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ABSTRACT 

 In this dissertation, I present research involving the application of active and passive 

geophysical data collection, data assimilation, and inverse modeling for the purpose of earthen 

embankment infrastructure assessment.  Throughout the dissertation, I identify several data 

characteristics, and several challenges intrinsic to characterization and imaging of earthen 

embankments and anomalous seepage phenomena, from both a static and time-lapse geophysical 

monitoring perspective.  I present our original research and related contributions to the field as a 

series of independent case studies, which span spatial scales ranging from meso-scale laboratory 

experiments to full-scale controlled earthen embankment failure tests. 

 The dissertation starts with the presentation of a field study of a seeping earthen dam, 

involving static and independent inversions of active tomography data sets, and two-dimensional 

(2D) self-potential modeling of fluid flow within a confined aquifer.  Results of this introductory 

study are presented in conjunction with a brief discussion of some limitations that are intrinsic to 

the approaches used for geophysical modeling.  Additionally, I present results of active and 

passive time-lapse geophysical monitoring conducted during two meso-scale laboratory 

experiments involving the failure and self-healing of embankment filter materials via induced 

vertical cracking.  Various geophysical data signatures and trends associated with failure and 

self-healing of earthen embankment materials are identified.  Results of conducting 3D 

time-lapse (4D) inversion of self-potential signals, with the incorporation of prior information into 

spatial model constraints, are presented.  Identified data signatures and trends, as well as 4D 

inversion results, are discussed as an underlying motivation for subsequent research presented in 
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the following chapter. 

 Next, I present a new 4D acoustic emissions source localization algorithm that is applied to 

passive seismic monitoring data collected during a full-scale embankment failure test.  Acoustic 

emissions localization results are then used to help spatially constrain 4D inversion of collocated 

self-potential monitoring data.  I then turn to time-lapse joint inversion of active tomographic data 

sets applied to the characterization and monitoring of earthen embankments.  Here, I present a 

new technique for applying spatiotemporally varying structural joint inversion constraints.  The 

new technique, referred to as Automatic Joint Constraints (AJC), is first demonstrated on a 

synthetic 2D joint model space, and is then applied to real geophysical monitoring data sets 

collected during a full-scale earthen embankment piping-failure test.  The results of applying the 

newly proposed AJC technique are shown to be superior to more standard time-lapse joint 

inversion results. 

 Finally, I conclude this dissertation with a discussion of some of the non-technical issues that 

surround earthen embankment failures from a Science, Technology, Engineering, and Policy 

(STEP) perspective.  Here, I discuss how the proclaimed scientific expertise and shifting of 

responsibility (Responsibilization) by governing entities tasked with operating and maintaining 

water storage and conveyance infrastructure throughout the United States tends to create barriers 

for 1) public voice and participation in relevant technical activities and outcomes, 2) meaningful 

discussions with the public and media during crisis communication, and 3) public perception of 

risk and the associated resilience of downhill communities.  
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CHAPTER 1  

INTRODUCTION 

 In this dissertation, I present research involving the application of active and passive 

geophysical data collection, data assimilation, and inverse modeling for the purpose of earthen 

embankment infrastructure assessment.  Throughout the dissertation, I identify several data 

characteristics, and several challenges intrinsic to characterization and imaging of earthen 

embankments and anomalous seepage phenomena, from both a static and time-lapse geophysical 

monitoring perspective.  I present original research and related contributions to the field as a 

series of independent case studies, which span spatial scales ranging from meso-scale laboratory 

experiments to full-scale controlled earthen embankment failure tests.  While the presented work 

specifically explores static, time-lapse, and joint inversion techniques applied for the evaluation of 

earthen embankment structures, these contributions could be extended and applied to help solve a 

wide variety of exploration, geotechnical, environmental, and engineering problems. 

1.1 Background and Motivations 

 Here in the United States, there are currently over 100,000 miles of levee embankments and 

approximately 79,000 dams on the national inventory list (Miller et al., 2012).  Many of these 

structures are reaching or have surpassed their initial design life, where most embankment 

structures are over 50 years in age, and many are greater than 100 years in age.  According to 

Hickey (2012), “The Homeland Security Presidential Directive of 7 May 2007 classified dams and 

levees as one of the 18 critical infrastructure and key resource sectors [e.g., “assets, systems, and 
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networks, whether physical or virtual, so vital to the United States that their incapacitation or 

destruction would have a debilitating effect on security, national economic security, public health 

or safety, or any combination thereof”].”  As a result, current efforts are being made at federal, 

state, and local municipality levels to update the US inventory of earthen dams and levees (EDLs), 

and to prioritize further detailed assessment and repair of high-risk and poorly performing 

structures or segments of structures.  This later effort motivates the choice of application for the 

research presented throughout this dissertation. 

1.1.1 Active Electrical Methods 

 Active electrical methods include any geophysical method that utilizes an actively driven 

source to investigate the electrical properties of the subsurface.  These methods include, 

time-domain and frequency-domain electromagnetics (TEM and FEM respectively) – both within 

the quasistatic (e.g., TEM and IP) and propagative (e.g., ground penetrating radar and 

seismoelectrics) limits of Maxwell’s Equations.  The electrical resistivity imaging (ERI) method 

is used to produce a resistivity model of the subsurface that is calculated by knowing the current 

injected, and measuring the resulting electric potential at specific locations.  Earth material 

resistivity values can be used as a proxy for determining characteristics of earth material, such as 

water content and rock or soil type.  Electric current, when introduced to the ground, will follow 

the path of least resistance, concentrating in areas of conductive material and avoiding areas of 

resistive material.   
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 Recently, interest in and the application of ERI to EDL seepage has dramatically increased.  

Still, adequate and confident imaging of anomalous seepage and/or internal erosion and piping is 

tricky using standard data collection, processing and modeling which is normally done in 2D and 

for only a single time-step: These types of phenomena of interest can produce either a resistive or 

conductive feature depending on material properties and the conductivity of the pore water.  As a 

result, various tracer tests have been performed to help improve the imaging of these features by 

triggering subsurface changes (fluid pressure, salinity, or temperature distributions) that in turn 

generate a measurable change (in a time-lapse fashion) in the electrical resistivity and streaming 

potential coupling coefficient distributions within the subsurface (Bolève, 2011; Pollock and 

Cirpka, 2012; Robert et al., 2012).  Only recently, ERI inverse modeling has been extended into 

joint and time-lapse inversion routines, as well as coupled hydrogeological modeling of fluid flow 

in synthetic cross-well studies (Linde et al., 2006; Johnson et al., 2009; Doetsch et al., 2011; 

Karaoulis 2011; Karaoulis et al., 2012). 

1.1.2 Passive Electrical Methods 

 The self-potential (SP) method entails the passive and usually non-invasive measurement of 

naturally occurring perturbations to the electrical field that are generated by a variety of electrical 

source current mechanisms within the subsurface of the Earth or within the interior of objects.  As 

a result, the SP method has a multitude of useful applications due to its sensitivity to this variety of 

source mechanisms.  Common source contributions to observed self-potential signals can include 

spatial gradients in hydraulic potential, temperature, electrical potential, and chemical or ionic 
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concentrations, which result in various cross-coupled electrical source currents such as 

electrokinetic, thermoelectric, and electrochemical currents (e.g., Sheffer, 2007; Minsley et al., 

2007; Revil et al., 2011 and Revil et al., 2012, for a recent updated review of self-potential 

geophysical applications).  

 The majority of recent applications of the SP method have been hydrologic investigations 

aimed at mapping fluid flow patterns (Bolève et al., 2007; Jardani et al., 2007a, 2008; Ikard et al., 

2012), reconstructing the geometry of the water table (Birch, 1998; Jardani et al., 2009), and 

determining hydraulic parameters of porous media and aquifers (Maineult et al., 2008; Bolève et 

al., 2009; Martínez-Pagán et al., 2010; Revil and Jardani, 2010a).  Several other recent efforts 

have included the detection and imaging of groundwater infiltration into subsurface voids and 

sinkholes (Jardani et al., 2006, 2007b), investigating geothermal system and volcanic vent 

characteristics (Finizola et al., 2002; Byrdina et al., 2003; Revil et al., 2003, 2004; Yasukawa et al., 

2005; Jardani et al., 2008; Richards et al., 2010), the localization of hydromechanical disturbances 

associated with hydraulic fracturing activities and other natural or man-made seismic sources 

(Byrdina et al., 2003; Moore and Glaser, 2007; Crespy et al., 2008; Onuma et al., 2011; Haas et al., 

2013), and mineral exploration applications, investigating the mechanisms generating large 

negative self-potential anomalies above ore bodies (Sato and Mooney, 1960; Tim and Möller, 2001; 

Revil et al., 2001, 2010; Mendonça, 2008; Castermant et al., 2008; Rittgers et al., 2013). 

 There are numerous recent studies involving the use of SP for the assessment of earthen 

embankment structures (see published review of recent work and references therein, Revil et al., 
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2012).  Most recent studies involve either self-potential tomography or coupled hydrogeological 

modeling approaches to imaging seepage or anomalous conditions, including Jardani et al., 2007; 

Bolève et al., 2011; Bolève et al., 2009.  However, little work has been done on time-lapse 

inversion or joint time-lapse inversion of long-term SP monitoring data with other data sets. 

 Recent developments in joint inversion, time-lapse inversion and a combination of both 

techniques are promising for embankment monitoring applications.  Here, joint inversion can be 

used to marry two or more coincident data sets from various geophysical methods that have 

different yet complimentary sensitivity distributions and are sensitive to the same feature, target or 

dynamic phenomenon.  For example, Karaoulis that spatial sensitivity distributions of cross-well 

seismic and electrical tomography can be very complementary in various geological scenarios, 

offering opportunities to exploit this sometimes nearly opposite sensitivity distribution to help 

constrain inverse models of both data sets jointly (Karaoulis et. al., 2012).  Other data types such 

as electrical resistivity tomography (ERT) and electromagnetics (EM) or induced polarization (IP) 

that are sensitive to electrical conductivity distributions and/or contaminants for example can be 

used in joint time-lapse inversion routines to improve resolution of models. 

 Thus far, with the exception of only the most recent work that has extended efforts to joint 

time-lapse inversion problems (e.g., Johnson et al., 2009; Doetsch et al., 2011; Karaoulis et al., 

2012), most work in this area has involved either joint inversion (e.g., Jardani et al., 2013; Hu et al., 

2009; Linde et al., 2006) or time-lapse inversion (e.g., Robert et al., 2012; Karaoulis et al., 2011a; 

Karaoulis 2011b; Bolève, 2011).  Within the oil and gas industry, reservoir characterization 
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efforts have explored the use of joint inversion and joint time-lapse inversion of seismic data and 

electrical and/or electromagnetic data, utilizing both structural and petrophysical relationship 

assumptions (e.g., Abubakar et al., 2012).  In the most recent hydrogeophysical modeling 

research, virtually all joint or joint time-lapse inversion work has been done using at least one or 

more active geophysical data types, such as ground penetrating radar (GPR), and ERT or seismic 

tomography data (i.e., Karaoulis et. al., 2012; Doetsch et al., 2010; Hu et al., 2009; Johnson, et al., 

2009; Linde et al., 2006;). 

1.1.3 Active and Passive Seismic Methods  

 For years, active and passive seismic techniques have been used to investigate the seismic 

velocity structure of near-surface materials or small-scale objects and infrastructure (Arosio et al., 

2013; Eker et al., 2012; Anbazhagan et al., 2013; Samyn et al., 2013), to Earth-scale structures 

(Bleistein et al., 2001; Bensen et al., 2007; Chaput et al., 2012; Nakata et al., 2011, 2012; Goertz et 

al., 2012; Nicolson et al., 2012; Pech et al., 2012; Behm et al., 2012).  As applied to EDL 

investigations, these techniques, including refraction, reflection and passive seismic, have been 

applied historically as single and manual surveys, leading to data sets that are both sparse in space 

and time.  Refraction surveys are typically carried out manually along short 2D profiles, using an 

impact source and travel-time tomography for mapping low velocity zones that may indicate 

structural issues or anomalies.  Reflection surveys and active surface wave surveys are typically 

carried out along 2D profiles placed at the downstream toe of larger EDL structures to determine 

local strong-motion site response for earthquake liquefaction potential modeling purposes.  
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Passive seismic surveys are typically carried out using one of two techniques; multi-channel 

analysis of surface waves (MASW) technique and the random energy micro-seismic (ReMi) 

technique, which utilize dispersion analysis of  Rayleigh waves (Eker et al., 2012; Anbazhagan et 

al., 2013; Samyn et al., 2013).  Here, the MASW technique (developed by Kansas State 

Geological Survey) utilizes an active impact source placed off-end from 2D receiver arrays, and 

the ReMi technique (developed by the Refraction Microtremor Seismological Laboratory at 

Mackay School of Earth Sciences and Engineering) utilizes both passive surface wave energy and 

actively induced surface wave energy from impact sources also placed off-end from 2D arrays.  

Both techniques provide a highly spatially averaged and single 1D shear-wave velocity sounding 

that is assigned to the center of a given 2D array.  Both techniques are “rolled” along a given 

transect to develop pseudo 2D profiles of s-wave velocity.  Again, these surveys are manual, time 

consuming and sparse in both time and space. 

 Recently, passive seismic techniques have been used in EDL assessment and monitoring 

applications (Bolève et al., 2012; Rinehart et al., 2012; Hickey, C., 2012).  Here, passive seismic 

is used to “listen” for acoustic emissions signatures associated with development of concentrated 

seepage and internal erosion.  Both seismic and hydro-acoustic data are investigated for 

usefulness in identifying these phenomena of concern, however, the data have only been analyzed 

to determine characteristic signatures of erosion and seepage.  Bolève et al., 2012, use passive 

acoustic emissions data in a cartography exercise in order to map spatially the energy levels of 

specific frequency bands associated with seepage inflow and outflow at the upstream and 
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downstream edges of an earthen embankment. 

1.2 Thesis Organization 

 This dissertation is organized into eight chapters, with the first chapter being this general 

introduction, the last chapter being a general conclusions, and 6 technical main-body chapters, 

which consist of submitted, accepted, or to be submitted journal/proceeding articles.  

 Following this Introduction, Chapter 2 presents a rather standard field investigation, involving 

static seismic p-wave and direct current resistivity tomography surveys, as well as self-potential 

modeling, for the purpose of characterizing a small dam structure located just north of Golden 

Colorado.  This introductory study incorporates standard independent inversions of tomography 

data sets, and 2-dimensional inverse modeling of self-potential data for the sake of imaging fluid 

flow within a confined aquifer that extends between the reservoir and a seepage-zone identified 

downstream of the dam.  Results of this introductory study are presented in conjunction with a 

brief discussion of some limitations that are intrinsic to the approaches used for geophysical 

modeling. 

 Next, Chapter 3 presents results from two meso-scale (~2m cubic chamber) laboratory 

experiments involving passive seismic and passive electrical (self-potential) monitoring of an 

embankment filter physical model that is intentionally cracked and brought to failure Various 

geophysical data signatures and trends associated with failure and self-healing of earthen 

embankment materials are identified.  Results of conducting 3D time-lapse (4D) inversion of 

self-potential signals, with the incorporation of prior information into spatial model constraints, 
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are presented.  Identified data signatures and trends, as well as 4D inversion results, are discussed 

as an underlying motivation for subsequent research presented in the following chapter. 

 Chapter 4 presents an overview and preliminary results for analysis of passive geophysical 

monitoring data, as well as remote sensing (LiDAR) data collected during a full-scale 

embankment failure test conducted in the Netherlands in 2012.  Here, Chapter 4 offers a 

background perspective of the Dutch-lead IJkdijk experiment, presenting some preliminary 

acoustic emissions localization and LiDAR interferometery results.  The preliminary LiDAR 

interferometery images reveal features that are consistent with geophysical anomalies identified 

within monitoring data and inversion results. 

 Next, Chapter 5 presents a new 4D acoustic emissions source localization algorithm that is 

applied to passive seismic monitoring data collected during the 2012 IJkdijk failure test.  

Acoustic emissions localization results are then used to help spatially constrain 4D inversion of 

collocated self-potential monitoring data.  I then turn to time-lapse joint inversion of active 

tomographic data sets applied to the characterization and monitoring of earthen embankments in 

Chapter 6.  Here, I present a new technique for applying spatiotemporally varying structural joint 

inversion constraints.  The new technique, referred to as Automatic Joint Constraints (AJC), is 

first demonstrated on a synthetic 2D joint model space, and is then applied to real geophysical 

monitoring data sets collected during a full-scale earthen embankment piping-failure test.  The 

results of applying the newly proposed AJC technique are shown to be superior to more standard 

time-lapse joint inversion results. 
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 Finally, the main body of this dissertation is concluded in Chapter 7 with a discussion of some 

of the non-technical issues that surround earthen embankment failures from a Science, Technology, 

Engineering, and Policy (STEP) perspective.  Here, I discuss how the proclaimed scientific 

expertise and scientific authority by governing entities tasked with operating and maintaining 

water storage and conveyance infrastructure throughout the United States tends to create barriers 

for 1) public voice and participation in relevant technical activities and outcomes, 2) meaningful 

discussions with the public and media about flood risk, 3) public access to relevant data, and 4) 

decreases public perception of risk and the associated resilience of downhill communities. 
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CHAPTER 2  

GEOPHYSICAL INVESTIGATION OF SEEPAGE BENEATH AN EARTHEN DAM 

Modified from a paper published in Groundwater 

S. J. Ikard
1,3

, J.B. Rittgers
2,3

, A. Revil
3,4

, and M.A. Mooney
5 

2.1 Abstract 

 A hydrogeophysical survey is performed at a small earthen dam that overlies a confined 

aquifer.  The structure of the dam has not shown evidence of anomalous seepage internally or 

through the foundation prior to the survey. However, the surface topography is mounded in a 

localized zone 150 m downstream, and groundwater discharges from this zone periodically when 

the reservoir storage is maximum.  We use self-potential and electrical resistivity tomography 

surveys with seismic refraction tomography to (1) determine what underlying hydrogeologic 

factors, if any, have contributed to the successful long-term operation of the dam without apparent 

indicators of anomalous seepage through its core and foundation, and (2) investigate the hydraulic 

connection between the reservoir and the seepage zone to determine whether there exists a 

potential for this success to be undermined.  Geophysical data are informed by hydraulic and 

geotechnical borehole data.  Seismic refraction tomography is performed to determine the 

geometry of the phreatic surface.  The hydro-stratigraphy is mapped with the resistivity data and 
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groundwater flow patterns are determined with self-potential data.  A self-potential model is 

constructed to represent a perpendicular profile extending out from the maximum cross-section of 

the dam, and self-potential data are inverted to recover the groundwater velocity field.  The 

groundwater flow pattern through the aquifer is controlled by the bedrock topography and a 

preferential flow pathway exists beneath the dam.  It corresponds to a sandy gravel layer 

connecting the reservoir to the downstream seepage zone.  

2.2 Introduction  

 Earthen dams are susceptible to anomalous seepage through their cores and foundations.  

Anomalous seepage, including elevated and/or concentrated seepage, is a catalyst for internal 

erosion and is therefore a primary cause of earthen dam failures (Foster et al., 2000; 2002). Failure 

may occur upon the first filling of a reservoir or after many years of undetected seepage (Fell et al., 

2003). Geotechnical and geophysical studies are typically performed after seepage indicators 

manifest at the ground surface (Butler et al., 1990; Titov et al., 2002; Panthulu et al., 2001; 

Rozycki et al., 2006; Bolève et al., 2011).  Recently, researchers have shown the improved 

capabilities of geo-electric monitoring, with and without the injection of conductive tracers, to 

localize preferential flowpaths (Titov et al., 2002; Revil et al., 2012; Ikard et al., 2012).   

 Geophysical studies of dams are typically not performed if anomalous seepage or internal 

erosion indicators are not present.  Perhaps such studies seem unnecessary if there is no seepage 

to contrast the "normal" seepage flow regime.  However, it may be insightful to investigate 

normal seepage in dams for the specific factors and hydraulic conditions that contribute to the 
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overall long-term successful operation of the dam.  Our primary goal in this paper is to investigate 

the hydraulic connection between the impounded reservoir and the downstream seepage discharge 

zone. We are looking for to a plausible explanation for why a specific dam located in Colorado has 

shown a long record of successful performance without developing anomalous seepage through its 

core and foundation   

 To answer this question, we combine three methods that are commonly used for groundwater 

studies, but that are each fundamentally sensitive to different properties of the subsurface: (1) 2D 

seismic refraction tomography of the P-wave velocity, (2) self-potential (SP) mapping, and (3) 

Electrical Resitivity Tomography (ERT).  The seismic refraction method shows the position of 

the water table, the self-potential method is directly sensitive to the flow of groundwater, and ERT 

provides a way to localize the interface between the bedrock and the variably saturated 

embankment soil.  Our interpretation of these geophysical data will be also informed by 

additional hydraulic and geotechnical data that have been measured in piezometers in the dam 

cross-section and foundation.   

2.3 Description of the Test Site 

2.3.1 Localization and Geometry 

 The field site is a homogeneous earth-fill dam located at the base of the Rocky Mountain 

foothills in Jefferson County, Colorado. The topography is shown in Figure 2.1a and photos of 

the dam crest from the right (south) abutment and the maximum cross-section of the dam are 

shown in Figure 2.1b, c.  The topographic gradient within the survey area is mild and points 
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towards the east at the center of the dam crest.  The topographic variability in a N-S direction 

along the strike of survey profiles P1-P6 is minor.  A 1:3,600 aerial photograph of the survey 

grid and the reservoir geometry is given in Figure 2.2.  The dam is 3.7 m wide at the crest and 

427 m long, and is composed of homogenous earth fills directly borrowed from on-site materials 

excavated from the reservoir basin (Denver Water, 1988).  It is 4 m tall at the maximum 

cross-section and the hydraulic height is 3.7 m.   The upstream and downstream slopes have a 

2.5:1 grade.  The impounded reservoir (Figure 2.2) stores a maximum of 3.60 x 105 m3 of 

water at the high maximum pool elevation of 1,800.4 m.  The normal storage elevation of the 

reservoir is 1,800.1 m.  At this elevation the reservoir surface area is 1.1 x 105 m2 and the 

storage capacity is 2.5 x 105 m3. 

2.3.2 Geology and Geotechnical Properties 

 The reservoir lies entirely within the upper portion of the Laramie formation, although the 

west and southwest reservoir rims are faulted against the impermeable Pierre shale formation 

(Denver Water, 1988).  The engineering design records for the dam describe the site as a four 

layer system composed from top to bottom of (1) a maximum of 4 m of embankment fill 

compacted to 94% of the standard Proctor maximum dry density, (2) a layer of sandy to very 

sandy “natural” unconsolidated clay that is 0.6 m to 2.3 m thick, (3) a layer of silty/clayey 

sandy-gravel that is 1.4 m to 2.7 m thick, and (4) the impermeable claystone bedrock of the 

Laramie formation (bedrock) (Denver Water, 1988).  Bedrock was encountered beneath the dam 

crest in exploratory holes at shallow depths (4.0 and 6.9 m).  The permeability of the 
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Figure 2.1:  Description of the field site. a. 1:24,000 topographic map of field site showing survey 

area, seepage location and position of site photos relative to the dam crest and reservoir (map 

published by USGS, 1965 and inspected/revised 1994, reference code 39105-G2-TF-024).  b. 

Photo taken on the dam crest at the south abutment facing northeast towards location. c. Photo 

taken on profile P7 facing west towards the toe access road and the dam crest. 

 

silty/clayey sandy-gravel layer above the bedrock is reported to be two orders of magnitude 

greater than that for the bedrock, and one order of magnitude greater than the permeability of the 

overlying unconsolidated clay sediments (Table 2.1).  The clayey sandy-gravel layer appears  

therefore as an aquifer confined by the overlying and underlying impermeable horizons. This 

aquifer has been partially to completely exposed in the reservoir basin during construction of the 

reservoir and dam.   

 Grain size distributions from samples collected in three exploratory boreholes (see position 

in Figure 2.2) will be used later to parameterize the flow equation during forward and inverse 

modeling.  The boreholes were completed at the north abutment, the center of the dam crest, 

and at the south abutment.  Samples were available from depths between 0.6 m and 5.5 m, and 
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represent all of the layer horizons above the impermeable bedrock.  The mass percentages of 

the coarse and fine fractions are shown in Figure 2.3 and confirm the hydrostratigraphic units 

existing above the bedrock.  We assume that the embankment and natural clay horizons have 

similar grain size distributions because the embankment was constructed from the natural clay 

materials that were excavated from the reservoir basin.  Thus, the unconsolidated natural clay 

horizon is represented by the grain size distributions that correspond to depths less than 3.0 m 

that have a much greater fines fraction than samples from greater depths.  The mean coarse 

fraction (sand plus gravel) of these samples is 32±10%, and the mean fines fraction (clay plus 

silt) is 68±10%.  The samples collected at depths greater than 3.0 m represent the sandy-gravel 

aquifer and have significantly increased coarse fraction.  The mean coarse fraction of these 

samples is 82±10% by mass.   

 We used hydrometer analyses of samples collected between 1.8 m and 3.0 m to determine 

the percentage of silt and clay present in the fines fractions shown in Figure 2.3.  The resulting 

mass fraction gradation of the embankment and natural clay horizons consisted of 0% gravel and 

organic matter, ~32% sand, ~24% silt, and ~44% clay.  The mass fraction gradation determined 

for the sandy gravel layer underlying the embankment and natural clay horizons is ~50% gravel, 

~32% sand, and ~18% clay.  Soil-water retention parameters for a two parameter van 

Genuchten-Mualem model (van Genuchten 1980) were estimated from these data by entering the 

mass fraction distributions of each horizon into the Soil Plant Air Water (SPAW) database 

described by Saxton and Rawls (2006).  The resulting soil-water retention curves were then 
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fitted by iteratively adjusting the model parameters.  The Saxton and Rawls (2006) database 

also provided statistical estimates of bulk density and saturated hydraulic conductivity which 

were used to compute the porosity and intrinsic permeability for each horizon above the 

impermeable  

 

Table 2.1:  Model parameter summary for modeled soil textures. ηf denotes the dynamic viscosity 

of the pore water (10
-3

 Pa s at 25ºC). 

Property Natural Clay Aquifer Bedrock 

Percent Gravel [% wt.] (1) 

Percent Sand [% wt.] (1) 

Percent Silt [% wt.] (1) 

Percent Clay [% wt.] (1) 

Compaction (1) 

Residual water content [% vol], θr (2) 

Porosity [-], ϕ = θs (2) 

Hydraulic conductivity [mm/hr], Ks (2, 3) 

Bulk density [kg/m
3
], ρ (2) 

van Genuchten parameter α [m
-1

]  (2) 

van Genuchten parameter n [ - ] (2) 

Formation Factor [-], F (4) 

Excess Charge Density [C m
-3

], ˆ
VQ  (5) 

Bulk Conductivity [mS/m], σ (6) 

0.00 

32.0 

24.0 

44.0 

0.94 

26.2 

0.49 

2.0 

1,360 

0.36 

1.4 

6.0 

9.89 

8.2 

50.0 

18.0 

0.00 

32.0 

0.94 

11.1 

0.43 

5.0 

1,510 

5.7 x 10
-3 

0.73 

8.3 

2.91 

5.9 

0.00 

32.0 

24.0 

44.0 

1.18 

26.2 

0.36 

0.04 

1,690 

3.0 x 10
-3 

0.93 

12.9 

1864 

3.8 

 (1) From borehole grain size distribution data supplied by the dam owner. 

 (2) From SPAW soils database of Saxton and Rawls (2006).  

 (3) Based on prior geotechnical tests. 

 (4) Using F = ϕ
-m

 with m = 2.5 for clayey sediment (Revil et al., 2012). 

 (5) Using C =- ˆ
VQ k ρf g / (σ ηf), where σ = σf / F with σf = (4.9±0.2) x 10

-2
 S m

-1
 (pore water conductivity) 

 (6) Using for the bulk conductivity σ= σf / F with σf = (4.9±0.2) x 10
-2

 S m
-1

 at 20°C. 
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bedrock. The bulk densities compare well with the 94% of maximum dry density estimated 

earlier. The parameters of the bedrock (rich in smectite) were estimated by assuming a 

permeability that was three orders of magnitude less than the clayey sandy-gravel aquifer.  All 

of the geotechnical values described above are summarized in Table 2.1. 

2.3.3 Anomalous Seepage 

 Anomalous seepage was not observed or detected through the cross-section or foundation of 

the dam prior to the survey.  However, a localized zone of surface soil mounding is present 

between 150 m and 180 m downstream of the dam, with significantly greater soil moisture content 

than surrounding topography (see localization in Figure 2.2).  Furthermore, groundwater 

discharge has been observed in this zone and correlated with the peak reservoir levels.   

2.4 Hydrogeophysical Investigations 

 The primary goal of our study was to investigate the hydraulic connection between the 

impounded reservoir and the downstream seepage discharge zone, and to provide a plausible 

explanation for why the dam has shown a long record of successful performance without 

developing anomalous seepage through its core and foundation.  The P-wave velocities and 

electric conductivities increase in each successive layer at depth, and the self-potential is directly 

sensitive to groundwater flow, therefore these methods are ideal for such an investigation.  The 

survey layout for seismic, self-potential, and ERT profiles is shown in Figure 2.2.  
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Figure 2.2:  Aerial photo of the survey area showing the location of access roads and the 

downstream seepage zone.  The dam is 3.4 m high and positioned between the toe access road and 

the crest access road at the cross-section of profile P7.  Station markers represent the position of 

the electrodes for the electrical resistivity tomography and the self-potential (white filled circles) 

and the two seismic tomography field stations (red lines).  Profile P2, positioned at the toe 

between profiles P1 and P3, has been omitted for clarity. 
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Figure 2.3:  Mass fraction constituents of samples collected in boreholes determined from grain 

size distributions.  The layer below 3.0 m corresponds to the confined aquifer.  The permeability 

of the aquifer is one order of magnitude greater than the overlying natural clay and three orders of 

magnitude greater than the underlying bedrock aquitard.  
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2.4.1 Seismic P-wave Tomography 

 Two 2D seismic profiles, S1 and S2, were collected with a 24 channel SeimicSource DAQ 

Link III using a 0.25 ms sample interval and twenty four vertical axis 4.5Hz center-frequency 

geophones.  Seismic profile S1 was established along the dam center line perpendicular to the 

crest in-line with ERT profile P7 (Figure 2.2), and seismic profile S2 was established at the toe 

parallel to the crest between ERT profiles P2 and P3.  Geophones were spaced 2 m along these 

profiles, and a seismic source was traversed every 4 m along the profiles and provided by dropping 

a 5.4 kg (12 lb) sledgehammer onto an aluminum plate from an elevation 1.5 m above the surface. 

Seismic sources were positioned with zero-offset from a given receiver location for each shot.  

Travel times of head waves refracted from the phreatic surface were observed at each station and 

inverted to recover the 2D distribution of P-wave velocity in the subsurface beneath each profile.  

 Example raw seismic shot gathers are shown in Figure 2.4a and c with the interpreted first 

arrivals indicated on these figures as red lines.  An interpretation of observed shot gathers for 

profile S2 is also included in Figure 2.4b.  The travel-time data were pre-processed prior to 

performing the inversion, as described below.  First arrival times of the P-wave wave energy in 

each shot gather were selected using the built-in module in the Vscope data acquisition software 

that was used during the acquisition. A floating pre-trigger delay was used during data acquisition, 

and the relative “time-zero” for each shot gather was determined by the onset of seismic energy at 

the zero-offset receiver for each shot.  This arrival time was then subtracted from each pick for a  

given shot gather to obtain relative arrival times for use in tomographic modeling.  2D travel-time 
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tomography of the P-wave velocity distribution was performed with the SeisOPT2D software 

which employs a synthetic annealing algorithm in conjunction with a stochastic Monte-Carlo 

procedure to find a velocity model that yields a global minimum value of the root-mean-square 

error between the observed travel-time data and forward calculated data. Velocity constraints were 

not applied to the model during the inversion procedure, however, the resultant modeled velocities 

are well within reasonable values for the present hydrogeological setting, offering validity 

significant to the final obtained velocity model. The inversion results of the two profiles S1 and S2 

are shown in Figure 2.5 and Figure 2.6. 

2.4.2 Self-Potential Data 

 A larger survey consisting of 2D ERT and self-potential profiles was completed at the field site 

between March and June, 2011, the same time period when seismic refraction data was collected.  

The survey consisted of seven 2D profiles collected on the dam crest, downstream slope, and the 

downstream topography.  Crest-parallel profiles P1-P6 began south of the dam centerline and 

were terminated adjacent to the left (north) abutment.  Data was collected along profile P5 at two 

different times during the survey period and was offset by one 16 takeout cable reel between each 

survey.  Crest-perpendicular profile P7 began at the reservoir surface contact on the upstream 

slope at the dam centerline, and extended 280 m out into the downstream topography.  The 

electrode spacing along all profiles was 5 m.  Profiles P1-P3 were offset horizontally in a 

downstream direction by 10 m, and profiles P4-P6 east of the access road were offset by 30 m.   
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Figure 2.4:  Seismic shot gathers.  a. Raw shot gather for seismic profile 1 collected along the 

dam crest with p-wave arrival time picks plotted as red lines.  First arrival picks were used for the 

inverse tomographic modeling.  b. Graphic interpretation of a shot gather from profile S2.  c. 

Shot gather for seismic profile S1.  
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 A total of 778 self-potential stations were measured at the field site using two non-polarizing 

Pb-PbCl2 electrodes and a handheld Fluke 289 true RMS digital multimeter.  A reference 

electrode was buried in an excavated pit near the right abutment of the dam (Figure 2.2) and 

assigned a potential of 0 Volt.   All measured self-potential data were adjusted to be relative to 

this reference electrode.  At each station, a shallow hole was excavated to expose soil moisture 

and reduce the contact resistance between the electrode and the ground.  The minimum and 

maximum resistances for the survey were 1 kΩ and 130 kΩ (measured with the voltmeter), 

respectively, and the mean resistance for all stations was 20 kΩ, well below the internal impedance 

of the voltmeter (100 MΩ).  The potential difference between the reference and roving electrodes 

was measured before and after acquiring data along each 2D profile, and the electrode drift was 

computed and removed from each profile during processing.  The electrical conductivity of the 

reservoir water was measured during the survey and was σf = 457 μS cm-1 (0.046 S m-1) at 25ºC. 

2.4.3 DC Resistivity Data 

 Resistivity data were collected using an ABEM Terrameter 4000 LUND imaging system with 

a Wenner-64 array protocol.  The measured resistances along each profile were used to produce 

2D pseudo-sections of the apparent resistivity distribution beneath each profile.  Pseudo-sections 

were inverted in 2D with RES2DINV using a finite-element approach (Loke and Barker, 1996).  

The topography has been taken into account in the inversion but is negligible in the parallel 

profiles.  The topography is accounted for in the inversion of the perpendicular profile and is 

included in the inverted results.  
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2.5 Interpretation of the Geophysical Data 

 In this section, we first present seismic P-wave tomography inversion results, followed by 

resistivity tomography and self-potential results.  In each case, data is presented for the two 

intersecting survey lines.  A general explanation of the results, as plotted and annotated in 

relevant figures is given, along with a discussion of the results. 

2.5.1 Seismic P-wave tomography 

 The inverted P-wave velocity models and the corresponding ray-path coverage are shown in  

Figure 2.5 and Figure 2.6.  Warm colors (yellows and reds) indicate high velocity zones and dense 

ray-path coverage, while cool colors (greens and blues) represent low velocity zones and reduced 

ray-path coverage.  Due to dense source locations along each line, the ray-path coverage is 

relatively dense, and the inverted velocities are relatively well constrained within the model space.  

Piezometer locations and the interpreted depths to the water table are shown on the figures as well.  

The interpreted position of approximately 95-98% water saturation within the capillary fringe 

(black-dotted line) has been interpolated between the piezometers and within the dam based on the 

measured water table depths and the inverted velocity distributions.  It is worth noting that the 

seismic refraction method is sensitive to the level of water saturation, and can therefore be used to 

image the capillary fringe (Bardet et al., 1993).  P-wave velocities become sensitive to saturation 

levels above approximately 95%, and this can be seen in the tomograms as a sudden increase in 

velocity within the immediate vicinity of the water table as measured in piezometers along the 
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Figure 2.5:  P-wave velocity inversion results for seismic profile 1 (S1) collected parallel to the 

crest along the downstream toe of the dam.  a) P-wave velocity distribution.  Color scale 

indicates seismic velocity.  b) Ray-path coverage density plot showing a relative sensitivity 

distribution.  Color scale represents the number of rays that intersect a given model element or 

pixel.  The intersections with ERT profile P7 and seismic profile S2 are indicated at the top of the 

tomogram. 

 

seismic profiles.  The interpreted depth to >95% saturation increases sharply in the downstream 

half of the dam, corresponding to flow conditions in good agreement with the strong negative 

self-potential anomaly observed beneath the crest on profile P7 (Figure 2.7 and Figure 2.8) (see 

Titov et al., 2005, for a modeling of this effect).  The velocity of the saturated clayey sandy-gravel 

aquifer (indicated by the solid-black lines in Figure 2.5 and Figure 2.6) is much higher than that of 

the overlying unconsolidated natural clay sediments, and is in good agreement with typically 

assumed P-wave velocity ranges for saturated shales and clay sediments (1,100 to 2,500 m s-1).   
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Figure 2.6:  P-wave velocity inversion results for seismic profile S2 normal to the dam crest.  a. 

P-wave velocity distribution.  b. Ray-path coverage density plot, showing a relative sensitivity 

distribution.  The color scale of the ray-path coverage plot represents the number of rays that 

intersect a given model element or pixel.  Here, the approximate embankment/foundation contact 

is plotted as a black-dashed line, and the intersections with ERT profiles P1, P2, and P3, and 

seismic profile S1 are indicated at the top of the tomogram.  Along both profiles S1 and S2, the 

black-dotted line indicates the depth at which the saturation levels within the capillary fringe begin 

to affect the p-wave velocity (saturation ~ 95%).  The solid-black line indicates the interpreted 

phreatic surface.  The average 2011 water table elevations from piezometer data are plotted as 

white triangles/lines. The maximum and minimum water elevations recorded during 2011 are 

plotted as black triangles. 
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 The capillary fringe is resolved above the phreatic surface in the velocity range 600 to 1,100 m 

s-1.  The velocity distribution beneath the dam crest seems homogeneous in the embankment 

above the phreatic surface, and shows little to no lateral variations in the natural clay sediments 

below the water table.  The observed increase in P-wave velocity with depth is the result of 

increased saturation and decrease in porosity, from unconsolidated clays to more compact aquifer 

sediments into the compacted bedrock, and the depths of the sharp velocity interfaces observed in 

the tomograms are in good agreement with the depths of these layers interpreted from the grain 

size distributions and ERT (Figure 2.7 and Figure 2.8). 

2.5.2 Resistivity and Self-potential Data 

 Figure 2.7 and Figure 2.8 show 2D electrical resistivity tomograms collected across the crest 

and perpendicular to the crest at the dam centerline, and the corresponding self-potential data 

along each profile.  The resistivity tomograms show each of the layers observed in the 

geotechnical boreholes and P-wave velocity distributions at depth, and show an increased 

thickness of the upper natural clay layer due to the presence of the embankment materials, which 

are assumed to be a slightly disturbed version of the natural clay horizon as explained above.  The 

subsurface electric conductivity increases with depth.  The embankment dam and unconsolidated 

natural clay layers have resistivities greater than 50 Ω m.  The highly conductive, impermeable, 

claystone bedrock aquitard is characterized by low resistivities (less than 10 Ω m).  The ERT data 

suggest that the aquitard surface is undulatory beneath the dam crest (see Figure 2.7) in a 

crest-parallel direction and approaches the surface downstream of the dam centerline along profile  
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Figure 2.7:  Electrical resistivity tomography and self-potential measured on the crest (Profile P1, 

taken at the crest of the dam).  a. Self-potential data on the crest were predominantly negative 

with respect to the reference electrode and were showing very small spatial fluctuations with 

respect to those shown in Figure 2.8. b. Electrical resistivity tomogram across the crest.  The 

aquifer-aquitard boundary corresponds to the dash line.    
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P7 (see Figure 2.8) perpendicular to the crest.   

 A general methodology to interpret self-potential signals can be found in Jardani et al. (2007) 

and the reader would find details regarding the underlying physics in Titov et al. (2002) and Revil 

et al. (2012). The self-potential data are sensitive to groundwater flow in the subsurface, and the 

self-potential anomalies are therefore significantly spatially correlated with the bedrock surface 

topography that is observed in the 2D ERT profiles.  Self-potential data observed along the dam 

crest are predominantly negative with respect to the reference station and indicate a relatively 

strong component of groundwater seepage oriented vertically downward beneath and through the 

dam cross-section (see Figure 2.7 and Figure 2.9).  93% of the 315 self-potential stations 

measured along the dam crest showed self-potential readings less than 0 mV relative to the 

reference electrode.  In contrast, the self-potentials observed downstream of the dam along profile 

P7 are primarily positive relative to the reference electrode, indicating that groundwater flow is 

directed predominantly upward towards the surface.  97% of self-potential measurements along 

profile P7 are greater than 0 mV relative to the reference electrode, and the only negative 

self-potential anomaly observed along this profile corresponds to stations measured on the dam 

crest and downstream slope.  The increasing and decreasing trends in the self-potential data 

corresponding to profile P7 are spatially correlated with the bedrock peaks and troughs observed in 

the corresponding ERT data, respectively, and, excluding the first station (measured in the 

reservoir water) and the positive anomaly observed in the three stations at the far-eastern end of the 

profile, the largest positive self-potential anomalies are positioned over the two bedrock peaks in   
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Figure 2.8: Profile P7 normal to the dam crest and intersecting the seepage zone 150 m 

downstream of the dam.  a. Self-potential profile.  The positive anomaly at the west end of the 

profile was measured at the contact between the upstream dam slope and the reservoir.  A 

negative self-potential anomaly is present beneath the dam crest as reservoir water is channeled 

through the clayey-gravel aquitard below, and increases at the dam toe as seepage is channeled 

upward to a local bedrock plateau created when the reservoir basin was constructed.  The 

aquifer-aquitard boundary corresponds to the dash line.    
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the observed seepage zone 150 m to 180 m downstream of the dam.  For each bedrock peak 

observed in this zone, the self-potential signal becomes more positive (in a downstream direction) 

on the upstream side indicating groundwater is being channeled towards the surface on the 

upstream slope of the seepage zone, and then decreases (also in a downstream direction) on the 

downstream slope as the groundwater is being channeled vertically downward to greater depths. 

Some of the groundwater in this vicinity intersects the surface and results in the observed seepage 

at the ground surface, and a significant volume of the groundwater in this zone is also bifurcated 

around these bedrock peaks, as indicated by the strong negative self-potential anomaly A8 (see 

Figure 2.9a).   

 The self-potential data are shown in relation to the surface and bedrock topography in Figure 

2.9 and illustrate the high degree of correlation of positive and negative anomalies with peaks and 

troughs of the bedrock surface.  Negative anomalies are shown in shades of green and blue and 

are representative of flow zones, but do not necessarily reflect vertical flow.  The negative 

anomalies tend to be positioned over bedrock troughs that create continuous preferential flow 

channels through the subsurface.  The most negative self-potential anomalies are shown along the 

dam crest (anomaly A1), and at the south end of profile five (anomaly A8).  These negative 

anomalies are associated with flow through the bedrock trough beneath and parallel to the dam 

crest (anomaly A1), and the zone of groundwater bifurcation around the bedrock mounds observed 

in profile P7 (anomaly A8).  Additional negative, albeit lesser amplitude, anomalies are also 

observed downstream of the dam and provide an indication of preferential groundwater flow 
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channels through the aquifer that are formed by the bedrock troughs.  Anomaly A2 at the north 

abutment is a reflection of flow that is being channeled through a bedrock trough.  Anomalies A4, 

A5 and A6 reflect the same, and are interpreted to result from groundwater flow through a 

continuous path that is formed by a bedrock trough and intersects the bedrock slope at the 

southern-most end of profile P5 that produces anomaly A8.   

 The self-potential anomalies are predominantly positive downstream of the dam, and in 

contrast to the negative anomalies, the positive anomalies indicate that much of the groundwater 

flow beneath the dam is being channeled vertically in a direction towards the surface.  The trend 

of negative self-potential beneath the dam to predominantly positive self-potential downstream of 

the dam is consistent with the shallowing bedrock surface geometry shown in 2D ERT profiles (not 

shown here).  The large positive anomaly A3 occurs in a zone where the bedrock is a shallow 

plateau that is relatively planar and free of undulation and troughs.  Anomaly A7 is positioned 

over the downstream discharge zone associated with the bedrock mounds shown in 2D ERT profile 

P7, and consists of two spatially localized, strong positive anomalies.  Each individual anomaly is 

correlated with the one of the bedrock mounds, and both show a reduction in amplitude 

immediately downstream of the associated mound.  The source of anomaly A9 is currently 

unknown.  This anomaly is in the vicinity of drainage infrastructure at the southeast boundary of 

the survey area (see Figure 2.1 and Figure 2.2), or may also result due to bedrock outcropping in 

the area.    
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Figure 2.9:  Self-potential data (in mV) at the field site.  a. Self-potential data with topography 

showing the downstream slope of the dam and downstream topography.  A1 to A9 represent 

characteristic anomalies that are discussed in the main text. b. Self-potential data with bedrock 

topography determined from electrical resistivity tomography.  
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 A 3D representation of the bedrock surface in the survey area was constructed by kriging the 

(x, y, z) coordinates that were hand-picked from the bedrock surfaces shown in the 2D ERT 

profiles.  The self-potential data is displayed over the bedrock surface topography Figure 2.9b to 

emphasize the anomalies that are spatially correlated with the greater bedrock peaks and troughs.  

Self-potential anomalies are shown to be highly correlated with the bedrock topography.  

Negative self-potential anomalies are correlated with the greatest bedrock surface depths, as well 

as on the downstream slopes of bedrock peaks and plateaus, and the positive self-potential 

anomalies are generally associated with the upstream slopes of bedrock peaks and on plateaus, 

where groundwater is flowing vertically upwards. 

2.5.3 Laboratory Investigation 

 A sample of sediment was collected from the reservoir bed at the south abutment during a low 

pool condition, shortly after the survey was completed.  A sample of reservoir water was also 

collected to use with the sediment in quantifying the streaming potential coupling coefficient 

connected the electrical potential to the hydraulic heads.  Data were obtained by installing the 

material at the base of water column, and filling the column with the sample of reservoir water.  

The water column containing the sample was then positioned in another reservoir containing the 

water collected from the dam, to establish a hydraulic gradient across the sample.  The sediment 

sample was allowed to achieve equilibrium with the water in the column and the reservoir for 48 

hrs prior to performing the experiment. The hydraulic gradient in the experimental apparatus was 

varied in time and the potential difference across the sample was measured as a function of the 



 36 

hydraulic gradient with two non-polarizing Ag-AgCl electrodes and a Fluke 289 digital multimeter.  

The streaming potential coupling coefficient C is the key parameter controlling the amplitude of 

the self-potential signals for a given head gradient. We found C = -0.7 ± 0.2 mV m-1, a value 

consistent with the trend between C and the pore water conductivity shown by Revil et al. (2003, 

their Figure 2.3). 

2.6 Forward and Inverse Modeling of the Self-Potential Field 

 A 2D steady-state numerical model of coupled electric and groundwater flow was constructed 

in COMSOL Multiphysics 4.3a to model the self-potential data and their relation to seepage along 

profile P7 perpendicular to the crest at the dam centerline.  The geometry and depths of the 

bedrock and aquifer layers of the model space were obtained from ERT data acquired along profile 

P7.  The self-potential signals that were recorded in the field were modeled and inverted to 

recover the 2D distribution of the causative electrical current sources within the dam and 

subsurface. The inverted electrical current sources were used to quantify the Darcy velocity, as 

described below (see Soueid Ahmed et al., 2013, for additional tests of this methodology).   

2.6.1 Computation of the Prior Groundwater Flow Model 

 For the hydraulic problem we solve the governing Richards equation (Richards, 1931)  

    0)( 



 zHK

t

H
SSC ee ,      (2.1) 

where z is the elevation head (m), H is the total hydraulic head (m), Ce denotes the specific 

moisture capacity (in m
-1

) defined by HCe  /  where θ is the volumetric water content 
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(dimensionless), Se is the effective saturation of the medium (dimensionless), related to the relative 

saturation of the water phase by )1/()( r

w

r

wwe SSSS   (  WS  where   represents the 

connected porosity of the soil material), S is the storage coefficient (m
-1

), and t is time. The 

hydraulic conductivity K is related to the relative permeability rk  and the hydraulic conductivity 

at saturation, sK , by sr KkK  .  The effective saturation, specific moisture capacity, relative 

permeability, and the volumetric water content are defined by (van Genuchten 1980), 
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where r  denotes the residual volumetric water content and α, n, m, and l (m = 1 – 1/ n) are 

material properties.  Equation 2.1 was parameterized with statistically based estimates of 

saturated hydraulic conductivity, bulk density, residual and saturated moisture contents, and 

soil-water retention curves corresponding to a clay textured soil.  These estimates were obtained 

by fitting soil-water retention curves given by the soils database described by Saxton and Rawls 

(2006).   
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 We simulated the prior groundwater flow model by assigning separate permeability values to 

each hydro-stratigraphic layer in the model space, and assuming each layer was isotropic.  The 

assigned permeability values for the unconsolidated clay and the clayey sand-gravel aquifer layers 

were obtained from Saxton and Rawls (2006) using the grain size distribution data available for 

each layer (see Figure 2.3), which are assumed to be reasonably close to ground truth.   The 

permeability of the bedrock layer was adopted from prior geotechnical reports that were provided 

by the dam owner.  All model parameters are reported in Table 2.1.  

 The boundary conditions on the hydraulic component of the prior model were applied as 

described below.  A constant hydraulic head boundary was applied to the reservoir and on the 

upstream slope of the dam below the maximum reservoir elevation.  A constant head equal to 3.3 

m was applied to the reservoir.  This value corresponds to the reservoir depth during the 

maximum storage condition, which was in effect during the survey.  A linear hydrostatic pressure 

head profile was applied to the upstream slope in order to vary the hydraulic head along this 

boundary based on the elevation of a given point on the upstream slope relative to the maximum 

reservoir elevation.  A seepage face was applied with a mixed boundary condition over the 

bedrock mound downstream of the dam between x = 150 m and x= 180 m, where groundwater 

seepage has been observed.  All other model boundaries were assigned a specified flux equal to 0 

m
3
 s

-1
.  The upstream and downstream edges of the model space were placed sufficiently far away 

from the dam so that the zero-flux boundaries assigned at the edges would not influence the 

simulated groundwater flow in the vicinity of the dam or the seepage zone.   
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2.6.2 Computation of the Self-Potential Field 

 The self-potential   (in V) is governed by a Poisson equation (Jardani et al., 2007), 

   ˆ
VQ    u ,        (2.6) 

which is obtained by combining the generalized Ohm's law, including the advective drag of the 

excess electrical charges per unit volume of pore water in the diffuse layer (coating the surface of 

the minerals), ˆ
VQ  (effective excess charge density dragged by the flow of the pore water and 

expressed in C m
-3

), and the Darcy (seepage) velocity u (in m s
-1

). In Equation 2.6,   (in S m
-1

) 

denotes the electrical conductivity of the porous material. The right-hand side of Equation 2.6 

corresponds to the self-potential source term associated with the Darcy velocity distribution and 

accounts for the heterogeneities in the distribution of the volumetric charge density ˆ
VQ . This 

charge density ˆ
VQ  is the effective volumetric charge density due to the electrical diffuse layer 

coating the mineral / pore-water interface and that is dragged along with the flow of the pore water 

(Jardani et al., 2007). The relationship between the volumetric charge density and the more 

classical streaming potential coupling coefficient C (in V Pa
-1

) described in Section 4.2 is C = - 

ˆ
VQ  k ρ / ηf where ρ = 1/ σ is the electrical resistivity of the porous material (in ohm m) and f 

denotes the dynamic viscosity of the pore water (in Pa s) (Jardani et al., 2007). For pH  5-8, 

Jardani et al. (2007) found that the empirical relationship 
10 10

ˆlog 9.2 0.82logVQ k    ( ˆ
VQ  in C 

m
-3

 and k in m
2
) holds for a broad range of porous rocks and soils. 
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Figure 2.10:  Results of 2D inversion for source current density vector.  a. Observed data vs. data 

simulated with the inverted 2D model.  The rms data misfit is 47.7 mV.  b. Inverted model 

showing the 2D distribution of source current density vector in the subsurface.  The inverted 

model shows that flow is primarily beneath the dam in the confined aquifer layer, and converges 

towards the topographic surface downstream of the dam in the location of observed topographic 

mounding, and groundwater seepage.  For an effective charge density of 2.9 C m
-3

, the mean and 

maximum inverted velocities in the clayey-gravel aquifer are 6.5 x 10
-6

 m s
-1

 and 2.4 x 10
-4

 m s
-1

, 

respectively. The aquifer/bedrock interface is drawn from the resistivity data.  

 

 The electrical component of the model includes insulation and electrical ground boundaries.  

An insulation boundary condition was applied to the reservoir bed, the upstream slope of the dam, 

and the downstream topography including the seepage face defined in the hydraulic model.  An 

electrical ground boundary condition was applied to all other model boundaries.   

2.6.3 Inversion of the Self-Potential Data  

 We use the algorithm described in Jardani et al. (2008) to perform the inversion of 

self-potential data from 48 stations along Profile P7.  The remaining data between stations 49 and 

57 were excluded from the inverse model for two reasons.  First, the spatial extent of the aquifer 
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and bedrock horizons were obtained from ERT data along Profile P7, and are  not resolved in the 

Profile P7 sounding beyond station 48 (see Figure 2.8).  The aquifer geometry and groundwater 

flow patterns in this region cannot be accurately modeled or estimated as a result.  Second, there 

is a large positive self-potential anomaly in this region at the easternmost end of Profile P7 

(anomaly A9, see Figure 2.9a, b).   

 We determined the optimal value of the regularization parameter by the L-curve criterion.  

The results of the 2D inversion are shown in Figure 2.10.  Figure 2.10a compares the observed 

and simulated data.  The data misfit least-square error (between observed and simulated data is 

47.7 mV.  Most of the data misfit is accounted for by the large negative self-potential anomaly 

beneath the dam, which is predominantly a result of seepage inside of the aquifer beneath the dam 

foundation.  The amplitude of this anomaly is roughly 25 mV over a distance of approximately 7 

m, and it therefore accounts for increased uncertainty relative to the more broadly distributed 

anomalies, and therefore a majority of the total data misfit.   Figure 2.10b shows the inverted 

Darcy velocity model giving the spatial distribution and orientation of the Darcy velocity vector at 

each model node on a grid of nodes spaced 5m in the horizontal direction and 1 m in the vertical 

direction.  The Darcy velocity in each model layer was determined from the inverted source 

current density vectors and the associated excess volumetric charge densities given in Table 2.1.  

The lengths of the arrows are proportional to the Darcy velocity (in m s-1).  Their directions imply 

the predominant direction of groundwater flow along the profile, and the color scale indicates the 

magnitude.  The results of the inverse modeling corroborate the overall interpretations of the 
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geophysical data and show that groundwater flow along the 2D profile occurs primarily within the 

confined aquifer.  Seepage is guided along the aquifer-bedrock interface beneath the foundation 

of the dam in a downstream direction where it converges toward the surface topography between 

150 m and 180 m where surface seepage has been previously observed. 

 The Darcy velocity of the groundwater in the clayey sand-gravel aquifer was estimated from 

the inverse model.  The mean and maximum computed Darcy velocities of the groundwater 

within the aquifer beneath profile P7 are 6.5 x 10-6 m s-1 and 2.4 x 10-4 m s-1, respectively, using 

a volumetric charge density value of 2.9 C m-3 for the aquifer materials.  The greatest flow 

velocities are observed between x = 80 m where the cross-section thickness of the aquifer layer 

appears to constrict, and x = 170 m where the elevation of the bedrock plateau is maximum along 

the profile.  The maximum velocity is spatially correlated with the upstream slope of the first 

bedrock peak, at x = 130 m along the profile.  The results of the inverse model support the 

conclusion that the flow occurs primarily through the relatively thin, confined aquifer and that the 

direction and velocity are predominantly controlled by the bedrock topography. 

2.7 Conclusions 

 We performed a hydrogeophysical survey of an earthen dam with a long record of successful 

operation and no observed anomalous seepage through the foundation or abutments.  Our survey 

combined seismic P-wave tomography, electrical resistivity tomography, and self-potential.  The 

geophysical data and borehole granulometric data collected during the construction of the dam 

point out a four layer hydrogeologic system comprised from top to bottom of (1) the embankment 
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material, (2) unconsolidated natural clay sediments, (3) a confined clayey-gravel aquifer, and (4) 

an impermeable bedrock (aquitard) (claystone of the Laramie formation). We mapped the bedrock 

surface topography using ERT and investigated the flow characteristics with the self-potential 

data. 

 Our data show that a thin confined aquifer acts as a preferential flow pathway channeling the 

groundwater through the subsurface along the bedrock contact, thereby reducing the propensity for 

seepage to enter the dam cross-section and foundation.  The clayey gravel aquifer appears to 

accept water directly from the reservoir basin channeling groundwater beneath embankment 

foundation.  The preferential flow directions are controlled by the topography of the bedrock 

aquitard. The polarity of the observed self-potential anomalies is correlated to the 

depth-to-bedrock.  The topographic mound and seepage zone 150 m downstream of the dam 

centerline is a result of the bedrock topography, which nearly intersects the surface in this zone.  

Groundwater in the aquifer is channeled along the bedrock toward the surface in this vicinity and 

manifests as ponded water at the ground surface during peak reservoir storage conditions.   

 Given the physical size of the dam relative to the size of the reservoir, and the duration of its 

operation, the absence of anomalous seepage through the dam cross-section and foundation is 

astonishing.  Indeed, the dams long history of success is a result of the hydrogeology at the site. 

The surface topography forms a natural basin that is ideal for a reservoir, and the clayey-gravel 

aquifer offers a path of least resistance for the water stored in the reservoir which reduces the 

potential for anomalous seepage to form in the dam cross-section and foundation.   The discharge 
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zone downstream of the dam does not appear to directly influence the development of anomalous 

seepage in the dam or its foundation, and there currently does not appear to be a significant 

potential for this seepage zone to undermine the successful operation of the dam. 
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CHAPTER 3  

PRELIMINARY IMPLEMENTATION OF GEOPHYSICAL TECHNIQUES TO MONITOR 

EMBANKMENT DAM FILTER CRACKING AT THE LABORATORY SCALE 

Modified from a paper published in the Proceedings of 6
th

 International Conference on Scour and 

Erosion, Paris, 2012 

Robert V. Rinehart1, Minal L. Parekh2,3, Justin B. Rittgers4,5, Michael A. Mooney3, and A. Revil5,6 

3.1 Abstract  

 Internal erosion presents a significant hazard to water retaining structures and is most often 

identified in its progressive stages through visual inspections or observations. Acoustic or 

ultrasonic methods in combination with electrical geophysical methods can be used as a tool for 

detection and continuous monitoring of subsurface internal erosion initiation in its early stages. 

This research investigates passive acoustic emission, self potential, and cross-hole tomography for 

suitability as long-term, remote and continuous monitoring techniques for internal erosion and 

cracking of embankment dams. Geophysical data from the three techniques have been collected 

during manually imposed cracking of granular filter materials. Specifically, data has been 

collected during both self-healing (i.e., desirable filter behavior) and during continuing erosion 

(i.e., undesirable filter behavior). The data is compared to baseline, pre-crack data. This  
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proof-of-concept research provides evidence of these geophysical techniques for effective 

monitoring of embankment cracking as a precursor to internal erosion. This paper presents the 

details of the instrumentation systems, data acquisition parameters, and early findings from the 

research. 2D seismic velocity tomograms, passive acoustic and passive electrical signatures 

associated with cracking and suffusion are discussed. 

3.2 Introduction 

 Internal erosion in earthen embankments (dams, levees) occurs when a critical combination of 

hydraulic gradient, in-situ stress conditions, soil porosity and intrinsic permeability, and material 

properties results in increased and uncontrolled seepage. This leads to the transport and migration 

of soil particles in a localized area, often at a crack in the soil (e.g., from desiccation, settlement, or 

seismic activity). Internal erosion presents a significant hazard to embankment dams, dikes, levees, 

abutments, spillways, and foundations, and a review of historical dam failures shows that about 

half of all embankment dam failures are related to internal erosion (Foster, 1998; Schmertmann, 

2000). This critical failure mode is difficult to detect in early stages, and typically is not identified 

until it has progressed to a full piping situation (Foster, 2008). Further, a broad search of the 

literature indicates that acceptable means of determining the factor of safety against internal 

erosion have not been determined. It is also recognized that it is dangerous to place undue 

confidence in a structure based on years of successful performance as internal erosion incidents 

can manifest after decades of satisfactory performance – underscoring the need for continuous 

monitoring. 



 47 

 Signs of active internal erosion, including sink holes, sand boils, and muddy seepage, are often 

discovered by local residents or during periodic visual safety inspections. Alternatively, 

identifying the onset and progression of internal erosion by continuously and remotely monitoring 

for subsurface changes would be preferred, allowing for early intervention and risk reduction. 

Several geophysical techniques are believed to hold potential as monitoring tools, including 

passive Acoustic Emission (AE), Self Potential (SP), and cross-hole direct-transmission sonic 

tomography (CT) are further discussed below. 

 Internal erosion can be mitigated by incorporating granular filter zones into the embankment, 

to filter or retain embankment soils and prevent particle migration. The Bureau of Reclamation, in 

partnership with the U.S. Army Corps of Engineers has been conducting large scale embankment 

filter research for several years to gain a better understanding of: cracked filter performance, 

conditions which cause a crack within a filter, ability of a filter to heal under flow conditions, and 

effectiveness of a filter to stop or control flow (Redlinger, 2012). A laboratory model referred to as 

the soil crack box was constructed (Figure 3.1). The box allows for the compaction of filter 

material in various configurations, subsequent cracking of the filter (i.e., to simulate differential 

settlement, desiccation, or seismically induced cracking), and impingement of reservoir water 

upon the cracked filter. 

 The present work includes SP electrodes installed near the surface of the granular filter within 

the crack box, CT logging tubes (one transmitter, one receiver) installed through the full height of 

the filter on both sides of the crack zone, and AE monitoring using periodic passive recording from 
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the CT receivers (geophones). Data have been collected via the three methods before filter 

cracking, during cracking, and during active water flow through the cracked filter. This paper 

presents the test set-up, geophysical instrumentation, and promising preliminary results. 

3.3 Laboratory Setup 

3.3.1 Laboratory Embankment Filter Model 

 The geometry of the laboratory filter model (soil crack box) simulates field geometric 

conditions, and performs similarly to a granular embankment dam filter. The observed seepage is 

constant head, and the induced cracks are similar to those that occur in earthen embankments. The 

resulting design, shown in Figure 3.1, includes several components: a 2000 liter reservoir large 

enough to provide near-constant water supply, a 7 m3 zone to contain embankment and filter 

materials, and a 2.75 m long channel through which water passes from the reservoir to the 

embankment material. The box is constructed in two identical halves and hinged at the bottom 

centerline. Once full of material (Figure 3.1d), hydraulic jacks force the box to pivot at the hinge, 

inducing a crack (2.5 cm, typical) within the material (Figure 3.1e). The size of the box allows 

placement and compaction using vibratory methods similar to those used in the field. Potential 

seepage paths through the apparatus (i.e. hinges, joints) were thoroughly sealed with silicone caulk 

to minimize leaking. Sandpaper was installed along the walls confining the filter material to 

provide friction intended to simulate shear resistance provided by confinement. A drain was 

installed on each side of the floor of the material box to allow drainage below the filter material 

(simulating a drain below a filter zone). Drainage can be measured through outlet pipes. The drains 
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Figure 3.1:  Laboratory layout of filter model showing: (a) assembled model, (b) upstream 

channel, (c) constant head reservoir, (d) uncracked filter, and (e) cracked filter (2.5 cm)  
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can also be closed to prevent drainage (simulating a filter that is isolated, or a drain that is 

clogged). 

 During a typical test the reservoir is released by removing a solid gate between the upstream 

channel and the reservoir. Water flows into and through the filter material in the box. Filter 

performance is observed and judged qualitatively by the material’s ability to sustain a crack, heal a 

crack under flow conditions, and stop or control flow through cracks. For more detail please refer 

to (Redlinger, 2012). 

3.3.2 Geophysical Techniques 

 One means to continuously monitor for concentrated seepage and internal erosion is passive 

Acoustic Emission (AE) monitoring. AE monitoring involves using acoustic transducers (e.g., 

geophones or accelerometers) to passively “listen” for acoustic energy that is released from 

internal sources including earthquakes, impact or gradual loading forces, and impulsive sources 

(e.g., collapse events). Research regarding AE in soils has been ongoing since the 1970s [Koerner, 

1976, 1981; Buck, 1986; Hung, 2009] and recent work by the United States Department of 

Agriculture and Ole Miss University has shown that AE exists due to internal erosion [Lu, 2004; 

Hickey, 2010]. In cases where data from several seismic monitoring stations are available, AE 

source localization can be performed through triangulation or a variety of more complex 

techniques. Research has shown that sudden or gradual increases in the rate or magnitude of AE 

events can be linked to cracking or internal erosion [Talwani, 1984, 1997]. 
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 A second potential means to continuously monitor for internal erosion is through the 

implementation of compressional seismic wave (p-wave) or shear wave (s-wave) cross-hole 

tomography (CT). Similar to AE monitoring, this technique utilizes acoustic transducers, only in 

the case of CT, recorded energy is from ‘active’ or intentionally generated vibrational or 

impact-type sources. The transmitters and receivers are accurately time-synchronized, and similar 

to CAT scan medical imaging technology, CT is performed using a multitude of 

transmitter-receiver pair geometries, helping to illuminate the materials between borehole pairs 

(e.g., see Figure 3.2). This geophysical technique allows for reconstruction of the spatial 

distribution of seismic velocity, related to the material’s density and elastic properties including 

the bulk and shear moduli. By repeating the data acquisition over time, this imaging could prove 

useful in tracking the evolution of subsurface features (i.e., time-lapse geophysics). 

 

 
Figure 3.2:  Approximate CT raypath coverage between source (left edge) and receiver (right 

edge) locations for T11 and T12 (boxes represent discretization for tomography modeling). 
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 A third promising means to continuously monitor for internal erosion and concentrated 

seepage is through the use of the Self Potential (SP) method. The SP technique involves the 

measurement of the variation of the electrical potential distributions across the ground surface (or 

within boreholes) with respect to both space and time. These electrical potentials are associated 

with very small subsurface electric fields created by a variety of sources, including fluid flow 

through porous media (i.e., streaming potential). SP can help to quickly map the lateral location 

and geometry of preferential flow paths in the X-Y plane [Crespy, 2008]. The addition of other 

information about the electrical conductivity and material properties allows for the SP data to be 

inversely modeled to retrieve more useful quantitative parameters such as depth to the phreatic 

surface and groundwater flow velocity distributions [Sheffer, 2007]. Inverse analysis of SP data 

may prove useful, in that 3D fluid flow velocity distributions can be solved for within the first 

order, offering information on the severity and geometry of open transverse cracks, internal 

erosion and related concentrated seepage pathways within earth embankment structures. 

3.3.3 Instrumented Tests 

 Geophysical instrumentation was included in two filter experiments: a two stage filter 

comprised of poorly graded sand upstream of poorly graded gravel (designated T11, Figure 3.3), 

and a single stage filter comprised of poorly graded sand (designated T12, Figure 3.4). The sand 

material met the requirements (including gradation) for fine aggregate in ASTM C33. Generally, 

C33 fine aggregate (commonly referred to as concrete sand) is considered a good all-purpose filter 

material, capable of filtering a wide range of embankment materials. The gradation of the gravel, 
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which had a maximum particle size of 19 mm, was filter-compatible with the gradation of the sand. 

Both the sand and gravel materials contained less than 2% fines at the time of compaction. 

 Filter materials were compacted in the box using a vibratory plate. In-situ moisture and 

density were determined using the sand cone test (ASTM D1556). Average dry unit weights for the 

sand material were 16.9 kN/m3 and 17.4 kN/m3 for tests T11 and T12, respectively. Moisture 

content for the sand material was 5.0% for both tests. The gravel material was not tested, but 

received the same compactive effort (i.e., number of passes with the vibratory plate) as the sand. 

 

 
Figure 3.3:  Schematic (left) and pre-crack photograph (right) of filter geometry and 

instrumentation for T11 – two stage filter. 

 

 Figure 3.3 and Figure 3.4 show schematics and photographs of the geophysical instrument 

layout for tests T11 and T12, respectively. For both tests, SP electrodes were placed in contact with 

the surface of the poorly graded sand material on a grid spacing within the crack box. A harness, 

configured to minimize impact to the crack zone, prohibited electrode movement. For T11, 

electrodes were mounted to the underside of acrylic sheeting with the electrode grids offset 38 cm 

from the crack alignment. For T12, electrodes were mounted to rods suspended from a frame 
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located approximately 15 cm above the soil surface to allow the electrodes to be in firm contact 

with the soil, but to also allow the soil to move freely beneath them. SP data were collected on 32 

channels using a BioSemi EEG multi-channel, high resolution electrical potential measurement 

system. Specifications for geophysical applications using a BioSemi system can be found in 

[Crespy, 2008]. Electrical potentials were measured with respect to a reference electrode (“REF1/2” 

on Figure 3.3 and Figure 3.4). 

 

 
Figure 3.4:  Schematic (left) and post-crack photograph (right) of filter geometry and 

instrumentation for T12 – single stage filter. 

 

 Casings for CT transmitting and receiving (76 mm inside diameter PVC pipe) were installed 

through the full height of the sand, offset 1.2 m from the crack alignment on both sides for T11 

(Figure 3.3) and placed along the inside wall of the box for T12 (Figure 3.4). The seismic source, 

an Olson Instruments P-SV triaxial impact source triggered through Olson’s Freedom Data PC 

system, is a down-hole source capable of generating shear and compressional waves by directly 

impacting the inside of the casing at a set depth. For these tests, the source depth ranged from 5 cm 

to 90 cm below the surface, generally at 15 cm intervals (Figure 3.2). The receiver array was 

comprised of twelve 10 Hz center-frequency geophone transducers and was also used to collect 
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passive AE data. A Geometrics Geode seismic recorder acquired signals from the geophone 

receiver string. Tomographic data waveforms were acquired using a sample interval of 0.25 ms 

over a duration of 0.20 s to 0.25 s. The Geode also acquired AE waveforms at sample intervals of 

0.20 to 0.25 ms over a 4 to 30 s duration. 

 The study included collecting data via the three geophysical methods before filter cracking 

(i.e., after compaction), during and after cracking, and while the crack in the filter material was 

subjected to focused water flow. For test T11, a 2.5 cm wide crack was opened and subjected to 

focused water flow with the drains in the bottom of the box open. The crack healed and did not 

result in flow to the downstream collection reservoir. The 2.5 cm wide crack was subjected to flow 

overnight without erosion or flow to the downstream collection reservoir. The following morning, 

the crack was opened to approximately 15 cm. The crack healed and did not result in flow to the 

downstream collection reservoir. 

 For test T12, a 2.5 cm wide crack was opened and subjected to focused water flow, with the 

drains in the bottom of the box open. The crack healed and did not result in flow to the downstream 

collection reservoir. The 2.5 cm crack was subjected to flow overnight without erosion or flow to 

the downstream collection reservoir. The following morning, the drains in the bottom of the box 

were closed and the crack was again subjected to water overnight. The crack healed and did not 

result in flow to the downstream collection reservoir. The following day, the crack was opened 

incrementally (approximately 1.25 cm/6 min) to approximately 15 cm with the drains closed. The 

crack collapsed and healed several times, until the filter failed and allowed uncontrolled flow to 
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continue to the downstream collection reservoir. 

 Digital video cameras positioned at the upstream reservoir, two angles downstream of the 

filter material, and directly overhead of the crack captured video during the cracking and flow 

events and provided a visual reference for the timing of erosion and healing events.  

3.4 Preliminary Results 

3.4.1 Passive Acoustic Emission 

 AE data were recorded for several hours and on various days throughout each test using 

repeated 4, 10 or 30 s records. The recorded frequencies ranged from approximately 5 to 250 Hz, 

which allowed for identification of unique spectral signatures at various stages of internal erosion, 

overtopping flow, collapse events and self-healing phenomena that occurred throughout the filter 

tests. Preliminary results of this portion of the study are shown in the spectrograms presented in 

Figure 3.5. Here, the power spectrums of AE data are plotted as a function of time for three 

representative, 30-second time periods. The color scale of the three panels represents normalized 

power at a given frequency and record time (power spectra averaged for each second of recorded 

data). Warmer colors (i.e., reds and yellows) represent higher energy levels and more activity, 

while cooler colors (i.e., blues and greens) represent lower energy levels and less activity at a given 

frequency. Within the recorded spectra, bands of high power noise at relatively low-frequencies 

(e.g., 10-50 Hz) associated with the laboratory utility duct-work and nearby machinery dominate 

the signal. Electrical power-grid noise is also apparent in the data as high-energy bands (red) at 60 

Hz and its harmonics (120 Hz and 180 Hz). 
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Figure 3.5:  AE signatures during three stages of T12: Pre-cracking baseline (left), post filter 

cracking during concentrated flow (center), and subsequent sidewall-collapse and self-healing 

events (right). 

 

 Comparison of the pre-cracking baseline data and data collected during concentrated flow 

(left and center panels of Figure 3.5, respectively) shows a spectral distinction between the two 

stages of the test. The right-hand panel of Figure 3.5 shows broad-band events representing a 

collapse event, where the sidewalls of the induced crack collapsed into the open fracture. The 

relatively high energy observed at higher frequencies during concentrated flow (center panel) 

disappears after the collapse events, indicating cessation concentrated flow due to self-healing of 

the filter material. These preliminary results show important and noticeable relationships between 

AE signatures and erosion phenomena. As seen in Figure 3.5, unique AE signatures of filter 

collapse and self-healing were observed during these experiments, showing promise for the 

successful use of the AE method in monitoring applications for full-scale embankment structures. 

3.4.2 Cross-hole Tomography 

 Preliminary results of the cross-hole p-wave tomography data are presented in Figure 3.6 

and Figure 3.7.  Figure 3.6 shows the change in p-wave arrival time with travel distance 
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between source-receiver pairs (note that an increase in arrival time with similar offset indicates 

lower velocity). The data contain trends that suggest an overall decrease in p-wave velocities 

with cracking, relative to the pre-crack data set from T12. The progressive slowing of the 

material velocity likely reflects a decrease in the stress field due to the cracking, increase in 

water content, and/or loosening of the compacted filter materials.  

 Figure 3.7 depicts velocity tomograms calculated for each time step during T12 (pre-crack, 

2hrs and 24hrs after cracking and initiation of flow). CT data acquisition was achieved by 

integrating two separate seismic systems: one system generated the seismic source, and the other 

system recorded the data at the receivers. Interfacing these two systems resulted in a timing 

mismatch between the source (time-zero) and the beginning of each seismic CT record, and while 

the absolute time synchronization discrepancy is unknown, it was consistent for all data recorded. 

As a result, all calculated velocities presented here are considered relative and not absolute seismic 

velocities. Velocities presented in the tomograms shown on Figure 3.7 are slower than expected 

true velocities of the filter material, however the relative changes between time steps represent true 

or absolute decreases in p-wave velocity.  

A progressive overall decrease in the p-wave velocity distribution can be seen in each subsequent 

tomogram moving left to right in Figure 3.7. More noticeable changes occur between the two and 

24-hour tomograms than between the zero and two hour tomograms. This may be due to the 

infiltration of moisture into the materials surrounding the crack and throughout the filter material, 

helping to homogenize the velocity distribution within the filter model.  Still, a noticeable 
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Figure 3.6:  Scatter plots of p-wave travel time versus source-receiver separation (“travel time 

curves”) for T12 data. Trend lines have been added to depict the overall relative decrease in 

calculated velocities over the course of T12. 

 

decrease in velocity is captured using the tomography method. Unfortunately, failure  

of the filter material happened too quickly after collecting the 24hr post-crack data set, 

preventing collection of post-failure data sets. We expect that further internal erosion and 

sloughing of materials leading up to and during the failure events of T12 would have further 

decreased the stress field and hence the p-wave velocities within the filter materials. These 

results show promise for the applicability of seismic tomography techniques for successfully 

detection and imaging of filter material cracking and failure phenomena within earthen 

embankment structures. 
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Figure 3.7:  P-wave tomograms for T12 data collected pre-crack (left panel), and 2hrs and 24hrs 

after cracking of filter material and subjection to concentrated flow (center panel and right panel 

respectively). 

 

3.4.3 Self Potential 

 Preliminary SP results are shown in Figure 3.8, where contour plots of SP data are presented 

for select times during T11. Figure 3.8 depicts a sequence of snapshots of the electrical potential 

distribution across the top surface of the filter material (plan view) where the SP electrodes were 

installed. These contour images depict the development of a positive SP anomaly typically 

associated with the flow of fluid through porous media. Here, water is flowing from right to left, 

and the resultant SP anomaly is seen to develop in a progressive fashion in the downstream 

direction. The SP anomaly is located above the majority of concentrated fluid flow within the 

filter material, near the crack alignment. 

 

 
Figure 3.8:  Plan view contour plots of electric potential distributions (SP data) at select 

time-steps after initial cracking of filter material and subjection to fluid flow during T11. 
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 The physical mechanism that causes the SP anomaly seen in Figure 3.8 is proportional to the 

velocity of fluid flow through the filter material. Therefore, the observed SP anomaly is expected 

to develop in the vicinity of concentrated flow through the filter material, and is expected to 

subside in the advent of self-healing phenomena that decrease or stop flow entirely. This 

observed and expected relationship between SP data and the state of the filter material offers 

promise in the applicability of the SP technique towards full-scale embankment time-lapse 

monitoring efforts. 

3.5 Conclusions and Applications 

 The threat of embankment failure from uncontrolled flow through a crack is exacerbated not 

only by the lack of understanding of the parameters contributing to cracking, healing, and flow 

control, but also by the absence of early detection and monitoring methods capable of identifying 

the process in its early stages. Applications using time-lapse geophysics hold promise for 

detecting spatial and temporal changes in the subsurface conditions through continuous 

monitoring. This paper describes some promising signatures in geophysical signals associated 

with cracking, concentrated flow, and collapsing and healing. While the laboratory is a 

controlled environment, a large amount of man-made ambient noise exists with respect to 

seismic and electrical signals. Despite this challenging data acquisition environment, we have 

demonstrated that precursory internal erosion phenomena, collapse and subsequent healing 

events are evident and well above the spectral noise floors of the SP and AE data presented 

herein. CT-measured changes in the seismic velocity distributions as a result of crack formation, 



 62 

concentrated flow and fluid infiltration are quite evident. The time lapse SP signatures clearly 

indicate water flowing through the partially saturated soil concentrated along the induced crack.  

 These various patterns can be used to develop data analysis algorithms for automated 

detection of cracking and self-healing events, and early notification of these potential risks 

within earthen embankment structures. A time-lapse monitoring system can be used to describe 

baseline signals and to set thresholds for notification. Work remains to further understand the 

link between identifiable cracking, healing, and flow events, as well as the risk of filter failure, in 

order to provide a complete picture for dam safety decision making. Our research in the cracked 

filter box is ongoing; however, this study serves as a preliminary proof of concept. For a full 

scale earth dam, direct application in the form of buried geophones, surface geophones or other 

types of seismic transducers and/or surface SP electrodes can augment conventional 

instrumentation to enable a higher resolution (in time and in space) response that might 

otherwise go unnoticed by traditional instrumentation and visual methods. 
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CHAPTER 4 

DESIGN AND IMPLEMENTATION OF GEOPHYSICAL MONITORING AND REMOTE 
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4.1 Abstract 

 This paper focuses on the conception and deployment of a multi-geophysics and remote 

sensing approach to monitoring internal erosion in a test embankment that was loaded and brought 

to failure in Booneschans, NL in Fall 2013.  IJkdijk is a full-scale field testing embankment 

constructed to facilitate sensor validation testing for monitoring embankment loading and failure 

conditions.  The embankment was constructed of a single zone high plasticity clay embankment 

with sand foundation.  The test embankment was subjected to reservoir loads simulating tidal and 

storm surge conditions known to induce internal erosion in actual embankments.  Geophysical 

monitoring of subsurface conditions was pursued using self- potential and passive seismic  
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methods. Concurrent terrestrial LiDAR and radar remote sensing methods were implemented to 

track millimeter scale settlement and loading deformation. 

4.2 Introduction 

 Earth dams and levees (EDLs) provide flood protection, clean water supply and renewable 

energy for millions to billions of people worldwide. As they age and are subjected to increased 

load and demand, continued reliable performance is a concern. Inevitably, water flows or seeps 

through EDLs and this seepage, if uncontrolled, can lead to internal erosion. Internal erosion is one 

of the primary processes threatening the structural health of earthen embankments yet the 

mechanisms involved and opportunities to detect the process are not yet well understood 

(Schmertmann 2000, Beek et al. 2010). 

 Internal erosion results from the transport and migration of soil particles subject to focused 

seepage or leakage flow and can occur in the embankment, through the foundation and from the 

embankment into the foundation. Of particular interest here, backward erosion occurs where 

cohesionless soils are subject to seepage uplift pressures that cause the soils to float or heave and 

manifest as sand boils in surface expression, generally at the downstream toe of a dam. The 

detached particles are carried away by the seepage flow and the process back-propagates until 

forming a continuous path (“pipe”) to the upstream reservoir. Detection of internal erosion when it 

manifests on the surface as a boil or sinkhole is too late, yet methods of detection other than visual 

inspection performed from the surface of a structure are not part of current monitoring practice. In 

the context of large-scale monitoring systems for earth dams and/or levees, the periodic 
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implementation of conventional geophysical surveys using active seismic or current sources is 

ill-timed compared with the rapid deterioration of levees via internal erosion. There is a need for 

more continuous time-lapse geophysical methods for monitoring EDLs. 

 This paper focuses on the conception and deployment of a multi-geophysics and remote 

sensing approach to monitoring internal erosion in a test embankment that was loaded and brought 

to partial failure in Booneschans, Netherlands in fall 2013. The IJkdijk (pronounced “ike dike” and 

Dutch for “calibration levee”) is a field facility where full-scale levees have been constructed and 

loaded since 2007 to study levee behavior and to enable testing of sensor technologies for 

monitoring behavior and technologies for mitigation (see http://www.ijkdijk.nl/en/). A continuous 

monitoring system involving passive electric, passive seismic and acoustic emissions, and 

terrestrial remote sensing with LiDAR was conceptualized and implemented over a seven day 

period of loading and partial failure of the embankment levee. The paper describes the IJkdijk 

embankment and loading schedule, the geophysical and remote sensing approaches used, and the 

design of the monitoring approach implemented. Some preliminary results are presented. 

4.3 Description of Test Levee 

 The test embankment shown in cross section on Figure 4.1 was 18 m long at its base and 27 m 

long at the crest. The embankment consists of moisture-conditioned and compacted homogeneous 

high plasticity clay over a poorly graded sand foundation (see Table 4.1). The embankment and 

sand foundation were constructed over a geomembrane to isolate the test from the influence of 

outside soil and groundwater, as shown in Figure 4.1. The facility included a membrane-lined 
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upstream reservoir to provide hydraulic loading on the embankment and a membrane-lined 

constant-head downstream reservoir. The downstream reservoir was equipped with an outflow 

gaging station. The foundation sands were saturated prior to the start of any hydraulic loading. The 

test included installation of a vertically-oriented geotextile strip near the downstream toe of the 

embankment as a potential internal erosion mitigation method, shown in Figure 4.1. This paper 

does not specifically address the influence of the geotextile on the behavior of the embankment. 

The embankment was instrumented with piezometers at locations described in Figure 4.1, 

generally spaced at 1.5 m into the page except at the upstream toe. 

 

 
Figure 4.1:  IJkdijk test embankment cross section. 

 

 The hydraulic loading was accomplished by pumping water from a nearby ditch into the 

upstream reservoir. The loading schedule is shown in Figure 4.2. The levee exhibited visual signs 

of deformation, seepage on the downstream face, and sand boils at the toe. While not the subject of 

this paper, the visual observations of these items are noted in Figure 4.2. 
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Table 4.1:  Summary of embankment soil properties. 
Embankment 

Clay  

w (%)  LL PL %>63μm   (kN/m3)   

45-65 79-89 26-33 52-61 15.2-16.1  

 

 d85  D70 D50 D15 Cu 

Foundation Sand 

 (upper 0.5 m)  

0.23 0.21 0.18 0.12 1.7 

Foundation Sand  

(lower 2.5 m)  

 0.18 0.16  1.6 

 

4.4 Geophysical and Remote Sensing Monitoring Scheme 

 In this section, we introduce the approaches to data collection throughout the IJkdijk 

experiment.  Here, we discuss and present general concepts that motivated the choice in data 

collection schemes, as well as some of the details of the instrumentation used in the study.  The 

information presented here, and in subsequent sections of this chapter, is intended to further inform 

the reader of the 2012 IJkdijk test outcomes, and to offer anecdotal evidence and cross-validation 

of passive geophysical data analysis and inverse modeling results presented throughout 

CHAPTER 5of this dissertation. 

 

 
Figure 4.2:  Hydraulic loading schedule and observed events visually. 
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4.4.1 Passive Electric – Self-Potential 

 The self-potential (SP) method is a passive geophysical method (no current injection required) 

that measures naturally occurring or anthropogenic changes to the electrical field generated by 

electrical source current mechanisms within the subsurface. Common source contributions to 

observed self-potential signals can include spatial gradients in hydraulic potential, temperature, 

and chemical or ionic concentrations. These sources result in various cross-coupled electrical 

source currents such as electrokinetic, thermoelectric, and electrochemical currents (Jardani et al. 

2010; Minsley et al. 2007; Revil et al. 2012; Sheffer 2007). 

 In very general terms, seepage through an embankment will typically create a dipolar or 

bipolar SP signature with a positive pole on the downstream side and the corresponding negative 

pole on the upstream side. To image subtle fluctuations in the electrical field that result from fluid 

flow through and below the test structure, a 74 electrode array was designed and implemented, 

including 57 Pb-PbCl non-polarizable electrodes on the downstream face and 17 electrodes across 

the upstream face of the test structure (see Figure 4.3). This array was designed to capture the SP 

fluctuations on each side of the structure in order to invert these fluctuations in terms of 

preferential ground water flow pathways. The SP electrodes were installed approximately 0.75m 

below ground surface to minimize diurnal temperature fluctuations and drifts of the electrodes and 

to improve the proximity of the electrode array to any possible seepage pathway locations. SP data 

were recorded using a laptop connected via Ethernet to a Keithley 2700 series digital multimeter 

with multiplexed slot cards supporting a total of 80 analog input channels. The system was 
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configured to cycle through each electrode and record an SP measurement each 0.5 sec, enabling 

the electric field distribution across the test structure to be imaged approximately every 40 sec. 

4.4.2 Passive Seismic – Acoustic Emissions 

 An array of 24 geophones was deployed on the downstream face to passively record vibrations 

throughout the test. The recorded signal may include acoustic emissions (AE) from collapse events, 

movement of water, movement of particles (DiCarlo et al. 2003; Hickey et al. 2010; Hung et al. 

2009) and may include wave propagation from various ‘noise’ sources, e.g., vehicle traffic, foot 

traffic. The seismic system recorded nearly continuously in 16-sec records (approximately 4 sec 

downtime between records) using a 24-channel Geometrics Geode seismograph. The sensor layout 

was designed to capture and record seismic energy propagating across the geophone array and up 

to the ground surface, including any AE events that may have occurred during the test. The sensors 

used were 4.5 Hz Mark Products vertical geophone transducers. A 4 kHz sample rate (per sensor) 

was used for the first three days, but was reduced to 1 kHz for the remaining three days due to 

software issues. Each geophone was buried 0.25 - 0.75 m deep to maximize coupling and 

sensitivity to signals of interest while minimizing the negative impacts of random and high-energy 

vibrations from wind and rain. 

4.4.1 Remote Sensing 

 Some deformation of an EDL is expected with hydraulic loading, but localized deformation on 

an embankment face can indicate incipient failure conditions like sinkhole development, slope 

failures, and liquefaction (United States Bureau of Reclamation et al. 2007). Terrestrial remote 
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sensing sensors for light detection and ranging (LiDAR) and radar interferometry were deployed 

to support monitoring efforts of the embankment. Only LiDAR is described here. Ground based 

LiDAR is capable of resolving ground surface movement on a scale of millimeters or less (Abellán 

et al. 2009; Alba et al. 2008). 

 

 
Figure 4.3:  Plan view of geophysical sensor arrays and LiDAR imaging location. 

 

 LiDAR point clouds were acquired using a Leica C10 with a green laser light and self-leveling 

sensor at a sampling interval of 7 min. for the duration of the test. Deformation mapping was 

conducted on a 5 cm grid of the embankment using lowest return grid creation. Repeated time 

series of elevation grids were differenced to obtain a vertical difference grids. Vertical 

differencing is effective at detecting changes on the embankment but is acknowledged to only 

represent the vertical component of movement. 3D ground surface deformation can capture the 
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complex movements but is not processed in this analysis. Near horizontal deformation is detected 

by the radar sensor. 

 For the duration of the testing program, the absolute 3D spatial locations of all pertinent data 

locations, including geophones, seismic sources, and resistivity electrodes, and structure apexes 

were recorded using real time kinematic GPS. Precise location is important for minimizing 

introduction of error into inverse modeling routines, which can be sensitive to minute errors in 

geometries and other data variations. 

4.5 Preliminary Monitoring Results 

The complete analysis and presentation of the data is ongoing and not the focus of this paper; 

however, some preliminary data from self-potential, acoustic emission, and lidar are presented 

here to illustrate the nature of each imaging approach. 

4.5.1 Self-Potential 

Figure 4.4 presents a three image sequence of downstream face electrical potential around t = 

100 hrs to illustrate the capabilities of this technique. The SP data from 57 downstream face 

electrodes were gridded and interpolated. SP data have been processed to remove baseline 

steady-state potentials and to correct for drift that often occurs with field-deployed electrodes. As 

illustrated in Figure 4.4, the SP images reveal the development of a small magnitude (~4mV) 

positive anomaly at the center of the downstream toe. This anomaly was consistent with a large 

sand boil that developed during this time.   
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Figure 4.4:  SP data collected near t = 100 hrs illustrating the development of a positive anomaly.  
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4.5.2 Acoustic Emissions 

 A simple way to characterize AE activity is to count pulses or peaks larger than a threshold 

energy or voltage level. The threshold level is set somewhat arbitrarily and is often determined 

based on noise levels collected prior to hydraulic loading. Figure 4.5 illustrates this approach by 

presenting observed counts above a threshold during two 16 sec windows of time during the test. 

Figure 4.5a shows counts recorded early during the test at low reservoir loading (t = 16 hrs) and 

Figure 4.5b shows counts at high reservoir loading (t = 112 hrs). 

4.5.3 Terrestrial Remote Sensing 

Cumulative vertical deformation at two times are shown in Figure 4.6.  Filling of the 

reservoir resulted in deformation near the crest on the flanks of the embankment that developed as 

the reservoir was loaded to capacity at t = 45 hrs. These features remain and grow slightly 

throughout the rest of the test. After 108 hrs, indications of vertical settlement at the toe are 

apparent, with vertical deformation approaching 15 cm. Some shadowing noise was introduced by 

the placement of cardboard signs at the toe and observation activities but sufficient imagery was 

captured to give clear scenes. 

4.6 Concluding Remarks 

A continuous monitoring system involving passive electric, passive seismic and acoustic 

emissions, and terrestrial remote sensing with LiDAR was conceptualized and implemented over a 

seven day period of loading and failure of the IJkdijk test embankment. Each of these monitoring 

approaches was implemented successfully and yielded useful spatial and temporal information
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Figure 4.5:  Preliminary amplitude threshold acoustic emissions counts summed from inception 

of the test to approximately t = 50.75 hrs. 
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Figure 4.6:  Vertical surface deformation as measured by LiDAR. Most deformation occurred 

after reservoir was filled. Toe softening was first observed at 108 hrs. 
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throughout the seven days of testing, from initial reservoir loading to completion of the test. Full 

analysis of these data sets will determine the true value of each of these noninvasive approaches in 

better understanding the behavior of embankments from loading through failure.  
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CHAPTER 5 

4D IMAGING OF SEEPAGE IN EARTHEN EMBANKMENTS WITH TIME-LAPSE 

INVERSION OF SELF-POTENTIAL DATA CONSTRAINED BY ACOUSTIC 

EMISSIONS LOCALIZATION 

Modified from a paper published in Geophysical Journal International 
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5.1 Abstract 

 New methods are required to combine the information contained in the passive electrical and 

seismic signals to detect, localize, and monitor hydromechanical disturbances in porous media. We 

propose a field experiment showing how passive and electrical data can be combined together to 

detect a preferential flow path associated with internal erosion in a Earth dam. Continuous passive 

seismic and electrical (self-potential) monitoring data were recorded during a 7-day full-scale 

levee (earthen embankment) failure test, conducted in Booneschans, Netherlands in 2012.  

Spatially coherent acoustic emissions events and the development of a self-potential anomaly, 

associated with induced concentrated seepage and internal erosion phenomena, were identified 

and imaged near the downstream toe of the embankment, in an area that subsequently developed a 

series of concentrated water flows and sand boils, and where liquefaction of the embankment toe  
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eventually developed.  We present a new 4D grid-search algorithm for acoustic emissions 

localization in both time and space, and the application of the localization results to add spatially 

varying constraints to time-lapse three-dimensional modeling of self-potential data in the terms of 

source current localization.  Seismic signal localization results are utilized to build a set of 

time-invariant yet spatially varying model weights used for the inversion of the self-potential data. 

Results from the combination of these two passive techniques show results that are more 

consistent in terms of focused ground water flow with respect to visual observation on the 

embankment.  This approach to geophysical monitoring of earthen embankments provides an 

improved approach for early detection and imaging of the development of embankment defects 

associated with concentrated seepage and internal erosion phenomena. The same approach can be 

used to detect various types of hydromechanical disturbances at larger scales. 

5.2 Introduction 

 Hydromechanical disturbances in water-saturated or partially-saturated porous media 

generate both seismic and electrical disturbances that can be remotely detected and analyzed to 

monitor remotely these processes (Moore & Glaser, 2007; Revil, 2007). These electrical 

disturbances are generated by the relative displacement of the pore water with respect to the 

skeleton of the porous material in presence of an electrical double layer coating the surface of the 

solid-water interface (e.g., Revil & Mahardika, 2013). Haas et al. (2013) demonstrated recently 

that electrical disturbances associated with fracking events in a porous block can be inverted to 

localize spatially and in time the source of these events. Mahardika et al. (2012) developed a 
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stochastic algorithm to jointly invert seismic and electrical signals associated with seismic source 

in a porous material characterized by a moment tensor. In this paper, we are interested to develop a 

new approach to jointly combined passive seismic and electrical signals to localize and image a 

spatially distributed source current field associated with slowly developing hydromechanical 

processes. We focus in this paper on an application associated with internal erosion in earthen 

levees and dams, but our approach is very general and can be used to detect and monitor various 

types of hydromechanical processes in the Earth’s crust.  

 Earthen levees and dams constitute a major category of modern-day aging infrastructure that 

offer critical functionalities, including flood protection, fresh water transport and supply, and 

energy production (Mooney et al. 2014).  In the Netherlands, which comprises about 42,000 km2 

of landmass, approximately 25 percent of this region is below mean sea-level and 65 percent of the 

country would be flooded or susceptible to regular flooding in the absence of current levels of 

protection from the sea and rivers (Wesselink et al. 2007).  Protection is provided by 3,200 km of 

dikes, dams and levees along the main water bodies, and 14,000 km of dikes and levees along 

smaller waters.  For certain stretches of dikes, the inundation risk accepted under Dutch law may 

be as low as 1:100,000 per year.  The high levels of economic and social risk associated with dam 

and levee failure creates a need for early and more precise remote detection, imaging, and 

monitoring of poorly performing and elevated risk sections of earthen embankments.  This 

motivates the work presented below, where we employ a combination of nonintrusive passive 

geophysical monitoring techniques to achieve this goal. 
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 Considering the many challenges of active near-surface geophysical techniques, including the 

time of acquisition, cost, power consumption, and temporal sparsity, passive data collection 

schemes are perhaps better suited for large-scale and long-term monitoring of embankments (e.g., 

Bolève et al. 2009, 2012).  In some cases, active source near-surface geophysical methods 

demand too much time for robust dataset collection, prohibiting their application to imaging of 

quickly dynamic processes.  The current study focuses on combining the use of the passive 

seismic and self-potential techniques.   

 Seismo-acoustic monitoring has many applications, attempting to localize natural or 

anthropogenic sources of seismic energy such as hydraulic fracturing events, earthquakes, 

sustained and localized natural sources of low-frequency and narrow-band surface wave energy, 

and acoustic emission events associated with concentrated seepage phenomena (Shapiro et al. 

2006; Akbar et al. 2013; Xia et al. 2013; Koerner et al. 1976; Buck & Watters 1986; Talwani 1984, 

1997; Bolève et al. 2012; Rinehart et al. 2012).  Similarly, the self-potential monitoring technique 

has many geophysical applications, where source current densities are generated by a variety of 

cross-coupled flow phenomena, as discussed in detail by Revil & Linde (2006), Sheffer (2007), 

and Revil & Jardani (2013).  However, one limitation of the self-potential technique (and other 

potential field methods) involves the non-uniqueness of the inversion process, where the 

application of appropriate model constraints is of particular difficulty (Kim et al. 2005).  Recent 

efforts have been made to improve spatio-temporal model constraints, such as depth weighting, 

model compaction, and by incorporating multiple geophysical datasets into static and time-lapse 
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inversion schemes (Kim et al. 2009; Karaoulis et al. 2011, 2014; Doetsch et al., 2012; Caterina et 

al., 2014; Supper et al., 2014; Zhou et al., 2014).   

 In this study, we extend the use of passive seismic monitoring of embankments by introducing 

a new 4D acoustic emissions source localization algorithm, in order to spatio-temporally image 

discrete acoustic emissions events, and to help constrain the self-potential inversion process.  

Assuming that both techniques are sensitive to the same dynamic phenomena of concern (e.g., 

concentrated seepage and internal erosion processes that precede levee failures), we remove the 

sensitivity of self-potential model constraints to correlated noise (and any interpretation bias 

therein) by utilizing the independent results of acoustic emissions localization to formulate model 

constraints.  Similar to the work of Legaz et al. (2009) and Vandemeulebrouck et al. (2010), we 

use passive seismic and self-potential monitoring to detect and image a subsurface phenomenon 

that both passive techniques are sensitive to.  However, we extend this approach by utilizing the 

acoustic emissions localization results to help constrain and improve resultant models of source 

current density obtained from the inversion of self-potential data.  While we only take this 

approach to develop static spatial constraints in this study, the technique can easily be extended to 

guide the incorporation of active space-time constraints to the self-potential (or other data type) 

inversion process.   

 The combination of passive seismic and self-potential techniques in this study is motivated by 

observations of acoustic emissions that may precede and occur simultaneously with concentrated 

seepage and any associate SP signatures (see Rinehart et al. 2012).  In addition  to the relatively 
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high-frequency acoustic emissions identified by Koerner et al. (1979) to be associated with turbid 

flow within fully saturated porous media, several examples of concentrated seepage-related 

phenomena that can produce acoustic emissions events may exist.  These include cracking and 

collapsing of materials immediately adjacent to piping features during arching and redistribution 

of overlying lithostatic or engineering-induced stresses, suffusion of sediments that leads to 

non-laminar flow within open piping features, turbulent flow and bubbling of water and sediments 

at the outflow of a piping feature or sand boil, surface scour processes within piping features, 

small-scale slope stability failures and slope-creep events resulting from increased saturation and 

pore fluid pressures, and Haines jumps as discussed by Morrow (1970) that may occur in the 

vadose zone directly adjacent to or above concentrated seepage pathways. 

 We apply this approach to passive seismic and self-potential monitoring data recorded during 

a 7-day full-scale levee embankment failure experiment referred to as the “IJkdijk” test 

(pronounced “ike-dike,” and Dutch for “calibration levee”).  In order to demonstrate the added 

benefit of merging the two passive monitoring techniques, we compare three four-dimensional (4D) 

self-potential models obtained by incorporating the same prior information while imposing three 

different spatial constraint scenarios:  1) No added spatial constraints, 2) elevation-based depth 

weighting from additional prior information, and 3) added spatial constraints from acoustic 

emissions localization histories.  For the sake of concise demonstration of this approach to 

merging two passive geophysical techniques, we apply the process to three time-steps of 

self-potential data.  These three time-steps were carefully selected in order to encompass the onset 
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and development of a self-potential anomaly related to concentrated seepage that was visually 

observed to develop around 100 hours into the 7-day experiment near the downstream toe of the 

test levee.  The results are then validated by comparison to independent visual observations made 

during the IJkdijk test.  

5.3 IJkdijk Experiment 

 The IJkdijk testing program comprised a series of full-scale levee embankment failure 

experiments conducted from 2007 to 2012 on a special test site in the North-East of the 

Netherlands. This test site has been extensively described by van Beek et al. (2011), Zwanenburg 

et al. (2012) and Koelewijn et al. (2013).  The testing program was designed and organized by 

Deltares, Netherlands, and funded by Dutch government entities and several international 

commercial and university participants.  Goals of the IJkdijk testing program included: 1) the 

construction and testing of physical embankment models for various failure modes, in order to 

verify semi-empirical numerical models for slope stability and internal erosion phenomena of 

concern, and, 2) to provide a test facility for validation of various sensing technologies, including 

in-situ measurement systems, remote sensing, and geophysical techniques.  The geophysical data 

presented herein were collected during the final IJkdijk experiment at the site in Booneschans in 

September, 2012. 

 The IJkdijk structure consisted of an approximately 28 m long (at the crest) and 3.6 m tall 

high-plasticity clay embankment constructed in two compacted lifts over a 3 m thick foundation of 

saturated sand, and was built across an impermeable geomembrane-lined basin, forming a 



 84 

hydraulically isolated upstream reservoir and a constant-head downstream reservoir with gauged 

outlet works (Koelewijn et al. 2014).  This physical configuration was chosen to induce 

concentrated under-seepage and the formation of internal erosion and open seepage channels 

referred to as “pipes” within the sand foundation near the clay/sand foundation contact.  A 

permeable geotextile membrane product was installed vertically across the foundation contact and 

along the entire length of the levee near the downstream toe of the embankment in order to test the 

material’s ability to arrest backward propagation of internal erosion (Figure 5.1).   

 

 
Figure 5.1:  Schematic of the IJkdijk embankment, showing the approximate positions of baseline 

tomography transects, and locations of passive monitoring sensors. 
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 During the experiment, the upstream reservoir was filled with filtered water in stages, as to 

simulate realistic flood or storm-surge hydraulic loading events.  This was carried out until a 

critical hydraulic gradient was established and concentrated seepage and internal erosion was 

achieved for an extended period of time (Figure 5.2).  Water elevations and pore water pressures 

were monitored during the experiment using an array of piezometers installed in-situ during 

construction.  At approximately 90 hrs into the experiment, concentrated and sustained seepage 

near the center of the downstream toe began to form, resulting in the development of a 

self-potential anomaly at approximately 99 hours, and liquefaction and slumping of the 

embankment materials in this area at approximately 110 hours (Figure 5.3). 

5.4 Baseline Data and Analysis 

 Figure 5.1 depicts the approximate locations of baseline tomography data collected across the 

downstream half of the IJkdijk levee.  Here, compressional-wave (P-wave) seismic tomography 

and direct current electrical resistivity tomography (ERT) data were collected along three collinear 

transects positioned across the downstream half of the test levee.  These active data were recorded 

only while access to the levee was permitted prior to hydraulic loading of the structure.   

 P-wave tomography data were collected across linear arrays of 24 vertical axis geophones 

exhibiting 40 Hz centre frequency, using a 0.25 mS sample interval, 24-bit digitization, and zero 

gain.  A combination of dipole-dipole and Wenner array ERT data were collected along each 

transect with an ABEM resistivity meter, using 32 stainless steel electrodes, a constant 200 mA 

transmitter current, 2.6 s transmission time, and a root-mean-squared data quality threshold of 1%.  
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Figure 5.2:  Water elevation time series for the 2012 September IJkdijk experiment. The plot 

shows the hydraulic loading schedule (blue line) annotated with chronology of geophysical 

anomalies (red dashed lines) and visual indicators of dyke behavior and performance (green 

dashed lines). Here, relevant events are labeled on the plot, including the initial water rise (A), the 

initiation of water boils along the downstream toe and crack development near embankment 

abutments (B), initial onset of the acoustic emissions anomaly near the downstream toe (C), minor 

seepage along the east abutment (D), development of prominent sand/water boils in the vicinity of 

the acoustic emissions/self-potential anomaly (E), development of the self-potential anomaly (F) 

and liquefaction/sloughing at the geophysical anomaly location (G). The inset photo shows sand 

boils developing at approximately 90 hr into the experiment, near the acoustic emissions and 

self-potential anomaly location. 
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Arrival times of P-wave energy for each source-receiver pair were digitized and inverted using an 

L2-norm (smooth-model), Tikhonov regularization, and the two-dimensional (2D) multi-stencil 

forward marching method of curved ray-tracing for each tomogram (Tikhonov & Arsenin 1977; 

Hassouna et al. 2007).  The RES2DINV program was used to perform inversion of the ERT data, 

which employs a smoothness-constrained least-squares inversion approach (Sasaki, 1992).   

 The resultant models of P-wave velocity and electrical resistivity were then interpolated onto 

regular three-dimensional (3D) grids bounded by the spatial extent of the test levee for use in 

performing acoustic emissions localization and modeling of streaming source current densities.  

Figure 5.4 shows example p-wave velocity (a) and electrical resistivity (b) tomograms obtained for 

baseline data collected along the crest of the test levee.  While there is some difference seen 

between the estimated construction boundaries and the recovered baseline models shown in Figure 

5.4, the two models share similar structure and spatial gradients in their independently recovered 

model parameters.  While the baseline data were only inverted in 2D, no apparent 3D effects were 

observed in the results.  This is likely due to the overall homogeneous distributions of resistivity 

and velocity within the clay embankment, and the perpendicular orientation of the survey lines 

relative to the dipping abutment interfaces. 

5.5 Monitoring Data and Analysis 

5.5.1 Passive seismic monitoring 

 Figure 5.1 depicts the locations of geophones installed for monitoring purposes, where each 

sensor was buried approximately 0.25-0.75 m below the embankment surface to maximize 
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coupling and sensitivity to signals of interest while minimizing random and high-energy vibrations 

from wind and rain.  The same seismic equipment utilized for P-wave tomography was used for 

passive seismic monitoring data acquisition.  Here, the seismic system recorded nearly 

continuously during the 7-day test, utilizing 16 s record lengths with approximately 4 s downtime 

between records.  A sampling interval of 0.25 ms was used for days 1-4 of the test, and 1.0 ms 

sampling interval was used for the last 3 days of testing.  In this fashion, the majority of seismic 

energy propagating within the IJkdijk levee was recorded within the frequency band of 

approximately 10 to 250 Hz.  The data were subsequently filtered by applying a 150 Hz low-pass 

filter and a series of notch filters designed to remove persistent electrical noise and harmonics. 

5.5.1 Acoustic emissions localization 

 In addition to anthropogenic seismic events external to the embankment, spatially variable 

and temporally intermittent-to-persistent acoustic emissions events occurring within the levee 

were identified in the passive seismic data, similar to those identified by Rinehart et al. (2012), 

which were not accounted for by coincident human activities or weather-related phenomena.  In 

this study, localization of these acoustic emission event sources was achieved via a new modified 

grid-search algorithm, similar to those employed by Xia et al. (2013) and Shapiro et al. (2006).  

Here, a staggered horizontal grid of 88 possible acoustic emission source locations was 

populated across the clay/sand interface directly below the passive seismic array.  The 88 

candidate source locations were evenly populated across this staggered grid using a 1.5 m in-line 

spacing and a 0.75 m cross-line spacing, resulting in an approximate 1 m spacing between  
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Figure 5.3:  Photo of the IJkdijk levee (a) and a 3D LiDAR image of the IJkdijk levee (b) taken at 

approximately 110 hrs into the experiment, and LiDAR image with a semi-transparent overlay of 

the self-potential data and anomaly recorded at approximately 99 hrs (c).  Minor through-seepage 

is visible at mid-slope in (a).  Liquefaction and slumping of the levee materials (indicated with 

white outline in panel b) can be seen at the same location as the self-potential anomaly (c). 
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Figure 5.4:  2D seismic p-wave refraction tomogram (a), and 2D electrical resistivity tomogram 

(b) obtained for baseline data collected along the crest of the IJkdijk levee.  The estimated 

positions of construction interfaces between the clay embankment, underlying sand layer, and 

adjacent abutments are indicated with solid black lines on each tomogram. 

 

nearest-neighbor source points.  The choice of source point spacing is somewhat arbitrary, but 

comes with a trade-off between computational cost and resolution of the localization results.  

The source spacing could be further refined if desired in subsequent analysis based on initial 

results.  Using these coordinates, along with known coordinates of the monitoring geophones 

and the interpolated velocity field obtained from baseline tomography surveys, curved-ray 

tracing was performed for each source-receiver pair.  The calculated arrival times of P-wave 

energy at each geophone for each source location were then time-shifted as to zero the earliest 

arrival time for each source candidate location.  While the assumption that most acoustic 

emission sources would be located along the clay/sand interface is made, and only a horizontal 



 91 

2D grid across this plane was used for this study, the technique can be extended to incorporate a 

3D distribution of candidate locations.   

 For each filtered passive seismic data file, calculated arrivals times for each possible source 

location were used to iteratively time-shift the 24 traces.  Each set of time-shifted traces 

(zero-padded) were then scanned, extracting sequential 1 s windows of shifted data.  Here, a 1 s 

window length was selected based on the seismic array size, as to be much longer in time than a 

given acoustic emission event propagating across the array.  Each 1 s window of shifted data 

was cross-correlated, arbitrarily using channel 1 as the reference trace.  Finally, the maximum 

seismic amplitude for each 1 s window of filtered and shifted data was extracted, and divided by 

the sum of the absolute values of the correlation lag-times corresponding to the peak correlation 

coefficients.  This procedure can be written as  
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where t  is the start time of each 1 s window of data, ( , )i tEs is the output energy or 

“likelihood” of an acoustic emission event at approximate time = t  and with source located at 

the i
th

 candidate position (for this study, 1: 88i ), ( )A t is the maximum trace amplitude 

extracted for each 1 s window of shifted data, maxT  is the lag-time corresponding to the peak 

correlation coefficient for a given trace pair, ( , )i nτ  is the calculated relative arrival time for 

P-wave energy propagating between the i
th

 candidate source and the n
th

 geophone, ( , )( , )i nn t D τ  

is the n
th

 data trace windowed from t to t+1 s with time-shift applied for the i
th

 source location, 

and   denotes the cross-correlation operator. 
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 In Equation 5.1, windowed data containing some seismic event will exhibit a large 

maximum amplitude relative to background noise levels.  Additionally, the application of 

time-shifts ( , )i nτ  for a good candidate acoustic emission source location will flatten a given 

seismic event, resulting in a relatively small sum of the residual cross-correlation lag-times maxT

.  The output of this algorithm, having SI units of (V S
-1

), is conceptually similar to the energy 

values output by the brute-force methods applied by Xia et al. (2013), and Shapiro et al. (2006), 

where high values of ( , )i tEs  correspond to a high likelihood of a localized seismic event 

occurrence at a given time and candidate source location.  For each 1 s time-step, ( , )i tEs  

reveals the locations of any seismic energy originating within the grid as a focused anomaly, and 

shows a more broad projection of ( , )i tEs values in the vicinity or direction of sources located 

outside search grid.  The focusing of ( , )i tEs  anomalies for acoustic emission sources within 

the grid depends on the accuracy of the velocity model and ray-tracing approach used for 

calculating ( , )i nτ . A general outline of how this algorithm can be applied to embankment 

monitoring is presented in the flowchart on Figure 5.5.  

 Figure 5.6 presents two example results of the localization algorithm applied to 16 s passive 

seismic data files that contain both anthropogenic events and enigmatic acoustic emissions 

events.  Here, Figure 5.6a shows a spectrogram for seismic files recorded 70.16-70.72 hrs after 

the start of the experiment, that is characterized by a long period of quite background noise 

followed by a period of large amplitude anthropogenic noise from activity on the left abutment of 

the levee.  Two selected seismic files are indicated on the spectrogram, where Figure 5.6b and c 
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show detailed views of selected seismic events propagating across the monitoring array at times 

T1 and T2, respectively.  Here, approximate arrival times are indicated with red lines.  Finally 

Figure 5.6d shows two 2D color contour plots of the 88 ( , )i tEs  values averaged and normalized 

for each extracted 16 s data file, where the approximate source location is indicated with a red 

star in both cases.  As we see here, the new proposed algorithm successfully targets the source 

locations in each case.   

 

 
Figure 5.5:  Flowchart depicting steps for acoustic emissions localization algorithm and 

subsequent incorporation of localization results into self-potential modeling constraints.  Here, 

there are pre-monitoring steps that are first performed using baseline data and resultant models, 

followed by localization performed in near-real-time, and incorporation of localization results into 

self-potential modeling constraints for time-lapse inverse modeling to be performed at some 

user-defined time interval.  Each iterative-loop of the monitoring process is indicated with a 

dashed line and arrow.  The inner loops of the localization algorithm (shown in light dashed-lines) 

are easily parallelizable, making the process more practical for real-time applications. 
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 Once ( , )i tEs  was calculated for the duration of the experiment, a median absolute 

deviation (MAD) weighted average of these values was calculated for each search grid point for 

all times preceding the development of the self-potential anomaly.  By averaging values of 

( , )i tEs  in this way, we create a static spatial map of sustained and spatially coherent AE source 

localizations preceding the SP anomaly and visual development of concentrated under-seepage 

and internal erosion phenomena, while suppressing spurious sources (e.g., wind and rain or 

anthropogenic vibrations).  We refer this averaged set of values as ( )iEs  Figure 5.7).   

 In this experiment, AE events associated with the concentrated seepage near the downstream 

toe are seen to develop in a spatially and temporally coherent manner, where AE events are seen 

to increase in frequency throughout the experiment within the general vicinity of developing 

seepage and prior to tow liquefaction.  The observed spatial coherency of ( , )i tEs was 

conducive to the use of the MAD weighted averaging, helping to reduce the more 

spurious/random anthropogenic sources when calculating ( )iEs and the final SP model 

parameterization penalties discussed below.  For other applications exhibiting less 

spatio-temporally coherent AE event distributions, a more complex approach to isolating 

non-anthropogenic events of interest, such as multi-dimensional clustering, may be justified or 

required. 

5.5.1 Self-potential monitoring 

 Seepage through or beneath an earthen embankment (in cases of charge at the surface of the 

minerals is negative) will typically create a dipolar or bipolar self-potential signature with a 
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Figure 5.6:  Spectrogram for passive seismic data recorded between 70.16–70.72 hrs, with two 

seismic file times (T1 and T2) selected for acoustic emissions localization (a), corresponding to an 

acoustic emission event that occurred at T1, and an anthropogenic event that occurred at T2.   

Detailed views of the two seismic events that occurred at T1 and T2 with red lines indicating 

approximate arrival times of each event (b and c respectively), two 2D color contour plots of the 88 

( , )i tEs  values averaged for each extracted 16s data file (d).  Approximate source locations are 

indicated with red stars in each case (d).  Geophones are plotted in (d) as black circles, where 

geophone 1 is located at the top-left, geophone 8 is located at the top-right, geophone #9 is 

located at mid-slope-right, geophone 16 is located at mid-slope-left, geophone 17 is located at 

bottom-left, and geophone 24 is located at the bottom-right.  
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Figure 5.7:  3D scatter plots of the 88 ( )iEs  values calculated at the clay/sand interface below 

the passive seismic array (bounded by interior black rectangle), and values extrapolated across 

the same plane to self-potential model cell x-y locations.  Geophone locations are plotted as 

black dots, and self-potential model cell locations are plotted as light grey dots.  
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positive pole on the downstream side and a corresponding negative pole on the upstream side.  

The negative charge on the mineral surface is usually expected for clay-minerals from 

potentiometric titrations and electrical double layer theory.  In order to image subtle fluctuations 

in the electrical field resulting from fluid flow through and below the IJkdijk structure, a 

multiplexed self-potential system was implemented.  This system consisted of a laptop computer 

connected via Ethernet to a Keithley 2701 digital multimeter (DMM) with multiplexed cards, 

supporting a total of 80 analog sensor input channels (see Jardani et al., 2009 for a field application 

of this equipment to the self-potential monitoring of pumping tests).  The DMM was connected to 

74 Pb-PbCl non-polarizable electrodes, with 17 electrodes installed across the upstream face, and 

57 electrodes installed across the downstream face of the levee.  A reference electrode was 

installed within the left abutment of the test facility.  Due to equipment issues, only the 

downstream electrodes were used for the duration of the experiment, and utilized for analysis and 

modeling presented herein (Figure 5.1).  This array was designed to capture any voltage 

fluctuations associated with streaming current, in order to invert these fluctuations for source 

current distributions related to the formation of preferential fluid flow pathways. 

 The self-potential electrodes were installed approximately 0.75 m below ground surface to 

minimize diurnal temperature fluctuations and associated drifts of the electrodes, and to improve 

the proximity of the electrode array to any possible seepage pathway locations.  During 

steady-state conditions prior to the experiment, 24 hrs of baseline self-potential data were recorded 

to characterize electrode drifts for the purpose of removing this drift from the monitoring data.  
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During the experiment, the near-surface thermal gradient was monitored for a 24 hours period, and 

temperature fluctuations at the nominal electrode depth were negligible.  Data acquisition 

parameters were configured to sequentially cycle through each electrode and record a 

self-potential measurement each 0.5 sec, enabling the voltage distribution across the levee to be 

imaged approximately every 30 sec throughout the six-day test.  These data were then linearly 

interpolated to common time intervals for processing and modeling. 

5.5.2 Nature of the self-potential signals 

 The total current density J (A m-2) within the subsurface can be described by the following 

constitutive equation, which corresponds to a generalized form of Ohm's law (Sill, 1983): 

S J E J ,         (5.2) 

where  denotes bulk electrical conductivity of the material (S m
-1

), E (V m
-1

) is the electrical 

field associated with any external current sources, and SJ  is source current density associated 

with any internal sources resulting from cross-coupled flow phenomena.  Here, E  is related to 

the electric potential field by  

 E  ,          (5.3) 

where   (V) is the electric potential.  Additionally, if we assume no external sources or sinks 

of electrical current, the conservation of charges within the quasi-static limit of the Maxwell 

equations dictates that (Sill, 1983) 

0 J .          (5.4) 
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 Combining Equations 5.2, 5.3 and 5.4 results in a Poisson equation for self-potential  , 

given by  

  S   J   .        (5.5) 

Here, the right-hand side of Equation 5.5 represents the self-potential source-term (e.g., 

streaming current), and the left-hand side represents the self-potential response in the presence of 

electrical conductivity distribution  .  In this study, is obtained by 3D interpolation of the 

baseline 2D ERT modeling results discussed in Section 3 above.  For the relatively short 

duration of this particular experiment, the saturation front within the (low permeability clay) 

embankment is not expected to have changed significantly.  Similarly, the changes in porosity 

within the underlying sand layer are not expected to have had a significant influence on electrical 

conductivity distributions, to the point of adversely affecting self-potential models.  However, 

these factors may be an issue for longer-term monitoring efforts, and may warrant the collection 

of several baseline resistivity datasets during different stages of hydraulic loading.  This 

approach would allow for the incorporation of time-varying conductivity in the forward 

modeling of self-potential data, where an appropriate conductivity distribution can be selected 

for a given state of hydraulic loading prior to modeling of a specific time-step of self-potential 

data. 

5.5.3 4D Self-potential modeling 

 Our goal is to apply a dipole based inversion algorithm in an effort to recover the 3D vector 

distribution of source current SJ  throughout the downstream-half of the levee and foundation 
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sand, in order to image the major causative regions of electrical disturbances observed in the 

self-potential data.  In other words, we look for to invert directly for source current density SJ  

responsible for the observed self-potential disturbances (see Jardani et al., 2008), and at various 

time-steps as discussed by Kim et al. (2009) and Karaoulis et al. (2014) for the electrical 

resistivity problem.  The determination of the source current density distribution in space and 

time should allow one to image the focusing of flow in the dam over time. 

 A model space was created using the geometric bounds of the downstream half of the IJkdijk 

facility. This volume is divided into M cells (M=612) across an equally spaced 3D grid 

(0.75x0.75x0.75 m).  The full three-component ( xJ , 
yJ , zJ ) source current density vector 

field Js is reconstructed at each of the M model cells, resulting in a total of 3xM (1836) model 

parameters to be solved for.  These model parameters populate the model vector tm .  Three 

time-steps of self-potential data from N electrodes (N=57) were extracted for 4D modeling, 

resulting 3xN (171) data points and a final total of 9xM (5508) model parameters related by the 

forward mapping operator K , or kernel ( ttd Km ).  This procedure results in a strongly 

underdetermined inverse problem since N<<M.  Therefore, we approach the inversion process 

as a constrained minimization of the following objective function: 

 
, , , , , , , , 1( ) | |t d t m t t x y z t x y z tm m       m , (5.6) 

where tm  is the recovered model vector for time-step t, ( )d t m  is a measure of data misfit 

between the observed data 
obs,td  and the recovered data ttd Km for time-step t, ( )m t m  is 

the model semi-norm for time-step t,  is the Tikhonov regularization factor that provides a 
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trade-off between the two terms.  Here, we use a scalar value for  (standard least-squares) and 

an L2-norm approach, where ( )d t m  is given by 

 
2

( ) || ||d t t  obs,tm d Km , (5.7) 

and the regularizer ( )m t m  is given by 

 
2

( ) || ||m t t  mm W m . (5.8) 

In Equation 5.8, mW  is a 3M×3M matrix operator that acts to regularize model tm , and is 

designed with two parts: 1) a diagonal matrix that enforces model smallness or flatness, and 2) 

second-order derivative (Laplacian operator) that enforces model smoothness.  Additionally, 

there is a third term in ( )t m  composed of a first-order derivative (gradient operator) that 

imposes temporal smoothness in recovered model parameters for adjacent time-steps.  This 

term is weighted by a second Tikhonov regularization factor / 5t   , which is a 

predetermined ratio as discussed by Kim et al. (2009). 

5.5.4 Self-potential model constraint using acoustic emissions 

 Since we are inverting for SJ  directly, and performing time-lapse inversion, we have the 

option of incorporating various additional constraints into the minimization problem.  These 

include several scalar weights applied to independently enforce more or less spatial or temporal 

smoothness or smallness in recovered source current density components ( xJ , 
yJ , zJ ).  In this 

study, we use ( )iEs  to create scalar weights applied to the model smallness diagonal matrix 

component of mW , adding varying spatial penalties to model parameterization as a function of 

1/ ( )iEs .  This was achieved by first taking the reciprocals of ( )iEs and performing a 3D 
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distance-based extrapolation of 1( )iEs  to the M self-potential model cell locations, creating the 

vector 1( )m
Es .  Final scaled penalties ( )msP are then calculated by  

 
1 1

min

1 1

max min

| ( ) |
( ) 1

| |

m
m c

 

 


 


s

Es Es
P

Es Es
, (5.9) 

providing a range of values from 1 to c .  The ranging factor c  can be adjusted to incorporate 

more or less influence of ( )msP  on the self-potential model as desired.  For this study, c  was 

set to 1 in order to enforce adequate penalties in regions of the model far from the acoustic 

emissions anomaly near the downstream toe. 

 Additionally, prior information was incorporated into mW  by applying differing model 

smallness penalties to sJ  vector components, and similarly, to model smoothness measures in the 

x, y, and z directions.  This was done in this study, in order to enforce more parameterization of 

dipole vector components and model smoothness parallel to the hydraulic gradient and expected 

fluid flow.  With these added constraints, an expanded version of Equation 5.6can be written as 

 2

,

, , , , , , 1
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( )( )] || ...

| |
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t x y z t x y z t

m a a a
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s

xx yy zz

m P Ws Ws Ws

α α α Dx Dy Dz m ,  (5.10) 

where xWs , 
yWs , and zWs  are the small model weighting matrices independently scaled by 

sxa , 
sya , and sza for xJ , 

yJ , and zJ  respectively.  Dx , Dy , and Dz  are the smooth model 

weighting matrices independently scaled by xa , 
ya , and za for imposing more or less model 

smoothness in the x, y, and z directions respectively.  xxα , 
yyα , and zzα  are 1×3M vectors 

sequentially populated with M constant scalar values xxa , 
yya , and zza , respectively.  They 

work to independently impose more or less spatial smoothness of xJ , 
yJ , and zJ  model 
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components.  In all cases, larger scalar values result in more smallness or smoothness of a given 

model vector component.  A more complex approach could be taken, where spatial smoothness of 

xJ , 
yJ , and zJ  model components would be imposed in the x, y, and z-directions independently.  

The values and functionalities of the various weights used here are listed in Table 5.1. 

 

Table 5.1:  Model weighting matrix scaling factors used to add prior information to the constraint 

of all self-potential inversions. 

Vector 

Components 

Smallness Spatial Smoothness Temporal Smoothness 

xJ  xa =10, ( ) ( , , )m f x y zsP  xa =1, xxa =1 / 5t   

yJ  
ya =1, ( ) ( , , )m f x y zsP  ya =10, 

yya =2 / 5t   

zJ  za =5, ( ) ( , , )m f x y zsP  za =5, zza =1 / 5t   

 

5.6 Results 

 Three independent inversion approaches were taken to recover the 4D distribution of 

streaming source current densities ( sJ ).  In all three cases, the same smoothness constraints were 

employed based on prior information about the experiment.  However, we compare models 

recovered using 1) no additional spatial constraints ( ( )m IsP  in Equation 5.10, 2) incorporation 

of additional prior knowledge with depth-weighting (smallness) based on vertical distances of 

model parameters from Z=0 m (clay/sand interface), and 3) spatial constraints (smallness) applied 

to model parameters with ( )msP  penalties as discussed above.  In the second approach, the 

vertical distances of model parameters from Z=0 were normalized between 1 and 2 to apply less 

penalty to parameters close to Z=0, and more penalty to parameters far from this interface.  
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These elevation-based penalties serve to replace ( )msP  in Equation 5.10.  The same approach 

to distance-based depth weighting was used to extrapolate ( )msP  values from the Z=0 plane, 

taking the assumption that most fluid flow will occur near or at this interface (Figure 5.8). 

 

 
Figure 5.8:  3D semi-transparent volume of calculated ( )msP penalties used for incorporating 

acoustic emissions localization constraints in the self-potential inversion process.  Here, lower 

( )msP  values allow for more model parameterization. Self-potential electrode locations are 

plotted as black dots, and self-potential model cell locations are plotted as grey dots.  

 

 Figure 5.9 presents the real and recovered self-potential data plotted for the three selected 

time-steps (99.6 hrs, 100.4 hrs, and 101.1 hrs after the start of the experiment).  For each 

time-step, each of the three inversion constraint approaches recovers the self-potential data 

equally well.  For each inversion, an optimal value for   was determined via the L-curve 

approach to Tikhonov regularization (see Jardani et al., 2008 for an application of the L-curve to 

the self-potential problem), in order to minimize Eqs. (6) and (10) without over or under-fitting 

the data. 
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Figure 5.9:  Real and recovered self-potential data plotted for time-steps 99.6 hrs, 100.4 hrs, and 

101.1 hrs (T1–T3 respectively) after the start of the experiment.  Here, the real data show the 

development of a positive self-potential anomaly near the center of the downstream toe (a).  For 

each time-step, the recovered data using no added constraints (b), with added depth weighting 

constraints (c), and with acoustic emissions and depth weighting constraints (d) recover the 

self-potential data equally well.  For each of the three inversions, the optimal value for   was 

determined via an L-curve approach in order to minimize Eq. (6) without over-fitting the data.  
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 For the sake of having a meaningful comparison between the three independent sets of 

recovered models, a similar data misfit should be obtained for each model at a given time-step.  

Here, the mean squared error (data misfit) changes for each time-step, due to the corresponding 

changes in observed data magnitudes.  While the L-curve approach was used to guide the final 

inversions in this study, the target data misfits for each time-step (T1, T2 and T3) were 

approximately 0.2, 1.0 and 2.0 mV respectively.  

 While we see a good fit to the observed data in each case, Figure 5.10 indicates significant 

differences in recovered models using the various spatial constraints.  Here, the model 

recovered using acoustic emissions localization constraints is deemed superior, where the 

recovered streaming source current density vector field follows a more realistic pattern of fluid 

flow, concentrating and emanating upwards at the location of visually identified concentrated 

seepage and toe liquefaction.  While the other two models recover the self-potential data 

equally well, they are characterized by extensive distributions of dipoles that support the 

recovered data, but do not follow reasonable flow paths (e.g., perpendicular to the hydraulic 

gradient, along model domain edges, and within the low-permeability clay material).  Figure 

5.11 presents the same plots of the recovered models for only T3, expanded for better 

comparison.  In Figs. 9 and 10, the magnitude of the source current dipoles is normalized for 

each recovered model, in order to emphasize the spatial distribution of dipoles recovered using 

each approach to model constraint. 



 107 

 
Figure 5.10:  Comparison of nine recovered models for the three selected time-steps (T1–T3). a. 

Results using no additional constraints. b. Results using additional depth-weighting constraints. c. 

Results using acoustic emissions and depth-weighting constraints.  The magnitude of the vector 

fields are independently normalized for each plot (see Fig. 11 for comparison of magnitudes for the 

9 recovered models). 

 

 In order to better compare the recovered models for each time-step (T1-T3), the magnitudes 

of recovered dipole were calculated and plotted in Figure 5.12.  In each case, we see an increase 

in modeled source current density for each time-step, however, the spatial distributions of source 

current density varies between the two methods.  Here, the first two approaches are seen to 

parameterize the model space in a more diffuse fashion (Figure 5.12a), and with spurious 

distributions of source current densities that do not corroborate visual indicators of seepage 

(Figure 5.12b), while the 4D model recovered by utilizing the acoustic emissions localization 

constraints is seen to parameterize the model space predominantly in the vicinity (and 

immediately upstream) of the concentrated seepage area near the toe (Figure 5.12c).   
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Figure 5.11:  Comparison of recovered data and models for the last time-step (T3=101.1 hrs). a. 

Results using no added depth-weighting constraints. b. Results using depth-weighting. c. Results 

using acoustic emissions and depth-weighting constraints.  The recovered T3 data for each model 

is plotted as a semi-transparent color contour plot.   
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Figure 5.12:  Comparison of magnitudes of the source current densities (in A m

-2
) for the nine 

recovered models. These distributions are plotted as semi-transparent color-contour volumes, for 

the three selected time-steps (T1–T3). a. Results without no additional constraints. a. Results using 

added depth-weighting constraints. c. Results using acoustic emissions and depth-weighting 

constraints. 
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5.7 Discussion 

 Certain ambiguities and limitations of the technique can arise, such as the assumption that 

acoustic emissions will coincidently occur prior to or simultaneously with concentrated seepage, 

which may not always be the case.  For example, using the spatial constraints posed by the 

localization results, the first time-step model reveals similar parameterization gradients (yet 

vanishingly small amplitudes) in comparison to later time-step models.  This is likely the result of 

the constant spatial constraints, as well as the imposed smoothness in time (temporal constraints) 

relative to adjacent time-steps.  One approach for minimizing this effect is utilizing shorter 

time-windows for averaging localization results prior to a given time-step of the inversion process, 

allowing for independent sets of spatial constraints at each time-step by varying parameter c in 

Equation 5.9 for different time-steps.  This later point is of particular importance, as the parameter 

c used in calculating in Equation 5.9 dictates the extent to which source current parameterization is 

constrained to acoustic emission localizations.  For example, there is no added constraint from 

localization results if c=0.  Alternatively, virtually all source current parameterization will be 

influenced by localization results if c>>1 and the Tikhonov regularization parameter is not varied 

accordingly (data misfit is allowed to increase).  Here, c could be assigned a dynamic value 

related to the maximum amplitude of the windowed data, for example.   

 Additionally, localization results from the method presented herein could be utilized to 

develop active time-constraints independent of changes seen in preliminary self-potential models 

recovered statically for each time-step, as proposed by the ATC approach in Karaoulis et al. (2011).  
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Furthermore, calculated ratios of spatial correlation scale-lengths for recovered distributions of   

could be used to automatically provide scalar values presented in Table 5.1.  Here, spatial patterns 

in localization results could be exploited to enforce more or less smoothness in a given direction of 

the model space. 

 Despite the presence of wet areas seen mid-slope in the photo of Figure 5.3, there is likely 

negligible seismicity and source current density generation associated with this through-seepage, 

because it is related to very slow crack-flow associated with a “lift-line” created during 

construction and placement of the clay embankment material.  It is apparent that inclusion of 

acoustic emissions localization results in the spatial constraints applied to the self-potential 

inversion process helps to confine and guide the modeled  vector parameterization in the vicinity 

of the observed concentrated seepage, and to provide a better image of fluid flow beneath the 

levee. 

 The approach developed in this study for merging passive seismic and self-potential 

monitoring data could be useful in other applications, including more generalized infrastructure 

monitoring efforts or for monitoring fluid injections such as during hydraulic fracturing and 

proppant injection in oil and gas reservoirs and in geothermal fields.  Additionally, the techniques 

employed here for spatially (and temporally) constraining the self-potential inversion process 

could be carried out using results from other passive seismic monitoring analyses, such as relative 

surface wave velocity changes or modeled 2D/3D shear-wave velocity changes obtained from 

seismic interferometery and Rayleigh wave dispersion analysis. Finally, results from active 
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monitoring techniques, such as seismic tomography or DC resistivity tomography, could be used 

in a similar fashion, where changes observed in resulting models could be used to help 

spatiotemporally constrain the inversion process of self-potential data.  

5.8 Conclusions 

 Controlled full-scale embankment failure experiments, such as IJkdijk, provided valuable 

opportunities for validation of various geophysical monitoring techniques and approaches to 

modeling.  In this study, we have shown the effectiveness of passive geophysical monitoring 

techniques in identifying and imaging hydromechanical disturbances associated with concentrated 

embankment seepage and internal erosion phenomena.  By developing a new modified 4D 

grid-search algorithm for localizing seismic sources (applying this algorithm in 2D+time here), 

and combining the averaged localization results with the self-potential data inversion process, we 

have shown that the resulting models of source current density can be better spatially constrained 

in comparison to the use of only basic prior information.  This approach was successful at 

focusing self-potential model parameterization in the immediate vicinity of observed seepage and 

the eventual compromise of embankment stability near the down-stream toe of the IJkdijk facility.  
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CHAPTER 6 

TIME-LAPSE JOINT INVERSION WITH AUTOMATIC JOINT CONSTRAINTS  

Modified from a paper to be submitted to Geophysical Journal International. 
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6.1 Abstract 

 Joint inversion and time-lapse inversion techniques are often implemented in an attempt to 

improve imaging of complex subsurface structures and dynamic processes by minimizing negative 

effects of random and uncorrelated spatial and temporal noise in the data.  We focus on the 

structural cross-gradient (SCG) approach (enforcing recovered models to exhibit similar spatial 

parameterization structures) in combination with time-lapse inversion constraints applied to 

surface-based electrical resistivity tomography and seismic travel-time refraction tomography 

monitoring data.  We investigate the benefits and trade-offs of SCG and time-lapse constraints, 

and show that a combined joint time-lapse inversion approach provides an overall improvement in 

final recovered models.  Additionally, we introduce a new approach to re-weighting SCG 

constraints based on an iteratively updated normalized ratio of model sensitivity distributions at 

each time-step.  We refer to the new technique as the Automatic Joint Constraints (AJC) 
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approach. We show that it provides noticeably improved inversion results beyond standard 

structural joint inversion.  The new joint time-lapse inversion process is demonstrated on a 

synthetic example, and is then applied to real time-lapse monitoring field data collected during a 

quarter-scale earthen embankment induced-piping failure test.  

6.2 Introduction 

 Over the past four decades, the advancement and application of geophysical inversion 

capabilities has been the focus of most geophysics-based research (Tikhonov & Arsenin, 1977; 

Tarantola, 2005).  As a science community, we have made several recent advancements in various 

techniques used to help seek globally optimized solutions (e.g., Tarantola, 2005), to help focus 

images (e.g., Last & Kubik, 1983), to better incorporate a priori and structural information to 

constrain the inversion process (e.g., Zhou et al., 2014), to add temporal constraints in time-lapse 

inversion (Kim, et al., 2005, 2009, 2011; Karaoulis et al., 2011a, 2011b, 2012, 2014, 2015), and to 

merge multiple data types and multiple data sets into single joint inversion problems.  The latter 

two efforts specifically revolve about time-lapse and joint inversion techniques, which are often 

implemented in an attempt to improve the imaging of complex subsurface structures and dynamic 

processes in which physical properties of the subsurface are changing due to some phenomenon of 

interest (see discussion in Karaoulis et al., 2012; Gallardo & Meju, 2003; Sun and Li, 2012). 

 Various combinations of joint inversion and time-lapse inversion techniques have been 

applied to a wide variety of both near-surface and larger-scale applications such as hydrocarbon 

and geothermal reservoir characterization (e.g., Jegen-Kulcsar et al., 2009; Vandemeulebrouck et 
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al., 2010), hydraulic properties evaluation (e.g., Linde et al., 2006; Doetsch et al., 2015), 

contaminant plume monitoring (e.g., Rubin and Hubbart, 2005; Linde et al., 2008), 

hydro-mechanical disturbances and embankment seepage studies (e.g., Legaz et al., 2009; 

Rinehart et al., 2012, Rittgers et al., 2015), aquifer water storage and recovery feasibility studies 

(e.g.,  Davis et al., 2008,), and non-destructive evaluation studies to name a few.  These 

techniques are sought after in geophysics as ways to help constrain under-determined (M>>N) 

inversion problems.  These ill-posed problems are further exacerbated by other issues common 

throughout geophysics, including non-uniqueness of recovered solutions, and noise contamination 

(both in source/receiver geometries and data domains).  Noise is often combated with the use of 

data filtering and model regularization (e.g., Tikhonov & Arsenin, 1977).  Model regularization 

attempts to balance between recovered data misfit and various measures of recovered model-norm, 

such as deviation from reference model, total variation, smoothness, smallness, etc. (see Last & 

Kubik, 1983). 

 Traditionally, model smoothness was simply imposed evenly throughout the model domain, 

leading to overly-smoothed recovered models.  However, it has been demonstrated that models 

are improved by enforcing smoothness to varying degrees throughout the model domain by using 

spatially varying Lagrangian factors (e.g., Kim et al., 2011), or by using different norms (e.g., 

L1-norm versus L2-norm) in different regions of the model domain in order to recover both 

smooth and blocky structures (e.g., Sun & Li, 2014).  Similarly, automatic time constraints (ATC) 

have been demonstrated to improve recovered time-lapse model structures and dynamic variations 
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in comparison to imposing a constant level of temporal smoothness between adjacent time-steps 

(see Karaoulis et al., 2011a).   

 Up until now, structural joint inversion constraints (e.g., Haber & Oldenburg, 1997; Gallardo, 

2003) have similarly been applied with equal weight throughout the joint-model domain, imposing 

mutually non-discriminating structural similarity between jointly recovered models.  This indeed 

results in recovered models that exhibit increasing structural similarity with each iteration of the 

inversion process, and has been shown to drastically improve upon independently recovered 

models.  However, the imposition of structural similarity between models has traditionally not 

accounted for the disparate relative sensitivity distributions of the joint models, which are often 

complimentary to one another.  In this work, we present a new technique, for incorporating 

spatiotemporally varying sensitivity-based weights on structural joint constraints, in order to 

enhance the jointly recovered models.  We demonstrate that this technique offers additional 

improvements beyond traditional time-lapse joint inversion results in several ways. 

 This paper is organized as follows.  We first start with a brief review of general theory behind 

the 2D seismic travel-time refraction tomography and 2D direct current (DC) electrical resistivity 

tomography (ERT) techniques for the purpose of imaging subsurface distributions of seismic 

velocity and electrical resistivity, respectively.  Next, we provide a review of the structural 

cross-gradients approach to carrying out joint inversion and we discuss recently developed 

approaches to implementing time-lapse constraints. We combine these two inversion constraints 

into a single joint time-lapse inversion scheme and finally we introduce a new Automatic Joint 
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Constraints (AJC) approach for scaling cross-gradient constraints between the different models.  

We first test these approaches using a time-lapse synthetic example, comparing results obtained 

from independent, time-lapse, joint, and joint time-lapse inversions, as well as compare results 

obtained using the new AJC approach.  Finally, we apply the newly developed AJC technique to a 

time-lapse field data set collected during a quarter-scale earthen embankment failure experiment 

conducted in 2012 at the US Department of Agriculture (USDA) Hydraulic Engineering Research 

Unit (HERU) in Stillwater, OK.  

6.3 Methodology 

6.3.1 Seismic Refraction Tomography 

 Seismic refraction tomography (SRT) is a geophysical technique that seeks to reconstruct the 

subsurface distribution of elastic wave propagation (seismic) velocity (m s
-1

) using a series of 

seismic source and receiver pairs that are associated with known geometry and travel-times 

determined by picking the first arrival of seismic energy (typically either compression-wave or 

shear-wave arrivals) at a given receiver location.  This technique carries the assumption that 

each source creates and elastic wave front that monotonically propagates outward in all 

directions from the source point.  As described by Hassouna and Farag (2007), this 

monotonically advancing wave-front can be described for a 1D case as 

 
dx

F
dt

   (6.1) 

Equation 6.1 can be extended to a 2D or 3D case using 

 0| | 1, ( ) 0T F T    ,  (6.2) 
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where T  is the arrival time of the wave front, F is the wave propagation velocity ( 1/F S , 

where S denotes the slowness in units of s m
-1

), and 0 is the initial position of the wave –front 

at time-zero (usually designated to be the wave point-source location).  In practice, if wave 

velocity F  is only dependent upon spatial position of the wave front at a given moment, and 

not direction of propagation, then Equation 6.2 is considered to be an isotropic form of the 

Eikonal equation.  In the 2D case, the gradient of travel-times | |T  can be approximated 

using a first-order finite difference given by 

 2 2

, , , , 2

,

1
max( , ,0) max( , ,0)x x z z

i j i j i j i j

i j

D D D D
F

       ,  (6.3) 

where the subsurface is discretized into an evenly spaced grid, with cell x- and z-positions 

represented respectively by indices i  and j , ,

x

i jD
 and ,

x

i jD
are the backward and forward 

finite differences computed at grid location corresponding to the i
th

 column and j
th

 row 

respectively, the same for the z-direction, and ,i jF  is the wave velocity corresponding to the 

grid cell located at the intersection of the i
th

 column and j
th

 row.  In the first-order difference 

approximation, Equation 6.3 reduces to 
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( )v
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 ,  (6.4) 

where 1 x   , 2 y   , ,i jT T , ,i jF F , and  

 1 1, 1,min( , )i j i jT T T  ,  (6.5) 

and 

 2 , 1 , 1min( , )i j i jT T T  . (6.6) 
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Here, Equations 6.5 and 6.6 are the calculated minimum travel-times to ( , )th thi j  cell from 

immediately adjacent neighboring cells in the x- and z-directions respectively.  Each travel-time 

computation only requires that travel-times to adjacent neighboring cells in the “down wind 

direction” are already known, making the calculation of minimum travel-time between 

source-receiver pairs very fast and robust.  This approach to forward modeling via curved 

ray-tracing, referred to as the Fast Marching Method (FMM), is carried out for each 

source-receiver pair while accounting for known geometries. 

 A more accurate form of Equation 6.4, referred to as the Higher Accuracy Fast Marching 

Method (HAFMM, see Dijkstra, 1959; Hassouna and Farag, 2007; Karaoulis et al., 2012, 2015), 

is obtained using second-order finite differences of the form 
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,  (6.7) 

and 
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.  (6.8) 

Here, Equations 6.7 and 6.8 are substituted back into Equation 6.3, and we get 
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,  (6.9) 

and 

 
, 1 , 2 , 1 , 2

2

4 4
min ,

3 3

i j i j i j i jT T T T
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.  (6.10) 

 Hassouna and Farag (2007) explain how the HAFMM technique is only able to be applied 

within the interior regions of a model domain, and is forced to revert back to a first-order finite 



 121 

difference scheme at the edges of the domain, resulting in relatively large errors in these regions.  

They then presented an efficient and highly accurate methodology to solving this equation, 

referred to as the Multi-Stencil Fast Marching Method (MSFMM), which is similar to the 

Dijkstra shortest path algorithm (Dijkstra, 1959). It further improves upon HAFMM, offering a 

higher level of accuracy by means of additionally considering diagonally neighboring elements 

across the computational grid via a series of coordinate rotations during the computations of 1T  

and 2T .  A detailed derivation of this higher accuracy technique is outlined in Hassouna and 

Farag (2007).  Although it is more computationally intensive than HAFMM, we employ the 

MSFMM technique in this study for tomographic forward modeling of seismic arrival times, as 

well as sensitivity computations used to form the Jacobian matrix given by  

 ,
n

n m

m

T
J

S





.  (6.11) 

 Here, each element of ,n mJ  represents the change in calculated travel-time nT  for the n
th

 

datum due to a small perturbation mS  to the slowness assigned to the m
th

 model element.  For 

this effort, the averaged peak-frequency component of coherent seismic energy is estimated from 

the power spectrum of the data and used to define the Fresnel zone associated with each 

source-receiver pair, as described in Karaoulis et al. (2012).  Finally, sensitivities are calculated 

within each Fresnel zone associated with each datum (source-receiver pair), using the weighting 

scheme developed by Watanabe et al. (1999).  
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6.3.1 DC Resistivity Tomography 

 Direct current (DC) electrical resistivity tomography (ERT) is a galvanometric technique 

that aims to image the subsurface distribution of bulk electrical conductivity (S m
-1

), the inverse 

of electrical resistivity (ohm m).  The resistivity imaging problem seeks to reconstruct the true 

subsurface conductivity distribution that accounts for some set of remotely measured electrical 

potentials resulting from a series of on known source current injections and corresponding 

electrode geometries. 

 Within the quasi-static limits of Maxwell’s Equations, a known Direct Current (DC) source 

current injection and its resulting electrical potential field distribution is related to the electrical 

conductivity structure of the subsurface, and is described by the following 3D Poisson equation 

derived from Ohm’s Law and the continuity equation at low frequencies:  

 [ ( , , ) ( , , )] ( ) ( ) ( )s s sx y z V x y z I x x y y z z         , (6.12) 

where ()  denotes the gradient operator, ( , , )x y z  denotes the electrical conductivity at 

points ( , , )x y z , ( , , )V x y z  is the electrical potential distribution (related to the electrical field 

by V E ) at points ( , , )x y z , I  is the DC current injection in units of Amperes (A),   

(in m
-1

) is the Dirac Delta function which assigns the point-source current injection location to 

point ( , , )s s sP x y z .   

 As first shown by Dey and Morisson (1979), and subsequently implemented in several 

studies (e.g., Karaoulis et al., 2012), the 3D Poisson Equation 6.12 above can be represented in 

the wave-number domain, and applied to 2D tomography problems in a 2.5D fashion by utilizing 
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forward and inverse Fourier-cosine transforms for the electrical potential.  The forward 

Fourier-cosine transform is given by  

 
0

( , , ) ( , , )cos( )y yV x k z V x y z k y dy


  ,  (6.13) 

and the inverse Fourier-cosine transform is given by 

 
0

2
( , , ) ( , , )cos( )y y yV x y z V x k z k y dk





  .  (6.14) 

Here, yk is the wave-number in the Cartesian coordinate direction oriented perpendicular to the 

2D tomogram model space.  When we apply the forward Fourier-cosine transform, the 

y-coordinate terms of ( , , )x y z  and ( , , )V x y z  cancel, and we obtain the 2.5D approximation 

to the 3D Poisson equation presented in Equation 6.12 for the x - z  plane, which is given by 

 2[ ( , ) ( , , )] ( , ) ( , , ) ( ) ( )
2

y y y s s

I
x z V x k z k x z V x k z x x z z         , (6.15) 

Equation 6.15 is solved for ( , , )yV x k z while in the wave-number domain, provided some 

assumed conductivity distribution ( , )x z , and then transform back into the space domain using 

Equation 6.14.  Conceptually, this approach to solving 2D ERT problems allows for current 

density to extend into the third dimension (out of the x - z  plane tomography solution itself), 

resulting in much more accurate recovered conductivity values while still accounting for the 

conservation of charges.  However, this approach to the 2D ERT problem must be used with 

caution, because it assumes that the same recovered 2D conductivity structure extends outwards 

to infinity in both directions perpendicular to the plane of the tomogram, creating the unwanted 

potential for unaccounted “out-of-plane” effects on the final recovered model.  
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 Similar to the work of Karaoulis et al. (2012), we solve Equation 6.15 above, using a finite 

element method (FEM) approach, which is implemented on an unstructured triangular 2D 

computational mesh.  A model parameter grid is defined such that several triangular 

computational mesh elements represent a given (square) model parameter block, and each 

computational mesh element within a given parameter block is assigned the same electrical 

conductivity value.  Across the computational mesh, each triangular element is defined by a 

constant resistivity value and three corner nodes, at which electric potentials are calculated for a 

given point source injection (or sink) of current. The calculated potentials, along with FEM 

equations (e.g., linear shape functions described in Tsourlos, 1995), readily allow for the 

calculation of apparent resistivities associated with each measurement.  Similarly, sensitivities 

can be calculated using the principle of reciprocity, in which each electrode is treated as both a 

receiver and a source point (Tripp et al., 1984).  This leads to an efficient way of computing the 

ERT Jacobian matrix, given by 

 ,
i

i j

j

V
J







,  (16) 

where, each element of ,i jJ  represents the change in calculated electric potential iV at the i
th

 

mesh node due to a small perturbation j  to the conductivity assigned to the j
th

 mesh element.  

A more detailed discussion of this procedure is presented in Rodi (1976).  

6.3.2 Structural Cross-Gradient Joint Inversion 

 Joint inversion of multiple geophysical data sets involves the simultaneous inverse modeling 

of relevant physical or chemical properties, while honoring some known or assumed empirical 
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relationship between these material properties or model spaces.  Two general frameworks for 

carrying out joint inversion currently exist: petrophysically constrained and structurally 

constrained joint inversions.  In the petrophysical approach, some ranges of two or more material 

properties are known or assumed for a given study location, and the inversion problem is 

constrained such that these material property ranges or assumed relationships (e.g., constant ratios, 

empirically fitted cross-plot trends, or assumed semi-empirically derived equations that link 

multiple physical properties to one or more common independent variable) are honored while still 

fitting all data sets to within some prescribed error tolerance (e.g., Hertrich and Yaramanci, 2002; 

Woodruff et al., 2010).  The more recently developed structurally constrained approach involves 

the simultaneous inversion of multiple geophysical data sets while enforcing some form of 

structural similarity between the jointly recovered models, again while still fitting observed data 

sets to within some tolerable error level (e.g. Gallardo, 2003, 2005, 2007).   

 Various approaches to enforcing structural similarity between recovered models have been 

applied using gradient operators:  These include the enforcement of absolute identical structures, 

the enforcement of similar model gradients that share the same direction, and the enforcement of 

similar model gradients that can be approximately parallel yet opposite in direction and of 

differing magnitudes (e.g. Gallardo, 2011).  Similar techniques that utilize information from one 

geophysical data set or model to help constraint the inversion of another data set, include data 

assimilation techniques (e.g., Vandemeulebrouck et al., 2010; Legaz et al., 2009; Bolève et al., 

2012; Doetsch, et al., 2012; Rittgers et al., 2015), and image-guided inversion (e.g., Hale, 2009a, 
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2009b, 2009c; Ma et al., 2012; Zhou et al., 2014; Sava et al., 2015).  

 For this study, we employ the structural cross-gradients joint inversion scheme first introduced 

by Gallardo and Meju (2003), and similarly apply it to surface-based seismic and resistivity 

tomography data sets.  This approach to joint inversion is intuitively justified for the current 

application of imaging the development of earthen embankment piping, because piping 

development (essentially a hole that extends through an embankment and progressively widens, 

allowing concentrated seepage to develop) can be characterized by anomalously high resistivity 

and low seismic velocity relative to background embankment material resistivities and velocities 

(Beek et al., 2011).  

 Here, the structural similarity between resistivity model rm  and seismic slowness model sm  

is evaluated by means of the cross-gradients function given by 

 ( , , ) ( , , ) ( , , )x y z x y z x y z  r st m m , (6.17) 

where ( , , )x y z rm  is the local gradient of resistivity parameters and ( , , )x y z sm  is the local 

gradient of seismic model parameters at location ( , , )x y z  within the joint-model domain.  In the 

case where these two gradient vectors in Equation 6.17 become nearly parallel at a given location, 

the cross-gradient goes to zero.  Thus, minimizing this term to equal zero throughout the 

joint-model space equates to recovering two models of identical gradient structure.  In this study, 

we allow the two model gradients to be in opposite directions and of differing magnitudes, and 

only consider the angle between gradients in our measure of structural similarity. 
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 In the case of a 2D model domain, as stated in Gallardo et al. (2004), the x- and z-components 

of the cross-gradients function t  vanish, and we are only left with the y-component of ( , )x zt  (a 

vector that is orthogonal to the x-z plain in which the cross-products of the model parameter 

gradients are calculated): 

 
( , ) ( , ) ( , ) ( , )

( , )
x z x z x z x z

x z
z x x z

        
      

        

r s r sm m m m
t , (6.18) 

We use a first-order finite-difference approximation to the partial derivatives in Equation 6.18 

above, however, Equation 6.4 in Gallardo and Meju (2004) only accounts for region 1 shown on 

Figure 6.1.  This equation assumes only forward differences and is written as 

 
4

( ( ) ( ) ( ))rc sb sr rr sc sb rb sr sct m m m m m m m m m
x z

     
 

. (6.19) 

 We consider the four different cases for calculating ( , )t x z  for a 2D problem, as shown in 

Figure 6.1.  Here, a 2D parameterization mesh must be subdivided into 4 regions, where region 1 

supports the use of all forward difference approximations, regions 2 and 3 require the mixed use of 

forward and backward differences, and region 4 in which only backward differences can be used to 

calculate the cross-gradient value.   

 In addition to Equation 6.19, we require the use of the following additional formulas for the 

accurate calculation of the cross gradient throughout the entire joint-model space:  

 
4

( ( ) ( ) ( ))rc sb sl rl sc sb rb sl sct m m m m m m m m m
x z

     
 

, (6.20) 
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( ( ) ( ) ( ))rc st sr rt sr sc rr sc stt m m m m m m m m m
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, (6.21) 
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4

( ( ) ( ) ( ))rc sl st rl sc st rt sc slt m m m m m m m m m
x z

     
 

. (6.22) 

Here, Equations 6.20  through 6.22 correspond to regions 2 through 4 on Figure 6.1 respectively, 

where the added neighboring elements rlm , slm , rtm , and stm  are used for the backward 

difference-based cross-gradients function calculations along these edges of the joint-model 

domain.  Similarly, we require the six unique partial derivatives discussed in Gallardo and Meju  

(2004), which provide information on the direction to update model vectors in order to minimize 

the cross-gradient component. We also approximate these using forward and backward finite 

differences as appropriately selected for the four regions on Figure 6.1.  

 

 
Figure 6.1:  Example 2D model parameterization mesh, highlighting model cells used in the 

cross-gradient                    and partial derivative calculations at each location.  

There are four regions (1 through 4) within the joint-parameter grid that require unique 

combinations of forward and/or backward differences.  Here, the cross-gradients function and 

partial derivatives can be estimated using all forward differences (region 1), using forward 

differences in the z-direction and backward differences in the x-direction (region 2), using back 

differences in the z-direction and forard differences in the x-direction (region 3), and backward 

differences in both the x- and z-directions (region 4).  Cells used in a backward difference are 

located above (e.g., Mst) and to the left (e.g., Msl) of the center cell.    
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 Following Karaoulis et al (2012), we formulate our joint inversion problem in a least-squares 

sense.  As with most inverse problems in geophysics, we are faced with an underdetermined 

system of equations for each model type, where the number of each type of data is far less than the 

number of associated model parameters to be recovered (e.g., N<<M).  Therefore we approach the 

joint inversion process as a constrained minimization of the following objective function:  

 ( ) d m m j j       m . (6.23) 

where m  is the recovered joint-model , d  is the data misfit term, m  is the model semi-norm 

term, 
j  is the measure of structural similarity between the jointly recovered models calculated 

using the cross-gradients function given in Equation 6.17, and m  and j  are scalar Lagrangian 

multipliers that provide a trade-off between the various terms.  In Equation 6.23, the joint-model 

m is defined as 
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s

m
m

m
. (6.24) 

where rm  is the (M-by-1) resistivity model column-vector, sm  is the (M-by-1) seismic slowness 

model column-vector, and M is the number of model parameters within the joint-model domain.  

The joint-data misfit term d  is defined using an L2-norm measure given by  

 
2

1|| ( ) ||k k k

d
  d K m δm , (6.25) 

where the joint data vector d is given by 
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s

d
d

d
. (6.26) 

Here, rd  is an (Nr-by-1) column vector, and sd is an (Ns-by-1) column vector, Nr and Ns are the 

number of resistivity and seismic data, respectively.  The joint forward operator or Jacobian 
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matrix 
k

K calculated during the previous iteration number k , 

 
k

k

k

 
  
 

r

s

K
K

K
, (6.27) 

operates on the joint-model for the current iteration number ( 1k  ), which is the sum of the 

previous iteration’s model k
m  and the model update vector 1k

δm .  Minimizing the objective 

function given in Equation 6.23 leads to the following system of equations:  

 1 1( )k k k  m m δm , (6.28) 

where the joint-model update vector 1k
δm  is defined as 

 
1 1ˆ( ) ( )k kT k T k  δm J J C ΑC J DT . (6.29) 

 In Equation 6.29, C  is a finite difference operator that measures spatial smoothness, Α̂  is a 

diagonal matrix that contains Lagrangian multipliers for imposing spatially varying weights on 

model smoothness (e.g.,  Kim et al., 2005; 2009; 2011), and 1k
DT  is a matrix that combines 

both data misfits and the cross-gradients function values for the current iteration given by 
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The joint-sensitivity matrix k
J  in Equation 6.29 is defined as 
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. (6.31) 

Here, the (M-by-2M) cross-gradients sensitivity matrix 
k

Kcg  contains the partial derivatives of 

the cross-gradient function (see discussion in Gallardo and Meju, 2004).  In our study here, we 
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only employ a constant Lagrangian multiplier for spatial smoothness, so Α̂  in Equation 6.29 

reduces to an identity matrix. 

 We perform “heating” of the cross-gradients weighting term j  during each iteration, in 

order to incrementally enforce an increasing level of structural similarity between the recovered 

models.  To achieve structural similarity between recovered models in a stable manner, we follow 

a similar approach to adjusting the relative weights imposed on the cross-gradients term as 

discussed by Gallardo et al (2004).  In this study, we obtained stable results without the need for a 

computationally intensive “sub-stage minimization” process, and simply increase j  in a linear 

fashion from 0 (at the first iteration) to 100 (at the last iteration).  The stability of this approach is 

ensured by taking the following precaution:  If the RMS data errors for either data type becomes 

too large during a given iteration (e.g., larger than the previous iteration), then the change in j  is 

decreased (e.g., “cooled”) until either 1) the problematic data RMS error becomes equal to or less 

than the previous iteration’s corresponding RMS value, or 2) the j  term is reduced back to the 

previous iteration’s value.  This gradual increase is performed to avoid getting one or both models 

stuck in a local minimum by enforcing too much structure too early in the inversion process.  

6.3.3 Time-lapse Joint Inversion 

 The combination of time-lapse constraints results in a least squares time-lapse joint 

inversion scheme that incorporates both spatial similarity and temporal smoothness constraints 

into a single minimization problem.  We follow the approach outlined by Kim et al. (2005, 

2009, 2011), in which all time-steps of the inversion problem are merged into a single 
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least-squares minimization problem.  We accomplish this by adding an additional temporal 

constraint term to the objective function given in Equation 6.23, and obtain:  

 ( ) d m m j j t t         m , (6.32) 

where t  is a measure of temporal smoothness between models recovered for adjacent 

time-steps, and t  is a Lagrangian multiplier used to balance the weight of this added cost-term.  

Consequently, Equations 6.24 through 6.31 become representative of only a single time-step, and 

we redefine Equation 6.29 as 

 
1 1ˆ( ) ( )k kT k T T k T k 

      δm J J C AC D AD J DT D AD m . (6.33) 

 Here, D  is a first-order finite difference operator for imposing temporal smoothness, and 

A  is a diagonal matrix containing Lagrangian multipliers that provide variable weights on the 

imposed temporal smoothness between adjacent time-steps for different regions of the 

joint-model space (e.g., automatic time constraints (ATC) proposed by Karaoulis et al., 2011a, 

2011b, 2014).  Similarly, the amount of temporal smoothness enforced on recovered models can 

be appropriately scaled based on relative amounts of time between adjacent time-steps of data.  

For this study, we simply employ a temporal smoothness by setting A  equal to an identity 

matrix (equal smoothness enforced between all adjacent time-steps).  Additionally, we reform 

the relevant matrices for time-step 1 through ts (total number of time-steps) as 
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and Equation 6.31 is concatenated into a block-diagonal matrix written as 
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. (6.37) 

 The joint model update vector defined in Equation 6.33 is solved using a conjugate gradient 

solver during each iteration of the inversion process.  Here, we use the base-10 logarithm of the 

joint model parameters vector k
m  in order to ensure positivity of the model update vector.  

The logarithm is also used to ensure that both the SRT and ERT model parameters are 

approximately within the same order of magnitude for the sake of appropriately balancing 

spatiotemporal constraints (e.g., model smallness and smoothness).  As a result, the base-10 

logarithms of the data misfit terms given in Equation 6.30 are required.  The updated 

joint-model vector recovered during each iteration is converted back to linear space for the sake 

of calculating recovered data and exporting/plotting. 

6.3.4 Automatic Joint Constraints 

 Within the time-lapse joint inversion scheme described above, structural cross-gradient 

constraints are applied equally to each parameter set throughout the entire joint model space by 

means of using a constant Lagrangian multiplier 
2

j .  In previous studies, 
2

j  has been 
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increased (or “heated” during each iteration) in either a linear or logarithmic fashion, in order to 

impose an overall increased weight on structural similarity between the disparate models.  This 

constant weight assumes that no additional information is available beyond the cross-gradient 

measure of similarity of local parameterization gradients.  Subsequently, both models are 

mutually updated to minimize the cross-gradient, regardless of the differing model sensitivities.   

 We propose in this study, a new approach that is similar in nature to the ABC and ATC 

techniques for focusing recovered models by spatiotemporally varying Lagrangian multipliers 

during the inversion process.  Here, we propose the automatic joint constraints (AJC) technique, 

where we apply spatiotemporally varying sensitivity-based weights to the cross-gradient 

structural term j  during each iteration of the inversion process.  

 AJC is achieved by first calculating normalized ratios of the seismic and resistivity 

sensitivity distributions given by 

 1 ( , , )

( ( , , ) ( , , ))

k
k ts
ts k k

ts ts

Js x y z

Jr x y z Js x y z 

 
 

AJCr , (6.38) 

and 

 1 ( , , )

( ( , , ) ( , , ))

k
k ts
ts k k

ts ts

Jr x y z

Jr x y z Js x y z 

 
 

AJCs . (6.39) 

Here, 
k

tsJr  and 
k

tsJs  are the normalized resistivity and seismic sensitivities calculated during 

the previous iteration k at the joint-model parameter location ( , , )x y z  for time-step ts .  Each 

(M-by-1) set of sensitivity values is first normalized by clipping the sensitivity distributions at 

2  of the mean, and then scaling the clipped sets from 0 to 1.  The process of clipping values 

about the mean of each sensitivity set avoids domination of large and small values during 
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scaling, and results in a better representation of the sensitivity distribution throughout each 

individual model space.  The support term   in Equations 6.38 and 6.39 prevents division by 

zero.  We set 61 10    for this study, and we additionally zero-out ratio terms within 

regions of mutually near-zero sensitivities for optional added stability (e.g., the lower corners of 

the joint model domain) by subjectively establishing a threshold via trial and error.  

 Intuitively, 
1k

ts


AJCr  values in Equation 6.38 range from 0 to 1, and ratio values that 

approach a value of 1 indicate regions where the seismic model for time-step ts  has relatively 

far more sensitivity compared to the resistivity model sensitivity in that same region of the 

joint-model space.  The same can be said for near-unity 
1k

ts


AJCs  ratio values representing 

relatively larger resistivity sensitivities. 

 The normalized ratios can now be incorporated into the new AJC inversion scheme in one of 

two ways: The first approach makes use of Equations 6.30 and 6.36 which contain the 

cross-gradients function values calculated across the joint-model grid.  Here, we separate the 

inversion process into two sets of equations that are each solved independently using a Conjugate 

Gradient solver during each iteration.  This allows for independent model update vectors to be 

obtained adopting 
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, (6.42) 

and 

 

1

ts

 
 
 
  

DTs

DTs

DTs

. (6.43) 

 In the first approach, we would proceed with the separate conjugate gradient solutions using 

DTr  and DTs  respectively, and merge the two recovered model-update vectors and resultant 

recovered models as shown in Equations 6.24 and 6.35 before continuing to the next iteration.   

 Alternatively, we can take a more favorable second approach by incorporating the AJC 

weights directly into Equation 6.31, which contains the (M-by-2M) cross-gradients sensitivity 

matrix 
k

CGK  (partial derivatives of the cross-gradient function).  Here, 
k

CGK  is a horizontally 

concatenated matrix of the form 

 [ ]k k k

ts ts tsKcg Kcgr Kcgs , (6.44) 

where 
k

tsKcgr  and 
k

tsKcgs  correspond to the (M-by-M) partial derivatives for the resistivity and 

seismic models at time-step ts  respectively.  We apply the AJC weights in a row-wise 

multiplication fashion, such that each row of 
k

tsKcgr  is scaled by the corresponding weight in 

1k

ts


AJCr , and each row of 

k

tsKcgs  is similarly scaled by the corresponding weight in 
1k

ts


AJCs .  

We can proceed with a single set of equations and a single conjugate gradient solver, as before.  

 In either approach, “heating” of the Lagrangian multiplier j  is still performed (linearly 

from 0 to 100 in this study), only it is now independently scaled by the AJC weights.  We 
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obtained appropriate Lagrangian factors m  and t  by trial and error relatively easily, and use 

the same values throughout the synthetics cases below.  A separate set of parameters were 

similarly determined and used for all real data examples presented below.  

6.4 Synthetic Example 

 In order to test the new AJC algorithm, we first build a simple synthetic time-lapse joint model 

for four time-steps that simulates some dynamic changes similar to what we would expect to see in 

the case of a developing embankment piping failure (Hickey et al., 2009; 2012, Rinehart et al., 

2012): Here, a progressively enlarging anomaly characterized by increasing resistivity and 

decreasing velocity.  The time-lapse joint model additionally changes the shape and location of 

the anomaly, and includes an arbitrary static block feature.  We construct the synthetic resistivity 

and seismic slowness models using identical structures at each of the four time-steps (see Figure 

6.2). 

 We then produce synthetic data via forward modeling, and subsequently add realistic levels of 

zero-mean random Gaussian noise.  The random noise vectors added to the two synthetic data sets 

are scaled realistically, such that apparent resistivity data associated with large geometrical factors 

(large dipole-dipole electrode-pair offsets) receive the addition of larger-magnitude errors.  The 

same is done for seismic arrival data corresponding to far source-receiver pair offsets.  We feel 

that this approach to adding random noise is much more realistic to these two tomographic 

techniques, rather than simply using a pre-described percentage for each entire noise vector.  
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Figure 6.2:  The “real” synthetic resistivity (left) and seismic velocity (right) models for four 

time-steps (TS=1 through 4) used for this study.  Electrode and geophone locations are plotted in 

red along the top of the resistivity models (left) and seismic velocity models (right) respectively.  
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6.4.1 Comparing Independent, Time-lapse, and Time-lapse Joint Inversions 

 We now compare synthetic results obtained by performing independent inversion, time-lapse 

inversion, and time-lapse joint inversion. Figure 6.3 through Figure 6.5 present recovered models 

for the aforementioned three approaches.  Independently recovered models are shown in Figure 

6.3.  As expected, the addition of time-lapse constraints (Figure 6.4) helps to remove noise that 

varies randomly between adjacent time-steps of the joint-model space, in the form of randomly 

changing artifacts that are not associated with the actual dynamically changing anomaly feature.  

Similarly, the addition of structural joint constraints helps to remove random spatial artifacts 

within in each model resulting from noise contaminating a given time-step of data (Figure 6.5).  

Specifically, the addition of structural joint constraints dramatically improves the recovered 

models for both methods, helping to constrain both the recovered shapes and parameter values of 

the blocky features within the joint-model. 

 In order to compare each inversion result in terms of suitability as a potential solution to the 

inversion problem, we plot the root-mean-squared error (RMSE) for the recovered data at each 

time-step and each iteration in Figure 6.6.  The RMSE for both resistivity and seismic and for all 

four inversion approaches are seen to converge around the same approximate level (~1 to 2%) at 

each time-step.  The inversions begin to converge in only a few iterations; however, the process is 

forced for a predetermined number of iterations for sake of comparison.  Various stopping criteria 

could be employed here, such as average data misfit convergence, or non-monotonic changes in 

averaged errors.  
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Figure 6.3:  Recovered resistivity (left) and seismic velocity (right) models for independent 

inversions of synthetic data. 
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Figure 6.4:  Recovered resistivity (left) and seismic velocity (right) models for timelapse 

inversions of synthetic data.  
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Figure 6.5:  Recovered resistivity (left) and seismic velocity (right) models for time-lapse joint 

inversions of synthetic data, without the application of AJC weights.  
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6.4.2 Standard SCG versus AJC Inversions 

 Finally, we now compare synthetic time-lapse joint inversion results obtained with and 

without the addition of AJC weights.  Figure 6.7 shows spatial plots of the resistivity and 

seismic sensitivity distributions (a) and (b), normalized sensitivities (c) and (d), and final AJC 

weights AJCs  and AJCr  (e) and (f).  Here, we see that the seismic and resistivity 

sensitivities are rather complimentary.  For example, where the low velocity anomaly creates a 

low seismic sensitivity zone (“shadow” zone), the resistivity model sensitivity is relatively 

higher.  This in turn creates a relatively large corresponding region of weights in the calculation 

of AJCs  AJCs  (weights applied to the seismic model in order to enforce structural similarity 

to the ERT model).  The same can be seen for regions where the seismic model exhibits a 

relatively large sensitivity compared to the resistivity model sensitivity, resulting in relatively 

large values of AJCr . 

 Next, we compare the recovered models using time-lapse joint inversion without application 

of AJC weights (Figure 6.8) and with AJC weights (Figure 6.9).  Here, we see an additional 

improvement on the structures of the recovered joint-models, where artifacts at depth are 

suppressed, and the shapes and values within the dynamically changing anomaly are more 

consistent with the real synthetic models.  Other possible tactics for controlling the AJC weights 

could include the addition of depth-weighting terms prior to scaling of the weights, for example.   
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Figure 6.6:  Four semi-log plots comparing the RMS errors for recovered synthetic resistivity and 

seismic data at time-steps 1 through 4, using independent, time-lapse, joint, and time-lapse joint 

constraints.  The RMS values for both resistivity and seismic and for all four inversion 

approaches are seen to converge around the same approximate level of error (~1 to 2%) at each 

time-step.  Here, resistivity RMS values are plotted with black lines, while the seismic RMS 

values are plotted with red lines.   
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Figure 6.7:  A comparison of the final sensitivity distributions for seismic velocity (a), and 

electrical resistivity (b) models for the last time-step of the last iteration for the synthetic example.  

These are scaled from 0 to 1, as shown in (c) and (d). The normalized ratios AJC-S and AJC-R, 

plotted in (e) and (f) respectively, are iteratively updated during the inversion process.  These 

ratios are used to independently scale structural joint constraints and improve the structure of the 

less sensitive model at each co-located parameter within the joint-model space.   
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Figure 6.8:  Time-lapse joint inverted seismic velocity models (left) and resistivity models (right) 

for the synthetic case above without the application of AJC. 

 

 
Figure 6.9:  Time-lapse joint inverted seismic velocity models (left) and resistivity models (right) 

for the synthetic case above with the application of AJC.  A noticeable improvement on the 

structure and value of the recovered model is seen with the addition of the AJC weights.  
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6.5 Field Example 

 Next, we apply our time-lapse structural joint inversion scheme with the addition of AJC to 

SRT and ERT monitoring data sets collected during a quarter-scale earthen embankment 

piping-failure test.  The Stillwater embankment testing program comprised a series of 

quarter-scale levee embankment monitoring experiments conducted from 2011 to 2012 at a 

special test site developed at the US Department of Agriculture (USDA) Hydraulic Engineering 

Research Unit in Stillwater, OK.  The Stillwater test presented here consisted of a homogeneous 

embankment constructed of a clay-loam soil, and placed in a series of 11 small (approximately 

20 0.11m cm thick) “lifts” that were each compacted with a pad-foot roller compactor.  

Additionally, two anomalous material zones (a dry clay-loam block and a dry medium-grain 

sandy loam) were placed within the embankment during construction (see Figure 6.10).  The 

clay-loam consisted of 30% sand, 44% silt, and 26% clay.  The sandy loam consisted of 84% 

sand, 9% silt, and 7% clay.  The clay-loam material used to construct the embankment was also 

used as the clay-loam block anomaly (pre-dried to create a subtle contrast with surrounding 

material).   

 Table 6.1 provides the seismic and resistivity data collection schedule relative to the 

hydraulic loading schedule and piping initiation schedule throughout the experiment. For this 

study, we selected four time-steps of data from each method, simply to capture the formation of 

the induced piping feature and corresponding changes in the two data sets, while minimizing the 

computational cost of the real-data example.  The four time-steps of p-wave SRT and ERT data 
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selected for this study are each indicated with a double asterisk in Table 6.1.   

 Figure 6.10 shows a series of photographs of the test structure (top), and a schematic of the 

test embankment (bottom).  On the schematic, the piping-initiation location is indicated with a 

solid red dot, and the red dotted-oval directly above and to the right of the initiation point shows 

the approximate position and size of the pipe feature at the end of the experiment.  The piping 

feature, induced by pulling out a rope that was installed during embankment construction, is 

observed to widen and stope upwards throughout the experiment (similar to the dynamically 

changing synthetics anomaly described above).   

 The computational mesh (Figure 6.11) shows the different lateral extents of geophone and 

electrode arrays, as well as an outline of embankment dimensions superimposed onto the 

joint-parameterization grid.  Also, the joint-parameterization grid is represented on Figure 6.11 

by the multi-color mesh blocks that extend approximately 16m laterally between geophones GP1 

and GP48, and to a depth of 4m.  Here, a linear array of 48 geophones with 0.34m spacing, and 

a linear array of 56 stainless steel electrodes with 0.18m spacing were used throughout the 

monitoring experiment.  Repeated seismic (sledge-hammer impact) source locations were 

established on either end of the geophone array, and between every pair of adjacent geophones.  

Seismic data were collected using a 0.0625ms sample interval.  Resistivity data were collected 

using a quadrapole sequence of dipole-dipole type measurements, implementing a constant 

voltage of 800v (variable injection current), maximum a-spacing (dipole pair spacing) of 

0.18a m , and a max n-spacing (maximum distance between   
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Figure 6.10:  A series of photos taken at the Stillwater test site during various stages of 

construction, data collection and piping failure (top), and a schematic showing the configuration 

and dimensions of the test embankment (center).  
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Table 6.1:  Seismic and resistivity data collection schedule relative to the hydraulic loading 

schedule and pipe initiation schedule throughout the Stillwater experiment.  The four time-steps 

of p-wave SRT and ERT data selected for this study are each indicated in the table with a double 

asterisk. 

Loading P-wave File/Time  S-wave File/Time ERT File/Time 

0.0m P1, (Baseline) S1, (Baseline) R1, (Baseline) 

0.9m P2, loaded 1.2hrs 

No piping 

S2, loaded 0.5hrs 

No piping 

R2, loaded 0.0hrs 

no piping 

1.0m P3, loaded 17.0hrs 

No piping 

S3 loaded 18.0hrs 

No piping 

R3, loaded 1.0hrs 

no piping 

1.0m P4, loaded 23.0hrs 

No piping 

S4 loaded 22.0hrs 

No piping 

R4, loaded 16.5hrs 

no piping 

1.0m P5, loaded 40.0hrs 

No piping 

S5 loaded 40.5hrs 

No piping 

R5, loaded 17.5hrs 

no piping 

1.0m **P6, loaded 44.0hrs, 

Piping for 2.0hrs 

S6 loaded 43.0hrs 

Piping for 1.0hrs 

R6, loaded 18.0hrs 

no piping 

1.0m **P7, loaded 45.3hrs, 

Piping for 3.5hrs 

S7 loaded 1.2hrs 

Piping for 4.3hrs 

R7, loaded 19.0hrs 

no piping 

1.0m P8, loaded 47.5hrs, 

Piping for 5.5hrs 

-- R8, loaded 22.0hrs 

no piping 

1.0m **P9, loaded 65.0hrs, 

Piping for 23hrs 

-- R9, loaded 39.5hrs 

no piping 

1.0m **P10, loaded 66.5hrs, 

Piping for 24.5hrs 

-- R10, loaded 42.0hrs 

Piping for 0hrs 

1.0m -- -- **R11, loaded 43.0hrs 

Piping for 1.0hrs 

1.0m -- -- R12, loaded 43.5hrs 

Piping for 1.5hrs 

1.0m -- -- **R13, loaded 47hrs 

Piping for 5.0hrs 

1.0m -- -- **R14, loaded 65hrs 

Piping for 23.0hrs 

1.0m -- -- R15, loaded 66.0hrs 

Piping for 24.0hrs 

1.0m -- -- **R16, loaded 66.5hrs 

Piping for 24.5hrs 
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Figure 6.11:  The 2D unstructured triangular mesh spanning the entire joint-model domain 

(shown as multi-colored rectangular region in the center of the mesh), where the different lateral 

extents of seismic and resistivity survey data coverage are indicated with the first and last 

geophones (GP1 and GP48) versus the first and last electrodes (E1 and E56).  The computational 

mesh is seen to extend beyond the central parameter grid in order to avoid boundary condition 

influences on computed potentials.  The approximate cross-sectional geometry of the test 

embankment and engineered anomalous clay and sand zones is plotted with black lines. 

 

current/potential dipole centers in multiples of 0.18a m ) equal to 8n  .  The resistivity 

system’s constant applied voltage resulted in injection currents ranging from approximately 0.3A 

to 1.25A.  Both seismic and resistivity data are generally very good quality, where both survey 

types exhibit low noise levels, and high data coverage density (1666 seismic and 762 resistivity 

data points per time-step). 

 One of the main challenges in applying structural joint inversion to real data, as we see in 

this example, is that the lateral extent of data coverage often differs between two (or more) 

survey methods.  Here, we extend the parameterization grid (and therefore computational mesh 

as well) to accommodate the entire seismic survey, so that we could retain all source-receiver 

pairs and their associated data.  Consequently, the mesh extends well beyond the main region of 

interest (and sensitivity) of the resistivity array, resulting in large regions of zero-sensitivity 
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within the recovered ERT models.  In these regions of the joint-model space, the recovered 

resistivity model parameters do not significantly affect the recovered data, and are completely 

guided by the joint constraints (they take on the seismic model structure) and the model 

smoothness/smallness constraints.  Alternatively, we could have limited the joint-model space 

to the lateral limits of the ERT electrode array and discarded all seismic data associated with 

source-receiver pairs outside this smaller region.  This would decrease the computational cost 

of the inversion process, but would possibly compromise the sensitivity/resolution of the seismic 

model.  

 After appropriately tuning our Lagrangian multipliers ( m , j  and t ) by trial and error for 

the Stillwater example (see Equation 6.32), we proceed with independent, time-lapse, joint, and 

time-lapse joint inversions as done for the synthetic example above.  Results for the three cases 

are presented in Figure 6.12 through Figure 6.14, again showing similar improvements as 

discussed with the synthetic results:  1) The addition of time-lapse constraints helps to minimize 

random noise that varies spatiotemporally between adjacent time-step models for a given data 

type, 2) The addition of structural joint inversion constraints helps to improve the shapes and 

values of major features common the two types of data while minimizing spatially random noise 

that varies between the two data types within a given time-step, and 3) The combination of joint 

inversion with time-lapse inversion further constrains the recovered models by imposing both 

similar structure and temporal smoothness of dynamically changing features while still fitting the 

observed data.  Again, for the sake of a meaningful comparison between the various inversion 
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approaches and subsequent results, the same Lagrangian multipliers are used in all common 

cases. 

 Finally, the result of performing time-lapse joint inversion on the Stillwater data, with the 

addition of AJC, is presented in Figure 6.15.  Here, we have again used the same Lagrangian 

multipliers implemented in the more standard approach to time-lapse joint inversion, where the 

only difference is the addition of AJC.  First, it should be noted that the recovered SRT and ERT 

models remain structurally similar for each of the four time-steps, as desired from the structural 

cross-gradient approach to joint inversion.  Similarly, we see smoothness in temporal changes 

within each model type, regardless of whether a dynamically changing feature is potentially an 

artifact of noise or is a feature actually associated with the induced piping failure process. 

 When the time-lapse AJC results are compared to the more traditional time-lapse joint 

inversion results presented in Figure 6.14, we see several improvements. These include a 

reduction in artifacts located to either side of the embankment structure (see Figure 6.14), likely 

resulting from the indiscriminant mutual enforcement of joint constraints beyond the central 

region encompassing the ERT survey coverage.  This reduction in artifacts can be seen in both 

model types, but is most apparent in the recovered SRT models.  Here, traditional joint 

inversion (e.g., Figure 6.14 and Figure 6.13 ) creates artifacts in the SRT models through the 

non-discriminatory imposition of structural similarity to the ERT models, even in regions of 

near-zero ERT model sensitivity, while still having to fit the SRT data to within some reasonable 

error. 
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Figure 6.12:  Independently recovered SRT and ERT models for the four selected time-steps of 

the Stillwater experiment.   

 

 

 
Figure 6.13:  Jointly recovered SRT and ERT models for the four selected time-steps of the 

Stillwater experiment (no time-lapse constraints). 
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Figure 6.14:  A comparison of recovered SRT and ERT models for the four selected time-steps of 

the Stillwater experiment, obtained with time-lapse joint inversion. 

 

 

 
Figure 6.15:  A comparison of recovered SRT and ERT models for the four selected time-steps of 

the Stillwater experiment, obtained using time-lapse joint inversion with the application of AJC 

weights. 
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 Additional improvements from the inclusion of AJC can be seen in the development of the 

piping-related anomaly.  Here, the piping feature exhibits a greater contrast with surrounding 

background parameter values recovered at each time-step.   Additionally, the inclusion of AJC 

appears to have minimized the effects of over-smoothing in time that results from the 

indiscriminant (no ATC) application of time-lapse smoothness constraints.  This improvement 

can be seen as the lack of a piping-related anomaly within the recovered models at the first 

time-step in Figure 6.15.  Without the use of AJC (see Figure 6.14), time-lapse constraints tend 

to pull the piping-related feature (and other artifacts) into the first time-step’s models, even 

though the anomaly is not present in the data and should not be recovered here (see the first 

time-step for independently recovered models in Figure 6.12).  This suggests that the addition 

of AJC has also improved other surrounding regions of the first time-step models (for example) 

by avoiding the need for these model parameterizations to compensate for the presence of the 

unnecessary piping-related anomaly (e.g., decreasing resistivity values surrounding the fictitious 

anomaly within the first time-step).  

6.6 Discussion 

 We have employed a least-squares (L2-norm) approach in this study, since we expect real 

data/models associated with earthen embankment structures to have relatively smooth structures in 

most cases.  Our synthetic example shows that results could benefit from the addition of spatially 

varying temporal constraints (e.g., Karaoulis et al., 2011a, 2011b, 2012, 2014;  Kim et al., 2005, 

2009, 2011) or adaptive Lp-norm techniques (see Sun and Li, 2014) to account for both smooth 
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and blocky structural features/temporal changes.  For simplicity, however, we chose constant 

spatial and temporal Lagrangian factors as opposed to adopting spatially-varying temporal 

constraints.  This was done to better isolate the effects of the ACJ technique within the time-lapse 

joint inversion scheme presented.  Final inversion results would further benefit, in most cases, 

from the incorporation of these other adaptive spatiotemporal constraints.  Specifically, ATC will 

normally help to avoid any unnecessary smoothness between models for adjacent time-steps, and 

similarly, spatially varying model-smoothness/smallness constraints, or adaptive Lp constraints, 

will normally allow for better recovery of both smooth and blocky structures (e.g., engineered clay 

or rock core structures, steel sheet piles, or grout injected cutoff walls that exhibit physical 

properties that highly contrast with surrounding materials).  

 Some examples of useful future research efforts could include finding ways to better 

incorporate Tikhonov regularization and convergence criteria into the time-lapse joint inversion 

problem, determination of the effects of posing parameter bound constraints, and linking both 

cross-gradients structural and petrophysical constraints into a single joint inversion scheme.  

While each model type has helped to structurally constrain the other in this study, low-velocity 

zones still pose a difficult challenge for the SRT method, mainly due to the assumed underlying 

physics of MSFMM and a the resulting lack of sensitivity within these shadow zones.  Future 

research could investigate the use of spatiotemporally varying enforcement of 

directionally-dependant and magnitude-dependant measures of structural similarity, in order to 

help recover extremely low velocity zones associated with air-filled voids.  
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6.7 Conclusions 

 In this study, we have shown the effectiveness of both time-lapse constraints and joint 

constraints in improving inverse models by reducing random noise that contaminates geophysical 

data both spatially and temporally.  Furthermore, we demonstrate the marked improvements in 

recovered models when both spatial and temporal constraints are combined.  This is successfully 

demonstrated for both synthetic and real data examples in this study.  Finally, we present the 

newly proposed Automatic Joint Constraints technique for further improving recovered time-lapse 

joint inversion models.  The newly proposed AJC technique is demonstrated to be quite effective 

at focusing models recovered for both synthetic and real time-lapse geophysical data sets.  
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CHAPTER 7 

IRRIGATION CANAL EMBANKMENT SAFETY AND RISK COMMUNICATION:  

BARRIERS TO PUBLIC VOICE AND RESILIENCE OF DOWNHILL COMMUNITIES 

A paper to be submitted to Technology in Society 
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7.1 Introduction 

 Following the settlement and subsequent urban sprawl across the Western United States, 

commercial and residential development has encroached upon Irrigation Canal Embankments 

(ICEs), and there are now thousands of miles of these earthen embankments and other water 

impoundment structures located within heavily populated areas.  Many of these structures have 

aged significantly without intervention, essentially creating unacknowledged “man-made flood 

zones” and a steadily increasing public exposure to the risk of sudden and potentially catastrophic 

flooding events.  These aged structures have long been operated and maintained by hundreds of 

State-level governance entities known as Irrigation Districts (IDs) that are each under contract 

with the US Bureau of Reclamation (USBR).  These State and Federal governing institutions, 

along with hired engineering consultants (and subsequently hired subcontractors) hold sole 

authority over relevant expert knowledge and the assessment and communication of risk 

associated with these structures. 
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 There are several factors that intensify the level of risk associated with catastrophic ICE 

failures for downhill communities, including the potential threat of climate change exerting 

historic stresses on these aging structures, downhill urban encroachment upon ICEs, and a 

disconcerting gap in pertinent safety nets such as flood insurance and emergency response 

planning.  Despite the good intentions of the USBR and IDs, and the fact that many of the finest 

engineers have worked with these institutions, the eventual realities of maintaining such vast 

infrastructural systems has led to several contradictions to claims of adequate inspection and 

maintenance.  Specifically, catastrophic ICE failures have undeniably begun to increase in 

frequency and consequence in recent years.   

 In the case of IDs, who have been tasked with the direct operation and maintenance of these 

water conveyance systems, there are various motivations in maintaining authority over relevant 

technical expertise and risk mitigation efforts.  Among these motivations, is the desire of District 

members (farmers and other industrial clients) to keep operational overhead costs and annual 

expenses related to infrastructure maintenance to a minimum, ultimately keeping fees and the unit 

cost of water as low as possible.  Additionally, IDs and their members want to avoid any 

unnecessary service interruptions that might threaten crop yields and the profitability of 

downstream users that require constant or timely water delivery.  These motivations are entirely 

understandable, considering the general lack of state and local funds for most types of 

infrastructure maintenance, especially ICEs, and the fragility of the already highly subsidized 

farming industry in the United States. 
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 Following ICE failures, IDs invariably defend the adequacy of maintenance efforts leading up 

to the catastrophe, and reiterate their authority on expert knowledge, assignment of cause, and 

determination of relevant “solutions” or “required actions” to investigate and “fix the problem.”  

Unfortunately, definitions of these terms, and what is at stake, are different depending on who you 

ask.  Furthermore, this rather limited public discourse, during the moments of crisis that 

immediately follow such flooding events, tends to prevent a more meaningful conversation with 

the various stakeholders involved, that would otherwise result in tangible and positive outcomes 

for everyone involved. 

 In this chapter, I focus on one case study of an ICE failure that occurred along the North 

Jordan Irrigation Canal on April 26
th

, 2013 in Murray, Utah.   First, I present a general 

background on IDs and the various stakeholders surrounding the North Jordan Irrigation Canal, 

followed by a literature review of relevant disaster studies with a focus on neoliberal post-disaster 

communication.  I then present and analyze the 2013 ICE failure in Murray, drawing several 

examples from other recent ICE failures, through the lens of public media articles and interviews 

with various stakeholders.  Here, I reveal how responsiblization, a neoliberal approach to shifting 

responsibility that commonly follows engineering or “natural” disasters, tends to dominate 

statements made by the North Jordan Irrigation Canal Company’s  officials and spokespersons, 

and prevents tangible solutions that would otherwise reduce risk and associated liabilities for all 

stakeholders involved.   
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 Finally, I conclude that this rather legalistic and oftentimes scripted discourse with various 

stakeholders and media tends to overlook many opportunities that uniquely arise during moments 

of crisis.  In particular, I argue that by reframing crisis communication that immediately follows 

ICE failures, IDs would have the ability to leverage moments of heightened public attention and 

media coverage in order to 1) educate various stakeholders about underlying systemic issues and 

the critical lack of funding for sustainable long-term maintenance that enables such disasters, and 2) 

to promote mutually beneficial actions that could realistically be taken in order to ultimately 

reduce various types of risks and liabilities in the long run. 

7.2 Background and Motivations 

 Prior to the flooding of New Orleans that followed Hurricane Katrina in 2005, the federal 

government gained little national public attention with regards to its role in monitoring or 

maintaining dam and levee safety.  Following this disaster, however, the US Army Corps of 

Engineers (USACE) quickly became a high-profile actor in follow-up investigations.  

Subsequently, the USACE began an effort to establish a nationwide catalog of these structures, 

which led to the development of the National Levee Database (NLD).  According to Hickey 

(2012), “The Homeland Security Presidential Directive of 7 May 2007 classified dams and levees 

as one of the 18 critical infrastructure and key resource sectors [e.g., “assets, systems, and 

networks, whether physical or virtual, so vital to the United States that their incapacitation or 

destruction would have a debilitating effect on security, national economic security, public health 

or safety, or any combination thereof”].”  As a result, current efforts are being made at federal, 
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state, and local municipality levels to update the NLD, and to prioritize further detailed assessment 

and repair of high-risk and poorly performing structures or segments of structures. 

 The NLD currently projects that there are approximately 100,000 miles of flood-protection 

levees in the United States, and that only approximately 14,455 miles of these levees have been 

assessed to varying extents and cataloged (USACE, 2012).  Figure 7.1, modified from a 

September 2012 report released by the American Center for Progress (ACP), shows these basic 

statistics and indicates the severity of the condition of the nation’s levee systems.  Kieth Miller, a 

Senior Research Associate with the Economic Policy team at ACP, and lead author of the report, 

presents the findings of the NLD cataloging effort, revealing that the vast majority of these levees 

have aged beyond their designed lifespan of 50 years, where most are more than 80 years old and 

many are more than 100 years old (Miller, et al., 2012). 

7.2.1 Irrigation Canal Embankments 

 Similar to America’s flood protection levee systems, ICEs compose a separate category of 

embankment infrastructure.  Most ICEs were originally built during the late 1800’s and early 

1900’s by an assortment of irrigation companies that came and went throughout the settlement of 

the Western US (Reisner, 1993).  This resulted in a patchwork of canal embankments that 

generally exhibit poor structural integrity, and we know very little about them.   

 Along with their higher-profile flood-protection levee counterparts, ICEs share similar 

statistics of age and state of deterioration across the US.  However, ICEs have a much lower level 

of visibility in the public eye, where many Americans don’t even realize that they exist, let alone 



 164 

 
Figure 7.1:  National Levee Database statistics on levee infrastructure across the United States, 

(Modified from Miller et al., 2012). 

 

that there are government entities that collectively spend billions of US tax dollars maintaining and 

operating these structures, and that much of the food, energy and economic security of the United 

States directly depends upon this infrastructure.  Despite these critical functionalities, there is no 

official and coordinated federal effort to catalogue these structures in an analogous fashion as the 

NLD effort. 

7.2.2 The US Bureau of Reclamation 

 Following the initial hodge-podge construction of ICEs, the USBR was born as a new Federal 

Bureau by the Newlands Reclamation Act of 1902, and inherited much of the existing irrigation 

infrastructure.  In its infancy, the USBR was tasked with a series of “ambitious” and massive civil 
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engineering projects, for the sake of “reclaiming” the arid western United States,” or taming the 

water in the west, and providing hydroelectric energy for much of the newly settled western half of 

the country.  Svendsen and Vermillion (1994), two Sri Lankan International Irrigation 

Management Institute researchers described the USBR’s initial role as the following:  Leading up 

t World War II, the USBR had three broad goals: I) to provide settlement opportunities in the 

American West for as many settlers as possible, 2) to provide subsidized and interest-free funding 

of irrigation projects, and 3) to promote the family farm as a way of life in rural America.  

Additionally, they explain that “From the beginning, the Reclamation Act established that the 

USBR would transfer management responsibility and authority for system facilities to irrigation 

districts once construction was completed. It also established that farmers would be obligated to 

repay some negotiated portion of construction costs and all costs associated with project operation” 

(Svendsen and Vermillion, 1994). 

 In its hay-day, the USBR was regarded as one of the finest engineering powers, employed the 

likes of the Civilian Conservation Corps, and helped in countless ways to usher the country out of 

the great depression and through World War II (Reisner, 1993).  Various milestones were 

achieved through the construction of several massive dams, and the fast-paced expansion of the 

ICE infrastructure, in order to control and store annual runoff and natural flooding events.  In this 

fashion, the USBR managed to harness the unpredictable and sparse water resources of the West, 

and to provide for a slow and unnaturally continuous release of these waters for year-round 

agricultural and hydroelectricity efforts.  Figure 7.2 depicts the annual water usage for irrigation 
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across the US, where the lower-left map shows surface water usage heavily related to ICEs.  

These maps show the vastness of irrigation operations across the country, mainly concentrated 

within the arid Western US, and can be thought of as closely representing the general distribution 

of risk associated with ICE failures.  While most of the water used for hydroelectric operations 

serves the Western States, the year-round crop production throughout this region supports a 

significant portion of the livestock industries and ultimately a significant portion of the meat, fruit, 

and vegetable supplies for the entire nation.  Despite the current level of dependence that the 

United States has on this infrastructure, “there is currently no centralized federal program assigned 

to regulate, inspect, or repair levees [and irrigation canal embankments] nationwide or to set safety 

and construction standards” (Miller, et al., 2012). 

7.2.3 Irrigation Districts 

 Subsequent to the expansion of USBR’s water conveyance infrastructure, and the resulting 

agricultural, energy abundances, and settlement of the western US, most of the irrigation 

infrastructure was handed over to the various hosting States’ governments.  Predominantly 

throughout the 1960’s and 1970’s, Irrigation Districts (IDs) were formed as “Special Purpose 

Districts” which are rather autonomous State-level government organizations.  IDs entered under 

contracts (of various durations, commonly 50-year terms) with the USBR to operate and maintain 

the irrigation infrastructure (Svendsen and Vermillion, 1994; Mizany and Manatt, 2002).  Now, 

from state-to-state, and city-to-city, there are no standards for maintenance or improvement of 

canal levees, and most are left to age more or less as-built.  However, researchers such as Brian 
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Story et al., (2013) have shown that these earthen structures can drastically benefit from a simple 

application of Polyacrylamide liners, for example, yet little is being done in urban environments to 

take such measures. 

 Svendsen and Vermillion (1994) explain that irrigation districts are often time organized as 

tax-exempt non-profit organizations, but states can often time allow IDs some limited “sovereign 

powers” such as the power to tax and to practice eminent domain, and can often “allow them to act 

autonomously with little supervision.”  Furthermore, Svendsen and Vermillion’s 1994 report 

states that “because of the size, wealth and political influence of irrigation districts in the American 

West, the USBR and districts generally relate to each other as political equals, regularly negotiate 

solutions to problematic issues, and periodically sue one another when agreement is not reached.”   

 In general, IDs are governed by a Board of Trustees or Board of Directors who are elected by 

public vote of all land owners within the District.  Subsequently, Board members elect ID 

managers and make hiring and contractor selection decisions.  “Incentives for their participation 

include personal satisfaction, opportunities for expense-paid travel, a stronger political voice, and 

social prestige.   Boards have a wide range of concerns but, according to district managers and 

staff, some of the most significant are financial -raising sufficient revenue to pay for operations 

and maintenance (O&M) and capital replacement while seeking to keep water assessments as low 

as possible” (Svendsen and Vermillion, 1994).    
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Figure 7.2:  Total irrigation water usage across the United States, by source and State, 2000 

(Hutson, et al., 2012). 
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 Some of these accountability and power structures of IDs suggest the potential for conflicts of 

interest, especially when the makeup and roles of their Boards of Trustees are considered:   For 

example, this can be seen, when investigating the current Board of Trustees for the Jordan Valley 

Water Conservancy District (JVWCD), one of the largest “water districts” in the state of Utah 

(they deliver both treated city water to the greater Salt Lake City area, as well as untreated water to 

irrigated lands) .  Here the JVWCD Board consists of 1) career politicians that have held various 

high-profile state-level public positions, 2) Owners of incorporated farm lands within the District, 

3) former mayors of cities within the district, 4) elite Lawyers (e.g., Elected President of the Utah 

State Bar and Named one of Utah’s "Legal Elite" by Utah Business Magazine), 5) and a Vice 

President of Winder Farms, a large corporate farming operation within the district.   

 Given the political and financial ties to the District, many of the JVWCD Board members 

could potentially face ethical conundrums in their underlying motivations for keeping O&M costs 

down as much as possible:  This effort directly translates to cheaper water unit costs for farmers 

and other cliental businesses (Including Board members’ cost to irrigate their own farming 

enterprises within the District), and this also the establishment of a happy public constituency that 

would be more likely to vote these individuals back into public positions after their Board term is 

finished.  These questionable motivations undoubtedly exist in many Districts across the Western 

US, and stand in the face of adequate maintenance, along with the deterioration in system lifespan, 

system efficiency (e.g., increased water loss), and public safety of communities living below some 

of these aging structures (JVWCD, 2015).   
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 While the aforementioned issues related to accountability and power structures of IDs likely 

exist with regularity (as well as in many types of Special Government Districts and most other 

forms of infrastructure-based governance across the United States), the underlying cause for these 

issues is largely attributed to a lack of sustainable revenue generation and public funding.  IDs are 

forced to make due with a very tight budget, and in general, they are doing what they can given 

their current financial resources.   

7.2.4 Deterioration of Infrastructure: 

 Within Svendsen and Vermillion’s 1994 report, they describe the transfer of management of 

the Columbia River Basin Project’s irrigation infrastructure from the USBR to the three current 

existing IDS in the basin.  The report describes that “maintenance work is now planned and 

executed by the districts and reported to the USBR.  Although general maintenance schedules are 

available, detailed O&M manuals are not used by the USBR or the districts. It is felt by both the 

USBR and the district engineers interviewed that manuals were largely unnecessary, because ‘too 

many problems are unique’ and because the level of skills and experience of the operations staff 

make them unnecessary.  Field operational activities are fast-paced, and district managers argue 

that ditchriders simply do not have time to consult operations manuals.”   The report goes on to 

include interviews with various District managers, where some feel that the O&M expenditures 

are “right on the line” between adequacy and allowing the system to deteriorate, and one manager 

thinks that the system is “over the line” and being allowed to deteriorate.  While Svendsen and 

Vermillion go on to analyze several years of O&M expenditures data, and conclude that a steady 
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(no increase or decrease) in O&M spending  suggests a sustainable effort, their analysis overlooks 

the factor of inflation and associated increases in costs related to most activities.  This suggests 

that “short-term economies are being sought at the expense of long-term sustainability,” even 

without a decline in O&M spending.  

 As an oversight measure on the part of the USBR, to ensure that IDs hold up their end of the 

bargain, USBR officials conduct “audits” of the contracted irrigation infrastructure every 2-4 years. 

These audits result in a list of “maintenance recommendations” that fall into 3 categories: “Urgent,” 

“Important,” and “less important, preventative.”  While these recommendations are not 

necessarily required, they come from a concerned party that does not share the same potential for 

conflicts of interest as IDs Directors may have.  The recommendations are often met with 

reservation from IDs and farmers, and often ignored or find long delays.  Svendsen and 

Vermillion (1994) provide the data presented in Table 7.1, which shows the results of six O&M 

audits conducted within the Columbia River Basin.  Of all recommendations made over the 15 

year period, nearly all recommendations were considered to be “important preventative 

maintenance,” and yet, nearly half of these went unaddressed between adjacent audits.    

 Beyond hard data of O&M activities and spending by IDs, the water conveyance efficiencies 

of many canals across the country have been decreasing.  This decrease of efficiency is somewhat 

due to changes in regional irrigation practices (uptake of center-pivot irrigation technology) that 

result in more evaporation from slower canal flow rates.  However, this loss in efficiency is also 

due to significant water loss in the form of seepage through embankments.  This recent increase in  
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Table 7.1:  Results of the USBR O&M audits in the three districts of the CBP. 
Number of Recommendations 

 New Recommendations 

Years Previous 

Recommendations 

Uncompleted 

Category 

1 

Category 

2 

Category 

3 

Total 

1973 2 0 0 0 0 

1975 0 0 5 1 6 

1977 3 0 0 1 1 

1979-81** 4 0 12 2 14 

1982-84 1 0 8 2 10 

1986-88 3 0 5 1 6 

Totals 13 0 30 7 37 

Source:    O&M audits. USBR, Columbia Basin Project. 

 

Note:    Category 1: Urgent remedial maintenance required; Category 2: Important preventative 

maintenance; Category 3: Less important, preventative maintenance would help improve O&M. 

 

** In later years, audits were not conducted in each district during the same year. 

 

 

canal seepage is clearly visible along most ICEs, in the form of anomalous “green spots” and even 

newly formed wetlands along the downstream flanks of these structures that run through arid 

regions.  This only points to an increased potential of catastrophic ICE failures, either due to 

piping (erosion and formation of holes in embankments), or due to embankment failures 

(essentially small land-slides that occur due to over-saturated soils).  ICE failures are increasingly 

being triggered by the existence of matured tree root systems that penetrate through ICEs, and 

subsequently die, leaving open pathways for concentrated seepage and erosion (piping) that 

eventually leads to sudden and catastrophic failure.  The existence of animal burrows is a similar 

issue commonly found in these aging and unlined earthen structures.   Now, due to extensive 

urban encroachment on ICEs, this increased potential for catastrophic failure translates to an 

ever-increasing risk exposure for downhill communities, and ultimately the American taxpayer. 
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 The level of risk exposure to communities downhill of canals is often exacerbated by several 

factors, including a lack of risk awareness, a lack of emergency preparation, and a gap in personal 

safety nets such as flood insurance policies.  In many cases, downhill communities are not even 

eligible for flood insurance policies, due to the fact that there are only two general categories of 

water impoundment structures (e.g., dams, levees, and earthen embankments) as designated by the 

federal government:  1) a flood control structure or, 2) a water conveyance and storage structure.  

Here, a given structure’s classification is chosen based solely on the intended primary function of 

the structure, and is strongly influenced by the specific economic justifications of building the 

structure:  will it provide protection and added value to existing or proposed real-estate located 

within a floodplain, or will it retain and convey water for agricultural, industrial or recreational 

uses?  This classification is assigned upon proposition and allocation of federal or local funding 

and land for a given project.  Furthermore, this classification is never changed throughout the 

lifetime of a structure, and only natural floodplains are considered for establishing insurance 

eligibilities.  

7.2.5 Stakeholders in the Murray Case Study 

 The main case study presented in this chapter, the 2013 failure of the North Jordan Irrigation 

Canal in Murray, Utah, is only one of many similar incidents in recent years.  The Murray incident 

involves a rather common list of ICE stakeholders, including the Irrigation District itself, the 

USBR and American taxpayers that technically own the ICE infrastructure, farmers (District 

members) that pay for and receive canal water, local municipal governments that oversee and vote 
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on certain local city and town legislative and budgetary issues, residential and commercial 

property owners that live directly below or beside ICEs (victims), developers that build residential 

and commercial subdivisions along ICEs, local banks that provide loans for developers and private 

home mortgages, and insurance companies that represent all of the aforementioned.  This list 

could be extended to include the fisheries and wildlife that are threatened by the ever increasing 

draw of water from natural watersheds and rivers for agricultural and industrial consumption.  

Additionally, this list could be extended to include all of the local and regional residents that are 

direct and indirect beneficiaries of downstream agricultural and other commercial industries 

serviced by the canal.  An underlying concept worth noting here is that all of these stakeholders, 

not just members of the NJICC and its immediate clients, have a vested interest in the continuing 

functionality of the North Jordan Irrigation Canal system.  This concept generally extends to most 

IDs and most Special Government Districts throughout the country.   

 However, the Murray case study also includes two rather unique members to this list of 

stakeholders:  the Rio Tinto Kennecott Mining Company, and the Mormon Church of Latter Day 

Saints (LDS).  According to the Water Right Exchange, these two entities comprise the majority 

shareholders in the water rights from the District, where Kennecott holds 815 shares and the LDS 

church holds 713 shares out of a total of 3400.  The rest of the shares go to various members 

located north of the Salt Lake valley area.  Therefore, Rio Tinto Kennecott and the LDS church 

are two of the primary direct stakeholders for the water transmitted through Murray in the North 

Jordan Irrigation Canal.  This means that not only are downstream Farmer Stakeholders given 
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access to irrigation water at wholesale prices, but so is a multi-billion dollar and tax-exempt 

religious organization and a multi-billion dollar mining company that has a history of intensely 

negative environmental impacts (both air and ground water pollution outputs) and a historic 

mining incident (second largest of all landslides in history which was caused by over-steeped pit 

walls and occurred on April 10
th

, 2013 – just 18 days prior to the Murray ICE failure)  (Mcfarland, 

2015). 

 The Kennecott Copper Mine (KCM), also known as the Bingham Canyon Mine, located just 

11.25 miles southwest of the Murray ICE failure incident, is one of the world’s largest open-pit 

mines, and is one of the main economic influences in the region surrounding the North Jordan 

irrigation Canal and NJICC.  For example, the Kennecott website offers many Corporate 

Responsibility statistics on their positive influence on the local economy and wellbeing of the 

surrounding communities from 2011, including:  1) direct and indirect employment of 2,810 

people and 14,971 people, respectively, and 2) sustaining of 27,000 Utahns (about 8,800 

households) through $1.2billion of collective in-state spending by the Rio Tinto and Kennecott 

business units, “which included $270 million in wages, salaries, benefits and pensions, $765 

million in purchases with Utah firms and $140 million in payments to state and local government 

(including taxes)” (Kennecott, 2015). 

7.2.6 Analysis Approach 

 The 2013 Murray case study is examined through the lens of public media reports and 

coverage that followed the ICE failure incident.  Analysis accounts for citizen voices and 



 176 

interviews with the District manager, as well as various other stakeholders.  Crisis 

communication from various stakeholders is examined to reveal limitations and alternative 

approaches that could have been taken to improve long-term outcomes.  Supportive examples 

are drawn from other ICE failures that have recently occurred and resulted in similar crisis 

communication heavily framed by neoliberal discourse and Responsibilization.   

7.3 Review of Related Risk, Expertise and Crisis Communication Literature  

 To begin this review of relevant literature, it is first important to remind the reader that many 

disaster victims are often not even aware of the true level of risk that they were being exposed 

leading up to a given catastrophe.  Research has shown that there is essentially a complete lack of 

meaningful risk communication with various stakeholders downhill of both flood protection and 

irrigation canal levees.  Both on the part of federal agencies and ID’s, but also on the part of real 

estate companies that knowingly sell properties without disclosing flood risks.   

7.3.1 Risk Communication and Embankment Failures 

 A study carried out in the newly developed West Sacramento area by Jessica Ludy and Mark 

Kondolf in has shown that most people are either unaware of flood risks, have vast 

underestimations of risk, or think there is no risk through overwhelming faith in the ability of 

federal and state entities to protect them through adequate maintenance, safety measures, 

emergency plans and operation practices (Ludy and Kondolf, 2012).  These opinions seem to 

trend across all socioeconomic and racial classes, and only worsen the landscape of risk:  It has 

been shown by scholars (e.g., Grothmann and Reusswig, 2006) that risk perception is proportional 
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to disaster preparedness and motivation to protect oneself.  Additionally, in Michael Palenchar 

and Robert Heath’s publication “Strategic risk communications: Adding value to society,” they 

describe risk communication as “a process of interaction and exchange of information and 

opinions among individuals, groups and institutions to help everyone understand the risks to which 

they are exposed and encourage them to participate in minimizing or preventing these risks” 

(Palenchar and Heath, 2007).  Here, the takeaway message is that risk communication needs to 

take place between all stakeholders in a given situation, in order to be effective in developing an 

appropriate perception and appreciation of risk so that all stakeholders feel the need to proactively 

help to reduce risk prior to some possible disaster or crisis.   

 A lack of risk awareness does not only plague the various ICE stakeholders, but it also affects 

stakeholders in areas of much higher risk, such as the Sacramento-San Joaquin Valley.  Here, 

quantitative research such as that carried out by Jessica Ludy (2003, 2012) has shown that even for 

residents in far higher-risk zones,  

 most are generally unaware of flood risk  

 most haven’t been told they’re at risk 

 most are completely unprepared for flooding, where only 13% have made some 

emergency plan, 80% don’t have flood insurance coverage, and only 6% ever spoke to 

their real estate agent about flood risk (Ludy, 2003, 2012).   

While a clear gap between public awareness and involvement in risk communication and 

preparedness exists in such high-risk communities, downhill communities along ICEs share 

identical problems.   
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7.3.2 Shifting Responsibility to the Invisible Stakeholder 

 Disasters often occur suddenly, but the notion that they “occur with little to no warning” is a 

misnomer.  For example, Kenneth Hewitt’s 2013 article entitled “Environmental disasters in 

social context: toward a preventive and precautionary approach,” he explores the social issues 

leading up to and following disasters.  Here, Hewitt explores several catastrophic events in 

order to highlight how the extent of negative outcomes from a given catastrophe is enabled by 

social structures, and preceding vulnerabilities that are socially generated or allowed either 

through apathy, complacency, social, gender-based and racial discriminations, or outright 

negligence. 

 While Hewitt’s focus on various discriminatory practices that lead to negative outcomes is 

not so pertinent in the discussion of ICE failures, there are still several relevant themes at play 

during the aftermath of ICE failures.  Specifically, Hewitt highlights the notion of disasters as 

long played-out timelines that are better described as having several stages, as opposed to single 

or instantaneous events in time and space.  Here, Hewitt suggests the following separate failures 

that are of equal importance in the context of a defining responsibility: 1) Disaster of (failed) 

preventive measures, 2) Disaster of failed intervention measures, 3) Disaster of failed recovery 

measures, and 4) Failure to implement recommended safety measures in order to avoid a 

repeated scenario.   

 This notion of a disaster continuum is also touched upon in Gregory Button’s 2002 “Popular 

Media Reframing of Man-Made Disasters: A Cautionary Tale.”  Here, Button points to the fact 
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that many man-made events are spun as a freak occurrence that just happened all of a sudden, 

and the sequence of human negligence and oversight’s leading up to a disasters are far too often 

overlooked or avoided in media coverage that follows the event.  In other words, during media 

interviews (and other public venues for crisis communication with victims and other 

stakeholders), companies, agencies and other primary stakeholders tend to overlook the four 

stages of failure that Hewitt describes, and they instead inform the public that this was an 

unpredictable and unavoidable event.  For certain stakeholders, the acknowledgement of these 

other stages of a disaster event is oftentimes considered a touchy subject:  Some stakeholders 

often feel this framing of discourse comes dangerously close to an admission of responsibility for 

an event, and would require the discussion of standard operating procedures that are in need of 

reform or increased oversight so that the stakeholder would not be liable in the case of future 

repeats of the event. 

 The process of shifting of responsibility to some intangible stakeholder (e.g., an “act of God” 

or a “Natural Disaster”) is repeatedly observed during the immediate aftermath of disasters, and 

becomes an unproductive theme in crisis communication.  Ted Steinberg, in his book Acts of 

God: The Unnatural History of Disaster in America, argues that this definition not only 

inappropriately separates natural and man-made factors that have contributed to the causes and 

consequences of levee failures, but more importantly, it avoids the underlying question of whether 

a given structure is even located, designed, or maintained appropriately.  Furthermore, the “Act of 

God” rhetoric deliberately shifts responsibility away from problematic land use decisions and 
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related liability issues for various stakeholders.  This process often plays out for years or even 

decades following a calamity, leading to the fourth stage of Hewitt’s take on disasters: Failure to 

implement recommended safety measures in order to avoid a repeated scenario.  A fine example 

of this fourth stage is portrayed in Robert E. Hinshaw’s 2006 book titled “Living with Nature’s 

Extremes: The Life of Gilbert Fowler White.”  In his book, Hinshaw describes the slow uptake 

and adequate implementation of policy recommendations put forth to the City of Boulder, CO by 

Gilbert Fowler White in the late 1960’s and early 1970’s.  White’s recommendations followed a 

series of serious “10-year flooding events” in the area (flooding events that are considered to be a 

normal cyclic weather event with an approximate periodicity of 10 years).  Here, it took several 

years of conceded effort by White and his constituents to convince the City of Boulder (and 

Denver) to change their land use regulations, zoning laws, and to reclaim specific lands in order 

to develop natural buffer zones (along boulder creek and the South Platte River) to help in the 

case of severe flooding events.  Some would argue that this effort is still being carried out 

several decades later, as witnessed by many during the more recent 2013 flooding events that 

unfolded across the northern Front Range and plains of Colorado. 

7.3.3 Corporations are People too: Corporate Social Responsibility 

 Another common theme that often dominates crisis communication following disasters, 

often diverting a potentially more meaningful public discourse about underlying systemic issues, 

is that of Corporate Social Responsibility (CSR).  Throughout her 2013 book Refining 

Expertise:  How Responsible Engineers Subvert Environmental Justice Challenges, author 
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Gwen Ottinger sets the stage for discussing various environmental and social injustices prevalent 

throughout many industries, specifically concentrating on the petroleum refinery and chemical 

manufacturing industries, in this case.  Ottinger focuses on the battles that have taken place 

between residents and a large oil refinery (Orion) in New Sarpy, Louisiana.   In this work, 

Ottinger explains how the advent of corporate social responsibility, an underlying theme of 

Responsibilization that has begun to dominate public discourse from various controversial 

companies or enterprises, exemplifies neoliberalism. 

 Here, CSR allows corporations more sway in their arguments for less federal and state 

regulation.  CSR also helps corporations or governance entities and their managers to maintain 

an image of credibility and competency as technical experts on matters such as the determination 

of risk, public health and environmental impacts of their activities, because CSR positions them 

as “moral actors” as Ottinger puts it.  This self-proclaimed position of ethical accountability 

subsequently allows them to dictate what is technically “reasonable” or socially “responsible.”  

She adds that CSR allows corporations and governing entities to decide what community issues 

to engage in while also allowing them to set limits on their levels of responsibility and not abide 

to certain community requests. 

7.3.4 Shifting Responsibility to the Victims 

 Another important theme within Responsibilization, is the “who was here first” issue, where 

corporations, for example, may try to place responsibility on individuals for having moved into 

homes in such proximity to hazards.  Ottinger challenges the relevance of this argument, where 
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she describes that the fluidity and spatiotemporal variance in access to scientific (or even 

situational) knowledge alone invalidates the notion of placing responsibility on victims for 

having exposed themselves to some risk.    How are citizen stakeholders to make responsible 

and informed decisions in the first place, considering the notion that the understanding of risk is 

an ever-changing process, and gaps in scientific knowledge are inherently present or even 

manufactured? 

 Ottinger’s take on this argument as being irrelevant is further supported by various literary 

works, such as in Rutherford H. Platt’s 1999 book entitled “Disasters and Democracy: The 

Politics of Extreme Natural Events.”  Here, Platte describes the various issues surrounding the 

National Flood Insurance Program (NFIP) and the Federal Insurance Program (FIP), and their 

lack of effectiveness in protecting local communities in the long run.  Platte explains that 

Federal insurance programs of the like tend to create apathy by State and local municipalities, 

where risk mitigation is viewed as a waste of money, since communities and businesses will 

eventually be bailed out with federal emergency funds and subsidized insurance policies anyway.  

Platte explains that a rather apathetic attitude towards proactive risk mitigation is often married 

with local and state authorities who are more interested in expeditious expansion of their 

communities and tax base, supporting a voluntary rather than mandatory approach to insurance, 

and assuming that individuals will be experts capable of “doing the right thing by not building in 

floodplains.” 
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 Apathy towards proactive risk mitigation often extends into post-disaster crisis 

communication, where a rather narrowly framed set of social norms is upheld, making 

challenges to development and city planning practices rather taboo.  Platte’s 1996 book entitled 

“Land Use and Society,” further describes some of the underlying systemic issues that surround 

and enable this common short-sightedness in municipal development, risk exposure, and shifting 

of responsibility to citizens.   Here, he describes that “rational planning and controlled 

exploitation of natural resources are hindered by fragmented jurisdictions of federal, state, local, 

and municipal regulatory bodies (Platte, 1996).”  This fragmentation and non-standardization of 

development practices and expectations placed on citizens, accompanied by a general apathy 

towards mitigation and expectations of bailouts, tends to redirect crisis communication away 

from underlying systemic issues in development practices that should be discussed and brought 

to light during these critical and highly politicized moments. 

 Finally, Ottinger analyzes conversations and neoliberal arguments made by refinery experts, 

revealing certain approaches to legitimizing their claims and authority over technical expertise.  

She refers to these as ‘enterprising stories’ that leverage the concept of a reasonable refinery 

employee choosing to work at and live with their family near the refineries based on their data and 

air quality studies and resultant models.  These arguments are then projected onto the public as a 

counterattack, claiming that people should, could and would just move away if they actually feared 

health risks posed by the plant emissions.  Ottinger explains how these enterprising stories aim to 

shift the responsibility of informed choice onto the shoulders of the residents, and displaces 
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arguments of negligence from the refineries activities. 

7.3.1 Convenient Framing of Expert Prescriptions and Crisis Communication 

 Throughout Brian Wynne’s “Misunderstood misunderstandings: Social Identities and public 

uptake of science,” Wynne describes one particular case of disconnect between the local public 

affected by an energy related disaster and the scientists and authorities (informed and backed by 

scientists) that stepped in to pass judgments of the situation and provide forms of intervention that 

impacted the local communities (Wynne, 1992).  Wynne argues that the rigid stance of the 

scientific community (and engineering community) is often aimed at maintaining an authoritative 

position on knowledge and fact, similar to that of refinery representative in Ottinger’s work above.  

Wynne continues to explain that this rigidity tends to create a sense of distrust from communities 

that see issues (systematic, political or pragmatic issues) with the provided findings and 

prescriptions that ignore local expertise or negotiation.  This, in turn, tends to shift the public’s 

discourse into a rather unproductive “us versus them” type mentality during crisis communication 

with various stakeholders. 

 A major hindrance to public uptake of technical prescriptions and meaningful discourse with 

proclaimed technical experts, are those of trustworthiness and credibility.  Similar to Wynn’s 

accounts of conflicts between upland sheep-farmers and scientists and policy makers, Frickel and 

Vincent outline similar issues revolving around post Hurricane Katrina environmental testing and 

the quick dwindling of media coverage on contamination concerns.  Their 2007 article 

“Hurricane Katrina, contamination, and the unintended organization of ignorance,” concentrates 
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on the inadequacies of environmental testing in terms of the assumptions that are made, and the 

politics involved.  For example, the authors describe how environmental testing “finds what it is 

looking for” in the sense that the very design of testing campaigns greatly affect the results that are 

found.  They also describe how the conveyance of scientific information that is out of alignment 

with social, cultural historical contexts.  Here, “scientific disciplines and regulatory agencies 

reinforce expectations and practices for producing knowledge in ways that minimize the 

ecological and socio-historical contexts in which that knowledge is created.”  Far too often, 

political twists and deliberately generated public ignorance of systemic issues dominate the way in 

which testing is performed, and results and technical prescriptions are reported during highly 

politicized post-disaster communications. 

7.3.1 Opportunities in Crisis Communication 

 Finally, there are several opportunities for stakeholders to benefit from a more transparent 

discussion about the challenges to tangible risk reduction efforts, during post-disaster crisis 

communication.  Scott Gabriel Knowles offers a historic perspective on the success of this 

process, in his 2011 book titled “The Disaster Experts:  Mastering Risk in Modern America. 

(The City in the Twenty-First Century).”  Here, Knowles convinces the reader that the 

development of expert knowledge through science is not the issue in risk mitigation, and that 

there is never a lack of technical knowledge.  Instead, he urges that the gap between knowledge 

and practice is often due to political failures, enforcement failures, corruption, and the current 

complexities of multi-centric and overlapping jurisdictions that lead to an inherent lack of 
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accountability.  This viewpoint reflects many issues highlighted throughout most of the 

aforementioned literature, where the aversion and challenges to enforcement of new knowledge 

(both technical and non-technical contexts of knowledge) into new standards exists within all 

levels of governance. 

 Knowles continues to explain that post disaster politics offers an opportunity for reform and 

application of new knowledge to policy and law enforcement (e.g., new legislation, the 

formation of new agencies, commissions, committees and bureaucracies for oversight and 

enforcement, etc.).  Furthermore, he encourages the notion that the landscape of risk is dynamic 

and ever-changing, which constantly creates pressure for progressive tactics to battle risk.  The 

highly poignant and politicized moments that follow catastrophic events offer opportunities to 

mobilize various stakeholders towards a single pragmatic goal.  The atmosphere of crisis also 

offers a chance to educate and persuade somewhat insulated individuals and groups to identify 

themselves as stakeholders.  As seen in Knowles work, this ultimately helps to mobilize 

progressive change for the purpose of addressing underlying issues that enable disasters to 

repeatedly occur. 

7.4 Case Study Analysis:  Fact-Finding in Murray, Utah (2013) 

 In this section, I focus on the recent North Jordan ICE failure that occurred on April 26
th

, 2013 

in Murray, Utah.  Here, I present and analyze several interactions between various stakeholders 

that immediately followed the incident.  The information is presented through the lens of media 

reports, and supportive examples are drawn from other recent ICE failures, through the lens of 
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public government documents and professional conference proceedings archives.  The purpose of 

this approach is to emphasize some of the aforementioned shortcomings that are far too common 

within crisis communication between various stakeholders following ICE failures.  

 In the aftermath of most major infrastructural system failures that result in physical and 

economic damage or loss of life, investigations and lawsuits ensue almost immediately.  In most 

cases, an immediate problem or culprit is identified and penalized or mitigated, but an underlying 

and larger issue is often not dealt with or even acknowledged (e.g., Platt, 1999; Hinshaw, 2006; 

Ottinger, 2013).  Similarly, efforts to determine cause and blame for ICE failures often result in 

little tangible improvement to the overall system.  Litigation is often settled between victims and 

insurance companies, and technical explanations of causality shift responsibility and redirect 

discourse away from more systemic issues (e.g., Wynne, 1992; Frickel and Vincent, 2007).  This 

approach to “fixing a situation” helps to avoid challenges to IDs’ expertise and adequacy in 

inspecting and maintaining levees, and avoids changes in oversight and accountability structures.   

 In cases of spontaneous levee failures, IDs often shift the responsibility of failure to a specific 

technical failure mechanism that is normally considered an undetectable and localized issue.  This 

type of explanation is repeatedly offered by proclaimed experts despite the fact that failures have 

occurred repeatedly in certain areas, in similar locations or under similar conditions.  For example, 

piping failures are attributed to localized structural or material defects subjected to sudden 

increases in canal flow due to storm water.  These explanations for the cause of a disaster tend to 

naturalize the problem and pose it as an insurmountable issue that can only be dealt with on a 
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case-by-case basis.  Similar to the neoliberal tactics of Louisiana refineries outlined by Ottinger 

(2013), these technical explanations – whether intentional or not – support claims of expertise, 

create boundaries for discussion between various stakeholders, avoid discussions of more 

meaningful and relevant topics during crisis communication that should otherwise acknowledge 

systemic issues at play, and justify the continuation of current inspection, operation, and 

maintenance protocols of aging ICEs. 

 Such was the case in Murray, Utah, where a canal built in the 1800’s failed and flooded 8 

homes in an affluent subdivision community in April of 2013.  Having significant similarities to 

Ottinger’s discussion in Refining Expertise, despite the significant socioeconomic differences 

between these two communities, this canal breach story comes down to an issue of expert 

knowledge and authority versus claims of nearby residents leading up to and following the 

incident (Ottinger, 2013).  In media coverage that followed the incident, Jim Dalrymple of The 

Salt Lake Tribune wrote the following:  “Boyd Simper, the secretary and treasurer of the North 

Jordan Canal Irrigation Company, told The Salt Lake Tribune that ‘it was not immediately clear 

what caused the leak or the breach, Saturday.’  The incident followed routine cleaning 

(dredging) of the canal just days prior, and the spokesman continued by stating that ‘We have 

people watching that canal 24 hours a day. It’s just one of those things that we didn’t pick up 

on.’” 

 Within this initial statement to the media reporter(s), immediately following the incident, 

Simper starts off by categorizing the incident as an anomalous occurrence that was triggered by a 
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rather mysterious process or unknown “cause.”  Similar to Ottinger’s concept of “moral actors,” 

Simper is also very careful to establish North Jordan Canal Irrigation Company (NJCIC) as a 

highly thoughtful and considerate caretaker of the structure, were the NJCIC has been doing 

everything possible to ensure the safety of the downhill community through standard operation, 

maintenance, and a 24-hour surveillance of the canal.  Now, a reasonable question that should 

have followed this initial statement would be, “why were you performing 24-hour surveillance?” 

However, Simper immediately implies that the failure was caused by an ‘undetectable’ defect or 

issue that the standard yet adequate inspection and maintenance activities could not reasonably 

catch.  It was simply “one of those things” that anyone in their position would not have 

reasonably been able to catch in time to prevent the incident.   

 A separate news feed written by Caroline Connolly on Salt Lake City’s Fox 13 website 

states that “Linge [a nearby resident] said this was not the first time the neighborhood has had 

problems with the canal.  Linge is quoted challenging that “It broke like nine months ago, and 

the company didn’t do anything about it to reinforce it.  They told everyone it had been 

reinforced, and it was better than ever. Take a look around: It’s not better than anything.” A 

separate article written in the Salt Lake Tribune described the previous incident, where Goodman 

stated that “Less than a year ago, a ‘large’ leak at a site about 20 feet from Saturday's breach area 

damaged other homes. The leak was repaired and neighbors were told that another leak was 

unlikely.” When questioned about this precursory issue, Simper defended that the recent leak 

[that occurred several months prior] has no relation to the catastrophic failure.  Simper 
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responded in a similar fashion by stating that “We used clay to repair that bank, which did not 

tear away. This [other] breach was five houses down. We’ve had two breaches and one slide 

along the whole canal since 1884.” Simper continued by conveying a similar message, by stating 

“This is the worst we’ve seen,” he said. “It just gave away. We don’t know why it did” 

(Connolly, 2013). These statements immediately prevent challenges to the ID’s authority over 

technical expertise and efforts to maintain safety by shifting any responsibility away from the ID, 

and onto some “invisible” cause.  This also sets the stage for an investigation that will 

undoubtedly find the “unknown cause” to be anything but a lack of adequate maintenance and 

oversight by this group of experts.   

 According to the Darymple’s article, Simper continued by explaining that they NJCIC had 

hired an engineering firm to analyze what the cause was, and that “the engineer will test the soil 

and do ‘fact finding’ to identify why the banks failed” (Dalrymple, 2013).  Here, Simper’s 

statement to the press frames any future discourse on how identifying and resolving the problems 

that caused the failure should be approached.  These include the assumption that an engineer’s 

inspection of the soils will lead to scientific “facts” and a technical “understanding” of the cause 

and appropriate actions.  Simper’s remarks also imply that the NJCIC and hired engineer for 

this case hold the sole authority of that expert knowledge and its application for achieving a 

solution, and that any statements (presumably implicating the NJCIC for negligence) from 

victims, onlookers, or the public in general are distinguishable from the “facts,” and are therefore 

speculation.  By attempting to maintain an image of responsibility and a status of authority over 
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expert knowledge and “facts,” Simper has set “reasonable” boundaries on the roles of other 

stakeholders in the establishment of scientific knowledge and the assignment of cause and blame 

for the failure. 

 In terms of crisis communication, this discourse redirects attention away from any 

non-technical issues that might exist in a cultural or historical context, as discussed by Wynne 

(1992) and Frickel and Vincent (2007).  Actually, this framing of discourse with victims and 

the media demands that the issue is a very specific, unique, and technical one.  This framing of 

public discourse also shifts responsibility for determination of appropriate solutions to the 

engineers, and creates a barrier to more meaningful conversations with stakeholders regarding 

more holistic measures that should be taken. 

 In Dalrymple’s (2013) article, Scott Goodman, a victim whose property was directly 

downhill of the breech and was most significantly impacted by the catastrophic failure, described 

his experience.  The article states “Goodman also mentioned negative experiences with 

irrigation company personnel. Though he described a ‘professional’ conversation he had with the 

company president Sunday morning, he said other employees have behaved antagonistically.  

Goodman also said no one from the company was on scene Sunday to monitor the damage.  

‘Apparently, safety isn’t on their mind right now,’ he added.”  

 Despite the fact that any readers of the article are now faced with conflicting information 

(Goodman’s accounts are in contradiction to Simper’s statement that “we have people watching 

the canal 24/7”), and may be persuaded to take sides with either the NJCIC or Goodman and 



 192 

other victims, the fabric of this crisis communication taking place between stakeholders is 

heavily bounded by an “us versus them” context.  The context of this discourse doesn’t offer 

the ability to consider more meaningful ways to proceed towards any long-term and sustainable 

solutions, and instead refocuses attention on establishing blame.  This type of statement from 

victims tends to only promote further defensive responses from the ID, which, in turn, will only 

reinforce “finger pointing” as the most relevant context for post-disaster communication. 

 Additionally, while the alleged antagonism clearly points to an underlying and long-standing 

tension between NJCIC and nearby residents, Goodman’s reference to a “professional” 

conversation with Simper suggests that the ID representative is focusing on establishing himself 

and the NJCIC as “moral actors” in the eyes of victims.  This was likely an understandable effort 

by Simper to quell heightened levels of frustration and emotion in dialogue with victims.  

However, this “professional conversation” was also likely aimed at establishing Simper as a 

“moral actor,” and likely reassured Goodman that he would be fully compensated by the NJCIC’s 

insurance policy.  This would have placed Goodman in an awkward situation with Simper, 

making it difficult for Goodman to further challenge subsequent statements and prescriptions from 

NJCIC.   

 Despite this new relationship between Scott Goodman and Simper, a Salt Lake Tribune article 

later explains that “[Goodman’s] wife had left repeated messages for the company that manages 

the canal, but received no return call Saturday.  Neighbors believe it took more than hour for the 

canal company to respond to the breach” (Dobner, 2013).  In the same Tribune article, Simper 
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retracts his cordial communications with the Goodmans, and is quoted as responding to the 

Goodmans’ subsequent statement with “We won’t be calling them [back].  We'll be turning it over 

to our insurance company.”  In other words, Simper will not continue to try to establish a working 

relationship with the Goodmans, in order to discuss their concerns or requests.  Instead, Simper 

confidently chose to defer them to NJCIC’s 3 million dollar umbrella insurance policy providers 

(Rendon, 2013).  While NJCIC communications with victims where seemingly suspended at this 

point, insurance settlements were subsequently used to satisfy victims, and to paint the ID as a 

responsible actor that is “taking care of victims.”  Perhaps some feel this is adequate, and perhaps 

even expected by most, but for the conversation to stop here is less than professional.  This action 

clearly shows that the NJCIC considers this payout the limit of their responsibility, similar to 

monetary offerings from refineries in Ottinger’s (2013) work.  However, this action is a clear 

attempt to make various stakeholders “shut up and go away.” Surely, NJCIC would prefer to 

temporarily pay a minimal increase in insurance premiums, as opposed to; 1) allowing public 

discourse to continue challenging technical expertise and prescribed solutions, and 2) openly and 

publicly discuss more systemic issues that would potentially affect political relations with other 

stakeholders. 

 Simper is also quoted stating "it’s an unfortunate situation.  We feel bad for the homeowners, 

because that’s a lot of water, but I don’t know why someone would build a home next door to a 

dam or a structure that holds water" (Dalrymple, 2013).  Similar statements were quoted in a 

separate Salt Lake Tribune article (Simons, 2013).  Respect yet responsibility are handed to 
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victimized residents at the same time in both cases.  Still, NJCIC was quick to have their 

insurance company contact and settle the claims of many victims to avoid litigation, as many of the 

victims in this downhill community didn’t have flood insurance coverage in their homeowner 

policies.  In several cases however, this apparently wasn’t due to an inappropriately lowered 

perception of risk.  It was reported in an additional news article that “Many of the residents 

impacted by Saturday's events said they knew the risks of living next to the canal and some had 

even inquired about purchasing flood insurance. They said they were told by carriers they are 

ineligible because they don't live in a flood plain” (O'Donoghue, 2013). 

 Meanwhile, a nearby resident that lives on the other (uphill) side of the canal left a comment 

in the “comments section” of the webpage hosting O'Donoghue’s  2013 article.  The resident 

is quoted as explaining “I live north of there on top of that Murray bluff and the houses below 

me are in greater danger because of more mud. When I started rebuilding the toe of my hill 

because the improper maintenance of the canal caused my hill to erode and lose over 2 feet in 10 

years as they ever widen the canal when they dredge it. Also the dike has gone from being sloped 

to a cliff and the erosion is escalating. Yet I had to go to court when I saw that the canal 

company was going to do nothing to stop the erosion they were causing and I rebuilt the bank so 

my hill no longer slides directly into the canal. 

 This nearby resident’s comment points to a clear division between expert knowledge 

provided by NJCIC officials and the local knowledge offered by long-time residents.  Concerns 

posed by residents are circumnavigated and allowed to escalate to the point of expensive 
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litigation, and with the use of unspecified and oftentimes confidential scientific testing and 

expert claims to redirect certain “entrepreneurial responsibilities” on residents.  While the 

residents of Murray do not face the poverty the residents of Diamond in Ottinger’s work did, 

they still face barriers to citizen voice in the context of a more reasonable crisis discourse.  

  It seems as though there is an intentional avoidance of more holistic and meaningful 

discourse between victimized residents and IDs during crisis communications that follow 

catastrophic ICE failures.  One possible reason for IDs’ various neoliberal tactics aimed at 

avoiding more transparent discourse with victims and the media, is that it would likely force IDs 

to admit to more systemic problems that surround aging irrigation water infrastructure.  

Sequentially, this would likely require IDs to discuss rather obvious and undeniably logical, if 

not unique, solutions to certain overlying issues.  These solutions, in turn, could potentially shift 

responsibility (and even certain liabilities) for previous failures onto other stakeholders.  

Similarly, this discourse would likely shift the responsibility for potential future failures onto 

other stakeholders that are considered more politically important to IDs. 

 In the case of NJCIC, and the North Jordan Irrigation Canal failure incident, virtually no 

mention of the more politically empowered stakeholders had been discussed in the media 

coverage.  In this case study, the list of stakeholders includes local and municipal planning and 

zoning enforcement offices, the developers that were given the “green light” to develop in these 

high-risk areas, and the real estate companies and bankers that likely failed to point out the risk 

and associated liabilities to potential home buyers in the area.  In fact, paying water rights 
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shareholders were only mentioned in passing, where NJCIC officials stated that “they plan to 

move fast on fixing the canal because stakeholders, farmers and Kennecott, need the water” 

(Rendon, 2013).  This passing reference to the primary beneficiaries of the canal avoids placing 

any responsibility upon these stakeholders, suggests that victims are not even stakeholders at all, 

and even frames farmers and Kennecott as primary victims of the canal failure.  This statement 

also places emphasis on District shareholders’ need for continued and uninterrupted service of 

the canal as a more important justification to quickly repair the embankment.  Here, the ID 

reveals its value in protecting and serving its shareholder’s needs over nearby residents needs to 

have the embankment repaired (or replaced) cautiously and safely.  Furthermore, no mention of 

the District’s second largest shareholder, the LDS church, was made in any public statements 

following the incident (Rio Tinto Kennecott is the majority shareholder in NJCIC). 

 Additionally, public statements from IDs failed to include local and state-level oversight 

groups, such as the Water Safety Commission of Utah, and their roles and responsibilities in the 

ICE failure.  Only several days after the event, was an independently research and published 

article written to specifically address the various shortcomings of this particular stakeholder’s 

role in Utah’s irrigation canal safety.  The article, posted on Salt Lake City Fox13 News’ 

website, states that “In 2010, the state legislature passed House Bill 60, a law that aims to 

provide more stringent safety regulations for the state's canals.  It was drafted in the wake of a 

2009 canal break that killed three people in Logan” (Green-Miner, 2013).  At first glance, this 
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seems to be a rather proactive and progressive effort to reduce ICE failure risk that would be 

highly commended by the likes of Scott Gabriel Knowles.   

 However, Green-Miner’s 2013 article continues by stating that “Unfortunately, that law is 

voluntary. It [House Bill 60] says that if a water conveyance facility has a potential risk location, 

then the owner or operator must adopt a safety management plan, but only if they are receiving 

funding from the board of water resources.  All those companies need to do is send a letter to 

the board saying they've come up with a plan.  Right now, there are about 50 canal companies 

that have filed such a letter, according to Utah's Division of Water Safety. There are between 

1,300 and 1,400 canal companies in Utah.  The safety management plans created by canal 

companies are classified as ‘protected’ and not public record” (Green-Miner, 2013).  The 

actualities of this seemingly progressive House Bill seems to lean more towards political 

pivoting in order to avoid actual accountabilities on the behalf of the State legislature and 

executives tasked with enforcing oversight.   

 The Bill was initiated due to an apparent lack of adequacy in state-wide ICE maintenance 

and safety, immediately following a2009 ICE failure that resulted in 3 deaths in the nearby City 

of Logan, Utah.  Originally, the House Bill was almost certainly envisioned to pragmatically 

decrease risk associated with the State’s aging ICEs by shifting responsibility of oversight and 

safety standards to the Water Safety Commission of Utah.  However, Green-Miner’s 2013 

article includes a statement by Todd Adams, the director of the Utah Division of Water 

Resources, who commented on the questionable specifics of the new Bill, by stating “I would 
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assume that they [IDs] are doing what they need to be doing. The canal companies know their 

canal systems better than anybody else.”  Astonishingly, this statement clearly rejects any 

assumption of accountability on the part of the State, and simply shifts responsibility back onto 

the Irrigation Districts and their technical expertise.   

 Utah’s failed answer to the systemic issue of aging ICEs, in the form of a useless legislative 

action, draws many similarities to the points made throughout Knowles’ 2011 book The Disaster 

Experts.  Similar to the many issues described by Knowles to have arisen during the 

Conflagration Era, this House Bill 60 typifies the essence of multi-centric governance and 

overlapping accountability structures, and critical inefficiencies in the oversight and enforcement 

of ICE safety.  This ICE safety accountability structure (or lack thereof) essentially removes 

any reasonable level of responsibility and associated liability from these empowered 

stakeholders.  Subsequently, this constant avoidance of responsibility simply enables future 

repeats of catastrophic ICE failures, as we have already seen occur.   

7.5 Discussion of Findings:  A Way Forward 

 In the case of ICE failures, communication of risk is a predominantly one-way dialogue from 

the federal government and IDs to the public that consists of technocratic jargon, and efforts to 

maintain authority over technical expertise.  To make matters worse, this limited dialogue is 

usually only offered in a legalistic and defensive manner following ICE failures or other events 

that negatively impact the public or temporarily raise levels of public concern.  This approach to 

crisis communication is counter to the definition offered by Palenchar and Heath (2007).  The 
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apparent lack of a two-way dialogue, that would otherwise encourage stakeholder participation in 

ICL failure mitigation, possibly explains some of the tensions seen between victims and IDs 

following catastrophic failures.  Common statements by authorities that follow catastrophic ICE 

failures bring to question the validity of expert claims and the formal standards for assessing and 

communicating risk.  Furthermore, the process of responsibilization not only brings to question 

the validity of expert claims, but of current city zoning and planning practices within communities 

immediately downhill of these structures, and of state level oversight efforts.   

 As presented here, IDs’ common neoliberal approach to crisis communication has become 

counterproductive to all stakeholders involved.    A lack of transparency in IDs’ efforts and 

realistic challenges that IDs face in adequately maintaining ICEs has degraded the public’s trust 

and respect for these stakeholders.  The critical lack in public funding for maintaining or 

replacing these aging structures should be a major talking point during crisis communication.  IDs 

are certainly not evil entities, and they are tasked with an almost impossible challenge given their 

limited resources.  This should be a salient point made by ID spokespersons, so that the public can 

consider the challenges that IDs face, and discuss this issue more openly.   

 Additionally, IDs’ common neoliberal approaches to crisis communication tend to create a 

situation of “us versus them,” where communities as a whole take opposition to IDs’ claims of 

adequacy and credibility.  Victims have an increased tendency to perceive an incident as 

unacceptable and due to negligence, resulting in a lack of willingness for residents (both victims of 

ICE failures and local residents unaffected from the flooding) to support IDs in more progressive 
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solutions.  This lack of trust in IDs’ expertise prevents the public from engaging in meaningful 

crisis communication, and promotes a continuance of inadequate financial support of IDs, 

inadequate maintenance of ICEs, and pitting of residents and IDs against one another.  This 

ultimately establishes a vicious cycle of meaningless Responsibilization, and enables repeated 

disasters.    

 Again, there are several opportunities for all stakeholders to benefit from a more transparent 

discussion about the challenges to tangible risk reduction efforts, during post-disaster crisis 

communication.  The current approach of constant shifting of responsibility, and IDs apparent 

“knee-jerk reaction” of protecting more politically empowered stakeholders, ultimately leads to 

political failures, enforcement failures, corruption, and the current complexities of multi-centric 

and overlapping jurisdictions that lead to an inherent lack of accountability and repeated disasters.  

By taking neoliberal approaches such as shifting of responsibility and proclaiming sole authority 

on technical expertise, as opposed to having more meaningful and engaging discourse with victims 

and the media during crisis communications, IDs also lose the opportunity to educate community 

members in order to help them identify themselves as beneficiaries and stakeholders of ICEs.  For 

example, many community members are likely eating food grown on local farms that are irrigated 

by the North Jordan Irrigation Canal.  They benefit by supporting local farmers and by having 

access to fresh and relatively inexpensive food.  Additionally, many members of the community 

are likely members of the LDS church, or are likely lifetime employees of Kennecott Copper Mine, 

both of which are heavily vested upon the canal.  These connections offer opportunities for IDs to 
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leverage for increased support during crisis communication. 

 In focusing on neoliberal discourse during crisis communication, IDs also lose the opportunity 

to engage some of these primary beneficiaries of ICEs following disasters, in order to identify 

more reasonable and appropriate distributions of responsibility.  Perhaps the North Jordan ICE 

failure case study is a rather specific situation, due to the inclusion of the LDS church and 

Kennecott as primary stakeholders.  However, this presents a possible opportunity to demonstrate 

that IDs should consider tapping certain stakeholders for increased financial support.   

 In the case of both the LDS church and Kennecott, these stakeholders already seem to benefit 

a great deal from community involvement and outreach.  As previously discussed, Kennecott’s 

CSR campaign is already extensive, and it would seem a logical opportunity for this multi-billion 

dollar corporation to further invest in the community by completely replacing or even relocating 

this canal on which it depends.  Even if this effort cost a several millions of dollars, it could be 

considered a “drop in the bucket,” not just in comparison to the company’s annual revenue and 

profit, but even in comparison the company’s current $1.2 billion annual investment in the State 

economy. 

 Lastly, if the risk associated with ICE failures is in fact as salient to downhill communities as 

some common public statements made by IDs suggest, it seems urban encroachment on levees 

should only be allowed with an official reassignment of a structure’s primary function from water 

conveyance to flood control, and that it be required for residents to receive realistic, transparent 

and current information on their exposures to flood risk.  The lack of flood insurance availability 
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in many downhill communities points to a need for reconsidering the official designation of 

floodplains in these areas, as required for eligibility to the National Flood Insurance Program.    
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CHAPTER 8 

GENERAL CONCLUSIONS AND FUTRE DIRECTIONS 

 As existing earthen dams and levees throughout the world continue to age, extensive and 

continuous geotechnical and geophysical monitoring is needed to ensure the safest possible 

operation of such systems.  With the advent of inexpensive wireless geophysical sensor networks 

in the form of highly sensitive, multi-functional, accurately time-synchronized and spatially 

located ‘motes,’ continuous and automated geophysical monitoring of earthen dams and levees 

will soon be an economical viable and invaluable addition to dam and levee risk mitigation. With 

such quasi-instantaneous time-lapse monitoring capabilities, detection of changes to material 

property distributions and dynamic fluid flow phenomena could prove crucial to the effective and 

reliable early detection of abnormal and undesirable changes to conditions within or beneath 

embankment structures, as well as most other critical buildings and infrastructure systems 

throughout the world. 

 This dissertation has touched upon the need for improved geophysical monitoring capabilities, 

presenting developments in the application of active and passive geophysical data collection, data 

assimilation, and inverse modeling for the purpose of earthen embankment infrastructure 

assessment.  While the presented work specifically explores static, time-lapse, and joint inversion 

techniques applied for the evaluation of earthen embankment structures, it is again worth noting 

that these contributions could readily be extended and applied to help solve a wide variety of 

exploration, geotechnical, environmental, and engineering-related problems.  
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 Throughout the dissertation, I have identified several geophysical data signatures, and several 

challenges intrinsic to characterization and imaging of earthen embankments and anomalous 

seepage phenomena, from both a static and time-lapse geophysical monitoring perspective.  

Specifically, Chapters 2 through 4 reveal some geophysical data signatures inherent to earthen 

embankments, and commonly related phenomena, and present more standard inverse modeling 

and interpretation approaches associated with normal and anomalous embankment processes.  

These studies offer insight and motivation for the research presented in subsequent chapters. 

 Chapter 5 presents a new technique for 1) identifying and localizing acoustic emission sources, 

and 2) utilizing these localization results for the purpose of constraining self-potential source 

current model parameterization, while helping to avoid the need for prior information.  Future 

research in this area should involve further testing and development of the introduced AE 

localization algorithm for the purpose of increased accuracy and computational efficiency.  

Future work should also include improved ways to incorporate such information in the 

development of spatiotemporally varying temporal smoothness constraints, in the case of 

time-lapse inversion problems. 

 Similarly, Chapter 6 introduces a new technique for improving structural joint inversion 

constraints within a time-lapse joint inversion scheme.  This study focuses on the effectiveness of 

both time-lapse constraints and joint constraints in improving inverse models by reducing random 

noise that contaminates geophysical data both spatially and temporally.  Additionally, we present 

the newly proposed Automatic Joint Constraints technique for further improving recovered 
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time-lapse joint inversion models.  The newly proposed AJC technique is demonstrated to be 

quite effective at focusing models recovered for both synthetic and real time-lapse geophysical 

data sets.  Again, some examples of related future research efforts could include finding ways to 

better incorporate Tikhonov regularization and convergence criteria into the time-lapse joint 

inversion problem, determination of the effects of posing parameter bound constraints, and linking 

both cross-gradients structural and petrophysical constraints into a single joint inversion scheme. 

 Finally, in Chapter 7, I conclude this dissertation by taking a step back from the technical 

research aimed at improving capabilities of geophysical monitoring as a potential tool for reducing 

risk associated with ICE failure and flooding.  Here, I turn focus to some of the science and 

technology policy- related issues that surround our nation’s aging infrastructure, presenting several 

case studies related to recent irrigation canal embankment failures.  Specifically, I identify and 

discuss several underlying issues common to most engineering and environmental disasters that 

need to be addressed in order to open up a more meaningful public dialogue about flood risk and 

risk mitigation.  By not addressing these issues moving into an uncertain future of climate change 

and water scarcity, we will only continue to enable barriers to public voice and participation in 

flood risk communication and mitigation efforts, ultimately creating increased exposure to risk 

and a decreased resilience of downhill communities across the arid Western United States. 
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APPENDIX A  

ADDITIONAL SPECTRAL ANALYSIS AND MODELING OF SELF-POTENTIAL DATA 

 This appendix presents additional data analysis and inverse modeling results for 

self-potential data collected during Test 12.  Here, we further discuss the details of data 

characteristics and patterns identified in spectrograms that are related to filter material failure 

and self-healing processes.  The findings and approaches required to spatially constrain the 

inverse modeling of self-potential data presented here, underline the motivations for research 

presented in subsequent chapters of this dissertation.  

 We first take a closer look at the spectral content of passive seismic data collected during Test 

12.  The spectrogram presented in Figure A-1 clearly shows patterns that nicely fit visual 

observations (annotated on the figure).  These geophysical signatures include temporally discrete 

and relatively broad-band spikes of energy that correspond to sudden impact phenomena (e.g., 

collapse events) associated with failure and self-healing processes.  We also see periods of 

increased seismic energy within relatively high frequency bands that are associated with 

concentrated flow, followed by periods quiescence that mark a state of self-healed filter 

performance resulting from large side-wall collapse events. 

 In addition to spectral signatures of cracking failure and healing-induced seismic energy, we 

see similar patterns in the self-potential data collected during the same time frame.  Figure A-2 

shows spectrograms for both passive seismic and self-potential data, that have been 

time-synchronized for comparison.  Here, we see that the self-potential data contain similar
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Figure A-1:  A spectrogram of approximately 7 minutes of passive seismic data collected during 

Test 12.  An intuitive pattern in the spectral energy of body waves is seen to match general visual 

observation notes, as annotated on the figure. 

 

broad-band frequency content as a function of time. The time-synchronized plots reveal 

hydromechanical disturbances recorded in both data sets (relatively broad-band spikes on the 

spectrograms), indicating the presence of seismo-electric signals associated with various 

embankment failure processes.  The self-potential data also contain a significant near-DC 

frequency component that trends throughout the experiment.  This near-zero frequency 

(quasi-static) component is related to any streaming potential signals, as well as any 

low-frequency noise (e.g., electrode drifts not completely removed during data processing).   

 Data signatures associated with self-healing events are circled in each spectrogram on Figure 

A-2, and a lag-time of approximately 25 seconds can be seen in the low-frequency self-potential 

data response relative to passive seismic (approximately instantaneous) signatures.  This lag time 

is likely due to the relatively slow draining of various regions within the test sand filter 

immediately following a side-wall collapse event and effective self-healing of the sand filter.  

During this time, a significant amount of fluid is likely still flowing out of the sand filter material, 

generating a corresponding streaming potential signal.  Eventually, the outflow is seen to subside,  
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and the associated self-potential signal is effectively shut off.  The collapsed plug of sand is 

eventually seen to fail, and seepage begins to become reestablished (see Figure A-2).  In this test, 

the healing/failure cycle is repeated several times.  Subsequently, over the course of several hours, 

the sand filter is increasingly jacked open until catastrophic failure and runaway flow is 

definitively established. 

 

 
Figure A-2:  Comparison of spectrograms for passive seismic and self-potential data collected 

during Test 12.  Data signatures associated with self-healing events are circled in each 

spectrogram, and a lag-time of approximately 25 seconds can be seen in the low-frequency 

self-potential data response relative to passive seismic (approximately instantaneous) signatures. 

 

 Lastly, we conduct a 4D least-squares inversion of three select time-steps of self-potential 

data.  The inversion is conducted in order to recover the volumetric source current distribution as 

a function of time, and to effectively image the dominant internal seepage zone within the test sand 
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filter material.  The inversion is carried out as discussed in Rittgers et al 2013.  In addition to 

traditional spatiotemporal smoothness constraints applied to the recovered 4D model, we applied 

spatial weighting of recovered model parameterization, placing preference to parameterization 

within the near vicinity of the known location of the induced crack.  This was done by scaling the 

model-smallness component of the model weighting matrix as to increasingly panelize model 

parameterization with increasing lateral distance from the center of the sand pack.  However, 

while the recovered models presented in Figure A-3 are considered to match expected flow 

pathways, this prior information is a luxury of laboratory experimentation, and is not always be 

available in real-world scenarios. 

 Figure A-3 presents three semi-transparent 3D color contour plots of recovered volumetric 

source current density corresponding to T1 = 0 minutes, T2 = 6 minutes, and T3= 18 minutes after 

the initial cracking of the sand filter material during Test 12.  During this timeframe, seepage 

through the sand filter material is seen to steadily increase, generating a corresponding increase in 

the self-potential signal.  The recovered spatiotemporal distribution of volumetric source current 

density matches very nicely with what we intuitively believe is the dominant flow patter through 

the sand.  Here, water is entering into the cracked sand filter along the entire height of the sand 

pack, and is then visually observed to flow downward and out of the lower portion of the 

downstream face of the filter box, dominated by gravitational and hydraulic gradient forces. 
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Figure A-3:  3D volumetric source current density models for time-steps T1 through T3 of 

self-potential data selected from Test 12.  The data shown here span approximately 18 minutes, 

where T1 corresponds to the initial cracking of the all-sand filter of Test 12. 

 

 Finally, the capturing of relatively broad-band and high-frequency body waves within the 

passive seismic data created motivation for aspects of the research presented in Chapters 

CHAPTER 4 and CHAPTER 5.  The identified body waves that were emanating from the 

induced seepage and failure-related processes hinted at the potential for using these events to help 

constrain self-potential inversion without the need for such specific prior information previously 

mentioned.  This notion of merging passive geophysical data types seems to offer promise for 

realistic applications, such as large-scale and partially to fully automated and long-term 

infrastructure monitoring. 
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