mode4: 4.1 Hz (4.2 Hz) f Mode5: 4.4‘Hz (4.4 Hz)

g Mode6 SOHz (--Hz) h Mode7: 5.6 Hz (5.4 Hz) i Mode8: 6.1Hz (6.1 Hz)

Figure 2. Numerical modal analysis of Rainbow Bridge. (a) Geometry and finite element mesh; y (magnetic north) and z
(vertical) grid spacing =20 m, x (east) grid spacing = 50 m. (b)-(i) First eight modes of vibration with accompanying
eigenfrequency; measured values shown in parentheses. Color map, deformed body, and arrows illustrate deformation
at zero phase (normalized relative scale for each mode), wireframe shows static form. Stereo plots compare measured
(open circles) and modeled (filled) polarization vectors (see also Table 1); trend of Rainbow Bridge indicated by dashed line.
MN = magnetic north.

occurred at ~0.18 Hz, which is the microseism related to ocean-generated seismic waves [Longuet-Higgins,
1950]. The peak near 1 Hz evident at RABD is discussed later in section 4.

At the fundamental frequency of 1.1 Hz, vibration is strongly polarized and oriented perpendicular to the
trend of the bridge (Figure 2 and Table 1). Particle motion at several higher resonant frequencies (2.2, 4.2,
4.4, and 6.1 Hz) shares similar attributes, with strongly polarized, predominantly horizontal ground motion

Table 1. Comparison of Measured and Modeled Eigenmodes at Sensor Position RABC?

Measured Degree of  Measured Measured Modeled Modeled Modeled Maximum Mass
Frequency Polarization  Azimuth Incidence  Frequency Azimuth Incidence Participation

Mode (Hz) [0-1] (deqg) (deg) (Hz) (deg) (deg) (%)

1 1.1 1.0 145 85 1.0 141 87 29.3 (N)
2 2.2 0.9 123 84 23 133 86 2.0 (N)
3 2.5 0.8 20 82 3.0 22 76 28.8 (E)
4 4.2 0.8 147 78 4.1 140 87 9.1 (2)
5 4.4 0.6 132 52 44 127 73 26.5 (2)
6 - - - - 5.0 153 89 39 (2)
7 54 0.5 38 57 5.6 65 52 5.2(2)
8 6.1 0.9 141 79 6.1 135 86 0.2 (E)

@Azimuth: degrees from magnetic north. Incidence: degrees from vertical. Direction of maximum mass participation
indicated in parentheses.
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oriented subperpendicular to the bridge. Meanwhile, vibration at 2.5 and 5.0 Hz is aligned subparallel to the
bridge. Frequency wander over the 20 h period of data collection at RABC was generally not observed; only
the 2.5 and 5.0 Hz peaks drifted slowly (by a few percent) but without clear relation to environmental changes
[cf. Bottelin et al., 2013]. Strong winds in the beginning of our test (strong enough to blow over our portable
wind sensor) generated the highest spectral amplitudes on the bridge, but did not change the resonant
frequencies.

3. Numerical Modal Analysis

To better understand the resonant modes of Rainbow Bridge, we performed three-dimensional numerical
modal analysis. Input parameters for the model included the geometry of the bridge, mechanical boundary
conditions, and material properties. In total, 100 modes were analyzed in order to reach 90% total mass par-
ticipation in each orthogonal direction [American Society of Civil Engineers, 2003]; however, in practice, only a
few of these modes are significant (here defined as including >2% of the total bridge mass, 1.0 x 10%kg, in
any cardinal direction).

We rendered a photogrammetric model of Rainbow Bridge as input for modal analysis. Data were obtained
using a Nikon D800 DSLR camera and a differential Global Navigation Satellite Systems (GNSS) receiver.
Camera placement followed a path that roughly encircled the span, and photographs acquired images with
minimally one-third overlap [Matthews, 2008]. Spatial data for each camera placement were recorded by the
GNSS receiver. We used AGISoft PhotoScan Professional (www.agisoft.com) for photograph alignment, point
cloud refinement, and creation of the georeferenced 3-D surface model (Figure S1 in the supporting informa-
tion). Photographic coverage of the bridge was not complete, which resulted in holes on the upper surface
of the model. We used MeshMixer (www.meshmixer.com) to close these holes and render a realistic and uni-
form surface model (Figure S2). Cumulative georeferencing error of our final model was +8.2 cm. Confidence
in model scaling is highlighted by our opening-breadth measurement of 83.4 m, which is close to the value of
83.8 m obtained by a previous Bureau of Reclamation survey [Sproul, 2001].

Numerical modal analysis was performed using the finite element software COMSOL Multiphysics (www.
comsol.com). Mechanical boundary conditions were determined from field assessment; most model bound-
aries were free to move while the bases of the bridge abutments were fixed. The crack separating the bridge
from the adjacent knoll (see Figure 1) presented the largest unknown boundary condition, which we
characterized through visual field inspection and fixed select faces of the interior crack walls accordingly
(see Figure $2). For material properties, we assumed a uniform density for Navajo sandstone of 2000 kg/m?
based on past reported values from Rainbow Bridge test specimens [Dames and Moore Group, 1972] and then
varied Young's modulus (E) to achieve the best fit with measured resonant frequencies. E=4.7 GPa provided
optimum match to measured frequencies, which is within the range of nominal values for a weathered sand-
stone rock mass [Hoek and Diederichs, 2006] and similar to the value used for another natural arch in Navajo
sandstone (5.5 GPa) [Starr et al., 2015].

We show the first eight eigenmodes of Rainbow Bridge in Figure 2 (see also Movie S1). Mode 1, the funda-
mental mode of vibration, is modeled at 1.0 Hz and represents the first out-of-plane bending mode (i.e., per-
pendicular flexure), while mode 2, modeled at 2.3 Hz, represents the second out-of-plane bending mode,
consistent with measured polarization orientations (Figure 2 and Table 1). Mode 3 represents in-plane bend-
ing, as also evidenced by experimental polarization results. Several additional in- and out-of-plane bending
modes are present, as well as a torsional mode (mode 6) at 5.0 Hz that does not explicitly appear in our field
data but occurs at a similar frequency as mode 7 and thus may be masked. This mode may be detected in
field data with additional available sensor positions [e.g., Michel et al., 2008; Poggi et al., 2015].

The overall agreement between measured and modeled eigenfrequencies and polarization vectors is excel-
lent, confirming that peak frequencies identified in our experimental data (Figure 1) are resonant frequencies
of Rainbow Bridge. We consider values within +10% of measurements to be a good match; however, our
results rely on underlying assumptions of uniform material properties and a lack of discontinuities within
the bridge. Our analysis also assumes that Rainbow Bridge is a singular solid feature, and thus does not model
superposed vibration from near-surface slabs or other partly detached portions. Despite these strong simpli-
fications, numerical modal analysis reproduced experimental data well and added valuable detail to our
understanding of key resonant modes.
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Figure 3. Probability density functions for seven seismic stations in Utah. Stations L14A and O12A are not located near
lakes and lack anomalous energy around 1 Hz. Stations M15A and N15A are located next to the Great Salt Lake, L16A is
next to Bear Lake, while stations S17A and T16A are located next to Lake Powell. All lake-proximal stations show anomalous
energy in the 0.9-1.8 Hz band (dashed circles). Power is reported in decibel (dB) units of spectral ground acceleration,
10logqo (m2/s4/Hz). High- and low-noise models from Peterson [1993] are shown in each panel.

4, Sources Stimulating Resonance

The persistent spectral peak observed between 0.9 and 1.8 Hz on all sensors, including the reference sensor
(Figure 1), is unexpected because global models of Earth's ambient noise field show a local minimum in spec-
tral power at these frequencies [Peterson, 1993; Berger et al., 2004]. To determine if this peak is a persistent
feature of the regional ambient wavefield, we examined seismic noise at 112 three-component broadband
stations in the Utah region using frequency-dependent polarization analysis (Figure S3). Of the 112 stations,
85 were deployed for 18-24 months during 2006-2010 as part of the Transportable Array (TA) experiment of
USArray, and 27 are permanent stations in the University of Utah Regional Seismic Network.

Frequency-dependent polarization analysis [Koper and Hawley, 2010] was applied to continuous data
recorded at TA stations [Koper and Burlacu, 2015] and UU stations [Goddard et al., 2014]. Station locations
and operating epochs for all of the instruments are available from IRIS (www.iris.edu/mda). For each hour
of data at each station, the frequency-dependent 3 X 3 spectral matrix was computed and decomposed into
eigenvalues and eigenvectors. Polarization information was obtained from the dominant eigenvector [Park
et al., 1987], and the dominant eigenvalue [Wagner and Owens, 1996] was used to estimate the power spec-
tral density (PSD). Time averaging was achieved with 10 tapered, overlapping subwindows within each hour,
and frequency averaging was achieved within bins equally spaced in log,q space [Koper and Burlacu, 2015].

For each station, we combined thousands of individual PSD estimates into a 2-D probability density function
(PDF), using every viable hour of available data [McNamara and Buland, 2004]. Fourteen of the PDFs show
anomalous energy in the 0.9-1.8 Hz band (Figures 3 and S4). All stations demonstrating this anomalous fea-
ture are near large lakes in Utah (most within 10 km), including three TA stations located near Lake Powell. We
infer that this energy is created by lake-induced microseisms and that its shorter period relative to ocean-
generated microseisms is caused by the smaller surface area of the lakes, which limits the fetch available
for wind-driven wave action [Webb, 1998]. As the band of this anomalous energy coincides with the anom-
alous energy observed on all our sensors, we further infer that this lake microseism is recorded at Rainbow
Bridge. Although less common than ocean-generated microseisms, lake-generated microseisms have
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a = RABD: microseism — RABC: 2.5 Hz iously b b d f h
— RABC: 1.1 Hz — RABC:4.2 Hz previously been observed Trom the

Great Lakes [Lynch, 1952; Kerman
- and Mereu, 1993] and the Great
Slave Lake [Weichert and Henger,
1976; Koper et al., 2009].

L The interplay between natural and
L anthropogenic vibration sources is
3 demonstrated in Figure 4a (see also
Movies $2-5S4), which shows the time
evolution of peak power for select
eigenmodes at RABC compared to
the peak power of the lake microse-
ism at RABD (hereafter the lake
L microseism). At the beginning of our
L test, power of mode 1 on the vertical
: component is slightly elevated above
T the lake microseism, whereas the
E horizontal components are 18-28 dB
greater. Modes 3 and 4 are similar.
Strong canyon winds were present
between ~2 and 4 h (shaded region
in Figure 4a, evidenced from limited
on-site wind data and personal
observation at a nearby location),
b and the power of all modes rises by
{Band: 0.9-1.8 Hz : ~16 dB. However, the power of the
lake microseism remains relatively
] unchanged, indicating that canyon

3‘corpp(‘)n<?nt‘av§ragel . —i winds predominantly excite reso-

0 2 4 6 8 10 12 14 16 nance of the bridge.
Time (hours)

-gp | Vertical component EQT, EQ2, EQ3;

-110

-130 ¢

Power (dB)

90 East-West component

-110
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Freg. (Hz)

At ~5h into our test, canyon winds

Figure 4. Time evolution of Rainbow Bridge spectra. (a) Peak Power Spectral die down and power on all modes,
Density (PSD) over time for mode 1 (red), mode 3 (blue), and mode 4 as well as the lake microseism,
(green) measured at RABC. Peak PSD for the lake microseism (0.9-1.8 Hz)

measured at RABD is shown in black. Power is reported in decibel (dB) units
of spectral ground acceleration, 10logqo (m2/54/Hz). (b) Peak frequency of . X .
the lake microseism over time measured at RABD, averaged over the three ~ MICroseism, the power of higher
components of motion. Gray-shaded area corresponds to a period of strong modes does not decrease accord-
winds, while the dashed lines indicate the times of three regional earth- ingly. In addition, the broad spectral
quakes. Start of the record is 24 March 2015 0:100 UTC.

decreases. However, while the power
of mode 1 closely tracks the lake

peak of the lake microseism narrows
and migrates to higher frequencies
(Figure 4b). As this value increases,
the power of the vertical component of mode 1 decreases below the peak power of the lake microseism,
ostensibly because mode 1 is no longer being forced by the lake. Between 8 and 10 h, the power of the lake
microseism increases and its dominant frequency migrates back to near 1.1 Hz. This increase is mimicked by
mode 1 resonance of Rainbow Bridge, whereas power at higher modes remains relatively constant. The last
several hours of our test were calm, and the power of mode 1 and the lake microseism decrease, while power
at higher modes remains steady.

During the final hours of our experiment, we recorded three regional earthquakes (Table S1 and
Figures S5-S7); the first two (M1.5 and M1.7) were located in south-central Utah, while the third (M3.7)
was likely an induced earthquake located near the Oklahoma-Kansas border [Rubinstein and Mahani,
2015]. Each earthquake generated a transient increase in power at the resonant frequencies of Rainbow
Bridge of up to 20dB (factor of 10 increase in amplitude) (Figure 4). The two closer earthquakes were
enriched in high-frequency energy, exciting resonance of the bridge primarily at higher modes, while the
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third earthquake, being farther away (~1000 km) and of larger magnitude, was relatively rich in ~1 Hz energy
and stimulated an increase in power at the bridge's fundamental mode. No change in resonant frequencies
was observed during or after these earthquakes.

5. Conclusions

We measured the resonant frequencies of Rainbow Bridge, Utah, one of the world's longest rock spans, in a
field experiment recording ambient vibration data. Measurements were generated over ~20h using two
broadband three-component seismometers placed on the bridge and compared to concurrent data from
nearby reference stations 20 and 220 m distant. We identified seven distinct modes of vibration for
Rainbow Bridge between 1 and 6 Hz, with the fundamental frequency at 1.1 Hz. Data for each resonant fre-
quency were analyzed to determine the frequency-dependent polarization vector in order to clarify mode
shapes; e.g., the fundamental mode represents out-of-plane flexure. We then compared experimental data
to results of 3-D numerical modal analysis, using a new photogrammetric model of Rainbow Bridge gener-
ated in this study. Results compare well with measured data for seven of the first eight modeled modes,
matching eigenfrequencies and eigenvectors generally within 10% and providing valuable detail on the
complete displacement field for each mode.

We show that seismic energy created by waves in an artificial reservoir, as well as an induced earthquake, has
spectral content coincident with the natural modes of Rainbow Bridge and can excite resonance. Resulting
vibrations, while small, contribute to increased rates of microseismic energy uptake, which is a new condition
in the life cycle of a natural structure. The presence of Lake Powell, for example, maintains fundamental mode
vibration of Rainbow Bridge at higher levels than in its absence. The long-term impact of this added energy
on the structural health of any geological feature is ultimately unknown; however, we hypothesize that
sustained microseismic vibrations may in some cases contribute to fatigue of critically stressed crack tips,
in combination with damage from infrequent high-magnitude vibration events [Brain et al., 2014; Gischig
et al., 2015]. Further study of the structural effects of microseismic vibrations may be warranted.
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