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Abstract. Depletion of groundwater resources in many deep alluvial basin aquifers in the Western USA is
causing land subsidence, as it does in many regions worldwide. Land subsidence can severely and adversely
impact infrastructure by changing the ground elevation, ground slope (grade) and through the development of
ground cracks known as earth fissures that can erode into large gullies. Earth fissures have the potential to
compromise the foundations of dams, levees, and other infrastructure and cause failure.

Subsequent to an evaluation of the overall subsidence experienced in the vicinity of subsidence-impacted
infrastructure, a detailed investigation to search for earth fissures, and design and/or mitigation of potentially
effected infrastructure, a focused monitoring system should be designed and implemented. Its purpose is to
provide data, and ultimately knowledge, to reduce the potential adverse impacts of land subsidence and earth
fissure development to the pertinent infrastructure. This risk reduction is realized by quantifying the rate and
distribution of ground deformation, and to detect ground rupture if it occurs, in the vicinity of the infrastructure.

The authors have successfully designed and implemented monitoring systems capable of quantifying rates
and distributions of ground subsidence and detection of ground rupture at multiple locations throughout the
Western USA for several types of infrastructure including dams, levees, channels, basins, roadways, and mining
facilities. Effective subsidence and earth fissure monitoring requires understanding and quantification of historic
subsidence, estimation of potential future subsidence, delineation of the risk for earth fissures that could im-
pact infrastructure, and motivation and resources to continue monitoring through time. A successful monitoring
system provides the means to measure ground deformation, grade changes, displacement, and anticipate and
assess the potential for earth fissuring. Employing multiple methods, a monitoring strategy utilizes an integrated
approach, including both regional and local measurements.

Various methods implemented include conventional practices and proven, instrumented in-ground sensing
systems. The conventional techniques include repeat optical levelling and global positioning system (GPS)
surveys, ground reconnaissance, photo-geological analysis, groundwater monitoring, and tape-extensometers.
Advanced techniques include the processing and interpretation of differential interferograms of repeat-pass,
satellite-based synthetic aperture radar data (INSAR), borehole tiltmeters, microseismic arrays, excavation of
monitoring trenches, and time-domain reflectometry (TDR).

1 Introduction

Depletion of groundwater resources in many deep alluvial
basin aquifers in the Western USA is causing land subsi-
dence, as it does in many regions worldwide. Land subsi-
dence can severely and adversely impact infrastructure by
changing the ground elevation, ground slope (grade) and
through the development of ground cracks known as earth

fissures that can erode into large gullies. Earth fissures have
the potential to compromise the foundations of dams, levees,
and other infrastructure and cause failure.

The authors have a combined experience of over 50 years
for characterizing, predicting, monitoring and remediation
at project sites where ground subsidence and/or earth fis-
suring are impacting infrastructure (Rucker and Keaton,

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.

32UapISCNS pue| 0] anp spsezey dlusbodolyiue pue [einjeu Jo uoebniw pue uonuanaid



362 K. C. Fergason et al.: Monitoring land subsidence and earth fissures, USA

1996, 1998; Keaton et al., 1998; Weeks et al., 2004; Weeks
and Panda, 2004; Rucker and Fergason, 2004; Rucker and
Holmquist, 2006; Rucker et al., 2008, 2013; Panda et
al., 2013; Fergason et al., 2013, 2014). This includes a power
generating plant in southeast Arizona where annual subsi-
dence and earth fissure monitoring has been performed by
the authors for over 20 years. The authors perform regu-
lar land subsidence and/or earth fissure related monitoring
at over ten additional sites that include dams, levees, flood
retarding structures, flood control basins and channels, a lig-
uefied petroleum gas storage facility, large gold and copper
mines, and at a brine cavern at risk for catastrophic collapse.
The authors are currently involved in developing land subsi-
dence and/or earth fissure monitoring for several additional
projects, including the California High-Speed Rail network.

2 Monitoring methods

Various methods implemented include conventional prac-
tices and proven, instrumented in-ground sensing systems.
The conventional techniques include repeat optical level-
ling and global positioning system GPS surveys, ground re-
connaissance, photo-geological analysis, groundwater mon-
itoring, and tape-extensometers. Advanced techniques in-
clude the processing and interpretation of InNSAR, borehole
tiltmeters, microseismic arrays, excavation of monitoring
trenches, and TDR. The sections below summarize land sub-
sidence and earth fissure monitoring methods that have been
deployed in the Western USA.

2.1 Survey

The use of survey techniques provides a means of form-
ing a network for various instrumentation systems, with the
approach being an effective method to monitor ground de-
formation. Due to the often gradual and small relative move-
ments to be measured for ground subsidence, verification of
accuracy is a critical aspect of this portion of the measure-
ment program. Multiple survey techniques can be utilized:
(1) conventional optical levelling techniques, (2) real-time
kinematics (RTK), and (3) static GPS observations. When
constructing survey monuments for the purpose of land sub-
sidence monitoring, proper foundations must be achieved
that prevent near-surface ground deformation associated with
hydrocompaction of near-surface soils, near-surface settle-
ment of soils and/or fill material, freeze-thaw cycles, and
other seasonal near-surface ground deformation.

2.1.1 Optical levelling

Conventional optical levelling remains one of the most reli-
able and most economic methods for obtaining highly accu-
rate elevation data at the scale that most land subsidence oc-
curs. Relational elevation differences between dedicated sur-
vey monuments should be determined through the use of dif-
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ferential digital level loops, or conventional level techniques.
When plausible, these measurements should be taken in rela-
tion to a stable bedrock benchmark, however it is often suffi-
cient to observe relative differences without a direct tie to a
stable point. Elevations measured by levelling should be ex-
pected to meet an accuracy of at least -3 mm and monument
spacing needs to be planned to achieve that level of accuracy.

2.1.2 RTKGPS

RTK GPS methods are typically the quickest and most eco-
nomical survey techniques available. However, RTK GPS
survey techniques do not have the level of vertical accuracy
as other survey techniques. Elevations measured by RTK
should be expected to meet an accuracy of at least £21 mm
at 95 % confidence ratio and monument spacing needs to be
planned to achieve that level of accuracy.

2.1.3 Static GPS

Static GPS methods have the capability of obtaining horizon-
tal and vertical positions with relatively high accuracy and
can be utilized to measure both horizontal and vertical defor-
mation due to land subsidence and earth fissuring. Maximum
care in setup on monuments and measuring height of the in-
struments, should be observed. When practical, a permanent
or dedicated mount for a GPS antenna may be used to reduce
potential setup error. A minimum accuracy of +5mm hor-
izontal and +20 mm vertical should be achieved and mon-
ument spacing needs to be planned to achieve that level of
accuracy. Achieving such accuracy using static GPS may re-
quire that each point, including bedrock or offsite reference,
be occupied for 1.5h or more with a minimum of 5 visible
satellites.

2.2 Photo-geologic analysis

Traditional low-sun-angle (LSA) aerial photography linea-
ment analysis for the purpose of searching for earth fissures
was first described in detail by Beckwith et al. (1991) and
can be utilized as a regular monitoring tool to assess changes
in a subsiding landscape. These features include elongated
earth fissure gullies, alignments of potholes and other small
depressions, lineations in the vegetative cover, deflation fea-
tures, and subtle linear ground features caused by shading. A
lineament analysis alone is not sufficient, and the lineament
analysis must be followed by a geological reconnaissance of
photo-lineaments and a terrestrial search for earth fissures.
As technology has improved, traditional LSA aerial pho-
tography has been largely replaced by high-resolution digi-
tal aerial imagery. The authors have previously assessed the
use of both imagery types and determined that digital HRD
imagery provides a comparable level of analysis to that pro-
vided by LSA photography (AMEC, 2013). The use of dig-
ital imagery has added benefits in that it photo-geologic lin-
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eament analyses can be performed at a lower cost and in a
shorter timeframe.

The primary limitations of photo-geological lineament
analysis for earth fissure searches and for use as a monitoring
tool derive from the coverage and quality of the remote sens-
ing data used for the analysis and the condition of the terrain
analysed. Poor-quality remote sensing data and/or data that
do not completely cover the area of interest limit the abil-
ity to conduct the analysis. Additionally, even if high-quality
remote sensing data are available for the area of interest, lim-
ited temporal coverage can also limit the effectiveness of the
analysis.

The condition of the analysed terrain can also significantly
impact the effectiveness of the analysis. Agriculture, urban-
ization and other large-scale human development can ob-
scure the ground and severely limit the effectiveness of the
analysis. Other human disturbances such as off-road vehicles
and historical roads can have significant impact on the ter-
rain. Animal activity from wildlife and domestic stock such
as cattle can also create significant ground disturbance. Ad-
ditionally, annual and perennial vegetation can obscure linea-
ments. Soft, cohesionless shallow soil profiles have the abil-
ity to prevent the expression of earth fissures at the surface.
Additionally, in areas where sediment is deposited by wind
and/or water (such as upstream of an embankment), signs
of earth fissuring may be obscured. If an earth fissure does
not have a surface expression, it is unlikely that a photo-
geological lineament analysis would identify it.

2.3 Geologic mapping/reconnaissance

Regular visual ground inspection is important part of a mon-
itoring program. The inspections should be performed by
an experienced person walking the project area looking for
cracks, potholes or other features which may indicate earth
fissuring. Visual inspections should be performed as close
in time as practicable to the other field measurements in-
cluded in the monitoring program. Inspections should also
be performed after major storm runoff events. Locations and
descriptions of cracks, potholes and other erosional features
should be documented with sketches, maps and photographs
as appropriate, including locations, dimensions and orienta-
tions. The appropriate level of background work should be
completed before commencing field work. This includes re-
view of InSAR and the completion of the photo-geological
analysis. Additionally, an extensive data review of all rele-
vant reports and publications, groundwater data, survey data
and remote sensing data should be performed prior to the
field work.

Special care should be taken in areas where giant desicca-
tion cracking occurs. Differentiating between giant desicca-
tion cracks and earth fissures requires experience and addi-
tional investigation such as seismic refraction profiling and
trench excavation with detailed logging.
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The primary limitations to the method involve impact-
ing the ability to observe. Annual and perennial vegetation
cover can limit the ability to see signs of ground cracking.
Disturbance by human activity and/or livestock and wildlife
can also limit the amount of observation possible. When the
ground is high in moisture content, subtle signs of ground
strain such as small ground cracks may not be visible.

Other limitations and uncertainties of the method are
rooted in the competency of the investigation itself. The in-
vestigators must correctly interpret the background informa-
tion, INSAR and other imagery, and photo-geological results
to identify the areas in need of investigation. It is critical that
personnel performing the investigation have previous expe-
rience in geological reconnaissance of photo-lineaments and
terrestrial search for earth fissures due to the often subtle na-
ture of important features.

2.4 Groundwater monitoring

The collection of regional groundwater levels from available
sources is an important component of monitoring for land
subsidence and earth fissures. Understanding the groundwa-
ter trends allows for greater understanding of local and re-
gional ground deformation trends and can aid in predicting
where future deformation may occur.

2.5 Tape extensometers

Tape extensometers can be utilized to measure horizontal dis-
placement between two or more points with a measurement
precision of £0.01 mm. Tape extensometer arrays utilized as
part of a monitoring system can quantify the rate of deforma-
tion at a known earth fissure or can be utilized to monitor for
the potential development of a new earth fissure in an area
that is considered to have a high likelihood for future fissure
formation. Quadrilateral arrays can be utilized to understand
deformation in greater detail and determine if shear deforma-
tion is occurring.

The tape extensometer should be operated in accordance
with the manufacturer’s instructions, including proper ten-
sioning and recording of ambient temperature. Grass, weeds
and other possible obstructions to the tape should be cut or
removed before performing readings. The author’s experi-
ence with tape extensometers has shown that measurements
taken during a windy day are not as accurate as those taken
on calm days.

Greater horizontal movements are anticipated in a trans-
verse direction across fissures or the trend of nearby photo-
lineaments, and negligible movements are anticipated nor-
mal to the linear array. Thus, inherent checks of tape exten-
someter calibration and operation should be performed on
the readings parallel to fissures as part of each measurement
cycle.
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2.5.1 Rod extensometers

In addition to tape extensometer, experimental rod exten-
someters have been utilized by the authors with mixed suc-
cess to monitor earth fissure at one location in Central Ari-
zona (AMEC, 2010). Two rod extensometer arrays, each
straddling a previously identified earth fissure, were in-
stalled. Each rod extensometer array consists of a 72 cm di-
ameter instrument vault that houses a reference table em-
bedded in concrete which is founded approximately 3 m be-
low existing grade within stable Pleistocene-age soils. Three
46 cm diameter companion end-anchor encasements are also
founded on Pleistocene-age soils. The spacing between each
instrument vault and its three companion end anchors is ap-
proximately 12, 18 and 30 m, with the fissure positioned be-
tween the 12 and 18 m anchors. The intent of positioning the
fissure between the 12 and 18 m anchors was to provide an
opportunity to segment the monitoring to assess local dis-
placement within close proximity of the fissure and at some
distance away. The third anchor at 30 m added a redundancy
to the monitoring system and allowed for measurement of
displacements over a greater distance away from the fissure.
Horizontal measurements of ground displacement at previ-
ously identified earth fissure locations should be performed
by measuring changes in rod position using a depth microm-
eter and the reference table measurement apparatus.

2.6 InSAR

The use of repeat-pass INSAR to characterize the distribu-
tion and rate of regional ground subsidence is of profound
significance in monitoring and managing the risks associ-
ated with ground subsidence and earth fissuring. The prin-
cipal of interferometry is described by Gabriel and Gold-
stein (1988) and there are numerous examples of applying
the INSAR methodology to characterizing land subsidence
where Hoffmann et al. (2001) and Panda et al. (2013) provide
good examples. Interferometry has the ability to detect and
quantify minute changes in the elevation of terrain by com-
paring phase variances of satellite-based, side-looking radar
data between orbits of a similar trajectory. INSAR is used
to detect the rate and distribution of subsidence occurring in
an area over the time periods covered by INSAR imagery.
Several InNSAR-based methodologies exist and may be use-
ful to a given site depending on site conditions and available
data. These methodologies include traditional 2-pass INSAR,
stacked 2-pass InSAR interpretations, and various persistent
scatter (PS) INSAR methods and algorithms. In the arid west-
ern regions of the USA, traditional 2-pass INSAR is often the
most effective method.

INSAR data can be analysed by direct observation of in-
terferograms, cross-sectional presentation of vertical change,
and interactive three-dimensional presentation with contour-
ing. These analyses can be used in a variety of ways, such
as to support lineament analysis and reconnaissance, to com-
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pare with survey data, and to be used as a calibration tool
for subsidence modelling. INSAR data analysis is particu-
larly useful for assessing changes in the location or rate of
regional ground deformation and to help refine characteri-
zation of bedrock/alluvial interfaces and general lithologic
variations in the deep alluvium (Rucker et al., 2008; Weeks
and Panda, 2004). Results from InSAR will depend on the
site’s terrain, ground and vegetation conditions, and sources
of potential ground disturbance due to cultural interference
such as agriculture or construction site grading.

2.7 Borehole tiltmeters

Borehole tiltmeters (BTMs) can be utilized to monitor
ground deformation, particular when large infrastructure is
involved and when large-scale failure is a concern. The au-
thors are involved in a project that utilizes borehole tilt-
meters as a major monitoring component at the location of a
brine cavern with a potential to catastrophically fail and form
a large sinkhole (AMEC, 2014). BTMs measure the angle
of movement from the horizontal position in microradians
(urad) and deliver the data collected to the onsite monitoring
computer that is part of integrated early warning system.

2.8 Microseismic array

The deployment of a microseismic array can be a useful mon-
itoring tool in some subsiding environments. The authors
involved in a project that utilizes a microseismic array as
a monitoring component at the location of a brine cavern
with the potential to catastrophically fail and form a large
sinkhole (AMEC, 2014). The microseismic array consists
of the deployment of highly sensitive geophones that col-
lect the acoustical signals generated by microseismic activ-
ity, or ground vibration, in and around the brine cavern. Each
borehole microseismic array consists of four geophones or
sensors, including three uniaxial geophones and one triaxial
geophone. The system is designed to monitor seismic activity
and local fracturing of rockmass at the site and the system’s
data processing routines are fully automated. Microseismic
detection is based on an array of geophones instrumented at
key locations. P waves and s waves are processed, and the
system can automatically alert when wave amplitudes exceed
set thresholds. The system transmits information from MS
event signals as a voltage to a seismic recorder, which syn-
chronizes the data with a GPS component and converts the
data to a seismic signal. Processing software assigns a loca-
tion and magnitude to each locatable microseismic event.

2.9 Monitoring trenches/platforms

At locations where regular inspections occur to identify signs
of potential earth fissure activity, specifically designed mon-
itoring trenches or platforms can be designed to facilitate the
observation process. The intent of such a system is to provide
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visible access to a surface where ground cracking associated
with earth fissures would be more easily observable if it were
to develop. This may be in the form of permanent trenches
that are excavated to a more cemented soil horizon or in the
form of a large cleared area of ground. The authors annually
monitor a site that includes two large monitoring trenches for
this purpose. Care needs to be taken in regards to drainage of
the trenches, growth of vegetation and other disturbances.

2.10 Time-domain reflectometry

TDR utilizes uses a pulsed electromagnetic signal along a
coupled coaxial cable to detect reflected changes resulting
from deformation. The authors have deployed a TDR sys-
tem at two sites with the goal of utilizing it as an early-
warning and monitoring tool for discrete ground deforma-
tion related to ground subsidence and earth fissuring (AMEC,
2006, 2010). Both travel time and signal strength are mea-
sured. Travel time is used to determine position, with signal
strength being an indication of the severity of the deforma-
tion. Signal strength is an approximate measure of deforma-
tion, therefore the TDR instrumentation should be viewed as
a means to detect but not fully quantify deformation. The
TDR system was designed such that should sufficient ground
deformation occur to create a crack in the cemented soils,
that crack would transmit itself through the controlled low-
strength material (CLSM) that the cable is encased in and
be detected by a signal sent through the TDR cable. While
the TDR system has proven effective in detecting cracks that
form in the CLSM backfill material, it has proven to be more
sensitive than anticipated. Cracks detected have been the re-
sult of shrinkage cracking within the CLSM material and not
the cemented soils. The system was abandoned after several
years due to the sensitivity to shrinkage cracks within the
backfill material.

2.11 Other methods

Other methods that are often utilized to monitor land subsi-
dence include borehole extensometers and permanent GPS
stations that are widely utilized by groups such as the United
States Geological Survey (LSCE et al., 2014; Galloway et
al., 1999; Poland and Lofgren, 1984). These methods often
provide highly accurate point-source data, however the cost
of systems is often prohibitive for most applications.

Monitoring for specific types of infrastructure can allow
for other methodologies to be applied to land subsidence and
earth fissuring monitoring. These could include techniques
utilized to monitor pipelines, sonar-based methodologies, Li-
DAR, techniques such as on-train instrumentation for rail
infrastructure, and others. Additionally, it anticipated that
many monitoring methods will become drone-based as the
drone technology continues to develop.
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3 Conclusions

The authors have successfully designed and implemented
monitoring systems capable of quantifying rates and distri-
butions of ground subsidence and detection of ground rup-
ture at multiple locations throughout the Western USA for
several types of infrastructure including dams, levees, chan-
nels, basins, roadways, and mining facilities. Effective sub-
sidence and earth fissure monitoring requires understanding
and quantification of historic subsidence, estimation of po-
tential future subsidence, delineation of the risk for earth fis-
sures that could impact infrastructure, and motivation and re-
sources to continue monitoring through time. A successful
monitoring system provides the means to measure ground
deformation, grade changes, displacement, and anticipate
and assess the potential for earth fissuring. Employing mul-
tiple methods, a monitoring strategy utilizes an integrated
approach, including both regional and local measurements.

Various methods implemented include conventional prac-
tices and proven, instrumented in-ground sensing systems.
The conventional techniques include repeat optical levelling
and GPS surveys, ground reconnaissance, photo-geological
analysis, groundwater monitoring, and tape-extensometers.
Advanced techniques include the processing and interpre-
tation of differential interferograms of repeat-pass, InSAR,
borehole tiltmeters, microseismic arrays, excavation of mon-
itoring trenches, and TDR.
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