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Introduction

Only a third of the world’s great rivers remain free-flowing—just 90 of the 246
rivers more than 1000-km-long flow without interruption. The world’s rivers are
interrupted by dams and levees, which constitute critical components of the
infrastructures of most nations in the world. They serve indispensable functions—
irrigation, water supply, flood control, electric generation, and recreation. Safe
operation and maintenance of dams and levees are crucial for both sustaining these
functions, and avoiding potential disaster and loss of life. Moreover, a substantial
number of dams and levees in many countries are nearing the end of their life
spans—requiring close monitoring of their structural safety.

Storm surge barriers of the Netherlands and New Orleans are two of the most
extreme engineering works in the world. Much of the landmass of the Netherlands
has been reclaimed from the North Sea by levees and dams built over the past two
thousand years. The Delta Works in the Netherlands is the largest flood protection
project in the world. This project consists of 13 surge barriers. The
Oosterscheldekering is the largest surge barrier in the world—9 km long. The dam
is based on 65 concrete pillars with 62 steel doors, each 42 m wide. It is designed to
protect the Netherlands from flooding from the North Sea. The Maeslantkering is a
storm barrier with two movable arms—when the arms are open, the waterway
remains an important shipping route and when the arms close, a protective storm
barrier is formed for the city of Rotterdam. Closing the arms of the barrier is
completely automated without human intervention.

The Great Wall of Louisiana is a storm surge barrier constructed near the
confluence of and across the Gulf Intracoastal Waterway and the Mississippi River
Gulf Outlet near New Orleans. The barrier runs generally north–south from a point
east of Michoud Canal to the Bayou Bienvenue flood-control structure. Navigation
gates on the barrier reduce the risk of storm surge coming from Lake Borgne and
the Gulf of Mexico.

Every four years, the American Society of Civil Engineers (ASCE) issues a
report card for the American infrastructure. The report card depicts the condition
and performance of American infrastructure in the familiar form of a school report
card—assigning letter grades based on the physical condition and needed
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investments for improvement. The 2017 ASCE grade for levees and dams is D—a
cause for concern and a call for action. The nationwide network of levees in the
USA is more than 30,000 miles. As development continues to extend into flood-
plains along rivers and coastal areas, an estimated $80 billion is needed in the next
10 years to maintain and improve the nation’s system of levees. There exist more
than 90,000 dams in the country with an average age of 56 years. With an increase
in population and thus development, the overall number of high-hazard potential
dams has increased—with the number climbing to nearly 15,500 in 2016. It is
estimated that it will require an investment of nearly $45 billion to repair aging,
high-hazard potential dams.

Geophysical methods are indispensable to characterize the near-surface forma-
tion prior to planning and design of dams and levees, and monitoring their structural
integrity during their lifetime. This volume is devoted to case studies for investi-
gation of seepage risk and monitoring structural safety of dams and levees. In recent
years, various types of fiber-optic sensors have enabled accurate and efficient
structural monitoring in civil and geotechnical engineering. The fiber-optic tech-
nology is especially suitable for monitoring large or elongated structures, such as
dams, dikes, levees, bridges, and pipelines.

The first chapter in this volume, entitled “Statistical Estimation of Soil
Parameters in from Cross-Plots of S-Wave Velocity and Resistivity Obtained by
Integrated Geophysical Method” by Hayashi et al., describes the application of an
integrated geophysical and geotechnical borehole data analysis to derive cross-plots
of S-wave velocity and resistivity and various geotechnical parameters for Japanese
levees. Cumulative length of the geophysical survey line traverses is nearly 670 km
on 40 rivers in Japan. The geotechnical borehole data were collected from about
400 boreholes located along the geophysical survey line traverses.

The second chapter in this volume, entitled “Application of Seismic Refraction
and Electrical Resistivity Cross-Plot Analysis: A Case Study at Francis Levee Site”
by Wodajo et al., describes a case study to assess the integrity of earthen
embankment at the site affected by sand boil formations during the 2011
Mississippi River flood event. Results from seismic refraction and electrical
resistivity surveys conducted at the Francis Levee site indicate seven distinct
anomalies that might be associated with seepage. Specifically, using the seismic
velocity and electrical resistivity values of the anomalies on the waterside as lim-
iting values, a cross-plot analysis was performed to identify similar anomalies on
the landside. The results indicate that preferential flow occurs within the sand layer
in an old oxbow.

The third chapter in this volume, entitled “A Borehole Seismic Reflection
Survey in Support of Seepage Surveillance at the Abutment of a Large
Embankment Dam” by Butler et al., describes installation of a modern monitor-
ing instrumentation at the Mactaquac Generating Station, a 660-MW hydroelectric
facility located on the Saint John River—approximately 20 km upriver from
Fredericton, New Brunswick, Canada. The objective of this study was to confirm
the location of the steeply inclined interface between an embankment dam and a
concrete diversion sluiceway as accurately as possible for installing seepage
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monitoring instrumentation. Specifically, installation of a fiber-optic distributed
temperature sensing (DTS) cable as close as possible to the sub-vertical contact
between the concrete diversion sluiceway and the clay till the core of the adjacent
zoned embankment dam required an accurate knowledge of the dam’s internal
structure. Because of lack of detailed as-built drawings, a seismic reflection survey
was conducted along a sub-parallel borehole, offset by approximately 1 m at the
surface and by an estimated 4 m at the dam’s foundation at a depth of 50 m.
A wall-locking seismic tool with eight receivers was used in two different orien-
tations to capture P- and S-wave reflections from the concrete–clay interface. Based
on the S-wave image, which helped delineate the concrete–clay interface, two
50-m-long boreholes for seepage monitoring instrumentation was installed within
an estimated 50 cm of the interface.

The fourth chapter in this volume, entitled “Self-potential Imaging of Seepage in
an Embankment Dam” by Bouchedda et al., describes a case study to investigate
seepage in Les Cèdres embankment dam in Valleyfield, Canada, by integrating
self-potential tomography (SPT), electrical resistance tomography (ERT), ther-
mometry, electromagnetic (EM) conductivity, and magnetic measurements. SPT
consists of inverting self-potential data to retrieve the source-current density dis-
tribution associated with water flow pathways in embankment dams. The
embankment dam is used to channel water from the Saint Lawrence River to a
hydroelectric plant. The SPT inversion utilizes the resistivity model of the dam,
which is obtained by ERT. EM conductivity maps allowed identifying two linear
anomalies caused by metal-shielded electrical cables. The magnetic survey shows
an important anomaly zone that is probably related to a metallic object. The SPT
shows a few seepage locations on the upstream dam side at a depth interval of 4–5 m.
Two of these seepages were confirmed by geotechnical testing. All observable
seepage outlets on the downstream side can be related to the SPT anomalies and are
observed as conductive zones in the resistivity model.

The fifth chapter in this volume, entitled “Optical Fiber Sensors for Dam and
Levee Monitoring and Damage Detection” by Inaudi, describes the use of optical
fiber sensors for monitoring dams and levees to detect damaged locations. Case
studies for the surveys with various types of optical fiber sensors include (1) a water
reservoir in Spain with plastic membrane to detect leaks through the membrane and
the perimeter levee; (2) Nam Gum rockfill dam in Laos with concrete face where to
detect leaks through the concrete plinth; (3) Luzzone concrete arch dam in
Switzerland to monitor temperature evolution during concrete setting; (4) some
levees in Louisiana to monitor movements between wall panels to detect anomalies
and impending panel failure; (5) an earthen levee in the Netherlands to detect early
signs of levee failure; (6) a river dam in Latvia with a hydropower plant to detect
leaks across bitumen joints; (7) sinkholes affecting rail and road structures in
Kansas to detect impending sinkhole formation; (8) embankment dam with clay
core in Spain to monitor deformation of the clay core; (9) Val de la Mare reservoir
in Jersey Island with mass concrete dam wall to monitor deformations induced by
alkali silica reaction in concrete; and (10) El Mauro mining tailing dam in Chile to
monitor long-term deformations and pore pressure.
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The sixth chapter in this volume, entitled “Application of the Helicopter
Frequency Domain Electromagnetic Method for Levee Characterization” by
Smiarowski et al., presents two case studies using a HEM system for levee char-
acterization and hazard detection at Retamal Levy, Rio Grande Valley in Texas and
the flood-control levees of Sacramento Valley in California. Airborne remote
sensing systems, such as HEM, can be deployed to survey large areas required by
levee characterization. The HEM involves towing an electromagnetic transmitter
and receiver that measure signals proportional to the electrical conductivity of the
ground. The HEM provides electrical conductivity information about the earth from
about the top 1 to 100 m below surface. Data are typically transformed to apparent
conductivity, which removes variations in system altitude and allows easier inter-
pretation of ground material. For levee characterization, the HEM-derived con-
ductivity mapped in 3D gives an indication of the geometry of sand channels and
clay layers. In one of the case studies presented, the HEM data enabled detection of
sandy channels and delineation of their spatial extent, including old oxbows and
buried river channels that provide seepage pathways under the levee, which may
cause sand boils or levee collapse from foundation erosion. In the second case
study, high-resistivity values from the HEM data indicated dry, sandy conditions,
and led to the discovery of significant cracking in the levee due to desiccation of the
levee material.

Given the fact that levees and dams serve indispensable functions, including
irrigation, water supply, flood control, electric generation, and recreation, safe
operation and maintenance of dams and levees are crucial for both sustaining these
functions and avoiding potential disaster and loss of life. The papers included in this
volume demonstrate the successful application of geophysical methods to monitor
the structural safety of levees and dams.

Urla Öz Yilmaz
May 2019

viii Introduction



Contents

Statistical Estimation of Soil Parameters in from Cross-Plots
of S-Wave Velocity and Resistivity Obtained by Integrated
Geophysical Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Koichi Hayashi, Tomio Inazaki, Kaoru Kitao and Takaho Kita

Application of Seismic Refraction and Electrical Resistivity
Cross-Plot Analysis: A Case Study at Francis Levee Site . . . . . . . . . . . . 23
Leti T. Wodajo, Craig J. Hickey and Thomas C. Brackett

A Borehole Seismic Reflection Survey in Support of Seepage
Surveillance at the Abutment of a Large Embankment Dam . . . . . . . . . 41
Karl E. Butler, D. Bruce McLean, Calin Cosma and Nicoleta Enescu

Self-potential Imaging of Seepage in an Embankment Dam . . . . . . . . . . 69
A. Bouchedda, M. Chouteau, A. Coté, S. Kaveh and P. Rivard

Optical Fiber Sensors for Dam and Levee Monitoring
and Damage Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Daniele Inaudi

Application of the Helicopter Frequency Domain
Electromagnetic Method for Levee Characterization . . . . . . . . . . . . . . . 121
Adam Smiarowski, Greg Hodges and Joe Dunbar

ix



Statistical Estimation of Soil Parameters
in from Cross-Plots of S-Wave Velocity
and Resistivity Obtained by Integrated
Geophysical Method

Koichi Hayashi, Tomio Inazaki, Kaoru Kitao and Takaho Kita

Abstract Cross-plots of S-wave velocity and resistivity obtained by geophysical
methods statistically estimated geotechnical soil parameters, Fc, D20, blow counts,
and the soil types, of levee body and foundation for Japanese levees. The S-wave
velocity and the resistivity were collected from surface wave methods and resistivity
methods respectively. Total survey line length of the geophysical methods was about
670 km on 40 rivers in Japan. The Fc, D20, blow counts, and soil types were col-
lected from about 400 boring logs carried out on geophysical survey lines. S-wave
velocity and resistivity at the depth of the blow counts were extracted from two-
dimensional geophysical sections. The total number of extracted data, blow counts
and soil type, was about 4000. The data was grouped by levee body and foundation.
A polynomial approximation estimated the soil parameters from S-wave velocity
and resistivity. A least squares method optimized the coefficients of the equation.
Accuracy of the estimation was statistically evaluated by comparing estimated and
actual soil parameters. The correlation coefficients between estimated and actual
parameters ranged between 0.43 and 0.8. The polynomial approximations with the
optimized coefficients calculated soil parameter sections from S-wave velocity and
resistivity sections.
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Introduction

Conventional levee assessments use invasive borings which provide useful and
detailed information of levees. However, borings are expensive and cannot provide
continuous information along a levee in heterogeneous environments. Non-invasive,
rapid and spatially continuous investigation methods are needed to supplement tra-
ditional investigation techniques. Many researchers have been trying to apply geo-
physical methods to levee investigations (e.g. Dunbar et al. 2007). Surface wave
methods (e.g. Ivanov et al. 2006) and resistivity methods (Liechty 2010) are often
applied to such investigations because S-wave velocity and resistivity obtained by
these methods are very valuable to estimate the soil condition of levees.

Both S-wave velocity and resistivity, however, reflect many physical properties
and do not directly relate to engineering soil parameters such as cohesion, internal
friction angle, grain size distribution, and permeability. We proposed an integrated
geophysical method (Hayashi et al. 2009; Inazaki et al. 2009) to evaluate levee soil
condition quantitatively. The proposed method mainly consists of the surface wave
method using a land streamer and the resistivity method using capacitively-coupled
resistivity equipment. The cross-plots of the S-wave velocity and the resistivity esti-
mate the soil condition of levees in the method.

Geotechnical soil parameters, such as soil type (clay, sand or gravel), fine fraction
content (Fc) and grain size (D20: diameter at which 20% of the sample’s mass is
comprised of particles with a diameter less than this value), are particularly important
information for levee safety evaluation from an engineering point of view. Many
engineering analysis methods such as slope stability, seepage flow, subsidence and
liquefaction analyses use these soil parameters. In these types of analyses, the soil
parameters are obtained by borings and laboratory tests. Geophysical properties
obtained through the geophysical methods, such as S-wave velocity and resistivity,
do not directly relate to the soil parameters. For that reason, geophysical methods
have not been widely used for levee safety assessment. Several researchers have been
trying to theoretically estimate the soil parameters from the geophysical properties in
termsof a rockphysics theory that is increasing in popularity in oil andgas exploration
(Konishi 2014). In this paper, we estimate the geotechnical soil parameters, Fc,D20,
blow counts, and the soil type, in terms of a statistical approach using geophysical
and geotechnical data collected from a Japanese levee. The collected data in this
study will play an important role in the theoretical study as well.

This paper summarizes the integrated geophysical method, introduces a database
storing the results of geophysical investigation, borings logs, and laboratory charac-
terization of samples from the boring logs, describes a statistical estimation of soil
parameters using cross-plot analysis of S-wave velocity and resistivity, and shows
an application example at a Japanese levee.
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S-Wave Velocity and Resistivity in Levee Investigation

Seepage and erosion, shear strength and soil types are examples of primarily impor-
tant factors that must be used to evaluate the safety of levees. We will review the
relationship between geophysical properties (S-wave velocity and resistivity) and
geotechnical soil parameters (shear strength and soil types) in this section.

S-wavevelocity is directly related to shearmoduluswhich is particularly important
to levee assessment. Small strain shear modulus (G0) is a function of the S-wave
velocity (VS), according to:

G0 = V 2
S D (1)

where, D is material density. It is well known that the S-wave velocity is mainly
affected by shear stiffness or porosity. A considerable number of studies have been
made on the correlation between the S-wave velocity and shear strength (e.g. Imai
and Tonouchi 1982). Figure 1 shows a correlation between S-wave velocity and
N-value (blow counts) obtained from standard penetration tests (SPT : JIS 2005)
at many Japanese levees with soil classification. S-wave velocities in Fig. 1 were
obtained by a surface wave method performed on the levee surface. The black line
in Fig. 1 is a regression line obtained by the least squares method. It is clear that the
N-value increases as the S-wave velocity increases although there is large scatter.

Resistivity is a function of many physical properties such as porosity, pore fluid
resistivity, water saturation, and grain size distribution. The conductivity (inverse of
resistivity) of a porous medium is expressed by an equation as follows (Imamura
et al. 2007):

σR = 1

a
· φm · Sn · σW + σC (2)

where, σ R is conductivity of medium, σW is pore fluid conductivity, σC is conductiv-
ity due to clay minerals, φ is porosity, S is water saturation, a,m and n are constants.
The first term on the right-hand side of Eq. (2) is known as Archie’s equation and if
fluid resistivity and water saturation are constant, resistivity is a function of porosity
and resistivity decreases as porosity increases. A second term on the right-hand of
Eq. (2) is the effect of clay minerals included in soils. It is well known that the effect
of the second term cannot be neglected and may be dominant in saturated clayey
unconsolidated soils. We may, therefore, reasonably conclude that the resistivity
of soils mainly correlates to soil type. Figure 2 shows the example of correlation
between resistivity and effective grain size (D20). Although there is large scatter,
we can see that grain size increases and soil type is changing from clay to sand and
gravel as resistivity increases.

Figure 3 (left) shows a schematic relationship between S-wave velocity and resis-
tivity. The S-wave velocity indicates shear stiffness or degree of compaction and
resistivity indicates soil type as mentioned above. Figure 3 (right) shows a schematic
relationship between geophysical properties, S-wave velocity and resistivity, and the
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Fig. 1 Correlation between S-wave velocity and N-value obtained from standard penetration tests
at many Japanese levees with soil classification. S-wave velocities were obtained by a surface wave
method performed on the levee surface. The black line is a regression line obtained by the least
squares method

vulnerability of levees. Loose and sandy levees are more dangerous compared with
tight and clayey levees. Permeability is one of the most important parameters for
levee safety assessment. It mainly relates to grain size distribution, such as clay or
sand, and degree of compaction (Creager et al. 1944) although many other factors
have an effect on the permeability. As mentioned above, the degree of compaction
relates to shear modulus, and grain size distribution relates to resistivity. Through
this it may be possible to qualitatively estimate the permeability from S-wave veloc-
ity and resistivity. Figure 3 shows the concept of cross-plots of S-wave velocity and
resistivity on levee safety assessment. This implies that the geophysical methods can
be used to evaluate the safety of levees.

However, Fig. 3 is quite qualitative and a more quantitative interpretation is
required to apply the geophysical methods to levee safety assessment from an engi-
neering point of view. Both S-wave velocity and resistivity reflect many physical
properties. They do not directly relate to engineering parameters such as shear stiff-
ness and permeability as well as other soil parameters such as grain size distribution.
We have applied an analysis method in which soil parameters (Fc,D20, blow counts
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Fig. 2 Correlation between resistivity and effective grain size (D20) obtained from laboratory tests
at many Japanese levees with soil classification

and soil type) are statistically estimated. Then we used a cross-plot of S-wave veloc-
ity and resistivity in order to apply the integrated geophysical methods to levee safety
assessment more quantitatively.

Surface Wave Method

Surface waves (Rayleigh wave) are elastic waves propagating along the ground sur-
face and their energy concentrates beneath the ground surface. The velocity of surface
wave propagation strongly depends on S-wave velocity of the ground. If a subsur-
face S-wave velocity varies with the depth, a propagating velocity varies with its
frequency or its wavelength. This characteristic is called dispersion. A surface wave
method is a seismic method in which sub-surface S-wave velocity structure is esti-
mated by the analysis of the dispersive character of the surface waves (e.g. Nazarian
et al. 1983; Park et al. 1999).
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Fig. 3 Schematic relationship between geophysical properties and soil condition (left) and levee
safety (right). The left figure shows a schematic relationship between S-wave velocity and resistivity.
The right figure shows a schematic relationship between geophysical properties, S-wave velocity
and resistivity, and the vulnerability of levees

In order to move receivers quickly, we use a land streamer (Inazaki 1999) com-
prising 24–48 geophones on aluminum plates, respectively, aligned in series at 1–2m
intervals by two parallel ropes on the ground surface (Fig. 4). In the land streamer,
the geophones are not stuck in the ground surface and can be moved quickly.

In the analysis of the surface wave method, a CMP (Common Mid Point) cross-
correlation (CMPCC) analysis (Hayashi and Suzuki 2004) is applied to waveform
data firstly and a multi-channel analysis of surface-waves (MASW) developed by
Park et al. (1999) is applied secondly. The CMPCC analysis is applied to raw shot
gathers and CMPCC gathers are calculated in order to improve lateral resolution
of S-wave velocity profiles. The MASW is applied to each CMPCC gather so that

Fig. 4 A geophone on an
aluminum plate of land
streamer used in a surface
wave method. The land
streamer comprises 24–48
geophones on aluminum
plates, respectively, aligned
in series at 1–2 m intervals
by two parallel ropes on the
ground surface
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dispersion curves are constructed. A non-linear least squaresmethod (Xia et al. 1999)
is applied to each dispersion curve for reconstructing a one-dimensional (1D) S-wave
velocity model. We obtain a pseudo two-dimensional (2D) S-wave velocity section
by aligning the 1D S-wave velocity models.

Capacitively-Coupled Resistivity Method

A capacitively-coupled resistivity (CCR) method (Groom 2008) is an alternative
resistivity method in which capacitors are used as electrodes. Unlike a conventional
resistivity method, the CCR method does not use metallic stakes and enables us
to measure the resistivity of the ground very quickly. The fundamental principle
of capacitive coupling is that AC current will pass through a capacitor. In a CCR
instrument, a cable (or metal plate) acts as one half of a capacitor, while the earth
functions as the other half. This cable-earth capacitor has a variable capacitance
depending on the earth conditions, but an AC current generated by the transmitter
will pass from the cable into the ground. At the receiver, the transmitter-generated
ground current will generate an AC voltage that is coupled into the CCR receiver
and measured. The CCR receiver is conceptually equivalent to an AC Volt meter.

The Geometrics’ OhmMapper (Fig. 5) is used as a CCR instrument in our inves-
tigations. The OhmMapper uses shielded twisted-pair cables as line sources and
receivers in contrast with a traditional galvanic resistivitymethodwhich usesmetallic
stakes as point sources and receivers. A dipole-dipole array is used in the OhmMap-
per. The transmitter drives a 16.5 kHz signal into the cable shield and that signal
is coupled to the ground through the capacitance of the cable. We have applied the
method to many site investigations (Yamashita et al. 2004) and have come to the
conclusion that the method enables us to delineate a precise resistivity image very
quickly at least down to a depth of 5–10 m depending on site conditions.

Fig. 5 Data acquisition of
capacitively-coupled
resistivity (CCR) method
using Geometrics’
OhmMapper
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Database of S-Wave Velocity and Resistivity

In order to develop statistical analysis, the results of the integrated geophysical
method performed for levee soil investigations were collected and stored in the
database (Hayashi et al. 2014).

We collected the results of surface wave methods and resistivity methods per-
formed at 40 Japanese rivers as well as the results of borings performed on survey
lines of geophysical methods. Total survey line length of the surface wave and resis-
tivity methods was about 670 km and the number of borings was about 400. We
generally used a land streamer (Inazaki 1999) and a capacitively-coupled resistivity
(CCR) method (Groom 2008) in the data acquisition of the surface wave methods
and the resistivity methods respectively. The surface wave method and the resistiv-
ity method were performed at the crest or toe of the levees. Analyzed results were
saved as standard XML format defined by SEGJ (Hayashi et al. 2012) and stored in
a web-based database for subsequent analysis.

Relationships between S-wave velocity, resistivity, Fc, D20, blow counts (N-
value) obtained from the standard penetrating tests (SPT) and soil types were col-
lected and stored in the database. The S-wave velocity and the resistivity at the depth
of the blow countswere extracted from2Dgeophysical sections. The depth of borings
is generally less than 20 m. The total number of extracted data was about 4000. The
soil type was classified as clay, sand and gravel for the sake of simplicity. Unusual
soil types, such as organic clay, loam or weathered rocks etc. were rejected before
the analysis. The data was grouped by levee body and foundation. The number of
data points in the levee body and foundation were 560 and 3485, respectively. The
data in the levee body and foundation can be considered as unsaturated and saturated
soil above and below the ground water level respectively.

The results of laboratory tests, Fc, D20 etc. associated with borings were also
collected and stored in the database. They were stored together with corresponding
S-wave velocity and resistivity that were mainly measured by laboratory tests or log-
gings and not extracted from geophysical methods performed on the ground surface.
The number of laboratory test data was about 1000. The results of laboratory tests
were not grouped by levee body and foundation.

Statistical Estimation of Geotechnical Soil Parameters

Cross-Plot of S-Wave Velocity and Resistivity

Figure 6 shows correlation between S-wave velocity and resistivity at 40 Japanese
levees with soil classification. The S-wave velocity and resistivity were obtained
from a surface wave method and a capacitively-coupled resistivity (CCR) method
performed on crest or toe of levees. Data shown in Fig. 6 were sampled at the depth
where soil type could be confirmed by soil samples obtained with SPT.
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foundation
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Figure 6a shows data above ground water level and the data are unsaturated and
can be considered as levee body. Figure 6b shows data below ground water level and
the data are saturated and can be considered as levee foundation. We can recognize
that clayey soil is placed at relatively low velocity and low resistivity area. Sandy or
gravel soil is placed at high velocity and high resistivity area regardless of ground
water. Different soil types are distributed through different areas. This implies that
soil type can be roughly classified by S-wave velocity and resistivity although with
large uncertainty.

We can also recognize that the data is distributed in a wide area. This implies that
levee safety can be evaluated based on relationship between S-wave velocity and
resistivity shown in Fig. 3. In other words, the levee safety [Fig. 3 (right)] cannot be
evaluated if resistivity simply increases as S-wave velocity increases.

Polynomial Approximation

A polynomial approximation estimated the soil parameters (Fc, D20, blow counts
and soil types) from the cross-plots of S-wave velocity and resistivity. In the esti-
mation of the soil types by polynomial approximation, the soil type is represented
by discontinuous numbers one (clay), two (sand) and three (gravel). A polynomial
equation was derived as a function of the S-wave velocity VS (m/s) and the resistivity
ρ (� m):

P = aV 2
S + bVS + c log 10(ρ)2 + d log 10(ρ) + eV 2

S log 10(ρ)

+ f VS log 10(ρ)2 + gVS log 10(ρ) + h (3)

where, P is the soil parameters (Fc, D20, blow counts and soil types) and a to h
are coefficients. The equation is a general form of a bi-variable quadratic equation
and resultant soil parameters P forms a quadratic surface. The blow counts and the
soil types are estimated for levee body or foundation separately. Fc and D20 were
estimated for all data including both levee body and foundation since the number
of data was small. A least squares method was used to calculate the coefficients a
to h so that the residual between calculated soil parameters P and observed value
was minimized. Table 1 summarizes calculated soil parameters P and the optimized
coefficients for each approximation.

Fc and D20

Figure 7 shows the distribution of the soil parameters, Fc and D20 as a function
of S-wave velocity and resistivity calculated from Eq. (1) with coefficients shown
in Table 1. In Fig. 7, the symbols are Fc or D20 obtained by laboratory tests and
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a) Fine fraction content (Fc) b) 20% grain size (D20)

Fig. 7 Distribution of the soil parameters, Fc (a) and D20 (b) as the function of S-wave velocity
and resistivity calculated from the polynomial equation with coefficients shown in Table 1. The
symbols are Fc or D20 obtained by laboratory tests and the color of the symbols represents the
observed value of Fc or D20. The colored areas in the plot represent Fc or D20 calculated by the
polynomial approximations

the color of the symbols represents the observed value of Fc or D20. The colored
areas in the plot represent Fc or D20 calculated by the polynomial approximations.
We can recognize that Fc decreases and D20 increases as the S-wave velocity and
the resistivity increase from bottom-left to top-right although there is large scatter
in data obtained from laboratory tests. It indicates that soil type changes from clay
to gravel with the S-wave velocity and the resistivity increase. It should be noted
that the number of data used in the prediction of Fc and D20 were smaller than one
of blow counts and soil types. More data is necessary to increase the accuracy and
reliability of the prediction.

Blow Counts

Figure 8 shows the distributions of the blow counts in the same manner as the Fc
and D20 mentioned above. The reason for large scatter in the data is mainly due
to a difference of area or volume of measurements as discussed later. Unlike the
Fc and D20, S-wave velocity and resistivity data used in the approximations were
obtained from geophysical methods performed on the ground surface. In the levee
body (left), the blow counts are a function of both S-wave velocity and resistivity.
They increase with an increase in the S-wave velocity and the resistivity. In contrast,
color boundaries are almost vertical in the levee foundation (right). This implies that
the blow counts are mainly a function of the S-wave velocity beneath the ground
water level. This is because the resistivity beneath the groundwater level mainly
reflects resistivity of ground water and is not sensitive to soil type.
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a) Levee body b) Levee foundation

Fig. 8 Distribution of blow counts (N-value) in levee body (a) and foundation (b) as the function
of S-wave velocity and resistivity. The symbols are blow counts obtained by standard penetration
tests and the color of the symbols represents the observed value of blow counts. The colored areas
in the plot represent blow counts calculated by the polynomial approximations

Soil Type

Figure 9 shows the distribution of soil types in the same manner as the blow counts
mentioned above. In Fig. 9, color shading represents the value of the soil type and
blue, yellow and orange colors correspond to one (clay), two (sand) and three (gravel)
respectively. We can recognize that the soil types change (increases) from clay (1.0)
to gravel (3.0) with an increase in S-wave velocity and resistivity from bottom-left to
top-right. This agrees with the distribution of collected data shown as color symbols.
Approximate boundaries of soil types (shown as broken lines), clay to sand and sand

b) Levee foundationa) Levee body

Gravel

Sand

Clay

Sand

Gravel

Clay

Fig. 9 Distribution of soil type in levee body (a) and foundation (b) as the function of S-wave
velocity and resistivity. Color shading represents the value of the soil type and blue, yellow and
orange colors correspond to one (clay), two (sand) and three (gravel) respectively
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to gravel, trend from top-left to bottom-right. It should be noted that the slopes of the
soil boundaries are gentle in the levee body and steep in the foundation. It implies that
the soil type is more sensitive to the resistivity in the levee body and more sensitive
to the S-wave velocity in the foundation. This tendency is reasonable because the
difference of resistivity associated with the soil types is large in unsaturated soil
rather than saturated soil.

Accuracy of Estimation for Soil Type

Accuracy of estimation can be statistically evaluated by comparing the calculated
soil parameters with observed data. Figure 10 shows the comparison of observed and
calculated soil parameters, Fc, D20 and blow counts. The correlation coefficients
between observed and calculated parameters are summarized in Table 1. We can rec-
ognize that calculated soil parameters are generally consistent with observed ones
although there was a large scatter. The correlation coefficients imply that the poly-
nomial approximation reasonably predicts the soil parameters from S-wave velocity
and resistivity.

Figure 11 shows the comparison of soil types. Data were grouped into four groups
(1.0–1.5, 1.5–2.0, 2.0–2.5, 2.5–3.0) by the calculated soil type. In each group, the
numbers of actual soil types (clay, sand, gravel) were counted and shown as propor-
tioned in Fig. 11. The proportion can be considered as probability of estimation. For
example, if the calculated soil type is smaller than 1.5 in the levee body, two-thirds of
data are classified to be clay and one-third are classified to be sand. If the calculated
soil type is larger than 2.5, 90% of data are classified to be gravel regardless of being
from the levee body or foundation. It is clear that as the value of calculated soil type
increases, the probability of sand and gravel increases although there was a large
error. Figure 10 implies that the soil type estimation using the cross-plot of S-wave
velocity and resistivity gives us an approximate soil structure of the levee body and
foundation.

Example of Estimation

The polynomial equation (1) with coefficients in Table 1 or charts shown in Figs. 7,
8 and 9, can estimate soil parameters from S-wave velocity and resistivity. In other
words, the sections of soil parameters can be estimated from the S-wave velocity and
the resistivity sections obtained by surface wave methods and resistivity methods
respectively. Here is an example of such estimation. Figure 12a, b show a typical
example of the S-wave velocity and the resistivity sections obtained at a levee in
Ibaraki prefecture, Japan. Figure 13a shows cross-plots of S-wave velocity and resis-
tivity obtained from sections shown in Fig. 12 in the levee body (left) and foundation
(right) respectively. Color indicates soil type calculated by the polynomial equation
as shown in Fig. 9. We can see that the distribution of levee body and foundation
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a) Fine fraction contents b) 20% grain size (D20)

c) Blow counts (N-value) in levee body d) Blow counts (N-value) in levee foundation

Fig. 10 Comparison of observed and calculated soil types, Fc (a), D20 (b) and blow counts (c and
d)

data are different. Figure 13b shows a soil type section obtained from the cross-plot
shown in Fig. 13a.We can recognize that a levee body is generally more clayey than a
foundation at a distance range between 200 and 1100 m. It is consistent with the soil
type confirmed at Boring A that shows sand at the levee body and gravel at the levee
foundation. In the foundation, the end of the section (1100–1300 m) is more clayey
than the rest of the section. The estimated soil type is generally consistent with the
soil type observed by borings.
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a) Levee body

b) Foundation

Fig. 11 Comparison of estimated and actual soil type. Data were grouped into four groups (1.0–1.5,
1.5–2.0, 2.0–2.5, 2.5–3.0) by the calculated soil type. In each group, the numbers of actual soil types
(clay, sand, gravel) were counted and shown as proportion that can be considered as probability of
estimation
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b) Resistivity section obtained from capacitively-coupled resistivity (CCR) method

a) S-wave velocity section obtained from surface-wave method

Levee body

Foundation

Levee body

Foundation

Fig. 12 Typical examples of S-wave velocity and resistivity sections obtained at Ibaraki prefecture,
Japan. Boring logs (Boring A and Boring B) performed on the survey line are also shown. Blow
counts are shown at the righthand side of boring logs. Colors on boring logs indicate soil types
and light blue, pale yellow, and orange represents clay, sand, and gravel respectively. High S-wave
velocity and low resistivity at a distance of 300 m correspond to a manmade structure. Horizontal
change of S-wave velocity and resistivity at a distance of 1100 m corresponds to a geological
boundary. The levee is typical levee in Japan and was performing well when survey was done

Discussion

As mentioned before, there is generally large scatter in correlations between geo-
physical properties and soil parameters. The scattermakes engineers hesitate to apply
geophysical methods to quantitative levee safety assessment.

The main reason for the large scatter is the difference of area or volume of mea-
surements. Geotechnical in situ tests, such as borings or soundings, and laboratory
tests generally measure soil parameters of very small volumes (several centimeters)
of ground. In contrast, the geophysical methods average a large area or volume (tens
of centimeters to several meters) of ground. The laboratory tests are more accu-
rate and precise than geophysical methods if we compare a very small portion of
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b) Estimated soil type

a) Cross-plots of S-wave velocity and resistivity for levee body (left) and 
foundation (right)

Levee body

Foundation

Levee body Foundation

Fig. 13 Example of soil type estimation. a Cross-plots of S-wave velocity and resistivity obtained
from sections shown in Fig. 12 in levee body (left) and foundation (right) respectively. Color
indicates soil type calculated by the polynomial equation as shown in Fig. 9. b A soil type section
obtained from the cross-plot shown in (a)

the ground. The laboratory tests, however, only represent a very small portion of
the ground rather than the whole structure and only provide spatially discontinuous
information. In contrast, geophysical methods can average a large area or volume of
the ground and provide continuous information.

It should be noted that the geophysical properties and soil parameters have fun-
damentally different physical meaning. The geophysical properties are generally a
simple physical property as Eq. (1) for example. In contrast, soil parameters are
generally expressed as functions of many physical properties. There is no direct rela-
tionship between geophysical properties and soil parameters and it causes the scatter
in the correlations.

Another reason for the scatter is the non-uniqueness of geophysical processing.
Surface geophysical measurements generally do not provide geophysical properties
of the ground directly and data processing, called inversion, is generally used to
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estimate the geophysical model from observed data. The inversion tries to find a
geophysical model that can explain observed data in the data processing. A problem
in inversion is that several different models can explain observed data. The problem
is called non-uniqueness and causes uncertainty in the results and scatter in the
correlations.

Resistivity of pore fluid in Eq. (2) can also play an important role. Variation of
pore fluid resistivity may contribute significantly to the scatter of the estimation.
Measuring the pore fluid resistivity may increase the accuracy of soil parameter
estimation.

The paper described the use of multiple geophysical methods and joint interpre-
tation of multiple geophysical properties. The correlation coefficients imply that the
methods will be able to predict soil parameters quantitatively despite the existence of
large scatter. The authors are thinking that the combinationwill play an important role
in levee safety assessment. Figure 3 illustrated that a single geophysical property does
not directly relate to levee safety. Quantitative assessment of levee safety requires
multiple geophysical properties and the method presented in the paper demonstrated
the effectiveness of joint interpretation of multiple geophysical properties.

In conclusion, laboratory tests, boring or sounding, and geophysical method have
their own advantages and disadvantages. It is important to combine or integrate
different methods together rather than compare accuracy and resolution of single
methods. It should be noted that the study shown in the paper only uses data from
the 670 km of Japanese levees and the result cannot be simply applied other levees.
Collecting investigation results from other levees and accumulating the relationship
between geophysical properties and soil parameters are very important.

Conclusions

The geotechnical soil parameters,Fc,D20, blowcounts, and soil types of levee bodies
and foundations were statistically predicted using the cross-plots of S-wave velocity
and resistivity. The S-wave velocity was obtained from a surface wave method and
the resistivity was obtained from a capacitively-coupled resistivity method. Data
were collected from 670 km of geophysical methods and 400 borings. A polynomial
approximation was used to estimate the soil parameters from geophysical properties.
Accuracy of estimation was statistically evaluated and the correlation coefficients
between estimated and actual parameters ranged between 0.43 and 0.8. The results
imply that the geophysical properties obtained by geophysical methods, such as the
S-wave velocity and the resistivity, can be used not only for qualitative interpretation
but also quantitative engineering analyses.
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Application of Seismic Refraction
and Electrical Resistivity Cross-Plot
Analysis: A Case Study at Francis Levee
Site

Leti T. Wodajo, Craig J. Hickey and Thomas C. Brackett

Abstract Geophysical methods such as electrical resistivity tomography (ERT) and
seismic refraction tomography (SRT) provide a rapid, more economical, and non-
invasive option of investigation of dams and levees with better and more complete
sub-surface coverage. Several factors, such as water content and porosity, affect both
SRT and ERT results although their sensitivity may differ. By combining electrical
resistivity and seismic refraction tomography, a unique assessment of the integrity
of earthen embankment dams and levees can be obtained. Cross-plot analysis based
on seismic and electrical attributes to seepage and piping can be used to achieve this
goal. In this study, a method of combining SRT and ERT using cross-plot analysis
is discussed. The method is applied to geophysical surveys conducted at the Francis
Levee Site, a site affected by sand boil formations during the 2011 Mississippi river
flood event. Requiring consistency between seismic velocity and electrical resistivity
models to predict feasible porosity values, an anomaly on the waterside that could
be associated with the sand boil formations is identified. Using the seismic velocity
and electrical resistivity values of the anomaly on the waterside as limiting values,
a cross-plot analysis is performed to identify similar anomalies on the landside. The
results from the geophysical methods, cross-plot analysis, and with the help of the
geomorphology of the site, indicate that preferential flow occurs within the sand
layer in an old oxbow. Sand boils at the site outcrop where the overlying clay layer
is thin or the weakest.

Introduction

The 2011 flood report by the Mississippi Levee Board identified as many as twelve
areas associated with seepage within the state of Mississippi (Nimrod 2011). The
Francis Levee site is one of the locations affected by the flood (Fig. 1).
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During the 2011 flood event, three main sand boils were observed and mitigated
by the construction of sandbag berms (Nimrod 2011). After the first sand boil, green
dot on Fig. 2, was mitigated, two more sand boils, red dots on Fig. 2, surfaced
approximately 90 m landward in the field. After the initial mitigation, the US Army
Corps of Engineers (USACE) extended the berm of the levee and constructed 16
relief wells.

The Francis Levee site is located in the Mississippi River flood plain, which
is composed of Holocene and Pleistocene-aged meander deposits formed by the
migration of the Mississippi River across its floodplain. The fluvial depositional
environments include point bars, channel-fill deposits, natural levees and back swamp
deposits (Saucier 1994).

Saucier (1994) notes that the convex portion of meander bends typically hosts
point bar deposits near the channel with overbank/back swamp deposits occurring
further away. As the distance from the meander increases, it is expected that deposits
will decrease in grain size (Brackett 2012). The three sand boil formations at the
Francis Levee Site fall within an old channel or an oxbow (Fig. 3) .

Cross section A-A′ in Fig. 2 indicates that the levee is underlain by a clay-rich
overburden averaging 3 m thick (Fig. 4). Below the clay overburden, the sediment
coarsens into silt, and eventually a thick sand unit, which is assigned to the permeable
substratum (Brackett 2012). Similar cross section is observed on the waterside of the
levee with sand layer connecting the waterside to the landside. With adequate water
pressure, water can flow from the waterside to the landside through the permeable
sand substratum.

Fig. 1 a Francis levee site (34° 5′ 9.48′′N, 90° 51′ 52.56′′W) located 0.8 kmwest of Francis (Google
Earth 2015), b aerial photography taken during mitigation of the levee (Google Earth 2013)



Application of Seismic Refraction and Electrical Resistivity … 25

Fig. 2 a Location of the three sand boils (Nimrod 2011), and b mitigation of sand boil with sand
bags (Nimrod 2011)

Fig. 3 a ancient courses of the Mississippi River reconstructed from multiple aerial photographs
(Fisk 1944). The different colors indicate the stage of the river at the time. Meander belt around the
Francis Levee site is indicated by the broken blue lines, b relative location of the sand boils (red
dots) and meander belt edges (broken white line) (Google Earth 2015)

A possible model for the sand boil formations is preferential flow through the
coarser grained sands that filled an old oxbow (Fig. 5). This coarse-grained high
permeability sand layer acts as a flow channel for sub-surface seepage connecting
the waterside to the landside. High water level on the waterside due to flood events
generates enough hydraulic head to initiate seepage. This seepage then appears on
the surface as a sand boil where the upper confining clay layer is the weakest.

Geophysical methods, such as seismic refraction and electrical resistivity provide
a rapid, more economical, and non-invasive option of investigation with better and
more complete sub-surface coverage. These methods and others have been exten-
sively used separately and/or in combination for identify existing internal problems
with dams and levees (Dahlin and Johansson 1995; Hickey et al. 2009, 2015; Kim
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Fig. 4 Cross section A-A′ (Fig. 2) shows a pinching-out of the silt and silty sand to the north of
the site, yielding a direct sand to clay contact (Brackett 2012)

Fig. 5 Possible model for sand boil formation at Francis Levee Site

et al. 2007; Ivanov et al. 2006; Song et al. 2005; Kilty et al. 1986; Liechty 2010). In
addition to using and processing seismic refraction and electrical resistivity meth-
ods separately, these methods can be used to simultaneously model the geophysical
properties of the subsurface with the use of joint inversions. By using joint inversion,
information obtained from one geophysical data set is used to constrain the inversion
on another data set (Doetsch et al. 2012; Caterina et al. 2014; Zhou et al. 2014;
Rittgers et al. 2015, 2016).

Cross-plot analysis has been extensively used in the oil industry for formation
evaluations and lithology delineations since the 1960s (Fertl 1981; Krief et al. 1990;
Shahin et al. 2009; Liu and Ghosh 2016; Anyiam et al. 2017; Holmes et al. 2017).
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Cross-plot analysis using multiple input parameters such as electrical resistivity,
nuclear, and acoustic logging have been used in determining lithological reservoir
characteristics.

Cross-plot analysis is also used to combine and interpret SRT and ERT results on
dams and levees. Cross-plot analysis using seismic refraction and electrical resistivity
results is an approach where different soil types and conditions are classified based
on their seismic velocity and electrical resistivity values (Hayashi and Konishi 2010;
Inazaki and Hayashi 2011; Imamura et al. 2007). Instead of analyzing the results
from each method separately, four quadrant criteria based on the ranges of seismic
velocity and electrical resistivity are used. Based on the measured seismic velocity
and resistivity at a given location, andwhere that point falls within the four quadrants,
the soil type and integrity of dam or levee at that location is estimated. Therefore, in
order to use cross-plot analysis, seismic velocity and electrical resistivity values that
bound the four quadrants have to be determined.

One of the challenges of cross-plot analysis is determining the seismic velocity
and electrical resistivity values that bound the four quadrants. These boundaries are
determined by identifying common geotechnical traits to compromised zones, such
as seepage and piping zones based on the geophysical methods used. Therefore, in
the absence of geotechnical laboratory or borehole data that can be used to corre-
late geophysical and geotechnical properties of the soil, determining the bounds is
difficult.

The objective of this study is to implement cross-plot analysis using two geo-
physical methods, seismic refraction tomography (SRT) and electrical resistivity
tomography (ERT), in order to identify locations of preferential flow paths through
the subsurface of the Francis levee that might have led to the formations of the three
sand boils. Amethod of using theoretical modes, Archie’s first law and effective fluid
velocity model, to determine the seismic velocity and electrical resistivity bounds of
the cross-plot is presented.

Methods

Seismic refraction surveying is one of the most commonly used seismic methods for
engineering investigations (USACE 1995). Seismic refraction surveying is used to
map the subsurface from recorded data usingmechanical vibrations. Data is obtained
by generating seismic energy at the surface at a known time and recording refracted
energy using an array of geophones planted on the surface (Brosten et al. 2005).

Several factors affect seismic velocities through soils and rocks. Some of them
include lithological properties of soils (grain sizes, grain shape, grain type, grain
size distribution, amount of compaction, amount of consolidation and cementation),
physical properties of soils (porosity, permeability, density, degree of saturation,
pressure, and temperature), and elastic properties of soils [shear modulus (G), bulk
modulus (K), Young modulus (E), Poisson’s ratio (ν) and Lamé constant (λ)]. All
the above factors are interrelated and affect the seismic velocity. For example, higher
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compaction will increase the shear and bulk modulus of the soil, reduce porosity,
and therefore increase the seismic velocity through that material (Uyank 2011).

Electrical resistivity surveys provide continuous monitoring (in space) of the sub-
surface of dams and levees. Electrical resistivity surveying have been extensively
used in the past to identify subsurface seepage through the body and foundation of
dams (Butler et al. 1990; Okko et al. 1994; Abuzeid 1994; Panthulu et al. 2001; Zhou
andDahlin 2003; Kim et al. 2004; Lim et al. 2004; Cho andYeom 2007; Sjödahl et al.
2008; Lin et al. 2013; Al-Fares 2014; Himi et al. 2016). Electrical resistivity of soil
is mainly affected by porosity, degree of saturation, pore fluid resistivity, and clay
content (Friedman 2005). Archie (1942) used clean sandstones and carbonates which
were fully saturated with aqueous solutions of varying concentration and derived his
first law, which states that the bulk resistivity (ρb) of a rock fully saturated with an
aqueous fluid of resistivity (ρw) is directly proportional to the resistivity of the fluid.
In his second law, Archie derived an empirical relation for partially saturated clean
sand. Archie’s first and second law do not incorporate the effect of clay on electrical
resistivity. When clay is present, the path of the current is not just through the pores,
but also along the surface of the clay material. Therefore, the measured bulk resis-
tivity is now dependent on the clay content as well as the type of clay in the soil.
Waxman and Smits (1968) derived a formula for calculating the bulk resistivity of
soils containing clay.

Cross-plot criteria based on seismic and electrical attributes for seepage and piping
are shown in Fig. 6. In the quadrant labeled 1, with low p-wave velocity and high
resistivity, the dam is classified to be in poor condition. This condition is because
low p-wave velocity is associated with poor compaction (low stiffness) and high
porositywhereas high resistivity is associatedwith low clay content or a high porosity
unsaturated sand. Therefore, a combination of these factors would classify a dam as a
poor condition. Criteria for a good dam condition are shown in quadrant 4 with high
p-wave velocity and low resistivity. A combination of well-compacted soil with low
porosity (high p-wave velocity) and high clay content (low resistivity) is considered
a good dam condition. Although low resistivity can also be associated with high
porosity brine saturated sand, this is not a probable condition in dams and levees.

Study Area and Survey Parameters

Three locations were selected to conduct both seismic and electrical resistivity mea-
surements. Survey line 1 is on the waterside of the levee, survey line 2 is on the
berm of the levee, and survey line 3 is on the landside of the levee between the first
sand boil and the two sets of sand boils. Each survey line is 478 m long and starts at
the northern end and progresses southward parallel to the levee. Figure 7 shows the
location of the three survey lines and the sand boils.

For the p-wave seismic refraction surveys, the whole length of each survey line
is covered using a 24-geophone roll-along. Shot records were collected at 1 m offset
from the first and last geophones and in-between all geophones. For electrical resis-
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Fig. 6 Cross-plot analysis based on p-wave seismic velocity and electrical resistivity values. A
compromised dam condition is characterized by a combination of low p-wave velocity and high
resistivity whereas a good dam has high p-wave velocity and low resistivity

tivity surveys, the whole length of each survey line is covered using a 56-electrode
roll along. Additional survey parameters are summarized in Table 1.

Fig. 7 Locations of p-wave
seismic refraction and
electrical resistivity survey
lines. The arrows on the lines
indicate direction of surveys
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Table 1 Seismic refraction
and electrical resistivity
survey parameters used at
Francis Levee Site

Seismic refraction

Number of
geophones

48 10 Hz vertical
component

Geophone spacing 2 m

Sample interval 0.125 ms

Record length 2 s

Electrical resistivity

Number of electrodes 112

Electrode spacing 1 m

Survey configuration Dipole-dipole

Rayfract™ software (Intelligent Resources 2018), is used for the inversion of
all seismic refraction data. Surfer™ imaging software (Golden Software 2018), is
used to build the tomograms after processing. EarthImager2D™ inversion software
(Advanced Geosciences 2018) is used for the inversion and imaging of all the elec-
trical resistivity data.

Results and Analysis

i. Waterside (Line 1)

The electrical resistivity tomograms for line 1 (waterside) are shown in Fig. 8.
Available borehole information is shown on the tomograms to aidwith interpretation.
Based on borehole data, all eleven anomalies (E1–E11) on Fig. 8 are located in the
sand zone. Ground water level (GWL) is at 4.7 m depth indicating that the sand zone
is saturated.

A possible seepage zone has high permeability. The permeability of soil depends
on porosity and grain size distribution. High permeability corresponds to high poros-
ity, which leads to low p-wave velocity. High permeability also implies coarse soil
or low clay content which leads to high resistivity.

Therefore, in order to reduce the number of anomalies in the ERT tomograms, the
next step is to identify locations of low-velocity anomalies in the seismic refraction
tomograms that are collocated with high resistivity anomalies. The p-wave seismic
velocity tomograms for line 1 (waterside) are shown in Fig. 9. Six seismic anomalies
(S1–S6), all located in the sand zone, are identified having low p-wave velocity
compared to their background.

ii. Identification of true compromised zones using theoretical models

In order to identify true compromised zones out of the six possibilities shown in
Fig. 9, an effective fluid velocity model (Eq. 1a) and (Eq. 1b), which is a suspension
with no frame modulus, is used to model the seismic velocity of the sand zone and
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Fig. 8 Line 1 (waterside) electrical resistivity tomogram, a 0–220 m distance, b 168–388 m dis-
tance, and c 336–446 m distance. The broken line circles indicate locations of electrical resistivity
anomalies (E1–E9) with high resistivity all located in the sand zone. GWL represents ground water
level from well readings

to calculate porosity (φvelocity) from p-wave velocity tomograms.

Ksat =
(
V2

p

)[(
1 − φvelocity

)
ρo + (

φvelocity
)
ρw

]
(1a)

Ksat = (Ks · Kw)(
1 − φvelocity

)
Kw + (

φvelocity
)
Ks

(1b)

where Ksat is the saturated bulkmodulus of the soil, Ks is the sand grain bulkmodulus
(36.6 GPa), Kw is the bulk modulus of water (2.20 GPa), Vp is p-wave velocity (m/s),
ρw is density of water (1000 kg/m3), ρs is the sand grain density (2650 kg/m3), and
φveloci t y is porosity calculated from p-wave velocity. Since average p-wave velocity
(Vp) can be obtained from the tomograms in Fig. 9, porosity (φvelocity) for each of
the six seismic anomalies can be calculated by equating Eqs. (1a) and (1b).

Archie’s first law (Eq. 2) for a fully saturated clean sand,

ρo = ρw · φ−m
resistivity, (2)

is used tomodel the electrical resistivity of a fully saturated clean sand and to calculate
porosity (φresistivity) where ρo is the bulk resistivity, ρw is the resistivity of the pore



32 L. T. Wodajo et al.

Fig. 9 Line 1 (waterside) p-wave tomogram, a 0–96m distance, b 48–144m distance, c 240–336m
distance, and d 336–432 m. The broken line circles indicate locations of seismic anomalies (S1–S6)
with low p-wave velocity all located in the sand zone. GWL represents ground water level from
well readings

fluid,φresistivity is porosity calculated fromelectrical resistivity, and cementation factor
(m) is taken as 1.8 for sand.

From the seismic refraction tomogram (Fig. 9) and electrical resistivity tomograms
(Fig. 8), the sand zone (excluding the anomalies) has an average p-wave velocity of
1750 m/s and an average electrical resistivity of 415 � m. Porosity of the sand zone
is determined by using Eq. (1) and the average p-wave velocity of the sand zone.
The average resistivity of the sand zone is then used to determine the resistivity of
the pore fluid (ρw) using Eq. (2). Resistivity of the pore fluid (ρw) is assumed to
remain constant and porosity (φresistivity) for each of the six seismic anomalies can
be calculated using Eq. (2). Once the porosities of the six anomalies are calculated
using the two models, their consistency is compared as shown in Table 2. Seismic
anomaly 5 (S5), located 18–27 m below the surface, has both calculated porosities
within an acceptable range (<0.5) and is the most consistent between the two models
(Table 2). Therefore, seismic anomaly 5 (S5) is considered an area most probably
associated with a seepage path.
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Table 2 Average p-wave velocity and electrical resistivity values for the six anomalies on the
waterside, summary of values and consistency in the calculated porosity of the six anomalies

Anomalies
(Fig. 9)

Velocity
(m/s)

Resistivity
(� m)

φvelocity
(Archie’s
first law
model)

φresistivity
(effective
fluid velocity
model)

�φ = φres −
φvel

S1 1656 160 0.35 0.49 0.14

S2 1597 133 0.40 0.54 0.14

S3 1597 63 0.40 0.82 0.42

S4 1646 15 0.35 1.82 1.47

S5 1639 218 0.36 0.41 0.05

S6 1430 29 0.71 1.26 0.55

iii. Landside (Line 3)

The electrical resistivity tomograms for line 3 (landside) are shown in Fig. 10.
The survey for Fig. 10a was conducted in May whereas the survey for Fig. 10b, c
were conducted in December. Anomaly EA2 in Fig. 10b is not present in Fig. 10a,

Fig. 10 Electrical resistivity tomograms for line 3 (landside). a 0–170 m distance, b 112–222 m
distance, and c 168–278m distance. The broken line boxes indicate locations of electrical resistivity
anomalies (EA1–EA8) with high resistivity all located in the sand zone. The red and blue lines at
the top of the figures indicate areas of overlap. The small red boxes at the top of the tomograms
indicate the relative locations of the three sand boils. GWL represents ground water level from well
readings
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Fig. 11 Line 3 (landside) p-wave velocity tomograms. a 0–96 m distance, b 48–144 m distance,
c 96–192 m distance, d 144–240 m distance, and e 192–288 m distance. The broken circles indicate
locations of seismic anomalies (SA1–SA3) with low p-wave velocity all located in the sand zone.
The small red boxes at the top of the tomograms indicate the relative locations of the three sand
boils. GWL represents ground water level from well readings

which could be an effect of seasonal change. Even though the surveys for Fig. 10b,
c are conducted at the same time, they do not indicate anomaly EA7 in a similar
fashion. In general, since anomaly EA3 and EA4 are collocated, ERT survey on line
3 (landside) indicate seven distinct anomalies where all the high resistivity anomalies
are located in the sand zone. P-wave velocity tomogram for line 3 (landside) indicate
three distinct seismic anomalies labeled SA1, SA2, and SA3 (Fig. 11) having low
p-wave velocity compared to their background and all located in the sand zone.

The location of all the electrical resistivity anomalies (Fig. 10) and all seismic
velocity anomalies (Fig. 11) are obtained from the tomograms and indicated across
line 3 (landside) as shown in Fig. 12. Seismic anomalies 2 and 3 have a corresponding
anomaly in the ERT tomograms. Seismic anomaly 2 (SA2) is collocated with ERT
anomaly 3 (EA3) and seismic anomaly 3 (SA3) is collocated with ERT anomaly 8
(EA8). Since seismic anomaly1 (SA1) has no correspondinghigh resistivity anomaly,
it can be omitted.

Cross-Plot Analysis

In order to identify which of the remaining two pairs of collocated anomalies, ([SA2
and EA3] and [SA3 and EA8]), is associated with the formation of the sand boils, a
cross-plot analysis based on the seismic velocity and electrical resistivity of anomaly
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Fig. 12 An aerial image of
survey line 3 (landside) with
locations of SRT and ERT
anomalies indicated along
the survey line

number 5 (S5) on the waterside is performed. Cross-plot analysis using the seismic
velocity (1639 m/s) and electrical resistivity (218 � m) values of anomaly number 5
(S5) (Table 2) on the waterside can be used to identify similar anomalous locations
on the landside (line 3). This is a variant of standard cross-plot analysis where prior
information is used as the boundary of the cross-plot analysis.

The cross-plot analysis of seismic anomaly 2 (SA2) and electrical anomaly 3
(EA3) is shown in Fig. 13. The blue boxes on both the ERT (Fig. 13a) and SRT
(Fig. 13b) is a background area selected covering both anomalies (SA2 and EA3).
The size (area) of the blue boxes are the same on both ERT and SRT tomograms.
Each grid point in the ERT tomogram has a corresponding grid point in the SRT
tomogram. All electrical resistivity and p-wave velocity pairs within the blue boxes
(background) are cross-plotted on a resistivity versus p-wave velocity plot and shown
with blue dots (Fig. 13c). Similarly, the cross-plot for the SA2 (black points) and EA3
(purple points) are shown in Fig. 13c. The cross-plot boundary values of 1639 m/s
and 218 � m are shown with the red lines on the cross-plot Fig. 13c. Analysis of the
cross-plot indicates that neither SA2 nor EA3 fall in the compromised quadrant.

Similarly, the cross-plot analysis for SA3 and EA8 is shown in Fig. 14c. A smaller
area shown with a white box on both tomograms is picked by focusing on the high
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Fig. 13 a Electrical resistivity tomograms for line 3 (landside) for 0–170 m distance, b line 3
(landside) p-wave velocity tomograms for 96–192 m distance, c cross-plot analysis using SA2 and
EA3

Fig. 14 a Electrical resistivity tomograms for line 3 (landside) for 168–278 m distance, b line 3
(landside) p-wave velocity tomograms for 168–278 m distance, c cross-plot analysis using SA3 and
EA8
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resistivity area within SA3 (black box). The cross-plot of this smaller area is shown
by the light blue dots on the cross-plot (Fig. 14c). The cross-plot analysis shows
that the majority of SA3/EA8 falls within the compromised quadrant. This is an
indication that the combination of SA3 and EA8 have similar features to anomaly
number 5 (S5) on the waterside (Fig. 9d) and could be associated with the formation
of the three sand boils.

Interpretation

In order to identify a possible seepage path, the location of the sand boils, the six
anomalies on the waterside, and the three anomalies on the landside are plotted on
an aerial image of Francis Levee Site as shown in Fig. 15. A possible seepage line
parallel to the northern edge the meander belt is drawn passing through anomaly
S5 on the waterside and anomaly SA3/EA8 on the landside. The projection of this
possible seepage path passes through the three sand boils. Flow path parallel to the
meander is expected because the soil deposit inside the meander has low compaction
and high permeability compared to the native ground. Water can flow through the
highly permeable sand and gravely sand and cause sand boil formations at locations
where the overburden clay layer is thin. The anomaly on the landside is located
18–27 m below the surface whereas on the waterside the anomaly is between 15 and
21 m below the surface.

Fig. 15 Possible seepage path (blue line) going parallel to the northern edge the meander belt and
passing through anomaly S5 on the waterside and anomaly SA3/EA8 on the landside
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Conclusions

Results from seismic refraction and electrical resistivity surveys conducted at Francis
Levee Site indicate seven distinct anomalies that might be associated with seepage.
For both surveys on the waterside and landside, applying the restriction that velocity
of a seepage zone should be lower than the background velocity reduces the number
of anomalies in the ERT tomograms.

The location (depth from the surface) of the anomalies, associated with the pro-
posed seepage paths, support the idea that the preferential flow occurs within the
sand layer in the old oxbow. The location of the sand boils is along the proposed tra-
jectory but most likely outcrops where the overlying impermeable clay layer is thin
or the weakest. The predicted subsurface pathway is reasonable because it follows
the contour of the meander and it passes through the location of the sand boils.

Multiple geophysical surveys such as seismic refraction tomography and electrical
resistivity surveys can be used for the early identification of compromised zones in
dams and levees. Instead of analyzing the results from multiple methods separately,
cross-plot analysis can be used to combine the strength of the individual methods
and provide a simplified representation of the integrity of the dam or levee.
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A Borehole Seismic Reflection Survey
in Support of Seepage Surveillance
at the Abutment of a Large Embankment
Dam

Karl E. Butler, D. Bruce McLean, Calin Cosma and Nicoleta Enescu

Abstract Retrofitting existingdams for the installationofmodernmonitoring instru-
mentation requires confidence in one’s knowledge of the dam’s internal structures.
In 2010, the operator of the Mactaquac Generating Station wished to install a fibre
optic distributed temperature sensing (DTS) cable as close as possible to the sub-
vertical contact between the concrete diversion sluiceway and the clay till core of
the adjacent zoned embankment dam. Given a lack of detailed as-built drawings, a
plan was developed to image the interface by GPR or seismic reflection surveying
from a sub-parallel borehole, offset by approximately 1 m at surface and by an esti-
mated 4 m at the dam’s foundation, near 50 m depth. Seismic reflection imaging,
although novel for this application, emerged as the favoured approach after the range
of borehole GPR surveys proved inadequate, due to high electrical conductivity in
the concrete. A very high resolution wall-clamping seismic tool, with piezoelectric
source and eight receivers, was operated in the dry borehole at 60 cm increments.
Two surveys with different tool orientations were conducted to favour the reception
of either P-wave or S-wave reflections from the interface, although such reflections
were obscured, in the shot records, by relatively slow surface waves travelling along
the borehole wall. A relatively simple processing flow involving bandpass filtering,
CMP (common midpoint) stacking, and mean trace subtraction was successful in
revealing an interpreted S-wave reflection from the interface, having a dominant
frequency near 7 kHz representing a wavelength of about 35 cm. Interference from
residual surface waves and apparent scattering from concrete layers, rebar or other
heterogeneities near the borehole was very significant, but near-agreement of the
interpreted reflection with the interface shown on engineering design plans provided
confidence to proceed with the installation of two monitoring boreholes estimated to
lie with 50 cm of concrete/clay contact.
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Introduction

As the average age of dams and levees worldwide continues to increase, and original
design lives are approached or exceeded, the need for non-invasive to minimally-
invasivemethods of investigation andmonitoring has grown (e.g., FEMA2005, 2015;
FERC 2017; ASCE 2017; CEATI 2018). Geophysical methods provide a means of
investigating the internal structure of dams but factors such as size, steep topography,
protective rip-rap, and partial cover by contained water or waste can make it chal-
lenging to deploy geophysical methods on surface and achieve sufficient resolution
at required depths of exploration. In some situations, borehole geophysical surveys
can yield much better results, particularly where the target zone is small compared
to its depth, or is a sub-vertical internal feature such as a low-permeability core or
an abutment.

This investigation focuses on one such target at the Mactaquac Generating Sta-
tion—a 660 MW hydroelectric facility located on the Saint John River, approxi-
mately 20 km upriver of Fredericton, New Brunswick, Canada (Fig. 1). The facility,
completed in 1968, includes a 500 m long zoned rockfill embankment (Conlon and
Ganong 1966; Tawil and Harriman 2001), which stands up to 58 m high above its
foundation or approximately 32 m above its toe (Fig. 2). In 2010, the dam’s oper-
ator NB Power, had purchased a fibre optic distributed temperature sensing (DTS)
system to be installed in such a way as to monitor for any indications of preferen-
tial seepage along the ~50 m long sub-vertical interface between the embankment

Fig. 1 Location of the Mactaquac hydroelectric generating station (yellow circle) in the province
of New Brunswick (shaded red), Canada
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Fig. 2 Aerial photo of the Mactaquac hydroelectric generating station, with its 500 m long zoned
rockfill embankment dam

dam’s compacted clay till core and the adjacent concrete diversion sluiceway struc-
ture (Figs. 2 and 3). The idea was to install the fibre optic cable in a borehole drilled
into the concrete as close as possible to the interface, so as to maximize the DTS
system’s sensitivity to any temperature anomalies caused by interfacial seepage flow.
Given the fact that as-built drawings were not available, the first step in this process
was to determine the precise position of the concrete/clay core interface. The meth-
ods selected for interface delineation were single-borehole GPR (ground penetrating

Fig. 3 Close-up view of the interface between the embankment dam and the steeply inclined
concrete South End Pier (SEP) of the Diversion Sluiceway. Inset shows a 3D model of the interface
with the embankment removed
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radar) reflection surveying as described by Giroux et al. (2011), and single-borehole
seismic reflection surveying—the topic of this paper.

NB Power’s interest in investigating conditions along the northern abutment of
the embankment dam was motivated by the fact that concrete structures at the sta-
tion suffer from expansion and degradation as a consequence of Alkali Aggregate
Reactivity (AAR). Innovative techniques have been developed onsite for ongoing
remediation of the concrete structures (e.g. Gilks et al. 2001), and it was considered
important to be proactive by initiating an investigation of the interface between the
embankment dam and concrete diversion structure. Apart from the AAR issue, inter-
faces between earthfill/rockfill embankments and concrete structures are generally
recognized as areas of elevated risk for the development of seepage, internal erosion
and damaging piping within embankment dams (Fell et al. 2005; Mattsson et al.
2008). Seepage can arise if a gap opens along the interface as a consequence of grad-
ual or earthquake-induced settlement of the fill, or differential thermal expansion and
contraction.

Survey Design

The geometry of the problem, and the idea of imaging the interface from a single
borehole using reflected seismic waves (P-waves and S-waves) is illustrated in Fig. 4.
The objective was to delineate the interface with decimetre precision, so that a bore-
hole for the DTS cable could be installed in the concrete as close to the embankment
dam core as possible. A surveying borehole (SEPI-1), approximately 50 m in length
and having a diameter of 3.782′′ (96.06 mm), was drilled into the concrete South End
Pier (SEP) of the diversion sluiceway during the summer of 2010 from a point on the
road crossing the structure (Figs. 3 and 4). As a further aid to visualization, Fig. 5
shows the approximate location of this borehole when superimposed, schematically,
on a photograph taken during construction of the concrete SEP in 1965. The borehole
was continuously cored, yielding concrete core samples with porosities of 11–16%,
containing abundant angular fragments of greywacke aggregate (Fig. 6).

As shown in Fig. 4, the surveying hole was drilled a safe distance back from the
interface, and at a steeper angle than the expected dip of the interface so that interface
reflections could be more readily separated (during data processing) from refracted,
or guided waves travelling directly from source to receiver along the borehole itself.
Based on dam design plans and on a survey of the borehole inclination and collar
location, the interface was expected to lie 1 m away from the hole at surface and
4 m away at the bottom (Fig. 4). The range of distances was considered better than a
constant borehole-interface separation for the afore-mentioned reason and because
it was impossible to predict an optimal separation in advance. If the separation was
too small then the available seismic systems would not have the resolution required
to distinguish the reflected seismic arrivals from direct arrivals. On the other hand, if
the separation was too large, the high frequency/short wavelength seismic systems
needed for high resolution imaging would not have the required depth of penetration.
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Fig. 4 Long-section AA′ (looking upstream) though the embankment/SEP interface showing the
geometry used for multi-channel single hole seismic reflection imaging of the interface. Shape of
the SEP has been traced from an engineering design plan. Internal sub-horizontal lines represent
contacts between concrete pour lifts which were nominally 5′ (1.5 m) thick. Borehole-to-interface
distances are estimates based on dam design plans and a borehole orientation survey
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Fig. 5 Photo, looking downstream, of the concrete SEP (in foreground) under construction in 1965,
completed to an elevation near the top of the tunnel (visible at left) shown in Fig. 4. Approximate
location of the surveying borehole SEPI-1, drilled in 2010, is shown schematically in yellow. Note
the presence of rebar mesh along the inclined surface of the SEP at right, along with tie rods
extending inward from the mesh just above the level of the concrete

Initially, in October, 2010, delineation of the interface was attempted using a
borehole ground penetrating radar (GPR) system with 100 and 250 MHz antennas,
operated in amulti-offset configuration (Giroux et al. 2011). Surveyswere completed
with the boreholemostly emptied ofwater (bypumping).Unfortunately, the relatively
high electrical conductivity of the concrete greatly limited the depth of penetration
of the GPR signal. Estimates of the concrete resistivity at GPR frequencies, based on
measurements of GPR velocity, attenuation, frequency-lowering were in the range
of only 10–25 �m. (Later measurements of DC resistivity, by normal resistivity
logging, ranged from 15 to 90 �m.) A possible interface was detected over a portion
of the borehole but it was considered to be too close to the borehole and too steeply
inclined to be valid.

Following the GPR survey, the possibility of seismic imaging was pursued. A
review of the geophysical literature revealed that experimental surveys of high reso-
lution single borehole seismic reflection imaging had been carried out by oil and gas
industry for the detection of geological boundaries and fractures at distances on the
order of 1–10 m from the borehole. These surveys (e.g. Hornby 1989; Emersoy et al.
1998; Chabot et al. 2002; Franco et al. 2006; Tang et al. 2007; Bing et al. 2011) had
utilized modified full waveform sonic (FWS) logging tools with relatively powerful
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Fig. 6 Five concrete core samples (2.5′′ or 63.5 mm diameter) collected between depths of 20
and 45 m in borehole SEPI-1. Aggregate pieces are greywacke. Fractional porosities determined
by hydrostatic weighing of three 30 mm thick disks from each sample varied from 0.11 to 0.16
(±0.02)

sources, relatively long source-receiver offsets, and up to 24 receivers. The large
number of channels allowed the use of advanced data processing techniques for the
enhancement of reflections, relative to other interfering seismic arrivals. While those
tools and services were not considered feasible for the relatively short and small
borehole at Mactaquac, they did offer proof-of-concept that seismic imaging was
feasible.

In late August 2012, two different high frequency borehole seismic systems were
used for reflection surveying. The first was a 4-channel slim-hole FWS logging tool
from Mount Sopris Instrument Company Ltd., modified by the use of both standard
and custom-length sonic isolator sections, to allow the acquisition of data at 11
different source-receiver offsets. The FWS survey was considered speculative in that
the instrument is designed for the measurement of seismic wave velocities in water-
filled holes—not for the measurement of reflections from off-hole interfaces. There
were however, logistical advantages in terms of instrument availability, rental cost,
and ease of use. And even if the tool was not successful in imaging the interface,
it would provide excellent control over P and S-wave velocity within the concrete,
which would be valuable for purposes of processing data from the second seismic
imaging survey, described below.

The second seismic reflection survey employed a unique, very high resolution,
8-channel borehole seismic system, known as themodel PS-8R, originally developed
by Vibrometric for research on rock mass characterization at hard rock nuclear waste
repository sites (Cosma 1995; Emsley et al. 1997). The instrument had very recently
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been used successfully for single-hole seismic reflection imaging of the excavation
damaged zone (EDZ) surrounding a tunnel at very short ranges of 0.8–1.4 m (Cosma
et al. 2010). Although recognized to be experimental, this unique instrument with its
high bandwidth sonic to ultrasonic source was considered to offer the best imaging
capability for the short range application at Mactaquac dam. Perhaps most signifi-
cantly, its ability to clamp directly to the borehole wall would promote coupling of
both P and Swaves into the concrete, and would allow the survey to be done in an air-
filled hole. The direct wall coupling and absence of water was expected to eliminate
interference from direct and trapped P-wavemodes travelling from source to receiver
inside the borehole, and also to reduce interference from Stoneley waves (or tube
waves) which appear especially strong when measured using hydrophones inside a
borehole filled with water. The survey would benefit from experience acquired in
larger scale mining-related applications with target distances ranging from 10s of
metres to over 100 m from the borehole (e.g., Cosma et al. 2006, 2007), although
those surveys made use of more powerful piezoelectric sources and hydrophone
receivers suspended in water.

Instrumentation and Data Acquisition

Full Waveform Sonic (FWS) Logging

The Mount Sopris FWS logging tool (model 2SAFF-1000, Fig. 7) consisted of a
transmitter section equippedwith an acoustic source separated froma receiver section
by a flexible rubber hose known as a sonic isolator. The variable frequency source
was operated in monopole mode with a centre frequency of 15 kHz which appeared
to provide the strongest P and S-waves arriving by refraction along the borehole wall.
The receiver section included four hydrophone receivers at offsets of 3, 4, 5, and 6 ft
from the source when using the standard 2.5 ft sonic isolator.

Although the FWS logging tool was designed to measure only ‘direct’ waves,
travelling from source to receiver along the borehole, special efforts were made
to improve the chances of detecting weaker reflections from off-hole interfaces.
In particular, additional source-receiver offsets of 3.5, 4.5, 5.5, 6.5, 7, 8, and 9 ft
were acquired using a custom-made 3 ft-long sonic isolator, either on its own or
in combination with the standard isolator on successive logging runs. The point of
acquiring data at so many source-receiver offsets was to facilitate more effective use
of multi-channel processing methods and common midpoint stacking for enhancing
reflections from off-hole interfaces. Logging runs were also acquired very slowly
(at about 0.6 m/min) to minimize motional noise and maximize signal averaging
while maintaining a fine measurement interval (a stack of 16 pulses—the maximum
available—being acquired each 2.49 cm depth).

Strong Stoneley wave arrivals (surface waves that propagate along the well bore
at a velocity lower than that of the S-wave) are inevitable with conventional (non-
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Fig. 7 a Surface components of the Mount Sopris FWS logging system, including winch with
control console attached, shown while logging borehole SEPI-1. b FWS logging tool with closed
cell foam wrapped around sonic isolator for Stoneley wave suppression

clamping) sonic logging tools that use acoustic sources and hydrophone receivers
suspended in water-filled boreholes. Stoneley waves represented interference in this
survey given that they dominated the recordings at times when much weaker reflec-
tions from the concrete/clay interfacewere expected to arrive. Various types of exper-
imental Stoneley wave suppressors including closed cell foam (Milligan et al. 1997),
rubber torque arrestors (intended to limit twisting of pumps in water wells), and a
custom-machined plastic collar were attached to the sonic isolator in attempts to
attenuate Stoneley wave propagation along the borehole by filling as much as the
borehole diameter as possible. The very good (smooth) condition of the boreholewall
allowed near-complete filling of the hole (while still allowing the tools to be easily
lowered and raised easily). However, Stoneley waves still dominated the records dur-
ing most of the time interval when reflections from the concrete/clay interface were
expected to arrive. More sophisticated suppressors (e.g. Daley et al. 2003; Green-
wood et al. 2012), used successfully for lower frequency surveys, were not available.
And attempts to attenuate Stoneley waves by velocity filtering of multi-offset shot
records during processing were ineffective due to spatial aliasing. Ultimately, the



50 K. E. Butler et al.

FWS survey failed to yield a convincing image of the concrete/clay interface; any
P-wave interface reflections were simply too weak to be identified in the presence
of other wave types travelling directly up the borehole. As anticipated then, FWS
logging was most useful in providing logs of P- and S-wave velocity vs depth.

Single-Borehole Seismic Reflection Surveying

The PS-8R borehole tool is a high-frequency (sonic to ultrasonic) seismic system
originally designed for characterizing conditions surrounding boreholes or tunnels
drilled into rock. The nominal bandwidth of the instrument is 5–60 kHz and the range
of investigation can exceed 20 m in rock. The PS8R is similar to a conventional FWS
tool in that it includes a seismic source separated from a linear array of receivers by
a flexible joint. However, it differs significantly in its ability to clamp to the borehole
wall—thereby improving the radiation of both P and S waves into the rock formation
and allowing it to be used in dry boreholes so that Stoneleywaves are diminished. The
PS8R also differs from FWS logging tools in the nature of its source—a piezoelectric
transducer that emits pulse-trains of pseudo-random lengths at pseudo-random time
intervals. The pulse trains are very weak (barely detectable audibly or with one’s
finger placed on the transducer) but signal-to-noise is increased by real-time cross-
correlation of the raw data acquired by each receiver with a pilot trace of the emitted
pulse trains. The cross-correlation process also converts the long pulse trains emitted
by the source into the short (broadband) pulses needed for resolution of multiple
seismic waves arriving within a short period of time.

AtMactaquac, each 8-channel PS8R recordwas generated from a cross-correlated
stack (average) of 490 pulse trains—the maximum number that could be averaged.
Each record, acquired at a sample rate of 0.002 ms and 5–8 ms in length, took about
1 min to acquire. Up to five records were acquired at each depth to allow for further
signal averaging and noise suppression. The tool was then unclamped and raised to
the next desired depth.

Figure 8 shows a photograph of the 4m long PS8R tool as deployed atMactaquac.
The source module was situated at the bottom. Eight receivers spaced 15 cm apart
were located 1.185–2.235 m above the source. The source and each receiver were

8 receivers, 15 cm apart
source

 clamps 

hydraulic lines (blue) 

 attachment point for orientation rods

Fig. 8 Photograph of the clamping, 8-channel Vibrometric PS8R borehole seismic system assem-
bled on surface at Mactaquac Dam
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coupled to the boreholewall throughhard rubber pads alignedvertically onone side of
the tool, opposite to clampswhich are hydraulically extended against the other side of
the hole with a pressure of approximately 20 bars. The source transducer is designed
to vibrate in a direction perpendicular to the face of its pad. Similarly, the receivers
are designed to be sensitive predominantly to incoming vibrations perpendicular to
their pads.

The PS8R tool was operated in two different orientations at Mactaquac in order
to preferentially emit either P-waves or S-waves in the direction of the concrete-clay
interface (Enescu and Cosma 2010). We sought to emphasize P-wave reflections by
operating the instrument with its source and receiver pads pressed against the high
side of the borehole—i.e. pointing towards the concrete/clay interface or wall. Con-
versely, S-wave reflections were emphasized by rotating the tool 90° so that the pads
were pointing towards the headpond—i.e. in a direction parallel to the concrete/clay
interface. These two modes were called “wall-perpendicular” and “wall-parallel”
respectively. The orientation of the tool was controlled manually by the use of 2 m
long aluminum orientation rods (Fig. 9), which interlocked with each other and with
the top of the tool. The rods, marked with depth labels, were also used to manually
lower and raise the tool in the borehole. The tool was secured at a given depth by
use of a vise (Figs. 9) which closed around the circumference of the uppermost rod.
Hydraulic pressure was then applied to clamp the tool to the sides of the borehole.

The original survey plan called for wall-perpendicular and wall-parallel measure-
ments to be made in two separate runs at depth increments of 30 cm. However, in
order to ensure that the tool stayed above the water, which was rising at a rate of
approximately 7 cm/min, it was decided to survey the hole four times at 60 cm spac-
ing (once at even stations and once at interleaved odd stations for each orientation).

orientation 
rods 

hydraulic
pump

vise

instrument
control & 
recording 

Fig. 9 Operation of the PS8R borehole seismic system in borehole SEPI-1 at Mactaquac, August,
2012
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Ultimately, we had time for three production runs. A submersible pump was used to
remove water from the hole between survey runs.

Two unexpected challenges were encountered during data acquisition and subse-
quent processing of the PS-8R reflection data. First, despite being acquired in dry
boreholes, there was significant interference from relatively slow direct waves—
presumably surface waves propagating along the walls of the dry borehole—which
travelled up the borehole wall and overprinted any interface reflections. This is evi-
dent in Fig. 10 which shows, on a typical shot record, where S-wave reflections from
the concrete/clay interface would be expected to appear.

Second, it became apparent that signal strengths were critically dependent on
how firmly the source and receiver pads were coupled to the borehole wall; sig-
nals acquired during the initial wall-parallel production run and the following wall-
perpendicular production run were very weak, suggesting that the pistons on the
hydraulic clamps did not have sufficient range of motion (nominally 5 mm) to press

Fig. 10 Typical PS8R shot record acquired in the wall-parallel orientation with source at 9.2 m
depth, following application of a 1–28 kHz causal bandpass filter. Arrival of the direct S-wave,
with a velocity of 2415 m/s, is clearly visible across all 8 receivers. Arrival times that would be
expected for S-wave reflections from distances of 1, 2, 3, and 4 m are shown as dashed black lines.
Unfortunately, any S-wave reflections from the SEP interface are obscured by stronger arrivals,
interpreted to be borehole wall surface waves or borehole guided waves that sweep across the
record more slowly than the shear wave, despite the fact that the PS8R is operating clamped to the
sides of an air-filled borehole. There is only weak evidence of a direct P-wave arrival at the start of
the record; this is to be expected because the receivers are insensitive to particle motion parallel to
the borehole wall
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firmly against the concrete. Thin washers (up to 1.5 mm thick) were inserted as spac-
ers on the ends of the pistons in order to increase their extension. This improved a
subsequent production run in wall-parallel mode, but the wall-perpendicular signal
strength remained weak, leading to speculation that the hole was not exactly circular
in cross-section, perhaps due to the fact that it was inclined and had been grouted
and re-drilled multiple times.

Data Processing

Although reflections from the concrete/clay interface were not obvious in the shot
records, it was expected, given the very small dip of the interface relative to the
borehole (Fig. 4), that they would be enhanced by applying the relatively simple
multi-channel common midpoint (CMP) stacking technique used successfully for
surface seismic reflection surveying over gently dipping layers. More sophisticated
reflection imaging techniques, including pre-stack migration had been used in the
oil and gas well case studies cited above, and those methods would offer advantages,
especially for imaging interfaces at a high angle to the borehole. However, those
studies also benefited from greater data volumes (more receivers, finer shot spacing)
and longer source-receiver offsets. It is not clear whether the more sophisticated
imaging methods would be justified in this case though it remains a question worth
exploring.

Originally, we had hoped to acquire PS-8R data for both P-wave and S-wave
reflection imaging of the concrete/clay interface using shotpoints at 30 cm increments
in the borehole. However, asmentioned above, two of the three production runs—one
for P-waves and one for S-waves—appeared to suffer from poor coupling between
the tool and the borehole wall. Results obtained by processing those data were non-
conclusive and are not presented. We focus instead on data acquired during the third
production run, conducted in wall-parallel mode favouring the reception of S-wave
reflections from the concrete/clay interface.

Velocity Models

P-wave and S-wave velocities as a function of depth in the concrete SEP were deter-
mined from the FWS logging data in the standard way by semi-automated semblance
analysis on the direct P and S-wave arrivals recorded by four receivers spaced 1 foot
apart, 3–6 feet above the source. The raw Vp and Vs logs are shown in Fig. 11,
along with smoothed values calculated using symmetric moving averaging windows
of various lengths. While some of the fine-scale variability is likely noise, variations
with wavelengths on the order of a metre and more are quite likely associated with
changes in concrete properties. Such variability is to be expected given that the SEP
was constructed of near-horizontal lifts that were nominally 5 ft or 10 ft thick (see
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Fig. 11 P-wave and S-wave velocities measured in borehole SEPI-1 by full waveform sonic (FWS)
logging. Depth refers to slant depth, measured along the inclined borehole

Fig. 4). Vp and Vs both exhibit a gradual increase with depth and their shorter wave-
length variations are quite highly correlated, although there are sufficiently large
variations in the Vp/Vs ratio to cause Poisson’s ratio to range from approximately
0.20 to 0.27. Average P and S-wave velocities are approximately 4210 and 2470 m/s
with nearly all measurements falling within 10% of those averages.

The observed range of FWS velocities in Fig. 11 was comparable to those mea-
sured at much lower frequencies (100–500 Hz) in surface-to-borehole (vertical seis-
mic profile) measurements made using a sledgehammer source on the concrete deck;
P-wave velocities measured using a 12-channel hydrophone eel in the borehole were
just slightly lower at 3900–4200 m/s, while the average S-wave velocity measured
using a downhole 3-component geophone was 2500m/s, in excellent agreement with
the average from FWS logging.

The P and S-wave velocity models were assumed to be 1-dimensional, varying
only with distance along the borehole, meaning that they were assumed to be com-
posed of layers perpendicular to the borehole. Ideally, the model would have been
adjusted to be 2-dimensional, with layers oriented parallel to the concrete lifts that
lie at an angle of approximately 30° to the inclined borehole. However, the effort that
would have been required to incorporate such a 2D velocity model was not consid-
ered to be worthwhile in light of the rather small velocity contrasts between layers
and the minimal improvement to seismic imaging that would be expected.



A Borehole Seismic Reflection Survey in Support of Seepage … 55

Seismic Reflection Survey Processing

Pre-stack Processing

The PS-8R data were processed using VISTA (v. 12) seismic reflection processing
software. Key steps applied during the initial stages of data processing, leading to
productionofCMPstack seismic section, includedbandpassfiltering, trace amplitude
normalization, normal moveout (NMO) correction, and CMP stacking. Details of the
pre-stack processing sequence are given in Table 1.

Bandpass filtering from 7 to 16 kHz (Fig. 12) was the sole pre-stack process used
to combat borehole surfacewave noise.Attempts to further reduce surfacewave noise
in the shot records through velocity-based multi-channel filtering procedures such as
f-k (frequency-wavenumber) filtering were not effective, because the low velocity of

Table 1 Pre-stack processing flow

Step Description

(i) Data import 69 shot records in SEGY format, acquired in wall-parallel mode at
60 cm intervals spanning shot depths of 44.035–3.235 m, were
imported into the processing software. The temporal sampling
interval (2 µs) and all shot/receiver positions within headers were
multiplied by 10 to prevent apparent loss of numerical precision
within some processing commands likely caused by round off error,
given that the software was designed for much larger scale, lower
frequency seismic surveys

(ii) Trace editing Removed small DC bias from traces, muted time-zero noise, and
edited shot records to remove a small number of dead or excessively
noisy traces

(iii) Bandpass filtering A 7–16 kHz minimum phase Butterworth bandpass filter (applied as
0.7–1.6 kHz to the scaled data) was used to preserve most of the
expected bandwidth of reflected S-wave arrivals and attenuate low
frequencies dominated by surface waves travelling along the
borehole wall (Fig. 12)

(iv) Trace normalization Trace amplitudes were normalized by their mean absolute values
over the window 0.4–2.5 ms to balance amplitudes from one trace to
the next and one shot location to the next

(v) Top mute A top mute was applied to remove direct P- and S-wave arrivals in
each shot record

(vi) NMO correction Normal moveout (NMO) corrections were applied to each shot
record, using the 4 m running average FWS S-wave velocity model,
in order to flatten any S-wave reflections

(vii) CMP stack Stack (average) channels 1–7 in each NMO-corrected shot gather to
enhance the strength of reflected arrivals relative to other seismic
events. (Omitting channel 8—the receiver closest to the
source—resulted in a slightly improved stack)

(viii) CMP section Plot the 69 stacked traces (one for each shot record) side by side to
generate a seismic section
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Fig. 12 Upper row: Two sample PS8R shot records at depths 14.6 m (left) and 32.0 m (right)
after processing to remove small DC bias and mute time-zero noise. Lower row: Same two shot
records after 7–16 kHz minimum phase Butterworth bandpass filtering with gentle roll-off slopes
of 12 dB/octave. The amplitude of each trace has been normalized by its mean for display. Mean
amplitudes of each trace are graphed at the base of each record, using a common scale
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the surface wave arrivals caused them to appear spatially aliased despite fact that the
receiverswere only 15 cmapart.We also noted that the bandpass-filtered shot records,
such as those shown in Fig. 12, exhibited a reverberatory character, in addition to
waveform variability presumably caused by changes in source and receiver coupling.
Deconvolution or other spectral broadening processes might be worth investigating
in future work to improve waveform definition and stability.

The pre-stack processing sequence described in Table 1 is essentially the same as
that used to produce a commonmidpoint (CMP) stack seismic section when working
with multichannel seismic reflection data acquired on surface. However, because the
number of channels/receivers was relatively low, and because shot spacingwas rather
large compared to the receiver spacing, the CMP bins were made 60 cm wide (equal
to the shot spacing) so that each bin would include traces from all 8 source-receiver
offsets. This made each CMP gather equivalent to a shot record. The reflection point
smearing associated with this approach was considered acceptable given that the dip
of the interface relative the borehole was expected to be only about 3.7° (see Fig. 4).

Post-stack Processing

The CMP stack seismic section (Fig. 13) generated in this way was dominated by
the borehole surface waves evident in the shot records. Surface waves travelling
along the borehole wall directly from the source to the receivers appear as strong
horizontal banding in the seismic section because their arrival times were largely
independent of position in the borehole. Although they did not sum constructively
across traces during CMP stacking, they remained stronger than any reflection from
the concrete/clay interface which would be expected to appear as a dipping feature,
closest to the borehole at surface and most distant at depth. There are hints of a
dipping feature following the expected trend for an S-wave reflection (dashed line
in Fig. 13) but there is clearly a need to attenuate the direct surface wave noise more
than was achieved by frequency filtering and CMP stacking alone. To this end, a
7-trace (4.2 m long) horizontal running average operator was applied to the CMP
stack to generate an estimate of the direct surface wave noise (Fig. 14). This noise
estimate was then subtracted from the CMP stack yielding the dramatically different
and more informative “mean-filtered” CMP section shown in Fig. 15.

Next, the mean-filtered seismic section was subjected to 2D migration (Fig. 16)
using the 4m running average S-wave velocity model, in an effort to improve S-wave
reflection continuity by collapsing diffraction patterns from small discontinuities
and to correct (steepen) the dip of reflection events. The process assumed that the
velocity model was correct and that there was no significant scattering from out-
of-plane (3D) features. Both assumptions could be questioned, particularly since
the scattered wavefield likely includes P-waves in addition to the S-wave interface
reflection being sought. The effects of migration in this case were subtle, although
it did suppress some clutter which may have been a consequence of diffractions.
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Fig. 13 CMP stack seismic section generated using channels 1–7 after 7–16 kHz bandpass filtering.
Horizontal banding, representing direct waves having arrival times nearly independent of depth,
dominates the section. Dashed line shows approximate arrival time that would be expected for an
S-wave reflection from the concrete/clay interface. Arrows highlight semi-coherent seismic events
that may be the reflection

Fig. 14 Seven-trace (4.2 m) running average mean of the CMP stack seismic section. This was
taken as an estimate of the direct surface wave noise and subtracted from the CMP stack to yield
the mean-filtered CMP stack section in Fig. 15
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Fig. 15 Seven-trace mean filtered CMP stack section (i.e. section in Fig. 13 minus section in
Fig. 14). Arrows highlight coherent segments of a seismic event that may be an S-wave reflection
from the concrete/clay interface

Fig. 16 Seven-trace mean filtered CMP stack section after the application of 2D migration. Red
and green lines show preferred and alternative interpretations for the S-wave reflection from the
concrete/clay interface

Interpretation and Recommendations

Seismic Section Interpretation

The mean-filtered CMP-stack seismic section in Fig. 15, acquired, and processed in
such a way as to favour imaging of a S-wave reflection from the concrete/clay inter-
face, shows several coherent to semi-coherent seismic arrivals, some of which exhibit
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continuity for distances of several metres or more. Their pattern, including the way
that they interfere with each other indicate that there are numerous heterogeneities
within the concrete that have back-scattered S and P-waves to the borehole, probably
from multiple directions. These heterogeneities could include the boundaries of the
SEP structure as well as the near-horizontal contacts between concrete pour lifts and
fractures within the concrete. Given the strength of direct borehole surface waves in
the shot records, it is also highly likely that some of the coherent seismic arrivals
represent back-scattering of surface waves from concrete pour lifts, fractures or other
discontinuities intersected by the borehole. The dominant frequency of the coherent
events is approximately 7 kHz, representing a wavelength of 60 cm for P-waves or
35 cm for S-waves.

Notably, there is one prominent seismic arrival, highlighted by arrows in Fig. 15,
that exhibits arrival times and dip very comparable to those thatwould be expected for
an S-wave reflection from the concrete/clay interface as depicted in the engineering
plan (Fig. 4). The reflection is nearly continuous to a depth of 18 m in the borehole,
and can be extrapolated through two more semi-continuous segments to the bottom
of the survey at 43 m depth. It is nearly linear, as expected, and it has the inverted
polarity (i.e. polarity opposite to that of the direct shear wave arrivals) that would be
expected for a reflection coming a negative concrete/clay impedance contrast.

The preferred interpretation for the SEP interface reflection is outlined more
clearly using a red line overlain on the migrated section in Fig. 16. An alternative
interpretation, highlighted by a green line, differs only in the depth range between
20 and 32 m where a slightly earlier and more coherent event has been selected. The
red line interpretation is preferred because it is more linear.

Quantitative Estimate of Interface Position

Interface reflection time picks from the migrated section were next converted to
estimates of borehole-interface separation using the 4 m running average S-wave
velocity model. A correction of 42µs (~5 cm) was applied to compensate for a small
delay (10 µs) imposed by the minimum phase bandpass filter and for the arrival time
difference (~32 µs) between the onset of the SEP reflection and the waveform peak
that was actually picked. The calculated separations ranged from approximately 0.9
to 3.6 m. Finally, the estimated interface position was plotted as shown in Fig. 17,
taking into account a survey of the borehole inclination, which was slightly steeper
(0.2° steeper on average) than the 60° that had been intended.

Figure 17 has been rotated so that the green “datum line” is inclined at an angle
of 60°—the intended inclination for borehole SEPI-1. The slightly steeper borehole,
which deviates most below 20 m depth is shown in orange. The solid blue line
shows the position that would be expected for the concrete—embankment interface
according to the engineering design plan (Fig. 4), on the understanding that the
borehole was collared 1 m away from interface at surface. The solid black dots and
the open brown dots (which overlay each other over most of the length of the hole)
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Fig. 17 Interpreted position of the concrete—embankment dam interface (black line) relative to
the surveying borehole SEPI-1 shown in orange at its true inclination. Recommended trajectory for
the two seepage monitoring boreholes is shown in red, with grey lines illustrating how it would
vary for ±0.2° inclination error. Note that the offset scale is exaggerated by a factor of four relative
to the borehole slant depth scale
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show the preferred (more linear) interpretation and alternate interpretation for the
position of the concrete—embankment interface.

The “Offset” scale in Fig. 17 is exaggerated by a factor of 4 relative to the borehole
depth scale. Hence the angular undulations in the two interface interpretations are
not as great as they appear. Overall, the two interface interpretations are both slightly
closer to borehole SEPI-1 than was expected, but only by a maximum of 40 cm.
One possible explanation for this systematic difference could be the generation of a
reflection from rebar mesh that was installed just inside the interface—at least near
the base of the structure, according to the construction photo in Fig. 5. While rebar
mesh would not be expected to form as strong a reflector as the adjacent concrete-
earth fill interface, it might contribute a precursor reflection, and be more undulatory
in nature than the SEP interface itself.

Sources of Uncertainty

The greatest source of uncertainty is the possibility that the interface reflection has
not been correctly identified in the seismic section. Confidence in the interpretation
is increased however by the fact that it lies very close to the expected interface in
terms of both offset and inclination, and the upper part of the reflection (to ~18 m
depth) is the strongest and most coherent seismic arrival present in the section.

Assuming that the correct reflector has been identified, we can assign error bars to
the offset estimates based on uncertainties in S-wave velocities and in the accuracy
with which the onset of the seismic reflection can be picked. A velocity uncertainty
of ±5% (i.e. approximately 125 m/s) was considered reasonable in light of the FWS
velocity measurements presented above. This would translate to ±5% in calculated
offsets (e.g. ±18 cm for 3.6 m offset). Picking error, estimated at ±15 µs, would
contribute another ±2 cm.

Two additional sources of uncertainty bear mention but could not be quantified
and were ultimately assumed to be negligible:

(i) Itwas assumed that the smoothedS-wavevelocity vs depthprofile determinedby
FWS logging in the borehole was also representative (within±5%) of velocities
in between the borehole and the concrete/clay interface. This assumes, for exam-
ple, that the grout injected during drilling did not preferentially increase veloc-
ities in the immediate vicinity of the borehole. The condition of core (Fig. 6)
recovered the drilling of borehole SEPI-1 was good suggesting that grouting
was not needed to fill extensive fracturing, although it may have reduced inter-
granular porosity immediately around the hole. The fact that a long wavelength
surface to borehole S-wave velocity measurement was in excellent agreement
with the FWS logging estimates provides some evidence that borehole logging
measurements were representative of those throughout the concrete mass but
cannot rule out the possibility of off-hole low velocity zones.
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(ii) An error in the intended easterly azimuth of the hole as it was drilled could have
caused the interface to be closer than expected at depth if it was large enough to
cause the hole to drift upriver or downriver by distances exceeding 1.1 or 4.4 m
respectively, beyond which there are slight changes in the orientation of the
SEP wall. However, this was considered unlikely given the care with which the
hole was targeted and drilled and the large diameter (and hence stiffness) of the
drill rods. By way of comparison, the average 0.2° error in intended inclination
resulted in the bottom of the borehole being only 18 cm off of the original target.

Installation of Seepage Monitoring Boreholes

The seepage monitoring plan for the concrete/clay interface called for installation
of two boreholes to be drilled from surface parallel to the interface and as close to
it as possible to maximize the sensitivity of temperature and SP monitoring sensors
to any interfacial flow. Instrumentation to be installed in the holes included a heat
trace cable, two fibre optic DTS systems (one in each hole), piezometers, and an
array of electrodes for SP monitoring (Butler et al. 2014). The two holes, separated
by 3.3 m were to be drilled parallel to one another on either side of the centerline
of the dam-crest road and equidistant from the interface so that the thermal signals
generated by active heating in one borehole would be carried downgradient to the
second borehole by any concentrated seepage along the interface.

The benefit of proximity to the concrete/clay contact had to be balanced against
the importance of avoiding damage by inadvertently drilling across it. Helpfully,
the sensitivity of borehole temperature monitoring during active heating, to seep-
age along a nearby interface, was the subject of numerical modelling carried out
in a companion project (Shija and MacQuarrie 2015). One of the key results was
that temperature anomalies expected opposite a zone of concentrated seepage, in a
borehole undergoing active heating, would be up to five times greater at a borehole—
interface offset of 0.5 m compared with an offset of 1.0 m. Considering that result,
and the error bars and undulations in the estimated interface position, it was therefore
recommended that the two parallel monitoring boreholes be installed within 0.5 m
of the interface.

The red line in Fig. 17 shows the linear trajectory recommended for the two
monitoring holes. It was set to be 95% of the distance from the green datum line to
the dashed black line defining the best linear fit to the “preferred interpretation”, less
an additional cushion of 35 cm. This ensured that the trajectory did not cross either
of the two interface interpretations or their error bars. Its closest approach to an error
bar was 0.11 m. The distance from the recommended monitoring borehole trajectory
to the best linear estimate for the SEP interface (dashed black line) was within the
desired range, increasing from 0.30 m at surface to 0.50 m at the foot of the interface
(48 m depth).
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During the late summer and fall of 2013, the recommended monitoring boreholes
were drilled and continuously cored with the same diamond drill and heavy rods as
previously used for the installation of the survey hole SEPI-1 (Fig. 16). The drill core
was entirely concrete. Two pieces of rebar tie rods were observed in core samples—
likely representing pieces of the tie rods seen extending inward from theSEP interface
in the construction photo, Fig. 5. The holes were fitted with instrumentation in early
November, 2013, and (together with other sensors on the dam surface) have provided
a wealth of temperature (DTS) and SP data through all seasons (e.g. Ringeri et al.
2016; Yun et al. 2016). This has been of use to NB Power in seepage surveillance and
is contributing to ongoing research into seepage monitoring technologies. Amongst
other results, modelling has shown that at least some of the temperature anomalies
observed in the DTS data are likely caused by seepage along fractures in the concrete
rather than seepage along the concrete—embankment interface (Yun et al. 2018);
this has been confirmed by “erasure” of such anomalies following targeted remedial
grouting within the concrete (Yun 2018).

Discussion and Conclusions

As dams age and require more inspection or remediation, there will be increased
call for methods that can be used to detect interior defects, or confirm their internal
structure for purposes of installing piezometers, DTS cables and other types of mon-
itoring instrumentation. The objective of this study was to confirm the location of
the steeply inclined interface between an embankment dam and a concrete diversion
sluiceway as accurately as possible for purposes of installing seepage monitoring
instrumentation. Given a prohibition against drilling into the dam’s clay till core,
GPR or high frequency seismic methods deployed from a survey borehole drilled
into the concrete sub-parallel to the interface 1–4 m away were selected as the meth-
ods most likely to yield adequate precision. After GPR failed to achieve sufficient
range of penetration, the focus switched to seismic methods.

To our knowledge, this is the first report of single borehole seismic reflection
imaging applied in a dam or any concrete structure. A novel 8-receiver wall-locking
seismic tool,was used in twodifferent orientations to collect onedata set favouring the
reception of P-wave reflections and another favouring reception of S-wave reflections
from the concrete/earth dam interface, though the former suffered from inadequate
tool clamping. Despite operating in a dry borehole, surface waves travelling directly
up the borehole dominated the 8-channel shot records during the times when S-
wave reflections were expected. Given the shallow dip (~3.7°) expected between the
borehole and the target interface, a relatively simple processing flow consisting of
bandpass filtering, CMP stacking and mean trace subtraction was used to attenuate
the direct surface waves and reveal an interpreted S-wave reflection exhibiting a dip
and offset very comparable to that expected for the concrete—embankment interface.

Interpretation of the S-wave reflection section was complicated by the presence of
residual borehole surface wave noise, and bymultiple semi-coherent arrivals dipping
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both away from and towards the borehole. These events may represent scattering of
S-waves or P-waves from off-hole heterogeneities, or of borehole surfacewaves from
heterogeneities intersecting the borehole (such as the concrete pore lift boundaries
and fractures). It would have been helpful to have shots more closely spaced than
60 cm to reduce the chances of spatial aliasing of such back-scattered signals, and
to allow one to take advantage of more sophisticated pre-stack migration imaging
techniques that could have reduced some of this clutter. The strength and coherence of
the concrete—embankment interface reflectionmight also be improvedbyprocessing
efforts to reduce waveform variability attributed to differences in source or receiver
coupling.

With respect to the instrumentation, the PS-8R borehole tool would have benefited
from clamps with a larger range of motion. As shown in Fig. 10, an ability to shift
the receivers to longer offsets would have been beneficial to reduce the overlap
between interface reflections and guided waves for the 1–4 m range of interface
distances in this case. Also, despite the fact that receivers were only 15 cm apart,
high frequency and slow velocity of surface wave arrivals resulted in spatial aliasing
which prevented them frombeing removedby f-k (frequency—wavenumber) or other
types of velocity filtering. Tighter receiver spacing would be necessary to overcome
that problem. As an alternative to adding receivers, instrument designers could add
one or more additional sources to the tool, each of which would provide a different
set of source-receiver offsets that could be combined during data processing to yield
virtual/composite shot records offering closer receiver spacing and a wider range of
offsets.

Despite the interference evident in the final stacked and migrated S-wave sec-
tions, prior information on the dam’s expected internal structure helped instil con-
fidence in the quantitative interpretation developed for the concrete/clay interface
position. Two 50-m long boreholes for seepage monitoring instrumentation have
since been installed within an estimated 50 cm of the contact. Given the potential for
improvements in data acquisition and processing, prospects for further development
of seismic imaging in dams and other concrete infrastructure appear to be promising.
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Self-potential Imaging of Seepage
in an Embankment Dam

A. Bouchedda, M. Chouteau, A. Coté, S. Kaveh and P. Rivard

Abstract We have investigated seepage in Les Cèdres embankment dam (Valley-
field, Canada) by combining self-potential tomography (SPT), electrical resistance
tomography (ERT), thermometry, electromagnetic (EM) conductivity and magnetic
measurements. SPT consists of inverting self-potential data to retrieve the source
current density distribution associated with water flow pathways (streaming current
density) in embankment dams. The SPT inverse problem relies on the resistivity
model of the dam that is obtained by 3-D ERT. Our 3-D SPT code is based on
Occam’s inversion. The forward problem is solved using the finite-volume scheme.
The investigated embankment dam is used to channel water from the Saint-Lawrence
River to a hydroelectric plant. It separates in its upstream and downstream sides Les
Cèdres and St-Timothée reservoirs respectively. St-Timothée reservoir is emptied
during the winter and filled during the summer. Temperature monitoring was done in
a borehole installed in the middle of the survey zone. To build a better understanding
of water flow through the dam, it is important to separate the part of the source cur-
rent density caused by the electrokinetic effect from the other sources (principally
electro-chemical). In order to achieve that, ERT, EM31, magnetic and thermometric
measurements have been used in the interpretation. EM conductivity maps allowed
identifying two linear anomalies causedbymetal-shielded electrical cables. Themag-
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netic survey shows an important anomaly zone that is probably related to a metallic
object. Therefore, all measurements near these zones were discarded from inversion.
SPT shows a few seepage sources on the upstream dam side at a depth between 4
and 5 m. Two of them are confirmed by geotechnical testing. The water flow through
the dam appears complex. It is partly controlled by a permeable zone that is well
identified in the resistivity model. In the vicinity of the vertical temperature profile
the SPT shows that the water flows parallel to the dam orientation and not through
the borehole used for thermometry. This is why there is no clear indication of water
seepage in temperature measurements. Finally, all observable seepage outlets on the
downstream side can be related to the SPT anomalies and are observed as conductive
zones in the resistivity model.

Introduction

Embankment dams experiencing seepage or leakage are exposed to the development
of internal erosion which represents a high risk of dam failure. Internal erosion
is caused by the water flow with particle transport. When seepage are observed
at the ground surface of the dam, geotechnical and geophysical investigations are
typically performed (e.g. Butler et al. 1990). A few geophysical techniques have been
developed to detect preferential fluid flow pathways in embankments (Ogilvy et al.
1969; Haines 1978; Gex 1980; Al-Saigh et al. 1994; Panthulu et al. 2001; Rozycki
et al. 2006; Rozycki 2009; Sheffer 2002, 2007; Sheffer and Oldenburg 2007; Bolève
et al. 2009, 2012; Bolève 2013). Both passive and active electric and thermometric
methods have proven to be effective and are widely used (Sjödahl et al. 2008; Smith
et al. 2009). In the last decade, the spontaneous potential tomography (SPT) was
probably the technique that experienced the most active development because the
SP signal is directly sensitive to water flow through a porous media (Sheffer and
Oldenburg 2007; Bolève et al. 2007; Jardani et al. 2008; Revil and Jardani 2013). For
example, Bolève et al (2007), Sheffer and Oldenburg (2007) studied the sensitivity
of the SP response to the flow and dam properties and geometry for the cases of a
saturated and an unsaturated medium.

Les Cèdres is an embankment dam that guides water from a channel of the St-
Lawrence River to a power plant. It was built in 1914 and it has been plagued with
seepage for many years. Water leakage can be observed at dam toe at a few places. In
addition, a few water infiltrations zones were highlighted using geotechnical inves-
tigations (Qualitas 2010) and magnetometric resistivity (MMR) technique (Kofoed
et al. 2011). For these reasons, Les Cèdres was chosen by Hydro-Quebec, the dam
owner and operator, to evaluate non-destructive methods that could be applied to
other problematic dams to detect seepage and assess remediation work. The main
objective was to give a good understanding of water flows within the dam to plan
an effective grouting program in order to stop seepage. As water flowing through
preferential paths can cause streaming potentials and changes in the dam material
resistivity and temperature, self-potential (SP) surveys were carried out along with
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electrical resistivity tomography (ERT) surveys and passive temperature measure-
ments in an existing well through the embankment centered over the perturbed area
as defined formerly by MMR technique. The objectives of this work were to demon-
strate the effectiveness of SPT to detect the existing water inflow and outflow at
dam-water interface as well as the flow path in the dam.

Description of Les Cèdres Embankment Dam and Previous
Works

Les Cèdres embankment dam is located south west of Montreal, Canada, (Fig. 1).
It was built to guide water from a channel of the St-Lawrence River (Les Cèdres
reservoir) to a power plant. The dam separates two reservoirs, Les Cèdres reservoir
in the upstream side and St-Timothée reservoir on the downstream side, respectively.
St-Timothée reservoir is emptied during the winter and filled during the summer. The
top of the dam is flat and is located at an elevation of 42 m. Water levels are at the
elevations 40.35 and 35.5 m in Les Cèdres and St-Timothée reservoirs respectively
when the latter is filled.

From old plans and geotechnical investigations (Qualitas 2010), it appears that
internal structure of the dam (Fig. 2) can be considered as a three layer system com-
posed from top to bottom: heterogeneous material composed from large limestone
blocks, gravel, sand, wood, metallic objects, etc., (2) natural clayey silt and (3) non-
injected bedrock. The impervious zone is located on the upstream face and is made
of clay. Dam height is approximately 12 m and its topography is flat. Our works
focus on the western part of the dam where five water outlets were observed on the
downstream dam side (on the side facing St-Timothée reservoir). The survey area
is located east of the spillway. It is 120 m long starting from spillway and working
toward the east.

Geotechnical investigations by drilling and piezocone soundings (Qualitas 2010)
show an evidence ofwater circulation at two places, EO1 andEO2 (Fig. 2). These two
water inlets were confirmed by MMR surveys (Fig. 3b) and an additional new inlet,
E03, was highlighted (Fig. 2). Optical fiber and thermistor cables were installed in a
well through the embankment centered over an infiltration area powered by E02 and
E01 water inflow as defined by the MMR survey. The vertical temperature profile
versus period of the year (Fig. 3a) shows that most of the changes are caused by
advection in the upper 6 m and by conduction in the deeper part. In the other words,
there is no evidence of water infiltration.
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Fig. 1 Les Cèdres embankment dam and survey location. a Location of Les Cèdres dam near the
city of Valleyfield (Québec, Canada) 40 km southwest of Montreal, along the St-Lawrence River;
b airborne view of Les Cèdres dam separating Les Cèdres reservoir (north) from St-Timothée
reservoir (south). The SP-ERT survey area is indicated by a yellow rectangular frame
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Fig. 2 a Plan of view of the dam; observed water outlets and inlets are denoted SO (SO1 to SO4)
and EO (EO to EO3), respectively. Red lines delimit the contours of the crib projected at ground
surface (the crib is a wooden structure used for transporting embankment material during dam
construction); b North-South section AA′ showing internal structure of Les Cèdres dam. From top
to bottom: (1) heterogeneous material composed from large limestone blocks, gravel, sand, wood,
metallic objects, (2) natural clayey silt and (3) non-injected bedrock. The impervious zone made
of clay is located on the upstream side. Four geotechnical boreholes are shown that were used to
confirm dam construction

Methods

Self-potential Tomography

The Self-potential method is a passive geophysical technique that measures naturally
occurring electrical potentials resulting from electro-chemical reactions, temperature
gradient, electro-filtration phenomena and other unknown origins (Revil and Jardani
2013). In the case of seepage in embankment dam, we are interested in the potential
field along the flow path generated by water flowing through porous media giv-
ing rise to a self-potential called streaming potential (Sheffer and Oldenburg 2007).
This electro-filtration or electrokinetic phenomenon is due to electrokinetic cou-
pling between the fluid ions and grain capillary wall. In practice, it is very difficult
to separate the SP origins. In other words, to characterize water flow, electrofiltra-
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Fig. 3 a Temperature monitoring during two years, from August 2008 to August 2010 when St-
Timothée reservoir was empty (discontinuous lines) and full (continuous lines). Measured in the
thermometry borehole shown in Fig. 2, b 2-DMMRmap showing interpretation of subsurface water
seepage pathways (gray lines) through the dam

tion phenomena should dominate or, at least, other origins should be identified to
avoid any misinterpretation. Temperature gradients inside the dams are generally too
weak to generate a significant voltage. However, corrosion of buried metallic objects
(electrochemical origin) can create large amplitude SP anomalies (≥100 mV) (Revil
and Jardani 2013).

Self-Potential Tomography (SPT) for leak detection in embankment dam consists
in estimating current sources or current densities or hydraulic head distributions
caused by water flow through leakage path (Sheffer and Oldenburg 2007). In the
following, we will first describe the physics of SP method. Then the forward and
inverse problems will be presented. Finally, SP interpretation is discussed.

Physics Principle

When electrokinetic flux is considered, the current density is caused by the sum of
convection current, induced by hydraulic head gradient, and the resulting conduction
current (Revil and Jardani 2013). The total current density is given by
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J = Jconv + Jcond (1)

The convection and conduction currents are given by (Sheffer and Oldenburg
2007):

Jconv = −L∇H, (2)

Jcond = −σ∇v, (3)

where L is a coupling coefficient, v the spontaneous polarization electrical potential,
H the hydraulic head and σ, the electrical conductivity of the medium.

As the current density is a spatially continuous function and, in the absence of
external source (only natural source), we can write:

∇.J = ∇.(Jconv + Jcond) = 0 (4)

which gives the following forward problem governing equation for SPT (Sheffer and
Oldenburg 2007):

∇.(σ∇v) = −∇.(L∇H) = −∇.(Jconv) = s, (5)

where s can be considered as electrical point sources (Minsley et al. 2007) as in
electrical resistivity tomography (ERT); s is a vector of zero values except at current
electrode positions where s is equal to the current intensity.

From Eq. (5), the inverse problem can be solved to retrieve hydraulic head or cur-
rent density or current source distribution. In all cases, the conductivity distribution
should be known before SP inversion. In practice, it is obtained from ERT survey
carried out in the area under investigation.

Forward Problem

As no analytical solution exists in 3D, the SP forward problem is solved by discretiz-
ing Eq. (5); the left term that contains the conductivity and the electrical potential
is identical to the ERT forward problem. In our case, we used the finite-volume dis-
cretization scheme on a regular grid as described by Sheffer (2007) and Scheffer and
Oldenburg (2007). Hence, Eq. (4) can be expressed as

Av = −D · Jconv = s, (6)

where A is the discrete version of the Poisson’s operator ∇.(σ∇).
The matrix A can be written as:
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A = D · M · G, (7)

with D the divergence matrix,M the harmonic mean conductivity matrix and G the
gradient matrix (Sheffer 2007).

The matrix formulation of the SP forward problem can be expressed as follows
(Sheffer 2007):

v = PA−1s = P(D · M · G)−1 · s = P(D · M · G)−1 · D · Jconv (8)

where P is interpolation matrix which interpolates the potential from the grid posi-
tions to measurement stations.

The Eq. (8) can be written in compact form:

v = K · m, (9)

where v is the measured SP data, K the sensitivity or forward problem matrix. In
the case of source inversion: K = P(D · M · G)−1 and m = s, whereas for current
density inversion K = P(D · M · G)−1D and m = Jconv.

As the conductivity distribution is known, the SP forward problem is linear. How-
ever, as the number ofmeasurements is less than the number of estimated parameters,
K is ill-conditioned. Hence, the inverse problem is non-unique and should be regu-
larized.

Inverse Problem

The inverse problem is solved using a re-weighted iterative regularized least-squares
technique (Zhdanov 2015) applied to the minimization of the following model func-
tional

φ(m) = ‖Wd(v − Km)‖22 + β‖WcC · Wz(m − mref)‖22 (10)

wherem is the current density (m= (Jx, Jy, Jz)T or the current source (m= s) model,
mref is the current density or current source reference model, d is the measured SP
data, K is the forward modeling matrix and Wd is the data weighting matrix.

The first term in Eq. (10) is the data fitting function and the second term is
the model objective function or stabilizing functional, and β is the regularization
parameter. The regularization matrix C is defined as the combination of the identity
matrix I and the first derivative matrices Dx, Dy and Dz in x, y and z directions,
respectively. The regularization matrix can be written as:

C = αxDx + αyDy + αzDz + αsI, (11)
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where αx, αy and αz are smoothing weight factors in x, y and z direction, respectively,
and αs is a smallness (or closeness) weight factor. The minimization of the objec-
tive function (10) using a Gauss-Newton algorithm results in the following iterative
equations:

m = (KTWT
dWdK+β · CTC)−1(KTWT

dWd(v) − β · CTC(mref)) (12)

Potential field approaches such as gravity, magnetic and SP suffer from geomet-
rical decays of their kernel. As consequence, all bodies resulting from the inversion
are located near the surface (Li and Oldenburg 1998). In the case of surface SP mea-
surements, Bolève et al. (2009) proposed to include in the inversion system a depth
weighting function similar to the one implemented for gravity inversion by Li and
Oldenburg (1998).

SP Interpretation

Seepage through an embankment dam, going from the upstream side to the down-
stream side, will typically create a negative SP anomaly at water inlet and a positive
SP anomaly at water outlet (Ogilvy et al. 1969). Hence, SP mapping enables qual-
itative interpretation to identify problematic zones. However, interference such as
buried metallic objects (electrochemical origin) and sharp resistivity contrasts (per-
meability changes) should be taken into account to avoid any misinterpretation. In
other words, negative and positive SP anomalies identification on SP map is not
sufficient to locate water inlets and outlets. On the contrary, in SPT the resistivity is
firstly estimated by ERT that allows identifying all anomalies related to high resis-
tivity contrasts. As the SP response caused by water flow (electrokinetic origin) and
buried objects (electrochemical origin) cannot be separated in practice, it necessary
to identify the buried objects to discard the corresponding SP data. For this purpose,
we used magnetic and frequency electromagnetic methods (Telford et al. 1995) in
our case.

As shown in Eq. (5), SPT depends on hydraulic heads (H) or current densities (J)
or source spatial distributions (s). The current density is related to Darcy velocity U
(m/s) (Revil and Jardani 2013) by:

Jconv = QvU, (13)

with Qv (C/m) is the effective excess charge density dragged by the flow of the pore
water or more precisely the fraction of the diffuse layer dragged by the water flow.
The relationship between the latter and the electrokinetic coupling coefficient L (in
V/Pa) is given by (Revil and Jardani 2013)

L = −Qvk
ση

(14)
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where k is the permeability and η the fluid viscosity.
Hence, the determination of Qv requires permeability measurements.
As current density is a vector quantity, estimated current densities can give us

invaluable information on water flow direction, fromwater inlets to outlets positions,
through the dam to map the leakage paths.

Interpretation of current-source models is not intuitive because the relationship
between point current sources and water flow cannot be explicitly observed from
Eq. (5). However, if we replace (13) in (5), we have

∇.(σ∇v) = −∇.(QvU) = −U∇.(Qv) − Qv∇(U) (15)

Equation (15) shows that a current source is created when ∇.(Qv) or ∇(U) are
not 0. Hence, in steady state regime (∇.(U) = 0), current sources exist when Qv

is spatially variable. As the electrical double layer, responsible for generating the
streaming potential, exists only at the mineral-pore water interface and not in the
water, there is no excess of charges in the water (Qv = 0). Consequently, water inlet
will create negative current source and water outlet will create a positive current
source. In heterogeneous dam like Les Cèdres, spatial variation of Qv will cause
current source. In transient regime (∇.(U) �= 0), current sources will appear at the
positions of permeability changes. The sign of the source will depend on Qv or k
variations.

Electrical Resistivity Tomography

Electrical resistivity tomography (ERT) is a geophysical technique for imaging sub-
surface resistivity structures from electrical resistivity measurements made at the
surface from an array of electrodes. Lateral resolution is controlled by the smallest
electrode spacing while penetration is dependent on the largest dipole separation
(refer to Loke 2016 for further reading on ERT).

The objective of ERT surveys in this project is twofold: on one hand, to determine
the 3-D resistivity distribution of the dam in order to be used in SPT inversion (see
Eq. 5); on the other hand, to identify possible leaks zones and determine the internal
dam structure (Sjödahl et al. 2008). In fact, the resistivity of material in unsaturated
zone decreases in the leak path zones. For example, if we consider Archie’s law (see
Schön 2015) for unconsolidated saturated material,

ρeff = aφ−n S−mρw (16)

with a = 0.63, n = 2.15 φ = 0.3 and ρw = 48 � m, the effective resistivity ρeff
decreases from 4500 to 402 � m, if the saturation Sw increases from 0.3 to 1. The
water resistivity ρw was measured using a conductivity probe lowered in Les Cèdres
reservoir at a depth of 1 m. It is important to note that when clay content increases
the effective resistivity of dammaterial decreases due to surface conductivity (Schön
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2015). In practice, knowledge of material in the dam as observed from borehole or
construction plan allows separating the two effects.

ERT data were inverted in 3-D using Res3dinv software (Loke 2016). We use
robust inversion with the same smoothing factors in all directions. The regularized
inverse problem is solved using Gauss-Newton algorithm without approximating the
sensitivity matrix.

Magnetic and Frequency Domain Electromagnetic Surveys

The corrosion of buried metal creates SP signal on the order of a few tens of mV that
can mask the relatively small signals associated with seepage anomalies. In addition,
the forward problem described by Eq. (5) does not take into account this effect. In
order to recognize possible buried metallic objects, magnetic and frequency domain
electromagnetic measurements were carried out on the SP survey area.

The magnetic data was collected using a highly-sensitive GSMP-35 potassium
groundmagnetometer-gradiometer (GEMSystems,Canada) in awalkingmodeusing
integrated GPS for positioning.

EM in-phase and conductivity data was collected using an EM31-MK2 system
(Geonics Ltd, Canada) in vertical dipole mode.

Data Acquisition

Surveys consisting of 2DERT, self-potential, magnetic (TMI) andmagnetic gradient,
and EM conductivity profiles were completed at the field site between April and June
2012.

SP measurements were carried out along six 120 m-long profiles named P1, P2,
P3, P4, P5 and P6 (Fig. 4). The inter-station spacing was 4 m. All profiles are
located on the top of the dam, except P6 which was taken in the water (Les Cèdres
reservoir side), parallel to the dam at a distance of about 1 m. SP data were acquired
between moving electrodes and a reference electrode (positioned on Les Cèdres dam
at 150 m east from survey area). Pb–PbCl2 non-polarizable electrodes (Petiau 2000),
manufactured by SDEC (France), were carefully installed to insure good coupling
with the ground. SP voltages were measured using a SAS1000 Terrameter (ABEM)
by integrating potential on 16.6 ms window for a period 4 s long. The 16.6 ms
window was selected to reduce 60 Hz power line interference by stacking. Data was
repeatable within 4 mV with standard deviations from 1 to 3 mV.

Electrical resistivity tomography (ERT) profiles were carried out using a Terram-
eter LS (ABEM, Sweden) with dipole-dipole array and 2 m electrode spacing. In
order to reduce the 3-D effect of Les Cèdres dam on ERT inversion, four perpendic-
ular profiles, named T1, T2, T3, T4 were added to P1, P2, P3, P4 and P5 profiles
(Fig. 4).
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Fig. 4 Sketch of SP and ERT profile location in the survey area located on the top of the dam. SP
measurements were carried out along six 120 m long pro-files named P1, P2, P3, P4, P5 and P6.
The distance between stations was 4 m. All profiles are located on the top of the dam, except P6
which was taken in the water

Magnetic field andmagnetic gradient measurements were collected at 0.5m inter-
vals along non-regularly spaced profiles. EM31 apparent conductivity data were
collected every 1 m along 6 NS lines (L1 to L6) perpendicular to the SP survey lines.

Both magnetic and EM conductivity surveys were limited to the western part of
the SP survey area because most spurious SP anomalies assumed to be caused by
metallic artefacts were observed in that part.

Results

SP Mapping

SP mapping (Fig. 5) was conducted two months after the completion of St-Timothée
reservoir impoundment (June 27–28, 2012). As predicted by SP theory (see interpre-
tation section), all water outlets are associated to positive anomalies. In addition, the
location of water inlets, that are theoretically associated to negative anomalies, can-
not be well identified from the SP map. In fact, a large elongated negative anomaly
can be observed along profile P1 between X= 0m to X= 90m. This anomaly seems
to be separated into two anomalies on profiles P5, P2, and P3. It appears with an L
shape on the SP map. The minimum value of this anomaly is −30 mV. Note that the
SP signal on profile P6 located in Les Cèdres reservoir is positive and not negative as
in the profile P1. This is due to the conductivity contrast between water (conductive)
and dam material (resistive). The wooden crib (red lines in Fig. 5) seems to have a
weak effect on water flow in the dam. As observed, there is no elongated anomaly
in the same direction of the crib.
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Fig. 5 SP map acquired two months after the completion of St-Timothée reservoir impoundment.
Units are inmV.Red arrows are observedwater outlet, crosses areSP stations and red lines delimit the
contours of the crib projected at ground surface (the crib is a wooden structure used for transporting
embankment material during dam construction)

Electrical Resistance Tomography

According to the resistivity model (Fig. 6), the dam structure can be separated into
three zones. Zone 1 is located in the upstream dam face and contains the clayey and
silty waterproof cover layer. The latter can be easily identified by its low resistivity
(<50�m, blue color) between P1 and P5 profiles. However, it appears discontinuous
where two resistive (150–600 � m) areas can be identified near the reservoir-dam
interface. The first one is located between X = 10 m and X = 50 m, and the second
one is located between X = 110 m and X = 130 m. Note that the water level in
Les Cèdres reservoir is located 0.4–0.8 m below profile P1. These two areas that
appear until 4 m deep can be considered as possible zones for water inlets. Zone 2 is
located in the center of the dam. It is characterized by high resistivity. It consists of
coarse heterogeneous material containing a high proportion of limestone blocks as
described in the section: description of Les Cèdres embankment dam and previous
works.

Zone 3 is located in the downstream dam face, in contact with the St-Timothée
reservoir. At the centre of this zone, a low resistivity area (blue color), extending
from X= 50 m to X= 130 m, can be clearly identified. This could be explained by a
higher water content caused by water infiltration. In other words, this zone could be
considered as the consequence of the three water outlets observed visually between
X = 50 m and X = 130 m.

In summary, ERT data allowed us to identify possible infiltration or exfiltra-
tion areas. However ERT was not able to resolve if they are water entries or inlets
(“sources”) or water exits or outlets (“sinks”) and if there are one or many sources
and their exact locations. Combination in the SPT inversion of the electric resistivity
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Fig. 6 3D resistivity model from ERT survey. From top to bottom: resistivity depth section at 2.5,
3.4 and 4.4 m respectively. The dam structure can be separated into three zones. Zone 1 contains the
clayey and silty waterproof cover layer (<50 � m) between P1 and P5 profiles. Note that the water
level in Les Cèdres reservoir is located 0.4–0.8 m below profile P1. Zone 2 is characterized by a
high-resistivity coarse, heterogeneous material containing limestone blocks. Zone 3, in contact with
the St-Timothée reservoir, shows a low resistivity area extending from X = 50 m to X = 130 m,
suggesting a higher water content caused by water leakage
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model obtained by ERT with the SP data sensitive to water flow should improve the
determination of water seepage paths in the dam.

Magnetic and Frequency Domain Electromagnetic Surveys

The magnetic gradient and the apparent electrical conductivity maps are shown in
Fig. 7. A strong magnetic anomaly in the area between X = 0 m and X = 20 m,
Y = −5 m and Y = 5 m can be clearly identified. It could be associated to an old
rail track identified on Hydro-Québec’s archive plans. The apparent conductivity
map shows two elongated anomalies. The first one corresponds to the effect of the
metal-shielded electrical cable that supplies electricity to the electrical spillway gate
system. In fact we observed during the survey that the maximum amplitude of the
anomaly corresponded to the position of the stakes used for cable identification. The
second anomaly that is parallel to the first one could be associated to buried railway
track or non-identified metal-shielded electrical cable. It should be noted that the
extension of the two anomalies was followed up to about 100 m west of the last
profile (L6), which is at 86 m from entrance of the bridge. The measurements were
not recorded but we observed the presence of these two anomalies up to about 180 m
from the bridge. Before inversion of the SP data, we have eliminated the nine first
SP measurements stations of profile P5 that are probably affected by the presence of
metallic objects as detected by magnetic survey.

SP Tomography

A 3D model was meshed to invert the measured SP data. Cell dimensions in the
region of interest were 1 m in X and Y directions, and from 0.5 m increasing to
2.5 m in Z direction. The 3D model volume in this region was 160 m in X, 70 m in
Y and 14.5 m in Z. Conductivities within each cell were constrained to the values
obtained from 3D inversion of the ERT data. A depth weighting power of 2 was used.
After a few different trials the “best” resulting model of current sources and current
densities (lowest misfit and consistent with known outlet locations) was obtained.
Figure 8 shows the current density depth section at a depth of 4 m extracted from
the 3D model. Contrary to the SP map, now water inflow zones consist of four
restricted areas, named ZE1, ZE2, ZE3, and ZE4. ZE1 and ZE2 are characterized
by high current density values that would correspond to a large water circulation. In
addition, ZE2 corresponds to the water inlet E02 as detected by geotechnical survey,
whereas ZE1 is located in front of an area showing ground collapse. ZE3 and ZE4
have low current density amplitude and are considered as potential weak water inlets.

At a depth of 4m, only thewater outlets S04 seem to be present which is consistent
with their positions, in the middle of the downstream side. The effect of S01 and
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Fig. 7 a Magnetic gradient map; units nT/m; measured using magnetic gradiometer in walking
mode; metallic objects are located by brown circles and brown rectangle; b apparent conductivity
map measured using an EM31 in vertical mode along 6 lines (L1 to L6); units mS/m. Black lines
are profiles of (a) magnetic gradient and (b) EM31 conductivity measurements. The plain red lines
are projections of the crib at ground surface. Red circle symbols are the actual SP measurements
(see Fig. 5). Pink dot lines are buried metal-shielded cables

S03, which are located in the dam toe, can be observed at the 12 m depth section as
shown in Fig. 9.

Abetter idea onwater inlet locations and on direction ofwater flowcan be obtained
from vertical cross-sections (XZ) of current density and current sources. Figures 10
and 11 show the vertical cross-sections on the upstream side, i.e. at position Y =
10 m. In the current source section (Fig. 10), it can be seen that the sources of the
water inlet zones ZE1, ZE2, ZE3 and ZE4 are between 2 and 5 m depth, whereas the
current density (Fig. 11) shows that the water flow is mainly downwards.
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Fig. 9 Horizontal current density cross-section at a depth of 12–14.5 m. Water inlets are denoted
with E letter and water outlets are denoted with S letter. Small red arrows are current density vectors
(Jx, Jy)

Fig. 10 Vertical cross-section (XZ) at Y= 10m of current sources obtained from the SPT inversion
model. The negative anomalies (in blue) indicate location of seepage connecting water inlets E to
water outlets S (see Figs. 8 and 9 for location)
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Fig. 11 Vertical cross-section (XZ) atY=10mof current densities obtained from theSPT inversion
model Sources displayed in Fig. 10 are partly caused by water flowing downwards

To determine the water flow path in the dam, we used the direction given by the
orientation of the current density vectors on the horizontal plane. We tried to follow
them from the inlet to the outlet areas. Black arrows on current density sections
in Figs. 8 and 9 highlight the interpreted path for each leakage. It is interesting to
observe that the water that comes from the main inlet zone ZE1 does not cross the
dam in straight line from the upstream side to the downstream side. The water flow
seems to circumvent the thermometry borehole andmore generally the area delimited
by profiles P1 and P5, between X = 50 m and X = 70 m (Fig. 8). This could be
explained by the presence of a discontinuous impermeable clay core as shown in
electrical resistivity imaging. That would provide an explanation why the effect of
water flow was very weak on borehole thermometry measurements as shown before
(Fig. 3a).

According to the interpreted current-density model (Figs. 8 and 9), themain outlet
zones S03 and S04 are supplied by the water inlet zone ZE2 and, to a lesser extent, by
zones ZE1 and ZE4. It can also be observed that ZE3 and ZE1 inlets supply the water
for outlets S01 and S02. Finally, it appears that the wooden crib does not control, or
only weakly, the water flow when the St-Timothée reservoir is full since negligible
current densities are shown parallel to the crib orientation.
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Discussion

Interpretation of SP map is critical in the case of heterogeneous dams as Les Cèdres.
Ikard et al (2014), when characterizing seepage through an heterogeneous earthen
dam in Colorado, USA, show that the interpretation of ERT and SP maps can be
ambiguous because the resistivity is not directly related to water flow and that the
SP signals distribution is controlled by the resistivity distribution. As SPT takes into
account the heterogeneity of resistivity model of the dam, the SP anomalies are better
correlatedwithwater flow.ActuallySPT inversion for current densities allows abetter
location of water inlets and outlets. However, as all geophysical inverse problem the
solution is non-unique and regularization is needed in the objective function to yield
a plausible model. The effect of regularization is more severe in inversion for current
densities in comparison to source current because the number of estimated parameters
is approximately three times higher in current density inversion. This explains why
current source inversion of SP data is better for water inflow location, providing a
more detailed picture than the smeared image of current densities.

Due to SP sensitivity decreasingwith depth to the source, a depthweightingmatrix
was introduced in the inversion system to avoid that all the causative sources be found
near the surface as demonstrated by Rittgers et al. (2015). This heuristic function is
defined as the inverse of depth to the power β, the depth-weighting factor, which is
unknown. In our case, we estimated the “best” value from numerical modeling by
simulating water inlets at different depths and choosing the best factor that reproduce
by inversion the actual location at depth. This factor was found to be about 2 for our
dam models. For β larger than 2, the solution overestimate depth and the source is
vertically stretched while for β smaller than 2, the solution underestimates depth.
Finally, it is important to note that for all potential field methods the deeper is the
source the more smeared (low resolution) is the reconstructed image. In other words,
the resolution is inversely proportional to the distance between the source and the
measurements positions. This is why deeper sources have low amplitude values and
they appear more spread than they really are.

Notwithstanding limitations stated above SPT results on Les Cèdres dam are in
good agreement with well-known water inflow (on Les Cèdres reservoir side) and
outflow positions (on the St-Timothée reservoir). The current densities are in good
agreement with expected horizontal and vertical directions of water flow. The crib
whichwe expectedwould act as an internal channel divertingwater parallel to the dam
does not appear to affect water flow as evidenced by the mapped current densities. It
is possible that the wooden structure was filled, at the end of dam construction, with
embankment material having hydraulic properties similar to the dam material.

Water flow in the dam was previously misinterpreted by MMR measurements
because the impermeable clay layer is conductive and the electrical current is diverted
in as some water infiltration zone. As SP is sensitive to water flow and not only to
resistivity contrasts as MMR or ERT, it can better detect seepage in the dam.

Our experiment to map seepage through an embankment dam is similar to the
work reported by Bolève et al. (2009). We use ERT data to estimate the distribution
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of resistivity in the dam. However we do not solve for seepage velocity or flow
because it would require tomeasure some hydrogeological properties of thematerials
in the dam. Here we limit our interpretation to mapping the water paths or water
inlets/outlets by imaging current densities or current sources. We advocate the use of
magnetic and EM surveys to help discard spurious SP anomalies of cultural origin.

Conclusion

Geophysical investigations on well-known water seepage in heterogeneous embank-
ment dam, such as Les Cèdres, provide tremendous opportunities for their validation
at real scale. In this study, SPT has been successfully used to locate well-known
water inflows and outflows. The water flow through the dam appears complex. It
is better assessed by SPT in comparison to MMR technique. SPT shows that the
permeable zone in the downstream dam side controls the water flow. Magnetic and
frequency electromagnetic surveys were useful to discard SP anomalies caused by
buried metallic objects and consequently, avoid any water flow infiltration misinter-
pretation.
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Optical Fiber Sensors for Dam and Levee
Monitoring and Damage Detection

Daniele Inaudi

Abstract Optical fiber sensors can be used advantageously formonitoring dams and
levees and to detect and localize damage in them. This technology is relatively new,
but in the last 20 years numerous applications have been successfully carried out in
dams, dykes and levees worldwide. There are two main usage scenarios for optical
fiber sensing technology. Some sensors replace conventional, e.g. vibrating wire,
sensors with equivalent optical versions. In this case the main benefits come from
their immunity to electromagnetic interference—such as lightning strikes or power
lines—and the possibility to use cables of up to several km long to connect the sensors
and the readout units. The second main application of optical fiber sensing relies on
the use of distributed sensors. Those sensors can measure strain and temperature
every meter along a cable that can reach several km in length. This enables detecting
and localizing undesired events such as leaks or cracks that produce a local change
of strain or temperature. In this chapter we will introduce the different optical fiber
sensing technologies and corresponding sensors. Several applications example will
illustrate the abovementioned use scenarios.

Introduction

Earthen embankments including levees, tailings dams, and earthen dams present
many challenging problems for civil engineers, particularly in the verification of their
structural integrity and capacity, operation and maintenance (O&M), inspection and
safety. The large size, age and uncertainty of material properties in these sometimes
mammoth structures, all combine to present a difficult array of parameters for the
dam and levee professionals to navigate when analyzing a new or existing levee or
dam.

To make things more difficult, there are an ever growing number of assets and
lives these structures protect downstream or in the “flood plain,” and more and more
emphasis is being placed on the vulnerability of these structures. In the wake of
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flood disasters associated with Hurricane Katrina and others, a complex regulatory
environment has emerged; requiring engineers to certify structural and geotechnical
fortitude, and levee and dam asset owners and engineers are therefore facing new
challenges.

Levees have many different failure modes (Sills et al. 2008). Many of the most
common failure modes have indicators (erosion, seepage and/or settlement) that are
often difficult to detectwith the human eye during a superficial inspection. Relying on
visual inspection alone, weaknesses in these structures can remain undetected, until
a failure occurs during a storm or surge event. Visual inspection and surveying are
vital parts of any levee management program, and neither can or should be replaced;
however, current inspection practices have some limitations:

• Levees and dams are too large in scale (many miles long, very wide, very tall) to
thoroughly inspect visually and survey consistently.

• Inspections and surveys can be spaced by several months or even years
• Differential settlement, structural weakness, and warning signs can be nearly
impossible to detect with visual inspection

• Water, vegetation and other obstruction can limit the surface that can be visually
inspected.

• Many structural failures originate underground with no initial surface expression
• Many “warning signs” are not intuitively obvious and difficult to detect even by
the most well trained inspectors.

Recent advances in instrumentation technologies and applications are providing new
ways for the civil engineer to examine these structures, and offer a set of monitoring
tools previously thought impossible. Distributed fiber optic technologies (Inaudi and
Glisic 2006) are among those emerging technologies and enable sensing over the
whole length or volume of a dam or levee. Those distributed sensors are able to
detect and localize defects and damage occurring anywhere along the levee or dam,
providing a new and cost effective way of monitoring these structures.

Optical fiber sensors,whenused as point sensors tomeasure quantities such as pore
water pressure, strain, displacement, or temperature, present significant advantages
over conventional electrical sensors in terms of long-term reliability and insensitivity
to external perturbations, such as lightning strikes or proximity to power lines (Udd
2011).

In this chapter, we will review commonly available fiber optic sensing technolo-
gies and explore their applications to the monitoring of dams, levees, and other
geotechnical applications.

Fiber Optic Point Sensors

From many points of view, fiber optic sensors are the ideal transducers for struc-
tural monitoring (Glisic and Inaudi 2008). Being durable, stable and insensitive to
external perturbations, they are especially useful for long-term health assessment
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of civil structures and geostructures. Many different fiber optic sensor technologies
exist and offer a wide range of performance and applicability, as will be detailed in
the following paragraphs. Fiber optic sensors often offer measurement performance
similar to those of the corresponding conventional sensors, such as vibrating wire or
electrical sensors. This technology can however offer other advantages in terms of
reliability and accuracy when operation in harsh environments or in the presence of
electromagnetic disturbance.

Finally, distributed fiber sensors offer new exciting capabilities that have no par-
allel in conventional sensors.

There exists a great variety of fiber optic sensors (FOS) for structural and geotech-
nical monitoring. In this overview we will concentrate on those that have reached a
level of maturity, allowing a routine use for a large number of structural monitoring
applications. Figure 1 illustrates the four main types of fiber optic sensors (Table 1).

The greatest advantages of the FOS are derived from the characteristics of the
optical fiber itself that is either used as a link between the sensor and the signal
conditioner, or becomes the sensor itself in the case of long-gauge and distributed
sensors. In almost all FOS applications, the optical fiber is a thin glass fiber that is
protected mechanically by a polymer coating (or a metal coating in extreme cases)
and further protected by a multi-layer cable structure designed to shield the fiber
from the environment where it will be installed. Since glass is an inert material very
resistant to almost all chemicals, even at extreme temperatures, it is ideal for use in
harsh environments such as those encountered in geotechnical applications.Chemical

Fig. 1 Main types of optical fiber sensors: point sensors have a single measurement point at the
end of the fiber optic connection cable, similarly to most electrical sensors. They measure a quantity
in a small area of typically less than 1 cm length. Multiplexed sensors allow the measurement at
multiple points, spaced by a few cm or several meters, along a single fiber line. Long-base sensors
integrate the measurement over a long measurement base (typically 1 m or more). They are also
known as long-gage sensors. Distributed sensors are able to sense at any point along a single fiber
line, typically every meter over many kilometers of length
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Table 1 Illustrates the main types of sensors and their characteristics

Fabry-Perot
interferomet-
ric

Fiber Bragg
gratings

SOFO inter-
ferometric

Raman
scattering

Brillouin
scattering

Type of
sensor

Point Point Long-gauge
(integral
strain)

Distributed Distributed

Measurable
parameters

Strain
Temperature
Pressure
Displacement

Strain
Temperature
Acceleration

Deformation
Strain

Temperature Strain
Temperature

Multiplexing
(several
sensors on
same fiber)

No Yes No Fully
distributed

Fully
distributed

Number of
measurement
points in one
fiber

1 10–30 1 30,000 50,000

Typical accuracy

Strain 1 με 1 με 1 με 0.1 °C 10 με

Deforma-
tion

10 μm 1 μm 1 μm 0.2 °C

Tempera-
ture

0.1 °C 0.1 °C

Pressure 0.25% full
scale

Range 20 m gauge
length

30 km 50 km

Type of
optical fiber

Multimode Singlemode Singlemode Multimode Singlemode

resistance and durability are great advantages for long term reliable healthmonitoring
of civil engineering structures (Inaudi and Glisic 2006; Inaudi 2004). Since the light
confined to the core of the optical fibers used for sensing purposes does not interact
with any surrounding electromagnetic field, FOS are immune to interference. With
such unique advantage over sensors using electrical cables, FOS are obviously the
ideal sensing solution when the presence of EM, Radio Frequency or Microwaves
cannot be avoided. For instance, FOS will not be affected by any electromagnetic
field or electrical currents generated by lightning hitting a monitored dam, nor from
the interference produced by a subway train running near a monitored zone. FOS are
intrinsically safe and naturally explosion-proof, making them particularly suitable
for monitoring applications of risky structures such as gas pipelines, coal mines or
chemical plants. But the greatest and most exclusive advantage of such sensors is
their ability to offer long range distributed sensing capabilities.
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The main disadvantages of fiber optic sensors include the higher cost and com-
plexity of the readout systems and the need to specialized equipment to splice or
repair optical fibers.

Let’s now reviewsomeof themost commonoptical fiber sensors used for structural
and geotechnical monitoring.

Piezometers and Other Point Sensors

Fabry-Pérot Interferometric sensors (Pinet 2009) are typical examples of point sen-
sors and have a single measurement point at the end of the fiber optic connection
cable. An extrinsic Fabry-Pérot Interferometer consists of two partially mirrored
optical fibers facing each other, but leaving an air cavity of a few microns between
them, as shown in Fig. 2. When light is coupled into one of the fibers, a back-
reflected interference signal is obtained. This is due to the reflection of the incoming
light on the two mirrors. This interference can be demodulated using coherent or
low-coherence techniques to reconstruct the changes in the fiber spacing allowing a
precise measurement of the gap width, with nanometer accuracy. Since the two fibers
are attached to the capillary tube near its two extremities (with a typical spacing of
10 mm), the gap change will correspond to the average strain variation between the
two attachment points shown in Fig. 2.

Many sensors based on this principle are currently available for geotechnical
monitoring, including weldable and embedded strain gauges, temperature sensors,
and displacement sensors. Examples are shown in Fig. 3.

A particularly interesting sensor type for the monitoring of Dams and levees
is the Fabry-Perot optical piezometer. In this type of sensor, the second fiber is
replaced by a membrane that deforms due to the applied external pressure. This
enables piezometers that are externally identical to their conventional vibrating-wire
equivalents, as shown in Fig. 4 left, but alsominiature sensors adapted for installation
in small ducts or in geotextiles (Rodrigues et al. 2010) as shown in Fig. 4 right. Those
sensors can be used advantageously in applications where frequent lightning strikes
of very long cables limit the use of electrical and vibrating wire sensors.

Fig. 2 Functional principle of a Fabry-Perot sensor
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Fig. 3 Examples of strain, temperature and displacement sensors based on Fabry-Perot sensing

Fig. 4 Fabry-Perot piezometer with conventional (left) and miniature (right) packaging

Long-Base Deformation Sensors

The SOFO (French acronym for Structural Monitoring with Optical Fibers) Inter-
ferometric sensors are long-base sensors, integrating the measurement over a long
measurement base that can reach 10 m or more (Inaudi et al. 1994). Long-base fiber
optic displacement sensors offer a resolution in the micrometer range and excellent
long-term stability, allowingmeasurements overmore than ten yearswithmicrometer
accuracy (Glišić et al. 2005). The measurement setup uses low-coherence interfer-
ometry to measure the length difference between two optical fibers installed on the
structure to be monitored (Fig. 5), by embedding in concrete or surface mounting.
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Fig. 5 Functional principle of SOFO sensors and sensor installation in concrete

The measurement fiber is pre-tensioned and mechanically coupled to the structure at
two anchor points in order to follow its deformations, while the reference fiber is free
and acts as temperature reference. Both fibers are installed inside the same plastic
pipe and the gage length can be chosen between 200 mm and 10 m. The readout unit,
shown in Fig. 6, measures the length difference between the measurement fiber and
the reference fiber with micrometer accuracy.

Those sensors are particularly adapted when an accurate and long-term stable
deformation measurement is required. They are particularly useful when installed
inside or on the surface of inhomogeneous materials such as concrete, rock, soil,
masonry or timber. Thanks to their long gauge length, those sensors average the strain
recording and make their reading less sensitive to local material inhomogeneity or
defects. Examples of application include the measurement of internal deformations
of dams, tailing dams and levees, as well as deformation monitoring of walls, piles
and other retaining structures (Glisic et al. 2002). These sensors have been installed
inside ground anchors for long-term deformation monitoring (Inaudi and Casanova
2000).

Fig. 6 Example of SOFO
readout unit



98 D. Inaudi

Fiber Optic Distributed Strain and Temperature Sensors

Even before the optical fiber sensors described above even existed, many differ-
ent types of discrete instrumentation for dams have been available to civil engi-
neers. These sensors incorporate different types of sensing technologies an, includ-
ing piezometers, inclinometers, and settlement plates. Levees traditionally have not
included sensors, but occasionally have relied on traditional point sensors for limited
data gathering at a specific location or to investigate a specific defect (Dunnicliff
1993). For such extended structures, deciding where to install point sensors becomes
a challenge in itself. Placing traditional, discrete sensors made defect detection and
localization highly improbable, and was seldom considered a cost effective method
in comparison to regular visual inspection.

Through advances in Structural Health Monitoring (SHM) and civil engineering
instrumentation, newmonitoring technologies and applications have emerged that are
complementing the traditional methods engineers use to evaluate and inspect levees
and earthen dams. The fiber optic distributed strain/temperature monitoring systems
can provide actionable operation and maintenance information, provide powerful
inspection and assurance tools, and provide warning to engineers and asset managers
about failures before they occur, increasing safety for all dam and levee stakeholders.
Now engineers have tools to seamlessly monitor levee segments of lengths up to
30 km,with no breaks or gaps, allowing 100%coverage (see Fig. 7). These distributed
sensors allow engineers to both localize and quantify movements and leaks (Inaudi
and Glisic 2005). In addition, earthen tailings dams can be hundreds of feet high,
and can similarly achieve full same coverage.

A distributed fiber optic monitoring system consists of one or more unique sensor
cables (fiber optic) and one readout device. The area of coverage can be up to 30
continuous kilometers in length with one system. The sensor cables can be deployed
either during construction or after construction and is possible to retrofit existing
structures by cable plowing or trenching. The readout system can monitor strain and
temperature along the entire length of cable, and is able to detect the following failure
modes (Inaudi and Church 2011):

Fig. 7 Use of a single distributed sensor to monitor the strain and temperature along the full length
of a levee at multiple levels
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• Structural movement or failure,
• Overtopping,
• Under-seepage,
• Through-seepage,
• Piping (internal erosion),
• External erosion,
• Differential settlement,
• Landslides.

Unlike electrical sensors and localizedfiber optic sensors, distributed sensors offer the
unique characteristic of being able tomeasure physical parameters, in particular strain
and temperature, along their entire length, allowing the measurement of thousands
of points from a single readout unit.

The most developed technologies of distributed fiber optic sensors are based on
Raman and Brillouin scattering. Both systems make use of a nonlinear interaction
between the light and the glass material of which the fiber is made. If an intense light
at a known wavelength is injected into a fiber, a very small amount of it is scattered
back fromevery location along thefiber itself. Besides the originalwavelength (called
the Rayleigh component), the scattered light contains components at wavelengths
that are higher and lower than the original signal (called the Raman and Brillouin
components). These shifted components contain information on the local properties
of the fiber, in particular its strain and temperature at the location where the scattering
occurred. Figure 8 shows the main scattered wavelengths components for a standard
optical fiber and how they can be sued for sensing purposes.

Fig. 8 Wavelength components of scattered light in silica fibers, Raman andBrillouin peak location
and intensity are temperature and strain dependent and can be sued for sensing those parameters
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If λ0 is the wavelength of the original signal generated by the readout unit, the
scattered components appear at both higher and lower wavelengths. The two Raman
peaks are symmetric to the original wavelength. Their position is fixed, but the inten-
sity of the peak at lower wavelength is temperature dependent, while the intensity of
the one at higher wavelength is unaffected by temperature changes. Measuring the
intensity ratio between the two Raman peaks therefore yields the local temperature
in the fiber section where the scattering occurred.

The two Brillouin peaks are also located symmetrically at the same distance from
the original wavelength. Their position relative to λ0 is however proportional to the
local temperature and strain changes in the fiber section. Brillouin scattering is the
result of the interaction between optical and ultrasound waves in optical fibers. The
Brillouin wavelength shift is proportional to the acoustic velocity in the fiber which
is related to its density. Since the density depends on the strain and the temperature
of the optical fiber, we can use the Brillouin shift to measure those parameters.

When light pulses are used to interrogate the fiber it becomes possible, using
a technique similar to RADAR, to discriminate different points along the sensing
fiber through the different time-of-flight of the scattered light. Combining the radar
technique and the spectral analysis of the returned light one can obtain the complete
profile of strain or temperature along the fiber. Typically it is possible to use a fiber
with a length of up to 30 km and obtain strain and temperature readings every meter,
as depicted in Fig. 9. In the professional jargon, this is referred to as a distributed
sensing system with a range of 30 km and a spatial resolution of 1 m.

Systems based on Raman scattering typically exhibit temperature accuracy of
the order of ±0.1 °C and a spatial resolution of 1 m over a measurement range
up to 30 km. The best Brillouin scattering systems offer a temperature accuracy of

Fig. 9 Example of distributed strain and temperature sensing setup. If the cable is subject to
temperature changes (red and blue zones) or strain (green zone) the instrument is able to identify
and localize those events as illustrated in the corresponding graphs
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± 0.1 °C, a strain accuracy of ±20 microstrain and a measurement range of 50 km,
with a spatial resolution of 1 m. The readout units are portable and can be used for
field applications.

The optical fibers are only 1/8 of a millimeter in diameter and are therefore
difficult to handle and relatively fragile. For practical uses, it is therefore necessary
to package them in a larger cable, much like copper conductors are incorporated in an
electrical cable. Since the Brillouin frequency shift depends on both the local strain
and temperature of the fiber, the sensor set-up will determine the actual response
of the sensor. For measuring temperatures it is necessary to use a cable designed to
shield the optical fibers from an elongation of the cable (Inaudi and Glisic 2005).
The fiber will therefore remain in its unstrained state and the frequency shifts can
be unambiguously assigned to temperature variations. Measuring distributed strains
also requires a specially designed sensor. A mechanical coupling between the sensor
and the host structure along the whole length of the fiber has to be guaranteed. Since
the system is sensitive to both strain and temperature variations, it is also necessary to
install a reference temperature sensing fiber along the strain sensor, so that the effect
of temperature can be removed from the strain reading. Special cables (Fig. 10),
containing both free and coupled fibers allow a simultaneous reading of strain and
temperature.

Applications to Dam and Dykes Leak/Seepage Detection
and Temperature Monitoring

The use of distributed temperature sensing is of particular interest for the monitoring
of dams, dykes and levees. Leaks and seepage can be detected and localized by
observing temperatures anomalies along the sensing cable. It is therefore important
to place the sensing cable at those locations in the levee or dyke cross-section where
such undesired events might occur.

The following examples illustrate a few typical applications of distributed tem-
perature sensing for leak and seepage detection.

Water reservoirs in Spain

Type of Structure: Water reservoir with plastic membrane
Monitoring aim: Detect leaks through membrane and perimeter levee
FiberOptic sensing technology employed: Distributed Raman temperature sens-
ing with heated cable

A water reservoir in Spain consists in a square levee structure and an inner syn-
thetic membrane. This large structure is used to store freshwater and potentially
presents a risk of internal erosion if the watertight membrane were to leak. A dis-
tributed temperature monitoring cable was installed in the sand below the membrane
at two levels around the levee perimeter as shown in Fig. 11 and interrogated with
the system depicted in Fig. 12. To enhance the detection capability of the system,
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Fig. 10 Example of distributed sensing cables to monitor temperature, strain and combined
strain/temperature

Fig. 11 Water reservoir
(Spain) after laying
waterproof membrane. The
sensing cables are installed
at the bottom and at
mid-height around the
circumference of the levee
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Fig. 12 Distributed
temperature sensing system
and ancillary equipment
installed at pumping station

a hybrid cable containing both optical fibers and copper wires was used. By cir-
culating an electric current in the copper wires, it is possible to slightly increase
the temperature of the cable itself and the surrounding ground. Since dry sand has
lower thermal capacity than wet sand, for the same heating power it will increase
its temperature more rapidly. By observing the locations along the cable where the
temperature increases more slowly, it is possible to identify potential leak locations.

Nam Gum Dam in Laos

Type of Structure: Concrete Face Rockfill Dam
Monitoring aim: Detect leaks through concrete face along the plinth
FiberOptic sensing technology employed: Distributed Raman temperature sens-
ing

Nam Ngum Reservoir is the largest water impoundment in Laos; it was built in
1971 as a result of the construction of the first dam across the Nam Ngum River. The
reservoir was designed primarily for the production of hydro-electric power and flood
control. The Nam Ngum 2 Hydroelectric Power Project is located approximately
35 km upstream of the existing Nam Ngum 1 dam, about 90 km from Vientiane, on
the Nam Ngum River, which is one of the major tributaries to the Mekong River.
The project, with an installed capacity of 615 MW is being built to produce energy
for the Thai electricity grid and for local consumption. The dam is 181 m high and
it can produce 2300 kW of electric power per hour.



104 D. Inaudi

Themain aimof the installed instrumentation is tomonitor the seepage at the foun-
dation plinth level with an active detection system, using the heated cable method.
A total of 2 independent armored sensing cables (approx. 900 m each) have been
integrated in the filter zone by surface installation as shown in Fig. 13. The DTS
reading unit with 4 channels is located in the dam control station with the aim of
measuring the temperature profiles of the 2 sensing cables. Thanks to the customized
visualization software it’s possible to follow in real time any variation in the tem-
perature profiles (Fig. 14) of the two sensing cable, launching a warning in case of
seepage or leakage.

Luzzone Dam in Switzerland

Type of Structure: Concrete Arch Dam
Monitoring aim: Monitor temperature evolution during concrete setting
Fiber Optic sensing technology employed: Distributed Brillouin temperature
sensing

In 1997 the Luzzone Dam in Switzerland was raised by 18 m to increase the
capacity of the reservoir. Adding fresh concrete on top of existing concrete pre-
sented challenges related to differential shrinkage and temperature evolution during

Fig. 13 Distributed temperature sensing cable installation along the plinth dam of the Nam Ngum
Dam, Laos
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Fig. 14 Temperature evolution along the dam plinth during impounding. The horizontal axis rep-
resents position along the plinth, while the vertical axis represents time, with older dates on top. The
color represents the recorded temperature in °C. The blue area, representing lower temperatures,
expands outwards as the water level increases, indicating that the recorded temperature is mostly
influenced by the water temperature and no longer sensitive to air temperature evolution

setting. The new concrete was instrumented with long-gage fiber optic sensors to
monitor its shrinkage deformation and to evaluate the interaction between the newly
added concrete and the old one (see Fig. 15) (Inaudi et al. 1998). Additionally, a
distributed temperature sensor was installed in one of the largest concrete blocks to
monitor the temperature evolution during concrete setting. In Fig. 16 it is possible
to observe the temperature distribution within the concrete (Thévenaz 1999). The
concrete block warms up rather uniformly, but during the cool-down phase, that can
last several months, significant temperature gradients of up to 35 °C were observed.
Those gradients can lead to concrete cracking.

Fig. 15 Luzzone (Switzerland) dam raising, cable location and picture during work
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Fig. 16 Evolution of internal temperature in °C in Luzzone dam during concrete setting and after
15, 25 and 55 days

Application to Dams and Levee Deformation Monitoring

Local and distributed optical fiber strain sensors have found several useful applica-
tions in dam, dyke and levee monitoring. They are deployed to monitor the deforma-
tions of the dam body and its foundations. Long-gauge deformations sensors can be
used to monitor large-scale deformations, averaging strain over several meters and
therefore providing a more representative value of the measured deformation. On
the other hand, distributed strain sensors are generally used to identify and localize
damage such as cracks, settlements, abnormal joint movements or internal erosion.
The following paragraphs provide a few application examples of those sensing tech-
nologies.

I Wall Levee in USA

Type of Structure: I levee wall
Monitoring aim: Monitor movements between wall panels to detect anomalies
and impending panel failure
Fiber Optic sensing technology employed: Distributed Brillouin strain sensing

The iLevees project “Intelligent Flood Protection Monitoring Warning and
Response Systems”, in the state of Louisiana, has the goal of providing an alert-
ing and monitoring system capable of preventing early stage failure, both in terms
of ground instability and seepage (Wang et al. 2014). The motivation for the moni-
toring system is to improve safety awareness, to provide relevant information about
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levees’ status and conditions, before, during and after floods, and to avoid the tragic
events like the ones that occurred following Hurricane Katrina in 2005. The use
of distributed fiber optic sensing helps in overcoming the issue of optimal sensor
location allowing full structure coverage. Continuous long-term monitoring during
the complete levee lifetime allows for the collection of data that can improve our
general knowledge of these structures, with unquestionable benefits in future levee
designs, operation and maintenance. To demonstrate different sensing technologies,
a number of test sections have been instrumented; including I-wall and T-wall sec-
tions instrumented with distributes strain and temperature sensors. Figure 17 shows
the installation of a distributed strain and temperature sensing cables in the levee
foundations and on top of the I-wall and T-wall sections. These sensors allow the
detection and localization of events such as levee failure onset, seepage, tunneling,
and formation of cracks in wall sections or abnormal joint movements.

An example of calculated deformation on the sensor placed on the top of the I-
wall section is presented in Fig. 18. Deformation is plotted as a function of position
along the wall and as a function of time. In the plot it is possible to observe the daily
expansion-contraction cycles of the wall due to temperature fluctuations. It is also
possible to localize the expansion joints along the levee wall that shows different
behavior. In case of an event along the levee section, a localized deformation peak
will appear in the visualization software and would automatically trip an alarm.

Earthen Levee in Netherlands

Type of Structure: Earthen levee
Monitoring aim: Detect early signs of levee failure on full-scale levee test section
Fiber Optic sensing technology employed: Distributed Brillouin strain sensing

Fig. 17 Installation of distributed strain and temperature sensing cables in the levee foundations
and on top of the I-wall and T-wall sections in New Orleans, Louisiana, USA
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Fig. 18 Strain evolution as a function of time and position along a levee wall section

The IJkdijk was a collaborative project in the Netherlands to test dikes and to
develop several existing sensor network technologies for dikes early warning sys-
tems. In 2008 a full-scale section of dike was constructed and destroyed in the
Macrostability Experiment. The dike section (see Fig. 19) was roughly 100 m long,
30 m wide and 6 m high and consisted of a core of white sand and a shell of clay. A
drainage system was placed at the bottom of the sand core, allowing the increase of
the internal water pore pressure. Containerswere placed on top of the dike, eventually
to be filled with water to increase the normal load on top to reach the failure. Among
many other sensing technologies, geotextile sensing strips embedding several dis-
tributed fiber optic strain cables were installed at four levels along the levee section.
Those geotextile sensing strips were able to detect and localize the upcoming failure

Fig. 19 Levee section under test, Netherland. Courtesy of Deltares
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zone up to 42 h before the final failure of the levee. Figure 20 shows the evolution
of strain along the sensing strips at the 4 different heights (Artières et al. 2010).

River dam in Latvia

Type of Structure: River dam and hydropower plant
Monitoring aim: Detect and localize leaks across bitumen joint
Fiber Optic sensing technology employed: Distributed Brillouin strain sensing

Plavinu hes is a dam belongs to the complex of three most important hydropower
stations on the Daugava River in Latvia (see Fig. 21). In terms of capacity this is
the largest hydropower plant in Latvia and is considered to be the third level of the
Daugavas hydroelectric cascade. It was constructed in 1960, 107 km distant from the
firth of Daugava and is unique in terms of its construction. For the first time in the
history of hydro-construction practice; a hydropower plant was built on clay-sand
and sand-clay foundations with a maximum pressure limit of 40 m. The power plant
building is merged with a water spillway. The entire building complex is extremely

Fig. 20 Distributed strain evolution along four lines of sensing cables and.The four graphs represent
the measured strain as a function of position (horizontal axis) and time (vertical axis). Red color
indicates higher tensional strain, blue color indicates compression strain. It is possible to observe
how the locations of the strain peaks correspond to the boundary zones of the collapsing area in the
picture taken after failure. Courtesy of TenCate Geosynthetics
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Fig. 21 Aerial photograph of Plavinu hes dam, Latvia

compact. There are ten hydro aggregates installed at the hydropower plant and its
current capacity is 870,000 kW.

One of the dam inspection galleries coincides with a system of three bitumen
joints that connect two separate blocks of the dam. Due to abrasion of water, the
joints lose bitumen and the redistribution of loads in concrete arms appears. Since
the structure is nearly 40 years old, the structural condition of the concrete can be
compromised due to ageing. Thus, the redistribution of loads can provoke damage of
concrete and as a consequence the inundation of the gallery. In order to increase the
safety and enhance the management activities it was decided to monitor the average
strain in the concrete next to the joints. A distributed strain monitoring system and a
temperature sensing cable is used for this purpose (see Fig. 22). Threshold detection
software with a relay alarm module was installed in order to send pre-warnings and
warnings from the instrument to the Control Office in case of abnormal movements.
In case of abnormal joint movements or appearance of cracks, the system is able
to detect and localize those events and automatically generate an alert. The use of
distributed sensing enables sensing along the whole length of the gallery, so that
no matter where the undesired events takes place, there will always be a section of
sensing cable to pick up the response.

Sinkhole detection in USA

Type of Structure: Sinkhole area affecting rail and road structures.
Monitoring aim: Detect and localize impending sinkhole formations
Fiber Optic sensing technology employed: Distributed Brillouin strain sensing
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Fig. 22 Distributed strain
sensing cable installed by
clamping in the dam
inspection gallery. The
sensor runs along the length
of the gallery and is therefore
able to pick-up deformations
generated by transverse
cracks crossing its path. The
blue temperature sensing
cable installed along the
strain cable is used for
temperature compensation,
but can also detect water
ingress in the gallery by
observing rapid temperature
changes

Although it is not directly a dam or levee application example, this project is
included because it shows the use of distributed sensing for the detection of localized
settlements that are also very relevant for levee monitoring.

A sinkhole, also known as a sink, shake hole, swallow hole, is a natural or man-
made depression or hole in the Earth’s surface caused by karst processes or mining
activities. Sinkholes may vary in size from 1 to 600 m both in diameter and depth,
and vary in form from soil-lined bowls to bedrock-edged chasms as exemplified by
Fig. 23. Sinkholes may be formed gradually or suddenly, and are found worldwide. It
is clear that such phenomena represent a risk for ground stability and a non-negligible

Fig. 23 Example of
sinkhole formation in the
area under monitoring near
Hutchinson, Kansas, USA
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safety risk for surface infrastructure in the surrounding areas, such as roads or rail
lines. In such applications where critical area localization and the use of the discrete
sensors are practically impossible because of the installation complexity and costs,
a distributed sensing system is particularly suitable.

The city of Hutchinson is located in Reno County, Kansas. Hutchinson is on the
route of the trans-continental, high-speed main line of one of the nation’s largest
railroads. The railway passes near a former salt mine well field, where mining was
carried out in the early part of the twentieth century. The salt mining was performed
at depths of over 400 feet by drilling wells through the shale bedrock into the thick
under-ground salt beds, and then pumping fresh water into the salt, dissolving the
salt to be brought back to the surface as brine, for processing and sale. This solution
mining process resulted in the presence of multiple, large underground voids and
caverns, which have been reported to be up to 300 feet tall and over 100 feet in diam-
eter. In places, the shale roof rock over some of these old mine voids has collapsed,
forming crater-like sinkholes that can be over 100 feet in diameter and 50 feet deep
at the surface. The collapse and sinkhole formation can occur very rapidly, over a
period of hours to days. Figure 23 is a photograph of a sinkhole that opened up vir-
tually overnight at this site in 2005, by collapse of a salt cavern that was last mined
in 1929. The potential rapid formation of sinkholes by collapse of old mine caverns
clearly represents an issue for ground stability and a non-negligible safety risk for
surface infrastructure, including the railway.

An area on the site containing old, potentially unstable salt caverns adjacent to
sensitive surface infrastructurewas identifiedwith the aimof establishing an effective
monitoring system in order to provide early stage detection, continuous monitoring,
and automatic telemetry. Arrangements were made for alerting via cell phone and
email, in case of ground deformation (strain) that may be the early signs of sinkhole
formation. The distributed fiber-optic (FO) monitoring system was selected in large
part because it provides thousands of monitored points using a single fiber-optic
sensing cable, all measured at the same time, in a single scan (Shefchik et al. 2011).
This is well-suited to defining a monitored perimeter where the exact location of
where a sinkhole might form is not known precisely. In addition, this monitoring
system was selected because of the ease of installation by burial in a shallow trench.

The selection of the sensing cables represents a key aspect and at the same time
a challenge in the development of this project: the cable needs to be capable of
withstanding hostile environmental conditions, such as wide temperature variations
and burial in the earth, as well as being resistant to burrowing rodents. The cable also
needs to be sensitive enough to provide early and reliable displacement detection,
and capable of optimizing the transfer of forces from the ground to the fiber.

The fiber optic sensing cable is directly buried, Fig. 24, at a depth of approximately
1.4 m over a potential sinkhole area above and around salt caverns over a path
with a total length of over 4 km, as shown in Fig. 25. After digging the trench, the
soil is mechanically compacted, and the sensing cable deployed on the compacted
soft ground before the trench is backfilled. The sensing cable is installed in several
segments in order to provide easier handling during installation, and to adapt to the
site by running the cable through several short, horizontally bored segments beneath
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Fig. 24 Distributed strain sensor installation in a trench

a large drainage ditch, multiple road crossings, and other obstacles at the surface. All
cable segments are later linked together to form a single sensing loop by FO fusion
splicing; the splices between segments as well as some extra lengths of non-buried
cable are stored in dedicated, above-ground junction boxes, that can be accessed for
maintenance as well as for re-routing segments of cable in case a break occur due to
formation of a sinkhole. An example of strain recording obtained during a sinkhole
simulation is depicted in Fig. 26.

Dam core monitoring in Spain

Type of Structure: Embankment dam with clay core.
Monitoring aim: Deformation monitoring of the clay core
Fiber Optic sensing technology employed: Long-gauge interferometric sensors

The Canales Dam is built on theGenil River, in Granada, Spain. It was constructed
from 1975 to 1989 and activated in 1989. The dam is 156 m tall and the crown is
340 m long. The dam is used to produce electrical power, but it is also an important
tourist attraction, notably for people who like to fish. The Canales Dam controls the
river flow during the year while ensuring that there is always sufficient water to keep
the river ‘’alive” even during the driest months of July and August. A view of the
Canales Dam is given in Fig. 27.

The aims of the monitoring were crack detection and monitoring of the defor-
mation of the stiff-clay core of the dam. The zone where the cracks can occur was
estimated to be between 60 and 110 m deep in the clay core. This whole length was
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Fig. 25 Example of user interface showing the path of the sensing cable on a map. Green color
indicates no strain; red color indicates 100% of the warning threshold

equipped with a 50 m long multipoint extensometer with 10 measurement zones
(10 chained 5 m long deformation sensors). Preparation of the extensometer for the
installation is shown in Fig. 28. The sensors were installed in a 110 m deep and 30°
inclined borehole using a customized installation procedure. A mass with wheels
was attached to the low-stiffness cord and slipped into the borehole. While the mass
was pulling the cord into the borehole, the extensometer was attached to the cord,
so the cord was used as a guide for the extensometer. The installation procedure is
shown schematically in Fig. 3. After the placement of the extensometer in the desired
position, the borehole was alternatively filled with grout on the anchor segments and
sand was packed over the active zone. This was done to avoid perturbing the strain
field in the clay core and to guarantee good deformation transfer from the clay core
to each deformation sensor. Until the time of writing, no abnormal leak event has
been recorded, reassuring the owner about the good performance of the watertight
membrane.

Silica Alkali reaction monitoring in a concrete Dam

Type of Structure: Concrete dam
Monitoring aim: Monitor deformations induced by alkali silica reaction in con-
crete
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Fig. 26 Example of strain reading during sinkhole simulation test. The sensing cable is vertically
moved by 6 in. and 1 foot, respectively and the resulting strain is recorded. It is possible to observe
how the peak of recorded strain corresponds to the location of the test with an accuracy of a few
meters.When the lateral movement is increased, more of the sensing cable records strain, indicating
that a longer length of cable is being elongated by the event

Fiber Optic sensing technology employed: Long-gauge interferometric sensors

Val De La Mare reservoir (see Fig. 29) is constrained by a mass concrete dam
situated on the west side of Jersey Island and was built between 1957 and 1962.
The crest length is about 190 m; the dam height is 30 m above general foundation
level. The dam was built in 27 monoliths (blocks) and it is owned and operated
by Jersey Water. Val de la Mare dam is widely known to suffer from both Alkali
Aggregate Reaction (AAR) and water seepage through existing construction joints.
The dam exhibited differential displacement of some of the blocks and patches of
humidity were visible on the downstream face of affected blocks. Long-gauge fiber
optic deformation sensors have been installed tomonitor the behavior of three blocks.
The sensors have been completely integrated in the existing dammonitoring system.
The fiber optic sensing system consists of 10 m long base SOFO sensors complete
with a corresponding reading unit. The sensors have been installed in three of the
existing vertical drain holes in blocks 11, 15 and 18. The location of the drain holes
is shown in red on the right of Fig. 30. The sensors are 10m in length and two sensors
were joined mechanically together, effectively creating one 20m sensor, placed in an
80mmdiameter drain hole. The output from reading unit has been linked to the Jersey
Water SCADA system to provide a visual output showing historic trends. Multi-year
data acquisition andmulti-parameter regression analysis is used to evaluate the effects
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Fig. 27 Canales Dam, Spain

Fig. 28 Installation of long-gauge strain sensors in a borehole
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Fig. 29 Val De La Mare dam, Jersey Island

Fig. 30 Location of long-base extensometers in the inclined boreholes between the dam crest and
the inspection gallery (red lines). Picture shows a detail of the upper anchor point installation

of alkali-silica reaction, aiming to separate its effects from the one of cyclic actions
such as seasonal temperature and water-level variations.

Application to Tailing Dams

El Mauro Tailing dam in Chile

Type of Structure: Mining tailings dam
Monitoring aim: Monitor long term deformations and pore water pressure
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Fiber Optic sensing technology employed: Long-gauge interferometric sensors
and Fabry-Perot piezometers

The operation of tailing dams, typical of mining operations, in their construction
phases includes the hydraulic deposit of the sand, which will form the retaining
structure of the reservoir. This deposit phase is programmed, forming thin layers
of clean sand which is further compacted. This volume dries out the excess water
to accept the next layer. This system has shown to be cost- and quality-effective,
and has been used for the last century, changing from an upstream to a downstream
deposition method, which has proven to be safer for the retaining structure under
seismic conditions. The area of deposit of the sand is moved along the dam in order
to assess the dissipation of the transport water, which has to evaporate and/or drain
into the underlying compacted sand strata. At the initial state of the dams, the sand
deposition is not simple for the operators, as the cyclone plant, which selects the
coarse sand fraction from the fine silty slime, has an excess elevation pressure due
to their physical locations, the deposit area is very small, the runs for dissipating
the excess water are very short and the surplus water tends to accumulate over the
horizontal drains, with possible clogging of the open drainage matrix.

This called for a tight control of the presence of water in the base of the dam by
means of 10 fiber optic piezometers and 2300 m of DiTemp distributed armored tem-
perature cable, located some 2 m above drainage layers (Fahrenkrog and Fahrenkrog
2012). The hydraulic conditions of a tailing dam are changing during the different
construction stages and have to be addressed with a monitoring layout, which will
allow the most of the variables to be recorded and controlled during the active and
passive phase of the basin.

In order to control the stability and prevent landslides, 9 long base fiber optic
sensors have been installed in the body of the dam. The sensor has been inserted in a
special structure that adheres completely to the soil. Three long-gauge SOFO sensors
are joined to form a tridimensional gauge for settlement and lateral deformation as
shown in Fig. 31.

Fig. 31 Installation of
long-gauge extensometers in
the body of the tailing dam.
Courtesy of Geomediciones
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Additionally, fiber optic piezometers have been installed at several locations in
the dam body. Those sensors were selected because of their insensitivity to damage
produced by lightning strikes that are common in the area. Additionally, optical
fiber sensors allow the use of cables longer than 1 km, without loss of performance.
This enables installation in very large structures such as those tailing dams. Optical
connection cables can also be lighter and less expensive than the equivalent copper
wires used to connect conventional sensors over long distances.

Conclusions

Themonitoring of new and existing structures is one of the essential tools for modern
and efficient management of the infrastructure network. Sensors are the first building
block in the monitoring chain and are responsible for the accuracy and reliability of
the data. Progress in sensing technologies comes from more accurate and reliable
measurements, but also from systems that are easier to install, use and maintain. In
recent years, fiber optic sensors have taken the first steps in structural monitoring,
particularly in civil and geotechnical engineering. Different sensing technologies
have emerged and evolved into commercial products that have been successfully
used to monitor hundreds of structures. No longer a scientific curiosity, fiber optic
sensors are now employed in many applications where conventional sensors cannot
be used reliably or where they present application difficulties.

The use of distributed fiber optic sensors for the monitoring of civil and geotech-
nical structures opens new possibilities that have no equivalent in conventional sen-
sors systems. Thanks to the use of a single optical fiber with a length of tens of
kilometers it becomes possible to obtain dense information on the strain and temper-
ature distribution in the structure. This technology is therefore particularly suitable
for applications at large or elongated structures, such as dams, dikes, levees, large
bridges and pipelines.

Three characteristics of fiber optic sensors can be highlighted as the reasons
of their present and future success: (1) the precision of the measurements; (2) the
long-term stability and durability of the fibers; and (3) the possibility of performing
distributed and remote measurements over distances of tens of kilometers.
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Application of the Helicopter Frequency
Domain Electromagnetic Method
for Levee Characterization

Adam Smiarowski, Greg Hodges and Joe Dunbar

Abstract Levee characterization requires many miles of ground to be surveyed.
Remote sensing methods, particularly those capable of installation on an aircraft,
are capable of quickly surveying large areas. The helicopter frequency domain elec-
tromagnetic technique (HEM) involves towing an electromagnetic transmitter and
receiver thatmeasure signals proportional to the electrical conductivity of the ground.
Information about the electrical conductivity of the ground can be used to make
inferences about the distribution of soils or rocks in the subsurface. HEM data can
be interpreted by correlating the apparent conductivity to soil or rock type, as well
as for looking for lateral and depth extent of anomalous zones. HEM data provide
depth information by performing measurements at different frequencies. Here, we
provide a brief review of the frequency domain method, highlighting the transfor-
mation of HEM data to apparent resistivity, which is critical for interpretation. We
then discuss two case histories using an HEM system for levee characterization and
hazard detection. With clay being the primary building material for the levees, the
minimum layer thickness that can be accurately resolved with an upper frequency of
140 kHz is about 1 m. The HEM data are particularly useful at detecting anomalous
zones for follow up investigation. These zones were caused by underground channels
(which provide pathways for water flow) and in one case by significant cracking of a
levee. The examples provided here highlight the utility of HEM surveying for levee
characterization.
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Introduction

Routine application of the active source airborne electromagnetic technique dates
back to the 1950s (Palacky 1981). The first systems were used primarily for hard
rockmineral exploration and operated in the frequency domain, at a single frequency,
with the main goal being “bump detection”, that is, looking for isolated anomalies in
the recorded signal with the hope of discovering an isolated target (Fountain 1998).
As knowledge and experience increased, and technology improved, the frequency
domain technique has become much more sophisticated in terms of application,
processing and goals. Current systems operate at multiple frequencies (with each
frequency providing information about a different depth), are calibrated and used
to detect subtle features of interest to high-resolution engineering and geotechnical
applications.

In the frequency domain electromagnetic (FDEM) method, an electromagnetic
transmitter generates a sinusoidal EM field at discrete frequencies. An EM receiver
measures the electromagnetic response from the ground,which can then be processed
and interpreted to yield information about the distribution of electrically conductive
material in the earth’s subsurface. The helicopter FDEM technique has sensitivity
from surface to a maximum of about 150 m, depending on the frequency range
applied and ground conductivity. The frequency-domain electromagneticmethod has
application in geological mapping, mineral prospecting, hydrogeology, permafrost
mapping, slope stability, environmental contaminant mapping, unexploded ordnance
detection, engineering infrastructure planning, as well as others. Numerous authors
have discussed the theory of the method (Grant and West 1984; West and Macnae
1991), providing derivations for equations to calculate the response of a layered earth,
aswell the resolution ofHEMand its assistancewith various problems (groundwater-
Siemon2006; sea-ice thickness—Reid et al. 2003).Herewebriefly review thephysics
describing the method and describe standard processing techniques which transform
from the “data space” to the “model space”, which facilitates interpretation of the
data.

The scope of this paper is to describe the essential theory and application of
HEM system to levee characterization. The physical property of interest for HEM
systems is electrical conductivity (and its reciprocal, resistivity); we describe how
conductivity measurements can be used to provide information about levee stability.
We then describe the RESOLVE FDEM instrument and its capabilities. The next
section describes HEM data processing and the steps involved in transforming field
data to conductivity estimates. Interpretation of conductivity is the essential link to
determining levee stability; we conclude this paper with a number of case studies
highlighting the utility of HEM for levee characterization.
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Resistivity of Common Materials

Electrical conductivity σ [S/m] describes the ability of a material to conduct electric-
ity. Electrical resistivity ρ [�m]= 1/σ, the reciprocal of conductivity, describes how
strongly a material opposes an electric current. Electrical resistivity values of earth
materials vary over more than seven orders of magnitude (Palacky 1988). Resistivity
is affected by the matrix conductivity of the material, as well as strongly dependent
on pore volume, pore saturation and pore fluid conductivity. The variation in mate-
rial conductivity makes mapping from resistivity measurements to geologic material
difficult. Rocks can have variable mineral content; soils can be classified as “sandy-
clay” or “clayey-sand” because of differing composition; rocks can be weathered,
fresh, have variable porosity, saturation, compaction (influencing degree of electrical
connectivity) etc. Figure 1 shows the resistivity of some common earth materials. For
levee investigations, soils such as clay, till, sand and gravel are of particular interest.
Note that clay is generally more conductive than tills and sands. Any a priori knowl-
edge is very useful in helping to constrain interpretation from resistivity to soil type.
Borehole logs are generally very detailed, differentiating between clayey-sand and
sandy-clay at fine intervals. Because of overlapping resistivity ranges, it can be very
difficult to uniquely identify such materials by electrical conductivity alone.

Fig. 1 Resistivity and conductivity of some common geologic materials. From Palacky (1988)
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The Frequency Domain Electromagnetic Method

In the FDEMmethod, a transmitter coil generates a time-varying sinusoidal EM sig-
nal at a particular frequency. According to Faraday’s law of induction, a time-varying
magnetic field induces a voltage and causes a current to flow in the earth. Ohmic
losses in the ground cause the impressed current (and the corresponding magnetic
field picked up at the receiver coil) to lag behind the transmitter signal. The signal at
the receiver is shown in Fig. 2. The transmitter signal is used as a timing reference
for the measured field. In practice, the primary signal at the receiver is electromag-
netically cancelled by a bucking coil which results in the receiver measuring the
secondary signal from the ground. The secondary signal is decomposed into com-
ponents in-phase and out-of-phase (quadrature) with the reference. The ability to
measure the in-phase signal is one distinguishing feature between frequency-domain
and time-domain airborne electromagnetics.

Fig. 2 Signals measured by the receiver. The black line shows the primary signal (which is used
as a timing reference); the gray line shows the signal from the ground (secondary) for a 1 � m
halfspace (solid) and 50 � m halfspace (dashed). The secondary signal is very small compared
to the primary and has been scaled up by 250 times for viewing. The processing streams extracts
components in-phase (IP) and out-of-phase (quadrature-QP) with the reference signal



Application of the Helicopter Frequency Domain … 125

The frequency domain response to a layered earth is provided by Frishknecht
(1967), Ward (1967) and Ward and Hohmann (1988). For a horizontal coplanar coil
set at height h above a horizontally layered ground, the secondary magnetic field Hs

is given by

Hs = H0

∞∫

0

R(λ)λ2exp( − 2u0h)J0(λs)dλ (1)

where H0 is the primary magnetic field (which can be obtained with knowledge of
the transmitter-receiver separation and orientation), s is the transmitter-receiver coil
separation, λ is the integration variable, and J0 is the zero-order Bessel function of
the first kind. The reflection term R(λ) can be written as

R(λ) = Y1 − Y0
Y1 + Y0

(2)

where Y 0= u0/iωμ0 is the intrinsic admittance of free space (air, approximately) and
Y 1 is admittance at the surface of the earth, i is the imaginary number, ω is angular
frequency, μ0 is magnetic permeability of free space and u0 = (

λ2 + κ20
)1/2

, where
k0 is the wave number of free space. For a layered earth with N layers, the surface
admittance Y 1 can be obtained as:

Yl = Y
∧

l
Yl+1 + Y

∧

l tanh(ul tl)

Yl + Y
∧

l+1tanh(ul tl)
, l = 1, 2, . . . L − 1 (3)

where Y
∧

n = un
iωμ0un

and un = (λ2 + k2n)
1/2

tn is the thickness of the nth layer, and σn is the layer conductivity.
The wavenumber kn, invoking the quasi-static limit and assuming magnetic per-

meability of free space, is given by

kn = (iωσnμ0)
1/2

In the bottom layer (layer n = N), YN = Y
∧

N . Using this relation, Eq. (3) can be
solved recursively to obtain Y1 and the reflection coefficient R in Eq. 2. This series
of equations can be used to calculate the in-phase and quadrature HEM response to
a layered earth.

The in-phase and quadrature information can be transformed to an ampli-
tude/phase relationship as (Fraser Fraser and Geophysics 1978):

‖A‖ =
√
I P2 + QP2 ∅ = tan−1 QP

I P
(4)
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Fig. 3 A pictorial depiction
of the relationship between
in-phase (IP) and quadrature
(QP) components and the
amplitude ||A|| and phase (φ)

The ratio of the in-phase to quadrature signal is the phase angle ∅ and is repre-
sentative of the conductivity of the ground; as conductivity of the ground increases,
response is more in-phase and the calculated phase angle decreases. The relationship
between in-phase and quadrature with amplitude and phase is shown in Fig. 3.

The amplitude ‖A‖ is very sensitive to the height of the system above the ground
(Fraser 1978), with an approximately 1/h2 dependence on height. A small error in
measured system altitude can cause a large change in signal levels. Figure 4 shows
amplitude and phase as a function of system altitude. At 35 m altitude an amplitude
measurement of 1650 pm is obtained for a halfspace of 85 � m; a 3 m altitude error
(to a reading of 32m) caused by, say, vegetation would result in a calculated apparent
resistivity of 170 � m. Using phase angle to calculate apparent resistivity, the same
altitude error would give an apparent resistivity of 72 � m. Phase angle provides
apparent resistivity calculationswithmore tolerance to altitude errors than amplitude-
derived apparent resistivity, as would be done in time-domain electromagnetics.

The Resolve FDEM System

Figure 5 shows apicture and schematic diagramof theRESOLVE® frequencydomain
electromagnetic system as currently implemented. RESOLVE has 6 transmitter coils
(horizontal co-planar coils, most sensitive to flat-lying features, range in frequency
from 400 to 140,000 Hz. There is 1 vertical co-axial coil with best sensitivity to
vertical features operated at 3300 Hz).

A standard processing step for the RESOLVE system is to calculate the apparent
resistivity from the measured in-phase and quadrature data. Besides the obvious
value of a rock property for interpretation, this step is important for ensuring correct
calibration and levelling of the data. For the measured survey altitude, a homogenous
halfspace model is assumed and a look-up table of in-phase and quadrature signal
(or phase and amplitude) is computed using Eq. (1) for each frequency at a range of
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Fig. 4 Comparison of sensitivity of amplitude (left axis; solid lines) and phase (right axis; dashed
lines) to altitude for various homogenous halfspace resistivity values calculated for a 140,000 Hz
coplanar transmitter-receiver separated by 7.9 m

Fig. 5 A picture of the RESOLVE system in flight (left) and a schematic diagram of the RESOLVE
frequency domain EM system. The 9 m long “bird” houses transmitter and receiver coils and is
towed by the helicopter at a nominal altitude of 30 m above the ground (or obstacles such as trees).
Usually a magnetometer is also carried on the bird, as well as a laser altimeter to provide height
above ground and an inclinometer to correct for changes in coil attitude
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halfspace resistivity values. The resistivity at which the look-up table in-phase and
quadrature values best fit the field measured signals represents the halfspace which
best fits the data at that frequency; this is called the “apparent resistivity” (Huang
and Fraser 1996). Apparent resistivity provides a depth-weighted average resistivity
value. By looking at the trend of apparent resistivity for the range of frequencies,
information about the layering of the ground can be determined, for example, if
layering consists of a conductor over a resistor.

The importance of system altitude on measured signal amplitude is described by
Fraser (1978); Fig. 6 illustrates the effect of altitude on EMdata using a data example.
An interpretation of in-phase and quadrature amplitude without consideration of
system elevation would lead to erroneous results. Apparent resistivity calculations
take into account system altitude. The result is that the calculated apparent resistivity

Fig. 6 The toppanel showsmeasured in-phase (solid) andquadrature (dashed) datawhile themiddle
panel shows system altitude. The bottom panel shows calculated apparent resistivity. At position
500 m, there is a sharp increase in measured data; at position 3900 m, there is a broad decrease in
signal. All else equal, one would conclude increased conductivity at 500 m and increased resistivity
at 3900 m; however, in this case, the measured amplitude is an altitude effect. The middle panel
of Fig. 6 shows the system altitude; note that at 500 m, there is a sharp decrease in altitude. The
altitude decrease means the system is closer to the current distribution in the ground, which causes
an increase in EM amplitude. The situation is opposite for position 3900 m; the altitude increases,
decreasing the measured signal
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is about the same at 500 as 3900 m, even though the EM amplitude is quite different.
Figure 6 shows why interpretation of profile EM data can be misleading and why
conversion to resistivity is critical.

Depth of Investigation

A rough estimate of the depth of investigation is provided by using the electromag-
netic skin depth, where the EM field decays to a value 1/e at the skin depth δ (Spies
1989) of

δ ≈ 503
√

ρ

f
(5)

where ρ is the material resistivity and f is the frequency of the EM field. When
determining the depth of investigation, experience has shown that the RESOLVE
frequency-domain system operating at its nominal survey height of 30 m has maxi-
mum sensitivity at about 0.75 δ. Using inversion of all frequencies, depth of inves-
tigation has extended to as much as 2δ where uniform upper layers are present.
Approximate depth of exploration for the frequencies of the RESOLVE system is
shown in Fig. 7; for levees composed of clays, sands and soils, resistivity is expected
to range from 1 to 200 � m (as in Fig. 1). In some surveying applications, we are

Fig. 7 Most sensitive depth of exploration, calculated using 0.5 skin depths. The typical resistivity
of material of interest for the levee case is indicated at the bottom of the figure
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interested in detecting thin layers. When performing an advanced imaging or inver-
sion of the data, the minimum layer thickness that can be detected under optimal
conditions is about 0.2 δ. This means that the minimum conductive layer that can be
detected is about 1 m and minimum till layer about 2.5 m. Note also that the low to
mid frequencies are sensitive to layers thicker than a typical levee, so they will not
provide information about the levee itself but material beneath it.

System Calibration for of the RESOLVE System

Modern instrumentation and processing techniques have allowed the FDEMmethod
to acquire calibrated, repeatable data that can be used in an absolute sense to provide
information about rock and soil properties. Calibration is an essential data acquisition
step to provide a base-level for the data.

Calibration of the system occurs during the survey, using an automatic, internal
calibration process. At the beginning and end of each flight, and at intervals during
the flight, the system is flown up to high altitude to remove it from any “ground effect”
(ensuring the response from the earth is zero). Any remaining signal from the receiver
coils is measured as the zero level, and is removed from the data collected until the
time of the next calibration. Following the zero level setting, internal calibration coils,
for which the response phase and amplitude have been determined at the factory,
are automatically triggered—one for each frequency. The on-time of the coils is
sufficient to determine an accurate response through any ambient noise. The receiver
response to each calibration coil “event” is compared to the expected response (from
the factory calibration) for both phase angle and amplitude, and any phase and gain
corrections are automatically applied to bring the data to the correct value.

In addition, the outputs of the transmitter coils are continuously monitored during
the survey, and the gains are adjusted to correct for any change in transmitter output.
This process ensures data that are not only repeatable, but are calibrated in an absolute
sense such that the resistivity calculated from the data can be used in a quantitative
manner. The calibration process has been validated by acquiring data over deep salt
water where the conductivity is well known.

Case Study—Retamal Levee—Rio Grande Valley, Texas

Introduction

A RESOLVE survey was flown for the International Boundary and Water Com-
mission (IBWC) and the U.S. Army Engineer Research and Development Center
(ERDC) along the lower reaches of the Retamal Levee, Rio Grande Valley (RGV),
Texas. The survey goal was to assist in monitoring of the flood control levees and to
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provide early identification of potential hazards.A traditional engineering assessment
using evenly spaced bores was considered but would have taken years to complete.
HEM was used to gain a better understanding of the levee system in a short amount
of time. Three HEM lines were flown; one over the top of the levee, and one each
50 m inside and outside the levee. The operating frequency ranged from 380 to
102,000 Hz.

Discussion

The HEM data are used to calculate the apparent resistivity (or its inverse, apparent
conductivity) of the ground at each frequency, which are then compiled into maps.
The high-frequency apparent conductivity for the survey area is shown in Fig. 8;
inset images provide examples of detail and conductivity contrasts. Apparent con-
ductivity was used to generate a map of interpreted soil material, with conductive
areas mapped as clay and resistive areas mapped as sands. The levee is generally thin
and narrow compared to the skin depth of the transmitted frequencies and the HEM
is primarily sensitive to the shallow layers beneath the levee. Conductivity anoma-
lies were identified as “continuous”, “isolated” or “cross-cutting” to assess the risk
to the levee system. For the most part, HEM surveys in the RGV were successful

Fig. 8 Calculated apparent conductivity/resistivity for the RESOLVE system in the survey area.
The inset images are included to show a few detail images and highlight that strong conductiv-
ity/resistivity variations occurred along the levees
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in accurately determining foundation soils beneath the levee as evidenced by soil
borings and cone-penetrometer tests (CPTs) data. Sorensen and Chowdhury (2010)
found that geophysical data (both DC resistivity and HEM data) could not identify
levee composition, but both were useful in evaluating the continuity of deposits and
to assess the extent of anomalous foundation conditions. HEM resistivity profiles
indicated similar patterns to borehole drilling and were used to help estimate the
extent of channel deposits and to evaluate appropriate improvement measures.

Figure 9 shows the calculated apparent conductivity from RESOLVE’s high fre-
quency in the vicinity of the Retamal Levee. The Retamal Levee section was con-
structed using clay materials, but the RESOLVE survey showed an area to have an
anomalously low conductivity/high resistivity (Dunbar et al. 2005). A site inspec-
tion revealed that the levee was cracked and desiccated (Dunbar et al. 2005). The
RESOLVE survey, flown in 2001, was conducted at the end of a 4-year period of low
rainfall (Dunbar et al. 2005). Rainfall is shown in Fig. 10. Insufficient rainfall can
lead to the levee construction material (mainly clay) becoming quite dry and show-
ing significant cracking, which can be “healed” with rain fall and re-moisturization.
The high resistivity mapped by the HEM is likely due to the very dry conditions.
This is one reason why it can be difficult to directly map soil type from HEM data.
The electrical connectivity of the material can change with dry or wet conditions,
which affects the bulk electrical conductivity and the EM measurements. Assuming

Fig. 9 Apparent conductivity calculated from RESOLVE high frequency data in the vicinity of
the Retamal levee. The southern area was unusually resistive considering the building material was
primarily clay. Known oxbow lakes are highlighted in light blue
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Fig. 10 Annual rainfall in inches for Brownsville Texas (situated at south-east corner in Fig. 7),
between 1990 and 2004 (reproduced from Dunbar, Report 5). Data from NOAA, NWS 2005

no change in levee composition, HEM surveys could be used to detect resistivity
changes that can occur due to moisture levels, which may be useful for assessing
changes to levee health over time.

Figure 11 shows a detailed section of the Rio Grande Levees survey. The higher
resistivity (blue) river sand deposits inside the oxbow are quite obvious, relative to

Fig. 11 A detailed section of the Rio Grande Levees survey. The levees are shown by the thin lines
inside the colored apparent conductivity. The resistive (blue) material inside the oxbow has been
interpreted to be transported sands, while the more conductive areas are flood deposits. The oxbow
to the left in the northern flight lines was not known to exist before the HEM survey
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the more conductive flood deposits. The apparent conductivity map appears to show
another, older oxbow further to the west. The presence of these sandy soils under
the levees is very important, as they can provide a pathway for leakage under the
levee, which can lead to formation of sand boils and loss of foundation soils leading
to levee collapse.

Case Study—Sacramento Valley Flood Control Levees,
California

California’s Sacramento valley is located where the Sacramento River meets the
American River, south of Lake Fulsom. A map of the area is shown in Fig. 12. These
water bodies make Sacramento susceptible to flooding. As part of the long term goal
of providing flood protection, the Department of Water Resources, California eval-
uated 350 miles (560 km) of levees. Information about potential problems with the
levee was desired. The RESOLVE frequency domain systemwas used to assist in this
evaluation, with three parallel survey lines flown along a portion of the levee system,
collecting a total of 453 line-miles of data. The system was flown at an altitude of
30 m, operating with 5 coplanar frequencies spaced logarithmically between 400 Hz
and 140 kHz.

Soil type of the constructionmaterial was not directly interpreted fromRESOLVE
apparent resistivity data. The RESOLVE data was most useful in distinguishing
uniform areas of soil composition and detecting inconsistencies in soil or levee
conditions. These areas were targeted byDWR for borings to determine embankment
and foundation conditions. These inconsistencies can be indicative of various levee
failure mechanisms. For example, they may be caused by cracked levees or internal
erosion (where water infiltrates pervious sand levees or poorly compacted levees and
removes material) (Fig. 13).

The RESOLVE data were also effective in detecting potential seepage channels
under the levee. Coarse grainedmaterial, such as sand deposits, can provide a channel
for water to flow under the levee, while fine-grained clays usually restrict water flow.
Figure 14 shows, on the left, the high frequency apparent conductivity as calculated
from RESOLVE high frequency data. The indicated area shows a linear resistive
feature (red line) cutting across the levee. The interpretation is that the low- to mid-
resistivity areas (green to blue) are comprised of clay or other fine-grained material,
while the resistive (red) areas are sands. The original geomorphologic assessment of
the area was based on historical studies back to 1935, which did not show this small
feature. However, an 1892 map of Sacramento (right side of Fig. 14) indicated a
northern arm of the Arcade Creek (Amine et al. 2009). This old river segment likely
left behind significant sand deposits, which were then buried progressively deeper,
and now form a potential seepage path and comprise a risk to levee stability.
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Fig. 12 Map of Sacramento, California, with levees and nearby water bodies. The Sacramento
River runs north-south and meets the east-west American River just north of Sacramento. From
Sacramento Area Flood Control Agency (2018)

As shown in Fig. 15 (a 3D rendering of the resistivity shown in Fig. 14), there
is a thin resistive band (interpreted to be a sand deposit) cutting across the levee.
This is presumably the old river tributary described previously. As well, a thick
deposit of resistive material has accumulated just down-stream of where the Arcade
Creek meets the river; this is interpreted to be a sand deposit. The information from
the RESOLVE survey led to the length of a proposed remediation cut-off wall being
extended to this area in order to mitigate possible under-seepage (Amine et al. 2009).

When performing seepage analysis, a landside blanket of impermeable clay sig-
nificantly influences seepage exit gradients and slope stability factor. A waterside
blanket will also affect these factors. While the landside blanket can be assessed
through boring or ground-based geophysics, performing the same measurements on
the waterside can be difficult. If the waterside blanket cannot be verified, protocol
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Fig. 13 Aerial view over a portion of the survey area near Sacramento. The red lines show the
flight lines of the HEM system (and location of the levees)

Fig. 14 High-frequency apparent conductivity (red is resistive, blue is conductive) over the Sacra-
mento levee shown in the left panel. The resistivity anomaly (indicated by black arrow) from the
airborne EM data suggested an old river channel which was not shown on current maps. This
prompted a search into the available records and a 19th century map confirmed the location of a
small tributary of Arcade Creek (shown on the right panel; red lines show survey area) Modified
from Amine et al. (2009)
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Fig. 15 shows in the left panel a rendering of the RESOLVE resistivity data at Arcade Creek
(Amine et al. 2009). The right side shows the same image after stripping away the conductive
material, leaving the relatively-resistive sand channels. The northern section of the creek likely has
thinner sand channels than the southern part

is to assume the blanket is absent when performing calculations, which decreases
the safety factor calculated and may not be an accurate representation of the levee
(Amine et al. 2009). The HEM data can be used to determine if the waterside blanket
is present.

Figure 16 shows an example of the vertical resistivity section calculated for the
waterside of the levee for two different areas. In the top figure, the HEM data show a
resistive layer (25�m)over a conductive layer (5�m).Using the resistivity intervals
of Fig. 1 this is interpreted to be till/sand over clay. Borehole drilling indicates only
very thin at-surface fine-particle material, then a thick sequence of coarse (clayey-
sand) material; there is no blanket layer present. In the bottom panel, the sand layer
has a thick (4–6 m) blanket layer of clay overtop, corroborated by the borehole
drilling, which shows a thick sequence of fine-grained material and then coarse-
grained material at depth. Incorporating these results will provide a more accurate
indication of levee performance (Amine et al. 2009).

Conclusions

Airborne frequency domain methods (HEM) are capable of obtaining electrical con-
ductivity information about the earth from about the top 1 to 100 m below surface.
Data are typically transformed to apparent conductivity, which removes variations in
system altitude and allows easier interpretation of ground material. For levee char-
acterization the HEM-derived conductivities, mapped in 3D, give indications of the
locality and extent of sand channels and clay layers, and may give an idea of the
levee construction material. Follow-up boring plans can be optimized based on the
HEM information to be more cost-effective, and the results used to refine the inter-
pretation. In the case studies shown, HEM data were effective at detecting sandy
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(a)

(b)

Fig. 16 Apparent resistivity calculated from HEM data and plotted as a vertical resistivity depth
section. Top panel a shows an area where no clay blanket is present; the area is sand over clay.
Bottom panel b shows where a blanket layer of clay is present on the waterside of the levee.
Inset figure shows interpreted soil material from borehole drilling (CL—clay; SC—clayey-sand;
ML—silt) along with percentage of fine material. From Amine et al. (2009)

channels and determining their spatial extent, including old oxbows and buried river
channels that provide seepage pathways under the levee, risking sand boils or levee
collapse from foundation erosion. In another example high resistivity values from
the HEM data indicated dry, sandy conditions, and led to discovery of significant
cracking in the levee due to desiccation of the levee material. HEM surveying pro-
vides a rapid method in which to assess levee hazards and provide information for
levee characterization.
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