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ABSTRACT: Sensing arrays developed from interpreting the interaction of laser pulses within fiber optics revolutionize how we
measure and assess natural and built environments. Fiber-optic-based measurement techniques monitor temperature, strains, and
vibration with arrays as long as tens of kilometers with temporal sampling rates higher than 1 kHz, spatial separation of 1 m or more
minor, and sensing lengths of about 2 m with fine temperature and strain resolutions. These techniques yield challenges and
opportunities for several areas of science and engineering, including geotechnical engineering. We used these sensing arrays to monitor
the performance of low-temperature geothermal fields, measure strains and stresses in hard rock mines, sense surface and body waves
in alluvial formations, and capture signals from traffic noise. All these applications are inherent in geological engineering and civil
infrastructure. This paper reviews the application and challenges of using fiber optic-based distributed acoustic sensing arrays for
monitoring the engineering infrastructure and geotechnical engineering systems. We explore advances and limitations of using sources
of opportunities such as ambient noise and traffic signals to monitor the response of infrastructure systems and to collect data for

imaging the near subsurface.
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1 INTRODUCTION.

Low-loss optical fiber is a medium for long-distance
communication. The technology's maturity allows optical fibers to
carry more information, laying a solid foundation for optical fiber
sensing technology. One significant advantage of optical fiber
sensing is its real-time, continuous measurements along large fiber
sections, making it ideal for large urban projects such as
monitoring dams, bridges, and buildings. These measurements are
compatible with geological engineering measurements and civil
infrastructure sensing. Fiber-optic-based techniques can provide
high temporal (higher than 1 kHz) and spatial (less than 1 m)
resolutions and extended reach (up to 100 km), providing optical
fiber sensing advantages over other sensors (McDaniel et al., 2018;
Lindsay et al., 2020). Furthermore, optical fiber has good chemical
stability and is relatively insensitive to electromagnetic
interference (Zhang et al., 2018). These advantages make it ideal
for application in areas with higher safety requirements, such as
aerospace system navigation (Pierce et al., 1996; Okabe et al.,
2016; Breslavsky et al., 2017), oil and gas field monitoring
(Clowes et al., 1999), mine monitoring (Zeng et al. 2022a;

Cunningham et al., 2023), and monitoring dams, bridges, large
buildings (Masciotta et al., 2018). This article discusses current
challenges and potential applications in optical fiber sensing
technologies in near-surface imaging and civil infrastructure
system monitoring.

1.1 Distributed Fiber Optic Sensing Technology

The interaction of laser pulses with imperfections in the silica of
optical fiber forms a string of sensors in the distributed sensing
arrays. Distributed Temperature Sensing (DTS), Distributed Strain
Sensing (DSS), and Distributed Acoustic Sensing (DAS) use
information encoded in backscatter events caused by incident laser
pulses at 1550 nm wavelengths with imperfections in the silica core
to sense properties around the fiber. The techniques interpret
Raman (DTS — Selker et al. 2006), Brillouin (DSS and DTS —
Giiemes et al. 2010), and Rayleigh (DAS — Parker et al. 2014)
scattering events to assess the physical field changes along the fiber
length. The location of the fiber's physical change is determined
using Optical Time Domain Reflectometer (OTDR) concepts. By
knowing the speed of light in the fiber and the time the laser pulse
takes from being emitted to the arrival of a backscattered signal,
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the location of the scattering event along the fiber is precisely
determined, forming distributed fiber optic sensing techniques.

With measurement resolutions as fine as 0.01°C, DTS is
suitable for applications where temperature changes must be
closely monitored. Meanwhile, DSS and DAS techniques monitor
pseudo-static and dynamic strain sensing. Thus providing versatile
solutions for monitoring temperature, strain, and acoustic
disturbances or vibrations along the fiber. The choice between DTS
and DSS/DAS depends on the specific requirements of the
monitoring application, whether it involves temperature-sensitive
processes or the need to detect strains or vibration events in the
environment. While DTS and DAS can be used independently as
dynamic strain and temperature are uncoupled phenomena, it is
good practice to sense both pseudo-strain and temperature when
deploying DSS to separate thermal and mechanical strains from the
fiber measurements. There is another difference between DTS and
DSS/DAS response, and it is related to the fact that temperature is
not a vector magnitude while normalized deformation (i.e., strain)
is. So, while DTS does not show directionality, DSS and DAS
respond mainly in the direction of the fiber (Mateeva et al., 2014).
As DSS and DAS are techniques that tend to overlap in their
applications, their difference is related to frequency responses; we
will focus on DAS for infrastructure and geological engineering
applications.

1.2 Applications of Fiber Optic Sensing in Civil Infrastructure

The main applications of distributed fiber optic measurements
in civil infrastructure are transportation, energy, and construction.
DAS can be used for rail transit to determine real-time train
location information (Ferguson et al., 2020). The technique can
monitor intrusions along the railway lines, assess rail track
conditions, and respond to traffic. By training machine learning
algorithms, DAS measurements help identify events that conform
to time patterns and ensure railway traffic safety (Li et al., 2020).
Embedding new fiber specifically can be costly for monitoring the
condition of operating rail and roads. However, deploying new
fiber during construction (Hubbard et al., 2022) or interrogating
dark optical fibers (i.e., fiber not operational by telecommunication
companies also reduced installation costs - Lindsey et al., 2020).
Recorded signal statistics with fiber tend to be anonymous,
reducing privacy concerns.

The primary purpose of using DAS and DTS in bridge and
tunnel engineering is to test the stability of the structure. Optical
fiber can realize long-time, long-distance detection on the
reinforced concrete bridge deck or monitor fire hazards inside
tunnels. Its application has been demonstrated through static load
comparison experiments of bridge beams, and the local stress
measured by the stress meter is consistent with the DAS results
(Zhu et al., 2019).

DTS has found applications in downhole monitoring of oil
and gas fields and is used in transmission lines, pipelines,
boreholes, etc. (Taminola and Hill, 2009). DTS arrays track high-
voltage transmission cables by measuring their thermal profile,
where abnormal temperature increases are associated with faults in
parts of transmission lines. This feature allows DTS to detect
problems and repair and replace them before they cause real
damage. In addition, DTS is especially suitable when the
temperature of the transported gas is different from that of the
external gas (Yokogawa, 2013). In environmental studies, DTS has
been deployed to monitor temperature anomalies and assess fire
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conditions in the field (Cram et al., 2016). The distributed nature
of the methodology allows for the quantification of forest fire in
areas where the vegetation bed is heterogeneous and, therefore,
difficult to evaluate and locate.

1.3 Applications of Fiber Optic Sensing in Geological
Engineering

DTS arrays are used in a geothermal reservoir area. The thermal
responses of sediments and rocks near the surface can be
understood by observing temperature changes in time and across
the volume of geothermal fields (Patterson et al., 2017). Suppose
the optical fiber is placed along the borehole wall. In that case, it
can monitor the geothermal gradient in the formation and provide
the basis for understanding the borehole field's heat exchange
potential, allowing operation for the efficient production of
geothermal power (McDaniel et al., 2018; Hegg et al., 2024). In
addition, the fluid properties of rocks and pore water also affect
near-surface temperature changes. In the underground heat
exchange system, groundwater flow helps dissipate heat exchange
quickly. This response can be monitored by deploying DTS fiber
inside and outside bore fields.

In near-surface measuring applications, optic fibers are
suitable as a passive method for soil moisture measurements. For
example, Dong and other researchers proposed using the Adaptive
Particle Batch Smoother Algorithm (APBS) to obtain a high-
resolution (1 m) soil moisture distribution map (Dong., 2016). In
contrast, the active measurement uses cable heating to determine
the thermal conductivity of soil and invert for soil moisture (Cao et
al., 2016). Measurements of soil moisture using electric pulses of
coaxial heating can also achieve a resolution of 1m over optical
cables more than 10,000 m long (Sayde et al., 2010).

DAS is also used in geological studies to detect structural or
lithological features. For example, DAS can be used to map
vertical seismic wave profiles (Mateeva et al., 2014), achieve
extensive reservoir imaging (Harris et al., 2017), monitor the
variation of seismic wave propagation velocity at shallow surfaces
(Fang et al., 2020). In Reykjanes Peninsula in Iceland, a 15 km long
DAS array collected seismic waves and ambient noise signals that
were then used to image faults (Jousset et al., 2018). The fault zone
appeared as an area of lower wave velocity and presented phase
changes. Traditional seismometers collocated along the DAS array
showed high coherence levels. Additional experiments have also
demonstrated the similarity between DAS and geophone data in the
same location waveform (Lindsey et at., 2017; Castongia et al.,
2017; Wang et al., 2020). Castongia et al. compared the first arrival
times collected with geophones and a DAS array in frozen Lake
Mendota in Madison, Wisconsin, USA, and showed only minor
differences in delay. Wang et el. (2020) reported that the results of
co-located nodal seismograph and DAS arrays in Brady Hot
Springs, Nevada, showed similar results. The two arrays capture
the seismic waves caused by an ML 4.3 earthquake with an
epicenter 150 km away. The DAS and seismometer arrays in the
same area show similar strain waveforms for the arrival of P and
S-waves.

In addition to active sources, such as common earthquakes
(Fang et al., 2020) and active sources (Yu et al., 2019; Lecocq et
al., 2020), other passive sources such as ambient noise (Dou et al.,
2017; Cheng et al., 2021) and thunder-induced seismic waves (Zhu
et al., 2019) can also be used in some areas where earthquakes are
not active enough.
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Finally, researchers have been shifting to using dark fibers to
study a wide range of shallow marine sediment characteristics. The
diverse environmental noise sources in the ocean also provide
conditions for studying ocean dynamics (Lindsey et al., 2019). In
particular, spectral analysis of surface waves (SASW) and
multichannel analysis of surface waves (MASW) can be used to
interpret DAS data. After the dispersion curves are extracted,
several approximate formation models are modeled forward to
obtain multiple theoretical dispersion curves. Then, an inversion is
completed by comparing the actual and empirical dispersion
Creszlinell cyrves. The refraction microtremor (ReMi) method is
similar to MASW but mainly uses microseismic data generated by
ambient noise (Louie, 2001). Ambient noise has a low signal-to-
noise ratio. Longer time signals can be recorded and stacked to
compensate for providing a higher-quality dispersion curve.
SASW and MASW can map the stiffness of different dimensions
with varying numbers of channels as receivers.

2 LOCATION AND METHODS

2.1 Garner Valley DAS Deployment

Our research team installed a DAS array along California
Highway 74 in Garner Valley, Southern California. The University
of California-Santa Barbara initially operated the site. The site
benefited from detailed geological studies using Spectral Analysis
of Surface Waves (SASW — Stokoe et al., 1994) and boreholes
(Youd et al., 2004). At the site, we laid a 762-m fiber optic cable
in a 0.3 m to 0.4 m deep trench, and we coupled the cable to the
ground by covering and lightly compacting the excavated material.
The array comprised two 160-m long lines (Long Line I and Long
Line II) mainly parallel to the highway, two 80-m long lines
perpendicular to it (Short Line I and Short Line II), and two
additional diagonal segments (Cross Line I and Cross Line II)
meeting at the midpoint of the long line close to the road (Figure 1
— Lord et al. 2016).

We deployed this optical fiber to assess the capabilities of DAS
arrays for high spatial sensing in near-surface physical imaging.
During the original study, we excited the array using three different
vibroseis while utilizing traffic and ambient noise as passive signal
sources. This paper uses the data from the vibration from vehicles
near the DAS cable and the strain generated near the surface to
detect vehicle traveling events further away from the cable. We
deployed filters to highlight the vibrations caused by the cars and
distinguish those parts from ambient noise. Using data from
successive DAS channels rather than single point receivers at start
and end points helps assess different traffic patterns: number of
vehicles, type of vehicles, speeds, roadway quality, etc. (Lancelle,
2016; Ak, 2019).

2.2 Data processing

This study presents two studies on potential applications of fiber
optic DAS arrays for monitoring the infrastructure and imaging the
near surface. We analyzed data from multiple groups of vehicles
passing through the das array detection section. We examined those
results to assess conventional traffic flow, including the number of
cars and the speed estimation. Using these data, we also compare
multiple vibration patterns that repeatedly occurred when vehicles
passed through similar locations to locate transverse cracks and
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potholes in the roadway. These analyses allow imaging of roadway
imperfections that may cause a reduction in rider comfort and are
an indication of repair needs. During traffic monitoring, the surface
wave speed range could be determined. So, then we used cross-
correlation processing on the signals caused by traffic and ambient
noise to obtain dispersion curves of surface waves to the image
near the surface.
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Figure 1. Geographic location and a sketch of the DAS array study area at
Garner Valley site (33°40°06.76” N, 116°40°24.53” W). The blue numbers
indicate the DAS channel number within the array, and each array
segment is labeled.

3. RESULTS

3.1 Traffic and Road Conditions Monitoring

DAS channels parallel to the highway (i.e., channels 500
through 640 — Figure 1) are used for traffic monitoring studies. We
call channels 500 and 640 gates for vibration signals and use them
to indicate when vehicles enter or exit the monitored section of the
road. The collected data were then evaluated to achieve the
following parameters/processes:

e Vehicle counting and car speeds: A transverse crack at the
southeast end of the array (channel 500) and another crack at the
northwest (channel 640) serve as gates to the passing traffic. We
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use signals at those gates to count vehicles, determine their
directions, and calculate average speeds (Figures 2 and 3).

e Car weights and sizes: Vehicle weight and length differences
result in different wave signatures. The vehicle’s weight can be
sensed and compared in terms of amplitude. For cars traveling at
similar speeds, heavier vehicles passing through the same
imperfection produce greater amplitudes than lighter vehicles
(Figure 4). Similarly, because of the more considerable distances
between the front and rear axles of trucks, the vibration of each pair
of wheels can be individually detected when it hits an imperfection
of the roadway. It is necessary to distinguish whether signatures are
generated by the front and rear wheels of the exact vehicle or by
two close vehicles driving in the same direction. Vehicle speed,
spacing, and the car’s position relative to the DAS fiber are
considered to achieve this goal.
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Figure 2. Counting vehicles. Each black line represents one event that a
car travels through the detected area. The data in the blue and red
rectangles are later used in Figures 3 and 4.
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Figure 3. Analysis of car speeds in DAS data (blue rectangle in Figure 2).
The black line represents a vehicle's rate of travel. The time difference
between the two red lines and the distance between channels 500 and 640
are used to calculate the car speed. The two red lines are the moveouts
from local imperfections near channel 500 and near channel 640 fit with a
220 m/s wave speed.

* Seismic wave velocity: Since the channel separation in the DAS
array is one meter and the channels' position concerning the
highway is known, the moveout times from multiple imperfections
on the roadway surface are used to calculate the seismic wave
propagation speed (Figure 3).

 Evaluating the road surface conditions: The transversal cracks,
bumps, and potholes along the road surface generate point seismic
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sources radiating energy in every direction when a vehicle hits

them (Figure 5). The channel with the highest amplitude and the

shortest arrival time is closest to surface imperfections, while the

moveout responses’ slope captures the surface soil’s wave speed.

However, since vehicles may shift wheel paths, the actual number
of imperfection sources indicates the quality of the roadway
surface. The greater the number of moveout curves, the worse the
road condition of that section. Cracks and potholes outside the

monitoring section can also be studied, but these imperfect events
appear as constant moveouts in the vibration records. Suppose the
crack or pothole producing the vibrations is inside the monitoring
section. In that case, it will appear as a hyperbola in the DAS record,
with the lower travel time corresponding to the closest channel
(Figure 5). So, we use the vibrations caused by roadway
imperfections to image the quality of the surface. However, these
road imperfections might have different sizes and shapes. Large
transverse cracks may run through the entire road surface, while
minor portholes may affect only part of the roadway. Therefore, to
get a more specific understanding of road damage, comparing the
incidents of same-direction vehicles passing through the same
section is necessary.

549

Channel Number

19:32:40 19:33:40 19:34:40
Time for Sept. 11 local time
Figure 4. The example shows that car weight or size differences cause
differences in waveform. The rectangle indicates the presence of a heavier

vehicle car traveling through the selected channel. (as shown in Figure 2).
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Figure 5. Interpret traffic data to assess wave propagation speed, vehicle
driving direction, speed, and roadway surface properties.

Our section of highway is an undivided road with two lanes.
Differences in traffic mainly reflect directions and vehicles’ speeds
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and sizes (Figure 2). So, traveling vehicles cause vibration with
different signatures even when passing through the same damaged
section of the road. These differences become more evident in
multi-lane highways. The general trend is that larger vehicles cause
higher amplitude vibrations (Figure 4). The time difference
between axles can also determine sizes. Longer vehicles usually
have clearer time gaps between multiple wheels’ traces. Heavier
vehicles generate more deformation of the highway surface and
cause more significant amplitude signals. Changes in velocity over
short periods and short distances can also lead to mislabeling of
imperfection locations. This positional shift may be considered as
different branches of the fracture. However, we could not control
all these factors during the processing process.

Under ideal contrast conditions, the vibration waveform of two
vehicles running in the same direction and passing over a road
imperfection would appear at different times. The vibration event
may appear or disappear in isolation during a vehicle's passing,
indicating that the damage was minor and did not continuously cut
off the road. However, in the collected data, the distribution of
damaged areas on the road is not uniform, and multiple vehicles
travel close to each other, causing vibration signals from various
cars to overlap (Figure 6). For example, the superposition of such
waves causes constructive or destructive interference, which
makes it difficult to identify single waveforms within the
waveform. Therefore, a deconvolution script might be needed to
interpret waveforms further and improve road damage imaging.
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Figure 6. Vibration sources along the roadway determine road conditions.
Dash lines represent moveouts from imperfections inside the array length
(Some vibration fronts are ignored for better display). The three yellow
lines indicate the position of the vehicle's front, middle, and rear wheels.
Red, blue, and black lines represent the vibration fronts caused by the
front, middle, and rear wheels.

Monitoring consecutive channels can identify most traffic
events by analyzing the DAS strain rate response. Then, the
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identification of simultaneous events in different directions is
relatively simple because the waves generated by the vibration of
vehicles when they drive into different regions have different
propagation directions. However, it is difficult to identify vehicles
traveling in the same direction simultaneously as the vibrations
generated by one vehicle’s wheel may interact with those caused
by another. Single vehicles provide information on common
imperfections when those imperfections positions appear in
multiple vehicles driving simultaneously, using several
recognizable vibration wave positions; the time when the car enters
or exits the array range can be simulated. The information on
vehicle speeds and driving directions in different periods is
recorded and summarized in Table 1). The total number of vehicles
is 259, and traffic flow is significantly higher in the period before
19:00. The speed of most vehicles ranges between 15 m/s and 27
m/s. The wave propagation speed of the surface soil next to the
road is about 220 m/s (Figures 3 and 5). According to the seismic
wave data obtained, the vibration patterns caused by cars passing
through imperfections or cracks on the monitoring road sections in
different periods are consistent with each other in most cases.
Although not every surface problem is fully captured in a single
driving event due to the impact of the vehicle’s wheel path,
monitoring the overall road condition is still effective. Figure 7 and
Table 2 summarize the location of cracks and potholes. The results
presented in Figure 7 are compared to the transverse location
documented in Google images. We used Google Earth images from
2011 to locate the transverse cracks, while our dataset was
collected in 2013. So, the time difference between the year of
labeling the cracks and data collection may explain the unobserved
imperfections. Still, our analyses are consistent with the
imperfections in the images overall.

Table 1. Time, direction, and velocity of traffic events (results for one 15-
minute period example).

Time: 19:23:59-19:38:59
Event | Driving ‘::::Le Event | Driving ‘g‘::::ie
Number | direction (ms) Number | direction (mvs)
1 NWto SE| 184 10 SEtoNW| 21.6
2 NWto SE| 20.6 11 NWto SE| 177
3 NWto SE| 215 12 NWtoSE[ 19.2
4 NWto SE[ 259 13 SEto NW| 203
5 NWitoSE[ 184 14 SEtoNW| 209
6 NWtoSE[ 194 15 SEtoNW| 22.6
7 SEtoNW| 17.9 16 NWto SE| 233
8 SEtoNW| 219 17 NWito SE| 24.1
9 SEto NW| 259 18 SEtoNW| 215

3.1 Evaluation of Dispersion Curves for the Evaluation of
Dynamic Soil Properties

We use 12 sets of 15-minute windows and six cable segments
in different directions (i.e., Long Line I, Long Line II, Short Line
I, Short Line II, Cross Line I, and Cross Line II — Figure 1) to
evaluate dynamic soil properties. We initially applied a moving
average and detrending to the collected data. We then conducted a
cross-correlation analysis on 2-second time windows, comparing
each channel with a designated channel at one end of the segment.
The choice of this fixed reference channel is contingent upon the
direction of the segment with respect to the highway: the reference
channel is defined as the one nearest to the road. In the case of
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Long Line I and Long Line II, sections parallel to the highway, the
end, we arbitrarily selected the smallest channel number as the
reference channel.

Table 2. Summary of transverse cracks and potholes positions on the road

surface.
Time passing channel 500: 19:32:31.1
. Vibration . Vibration
Distance time after Distance time after

Channel from passing Channel from passing

Number | channel channel Number | channel channel
500 (m) 500 (s) 500 (m) 500 (s)
500 0 0.00 594 94 5.30
509 9 0.51 603 103 5.81
517 17 0.96 613 113 6.38
523 23 1.30 620 120 6.77
530 30 1.69 628 128 7.22
536 36 2.03 630 130 7.34
545 45 2.54 634 134 7.56
553 53 2.99 640 140 7.90
557 57 3.22 -13 -0.73
564 64 361 out of -25 -141
568 68 3.84 selected -28 -1.58
576 76 4.29 area -40 -2.26
579 79 4.46 148 8.35
586 86 4.85 152 8.58

o bt

§ Imperfections Shown in Google Earth

Observed Impe

Figure 7. Location of transverse location on the roadway. The dark blue
area corresponds to the DAS channels used in the analysis. The short
white lines on the road represent the locations of road imperfections
observed on Google Earth images. The short pink are vibration fronts

having positions matching road imperfections. The three lines are
vibration fronts not observed in Google Earth images.

The wave velocity of waves propagating in the direction away
from the fixed reference channel is assigned a positive value. The
cumulative cross-correlation results from each time window are
stacked to reveal a shallow surface wave velocity of 200 m/s.
However, the quality of the dispersion curves depends on the
direction of the segment (Figure 8). The dispersion curves appear
at 5 Hz and 15 Hz, with data from Short Line I and Short Line II
showing at higher modes. Besides, those trends show a higher
velocity distribution at higher frequency ranges as DAS arrays
behave as low-pass filters with cutoff controlled by the wave
velocity of the medium and the gauge length (Vantassel et al.,
2022a; 2022b).

Our array captures distinct signals from ambient noise and
traffic events. Due to the distinct amplitude differences between
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these signal sources, traffic events control the sum of the seismic
wave amplitude absolute values across all channels. Separating
different signal sources allows the grouping and separating other
windows' effects with ambient noise and traffic for different
channel segments. Figure 9 presents the dispersion curves of 150
minutes of data collected along Short Line I for three combinations
of data sources. The quality of the dispersion curves decreases from
using all the ambient noise and traffic signals together to just the
traffic data and, finally, the ambient noise.

There are a few things to consider: (1) due to the short distance
of the event to the fiber array and the energy created by the passing
vehicles, the traffic data has a higher signal-to-noise ratio than the
ambient noise data; (2) while the ambient noise has a lower signal-
to-noise, it has a much larger number of time windows (the traffic
events are localized in time and have shorted duration) allowing
greater stacking numbers, and (3) the frequency content traffic
signal is larger than the ambient noise. When considering these
observations, the combination of ambient noise and traffic signals
complement each other, improving the quality of the dispersion
curve, as presented in Figure 9. These dispersion curves can then
be used to image the dynamic properties of near-surface soils and
sediments (e.g., Zeng et al., 2022b).

4. CONCLUSIONS

A 700-m, 2-dimensional DAS array is set up close to the California
Highway 74 road in Garner Valley, Southern California. The
ambient noise and traffic signal data collected by this array is used
to access the highway infrastructure and local geological
engineering properties. The number of vehicles, speed, direction of
travel, type of vehicle, and degree of damage were assessed by
analyzing the data. At the same time, the phase velocity dispersion
of surface waves that reflect soil properties can be measured. The
results show that the DAS array is feasible for traffic monitoring.
Moreover, using different directions and source data can give a
more comprehensive dataset that can be used to understand the
near-surface dynamic properties of surface soils.
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