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ABSTRACT

A monitoringmethodology is developed for investigating seeageinternal erosiom earthen

dams with timedapsemeasurements @kelf-potentialanomaies associated with conservatigalt

and norconservativeheat tracer migration in the subsurface. The method allows for 1)
detecting seepage zones in earthen danusdetermining the preferential flow paths through
seepage zonds a noninvasive manner from thgroundsurface, 2) monitoring the transient
ewlution of seepage path geometry, flow velocignd permeability in redime if high
frequencymeasurements can be made, aptbBg-term noninvasive monitoring with wiredro

wireless sensorsThe method is first theoretically developed and tested in a labonasorg a
conservative traceand then demonstrated at a 12 m high, 100 m long leakirtigendam with

complex, unknown seepage path3he method is shown to be edye of rapidly detecting
seepage zones discovered during a reconnaissance survey, and delineates the predominant
seepage directions through the disom thetime-lapse seHpotentialanomalies. The tim&pse
monitoring approach ensures improved spagablution, increased measurement frequencies,

and improved data analysis capabilities relative to traditional approaches to seepage detection,
and a costeduction for the application of this methodology is anticipated to follow
advancements in wirelessrsing and monitoring technologies. This method is designed to be a
more costeffecive means of interrogating earthen dams and levees to answer questions such as:
Is the dam safe? What are the geometries ofé¢lepage zonesside of the dam, and overhat

spatial scale does anomalous seepage occur? What are preferential paths through the seepage
zones?Is internal erosion actively occurring?t what rats are the geometries, permeabilities

and flow rates of preferential seepage paths evolving
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Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Self-potential profiles P1* to P3* for the salt tracer test. The passage of the salt is
expected to generate more positive-pelfential signals over time. The areas in

grey (Paths 1, and 3) correspond to the areas where such behavior occurs and
therefore showing the position of the three preferential flow paths. Note that for
Profiles P1* and P2*, the change occurs at theseténtial minima along the

profiles. These minima are usually associated with preferential flow pathways
(see Ikard et al., 2011). The maximum gmtential change in Profile P3* is close

t0 the Are@df SEEPAYE........uv e 165

lllustration of the experimental setup. Electric potential was monitored in time
lapse at the surface after two injections were intced into the upstream

reservoir. a) Photo of the experimental sand tank with BioSemi EEG
measurement system and reservoir logger instrumentation. b) Photo of the sand
body showing the coarse #8 sand of the preferential flow channel, betveeen t
flanking #70 fine sand units. Also shown are the potential electrodes of the first
two columns in the electrode grid. The positions of electrodes 4 and 11 are
indicated. c) Surface view of the electrode layout showing positions of individual
electrodes and the coarse channel. d) Photo of the miniatedg@lgelectrodes

used to acquire surface potential data.............oooevvviiiiiiiiiii s 185

Comparison of hydraulic gradient in the tankti@cer injection 1 (boiling) and
injection 2 (ambient). a. Hydraulic gradient vs. time for each injection. b. Time
rate of change of hydraulic gradient for each injection. This figure shows that the
hydraulic disturbance produced by each itiggtis comparable in time, and
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Processed data for selected electrodes. During both experiments the slug was
injected atitne t = 0 s, after collecting 120 s of background data. The blue curve
shows the potential decrease due to heat, and is the difference of the boiling
injection (black) and ambient injection (red) curves. a. Electrode 11 at the border
of the coase channel and fine sand unit. Electrode 11 shows little variability

from one injection to the next, indicating consistent experimental conditions, yet
still shows some influence due to the presence of the heat tracer. b. Electrode 10
in the carse channel. c. Electrode 22 in the coarse channel. d. Electrode 28 in
the coarse channel adjacent to the downstream reservoir...............ccc........ 187

Time-lapse record of electric potential in coarse channel electrodeseata
show the total anomaly in the coarse channel, which consists of pressure and
temperature components. a. Potential following injection 1 (boiling water). The
effect of increased temperature is apparent in electrodes 10, 16 and 22, by th
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Figure 5.7.
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sudden decrease in potential at approximate timest=140s,t=220s and t = 390
s, respectively. This observed effect in time yields an estimated mean velocity of
the heat front in the channel as 1.91 ¥ #0s™, which is reduced from the

velocity of the pore water determined with a dye tracer by 67%. b. Difference
potential between injection 1 (boiling) and injection 2 (ambient), showing the
anomaly due to heat migration. The reducing effect of the heat in the channel can
be sen on all electrodes when the potential observed following the ambient
temperature injection iemoved from the total anomaly............cccccceeeeiiieennn.n. 188

Time-lapse temperature record in upstream and downstream reservoirs after
injection 1 (boiling). The boiling slug volume was 2.15 L. The mean volume of
the upstream reservoir was 19.7 L during the experiment, and the temperature in
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Time-lapse surface maps of electric potential showfreggrowth of the total

anomaly following injection 1. The total anomaly is a combined effect of an
anomaly due to increased pressure head and an anomaly due to increased heat
content, and these have opposite effects on the polarity of thaosetitial

anomaly. The sign and magnitude of the total anomaly are therefore dependent
on the relative influences of pressure head and heat content, and may potentially
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temperature component of the total anomaly due to the increased heat content
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Description of tle field site. a. 1:24,000 topographic map of field site showing
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reference code 391052-TF-024). b. Photo taken on the dam crest at the south
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tomogram is bedr resolved during the inversion process. Lowecaitnts (cool
colors) indicate lower resolution or accuracy of the invertehi?e velocity

within the corresponding region of the tomogram. The position of the water table
is determined from thpiezometers and the velocity transition..................... 230

Figure6.7.  Electrical resistivity tomography and s@ibtential measured on the crest (Profile
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Figure 6.11. Reference model used in the inversion of-peliential data measured along
profile P7. The surface topography is accounted for. The direction of the source
current density vector is shown from the computed x,z vector components, and
the size othe vector is proportional to the magnitude of the source current
density (in mA m2). Three permeability zones were defined in the reference
model from the geotechnical data given in Figure 6.3 and the electrical resistivity

XViii



Figure6.12.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1. Introduction

Theprimarygoal of this thesis is toontribute to, an@dvance theurrentknowledge
basefor engineeing applicatiors of time-lapsegeophysicamonitoringof groundwater seepage
usingthe selfpotential methodh conjunction withconservativébrine)and norconservative
(heat)tracers | havepursuedhis goal throughaboratory experimentation in a hydranalily
controlled sand tank, and extension of the laboyatwthoddo field experiments atwo earthen
dams. A secondary goal of this thesis is to evaluate the current regulatory framfenwdeim
safetyin the state of Colorado, atige associated effects on the state's toemgn water supply
forecasts, to dér alterrative management strategibatbothenhance dam safety and expand
water availability (see Chapter Two).

The first laboratory experiment (see Chapter Thdescribestheoretical development
andanapplication ofa conservative tracenjection, and subsequent selbtential monitoring at
the surfaceto map ground water flothrough a preferential flow chanriala heterogeneous
mediumand accurately quantify the flow velocity in reathe. This experimenhas been
successfullyestedat the first field sitalescribed irChapter Four.

The second laboratory experiment (see Chapter Be®jribes a similar applicatiovith
a nonconservative tracer, and the results reported herein are a work in piergtessl be a
primary focus oimy prolonged research was unable to secure permission to inject a
conservativaracer at the second field site (see Chapieydue to water quality concenns
however thesite offeredan interestinggeophysical studgf the subsurfacdnydrogeolog at the

site. Furthermore, the dam is devoid of anomalous seepage through its core and foundation after
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nearly one hundred years of continued operatiori decided to investigatehat, if anything,

has contributel to this longterm successThis siteis an NSFH.G.E.R.T. SmartGeo field
research site as well, and for these reasonsvtitis hasbeen included as a chapter of this
thesis. This site, due to the hydrogeology described in Chapter Six, ideaisitefor future

field experiment®f the non-conservative tracer monitoringboratoryexperimentescribe in
Chapter Five.There is an access road on the crest and at the toe of the dam, and there is a
piezometer and an observation well on the crest and at the toe, respectivedynghtons of

hot water can bmade.

1.2. Description of the NSFIGERT SmartGeo Research Goals

The mission of the NSKGERT SmartGeo program at the Colorado School of Mines

(http://smartgeo.mines.edug) to perform interdisciplinary researthat expandghe current
state of engineering kndedge pertaining td'intelligent" geesystemsand their capabilities.
Intelligent geesystems willautonomously sense their environmant transient environmental
changesand adapt to improve themtendedperformance.A primary function of the adaptation
process is that the system will become more intelligent and better capable of recognizing and
reporting deteriorating performancenciitions.

IGERT research focuses heavily upon tiapse geophysical monitoring and modeling
of complex geological systems and physical processes that include but are not limited to: 1) the
reattime assessment of tp@roelastiqroperties of the neaurface at largscale construction
sites, 2)thereattime assessment tieoperating condition anfiinctionality ofsubsurface

tunneling equipment, 3he realtime assessment bforemediatiormeasures focontaminated


http://smartgeo.mines.edu/)

soils and aquifers, and #)e ral-time hydraulic characterization séepageanddetection of the
initiation of internal erosion in earthen dams and levees.

The Science, Technology and Engineering Policy minor of the IBR&RT fellows is a
unique requirement that distinguishes theaB@eo research goals from those of many other
graduate engineering programs. NI&ERT fellows are required to pursue this minor and to
perform and publish policyelated research that is ancillary to technical engineering research.

As an NSFI.G.E.R.T.research fellowl have contributedhe research presented in this
thesispursuant to the research goalgheiIntelligent Earth Dams and Leveamof the
SmartGeo programThese goals entail capitalizing upon thailable and emergingeophysical
sensing technologieandmodeling and visualization platforms, to provaleeattime decision
support tool for improved dam management throughineasive monitoring Seepage and
internal erosiomrethe primary procegsof interestand will be targetd during monitoring My
individual contributions to these research goals are described in the chapters herein, and employ
passive timdapse seHpotential monitoringf brine and thermal tracer migration through
preferential flow pathscombined witrelectrical resistivity tomographyo localize the paths and
provide reliable estimates of hydraulic variables in-teaé. | developedhiese methods a
laboratory andthenapply the brine tracer monitoring experimeatta field site. The underlying
presumptiorof this researcks that the ability to localize preferential flow paths and determine
permeability (from velocity) in redgime will ultimatelybe extended tallow engineers to detect
the initiation point of internal erosion in earthen daam, will provide theability to monitor the
temporal evolutiorf seepage path geometries émglinternal erosiomprocesswith surface

geophysical measurements



The policy research that | have performed in lieu of SmartGeo requirements argues and
demonstrates the existence of a watgoply policy paradox in the state@©@blorado thats
predominantly an indirect result of the fundamental tenets of Prior Apptiopridhis research
provides and justifies alternative water management strategies that, if implemented, would
enhance dam safety and expand Colorado'stiemy water supply, thereby minimizing
forecasted shortages. It is one subcomponent of a broatsptdhat | am developing to offer
a statewide watermanagement alternative to adjust the wasteful "use it or lose it" precept of the
Prior Appropriation Doctrine into one that
adjustments will incetive a marketriven approach to reduce the cost and expand the
availability of water resources, and that will directly incentivize rehabilitation of the state's

existing dam infrastructure.

1.3. Researt Motivation and Significance

My motivation fa this dissetation arises from two contemplatioregarding dams in the
United States. The first the socioeconomic impact that damave upon the citizens who are
essentiallynundatedoy them andwho dependupon them foa safe,reliable supply of fresh
water andan improved quality of life My secondmotivationis theapparenknowledge
deficiency thapervadeshe scientific and engineering communities regardingéspage
catalyst, and thaitiation pointand temporal evolidn of internal erosiorn porous mediaThis
lack of understandingontributes immensely to the socioeconomic impacts by limitiagcope
of the monitoringmaintenance, rehabilitation, ardfety assuranageeasures that are employed
by dam owneraindregulatorsandwhich alsdimitsthe operational lifespan of individual dams

This contributes to the policy paradox described in Chapter. Two
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When | began working on this thesis in 2009 there were approxingag€l90 dam#
the Uhited Statesind tleir meanagewas51 years American Society of Civil Enginegr2009)
The distribution of the largest 10% of those dams throughout the contiguous United States is
shown inFigure 1.1to provide an indication of the magnitudetioé sociceconomic impacts
thatdams have upon the publiRecentstudies havehown that many of these dams are rapidly
deterioratingo a condition that is considered safety defic{@&merican Society of Civil
Engineers2007;American Society of Civil Engeers 2009) Figure 12 shows thdrend in the
numbes of safety deficient dams in the United States between 2001 and 2007 (American Society
of Civil Engineers2007). The total number of dieient damsincreased linearlguring this
time, and highhazardpotential deficient dams comprisapproximately 25% to 33%f all
deficient dams in the U.8uring this time In 1999 the Federal Emergency Management Agency
estimate that 72,250 (85%) of the 2009 U.S. dams waxiceed their intended life spap the
year 2020 a statistic that willikely contributeto future deficiency trend$-ederal Emergency
Management Agency,999).

Given the shear quantities of dams in the U.S., their meath&gdocations relative to
the populationand the eveincreasing need for additional reliable water supplies, the
significance of this thesis lies in the fact theéxpands upotheavailableengineering tools and
methodologie$or inspecing, monitoing and repaing dams Improvements irthese
engineeringnethods and abilitiewill help to maximize the usefulneasdoperational life spans
of existing and futureanms, andminimize the costs associated with their maintenamgairand

long-term service.



1.4. Organization of the Thesis

This thesis is organized into seven chapt&ach chapterexcluding the introductign
Conclusionsand Chapter Fivénhas either been published in a relevant peeiewed journal
sulmitted to apeerreviewedjournalfor publication,or publishedn the proceedings of a
relevant technical conferenc&he targetegbeerreviewedjournalsor conference proceedings
associated with each chapter are indicated in the follopanggraphsandmy contributionsto
each chapter as the first autlaoe disclosed.The bibliographic @éferences pertaining to each
chapter are included at the epfdeachchapter, rather thaasa comprehensive list at the end of
the thesis.All symbols appearing in this thesis are defined in terms of their physeaing
and physical units immediately following their first appearance in the #ekst of symbols is
therefore not included in the front matté&.comprehensive review of the relevant literature and
underlying physical theories pertaining to the gegpdal methods that are applied is
accomplished at the beginning of each chapter. A brief overview of the applicability of those
methods in the context of the underlying impetus of internal erosion is included in the preceding
section of this chaptealong with amore comprehensive literature review pertaining to current
state of knowledge of the internal erosion phenomenon.

Chapter two of thishesispresents the piay-related research thaperformedo satisfy
NSFIGERT policy minorrequirements.This chaptehas beempublished in théroceedings of
the Association of State Dam Safety ,@dficials
was presented at the 2012 ASDSO Conference on Dam Safety held in Denver, Cdsrdun
first author, mycontributions to this chapter included: 1) networking with the Colorado Division
of Water Resources Division | office to access raw data and conduct interviews with key

personnel, 2) research, compilatipnocessingnd analyses of all qualitative and gtitative



data sets presented in this chapter, 3) generation of conclasioqgoduction of the
manuscriptand4) presentation of findings at the ASDSO 2012 Conference on Dam Safety in
Denver, Colorado.

Chapter Three presentsheeoretical developmémnd laboratory demonstration of a
time-lapse seHpotential monitoring experiment. The method developed during this experiment
canremotely detect and localize preferential flow pathshet@rogeneousorous material with
passive surface measuremesitselfpotentialwhenanomalies are triggered time-lapse by the
presence of a conductiwacer inthe subsurface channel3his methodology can algwovide
an accurate estimate of the flow velocity by monitoringntingration of the surface sefotential
anomaiesthatareassociated with themigration ofthetracer. This chapter was published in
Water Resources ResearcAs the first author my contributions to this chapter included: 1) the
experimental design, setup and data acquisition, 2) signal processing, noise analysis,
interpretation and display of the recorded data, 3) collaborative assistance with the numerical
modeling andhedevelopment of théheoly underlying this method, 4pllaborative assistance
on theproduction ofmanuscripandgeneration of relevant figures and conclusjarsl 5)
presentation of the results in a poster format at the Colorado Sifidoles’' 2012 Conference
on Earth and Energy Research.

Chapter four presents a field application of the monitoexgerimenthat isperformed
in ChapterThree. A geophysical reconnaissance suwagperformed at a 30 m high, 140 m
long dam to identy potential seepage zonesside of the dam. An experimental monitoring
surveywasdesigned from the reconnaissance resultgpanidrmed to confirm suspected
seepage zoneandto more accuratelgetermine the preferential flow paths within these zones

Thebrine tracemwasinjected into a suspected seepage zone and the dominant preferential flow



paths through the dameredetermined by performing repeated measurements epastdhtial

on the downstream slope of the daivhis paper has been submitfed publication inGround
Water My contributions to this researstthe first authoincluded: 1) generation dfieresearch
proposalandnetworking and communications with dam ownersdoure access to the field site
2) design and execution of the reconnaissance and monitoring surveys, 3) acquisition,
processing, display and interpretation of high qualitygeténtial datasets, 4) 2D forward and
inverse numerical modeling of the splitential datacquiredat thefield site 5) 3D modeling of
NaCl advection and dispersion in the dam and the resulting electric response at the&urface,
generation of conclusions and prodoctof the manuscript, and) presentation of the results in
poster format at the 2013 Syogum on the Application of Environmental and Engineering
Geophysics in Denver, Colorado.

ChapterFive presents a second laboratory experimentekegnds the laboratory
experimentdescribedn ChapterThree to include aon-conservativeéhermal tracer The work
presented in this thesis pertains to the initial laboratory expat and is a work in progress.

My current and future work on this chapterludes the development of a comprehensive theory
and3D numerical modeling of the experimaattthelaboratory and field scaledly long-term

goal for this research is to implement this experiment in the fighis paper is in preparation

for submission t&Water Resources Researchhe experimental setupasnearly identical to the
experiment performed in chapter thrééme-lapse seHlpotentialanomalies wer&iggered with

an injection of hot water andeasured remotely at the surfaceéh@fsand tank to localize a
preferential flow channel arttieestimaé the flow velocity. As the first authof the current

work in this manuscript, my contributions included: 1) the conceptual design and implementation

of the experiment, 2) acquisitioprocessinginterpretation and display of high quality hydraulic



andgeophysical datasets, 3) generation of conclusions and productioncoft@etmanuscript
presented in this thesis

ChapterSix presents the results of field research at a 3m high, 1400 m longldam
intended for this dam to be the original field $getesting the laboratory experiment presented
in ChapterThree although ultimatelyhe dam owner was unwilling to alloasalt tracer
injectiondue towater quality concernsFurthermorethe damdid notappear to beeeping
anomalouly through the crossection or foundatioh o pr ovi de any contrast
flow regime However, thergvasan anomalous zone of ground water dischapggoximately
150 m downstream of the damhich the local residents implied wegrrelated to theeservoir
storage level Becausehiedamwasa SmartGeo research site, andrésearchhat was
performedproducedsomehigh qualitygeophysical datavith some interesting seffotential and
electrical resistivity anomaliesdecided to include theesearchn this thesis Theprimary
researclgoalat this sitewas toinvestigate the hydraulic connection between the reservoir and
the downstream seepagene,to predict whether this zone may ultimately leadrtoraalous
seepage at the darm secondary goal of this research wadiszover potential hydrogeologic
factors, if any, that have contributedtb@ lbngterm successful performanoéthis dam This
chaptempresents a hydrogeophysical investigation oftisathat combinegranubmetric and
hydraulic borehole data wi2D seismic refraction tomography, Zectrical resistivity
tomography, and seffotential It hasbeensubmitted for publicatiom Ground Water My
contributiongto this paper as the first authocluded:1) drafting oftheresearch proposal and
networking with dam owners to secure acdedbe site 2) design and implementation géo
electricfield surveys3) acquisition processinginterpretationand display othe geeelectric

field data, 4 2D forward andinverse numerical modelingf self-potentialdatacollected at the



site, 5) the acquisition of seismi@fraction tomography data, anfigeneration of conclusions

and production of thenanuscript.

15. Relevant Background

This section provides a brief overview of the relegadtechnical and geophysical
background pertaining to the research goals of this thesis. The background includes a discussion
of the current state of engineering knowledge regarding the initjétoimg, anddevelopmersl
stageof the internal erosion process, as well as a brief overview of the applicability-of geo
electric method$o these types of geotechnical problenExtensive discussismof the
underlying theory of thgeco-electricmethodsare included in the introductionsf the

forthcomingchaptersof this thesis

1.5.1. Current Understanding of Internal Erosion

Anomalousseepagean internally erodéhe core and/or the foundatiohearthen dams
andis a primary cause of failurdnternal erosion is estimated to be the cause of 46% of all
documented dam failures, ranking second only to embankment overteppsppnsible for
48% of all documentefhilures(Foster et al, 2000, 2002). Freeze and Cherry (1979) have
identified threeadditional primary reasons for catastrophic failures of earth dams. These
include 1) movement within the rock foundations or flanking abutments along geological planes
of weakness?2) the development of large uplift pressures along the base or toedainthend 3)
slope failures on the upstream or downstream tta@emay result from overtopping, rapid
drawdown of the reservoir, or sinkholdglore recent research has aisoluded arching of the

core due to structural settlement, structural cracksraob-fissures, and hydraulic fracturing
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that may occur within these structural features or along other planes of weasngstential
failure modes and catalysts for internal erosion

Internal erosion that leads to dam failure is described asrathgeprocessillustrated
in Figure 1.3Fell et al, 2003, 2007; Wan and Fell, 2002, 2004, 2008; Mattsson et al., 2008)
The first stage ithe initiationstagewhenparticles are initially detachdcom the soil matrix
andtransportedy seepage flowResearch has shown thihe onset and temporal evolution of
this stage dependgponcritical hydraulic conditiongBendahmane et al, 2008The second
stages the continuatiorstage when detachment and transpoohtinueafter initiation. During
this stagehe grain size distributi@of the soils andhe engineerefilters control whether
erosion will either continuato the progression phaeehalt as a result of seftiealing(Fell et
al, 2005; Fell et al, 2007). Thieird stage ighe progressiostage. During this staga
continuous flow channel may forand may be either a high permeability soil exoskeletaan
subsurfacevoid in theshell core,or foundation of the damThis is typically the stage at which
anomalous seepagedetectedt the surfacéTorres, 2008).The surface indicators of this stage
include elevated pore water pressures in piezometers and observation wells, sand boils that
appear at the surface, or by sink holes that manifest on the dam creststosesielepending
upon the size of the eroded caviti@de final stage is breach afailure. Water is released
from the impounded reservoir an uncontrolled fashigrither througltontinuousipes in the
shell or foundation of the dam, or through collapsmkholes on the crest and upstream slope
that result in headut erosion of the slope

Three erosie processes suffusion, piping and concentrated leak®ntribute tanternal
erosioninside of a danfFell et al, 2003).They can occusolitarily, smultaneously or

sequentiallye.g. see Fell et al, 2003; Bendahmane et al, 2008¢3,&2008; Wan and Fell,
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2008) Each can originatatinternally localized sources within the shell, gdoaindationor fill
zones, at the filtecore boundary of poorly designed drainage filters, or along the contacts of
earthen and concrete infrastructuEachprocesscontributes to theemporalstages described by
Fell et al (2003)

Suffusion refers to thedvective transport of the fines fraction (generally the clay, silt
and/or very fine sands of the composite soil) through the void spaces created by the coarser
fraction (fine sands tgrave), after thefineshave been detached frahre cohesive soil mass by
seepage forcgsee Figure 1.3)Suffusionis the slowesinternal erosion process, andcuss
duringthe gradual migration of finasderlow hydraulic gradientéFell et al2003. Wan and
Fell (2008) reported three criteria that must be satisfieduftuson to occur. First, the size of
the fines fraction must be smaller than the coarse fraction void spaces. Second, the quantity of
fines in the composite soil must be less than enough to fill the void spaces of the coarse fraction.
Third, the seepagvelocity must be great enough to produce a seepage force with enough
magnitude to detach the particles. Wan and Fell (2008) also showed that suffusion may be
somewhat predictable from the grain size distribution of the composite soil. The resudis of th
study indicate that soils with a steeply sloped granulometric distribution near the coarse fraction
(generally defined by thesglvalue) and a flat slope for the fine faction (represented by the d
value) were more prone to suffusion in laboratory studies. They observed that soils showing
suffusion were broadly graded with concave upward grain size distribution curves. Other
researchers have shown that suffusion occurs primarily in clay rich soilslanwdgydraulic
gradients, with the suffusion erosion rate increasing with increased hydraulic gradient, and
decreasing with increased clay content and elevated confinement stresses (Bendahmane et al

2008). The soil fractionthat areconsidered to be theast prone to suffusion are coarse silts
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and fine sand@Bendahmane et al 200&ndsoils of glacial origin have also been shown to be
particularly susceptible (Mattsson et al, 2008). Suffusion prone soils are always internally
unstable because the end firocess results in antiact coarse grained exoskeleton with
increased permeability arrddiminisheceffective stress field (Torres, 2008). This reduces the
overall strength of the sasindresults in etvated pore water pressuré&he high permeabity
zones are sources afoncentrated leakanddiminishedeffective stressnay result in structural
settlementhat can lead to overtoppind\ reductionin soil strength also increasthe likelihood
of piping under elevated hydraulic gradients.

Pipingis an internal erosion process tbatursfollowing thedetachmenof colloids
from a soil matrixn a retrograde fashion from downstream to upstreAngeometrically
evolving pipe forms durinthe advective transpouf detached colloidgiroughthe void spaces
that are created during the process. Pigrgynonymous with thieackwards erosion
terminology(Figure 1.3) A void spacdorms at thedownstreamnitiation pointand
geometrically evolves over timeto a continuous tunn@h an upsteam direction The initiaion
point is typicallya seepagdischarge zonen the downstream slojé the danor the
downstreamopography Piping has been shown to occur predominangyde of the shelnd
the foundationand can progresstherfrom the embankment into the foundatjan from the
foundation into the embankment (Foster et al, 2000; Fell et al, 2003; Mattson et al, 008).
elevated critical hydraulic gradients necessargt a seepagaischargelocation forpiping to
occur(Torres,2008). Piping willresultwhenever the reservoir elevation surpassa#ical
headandproduces a hydraulic gradient at the initiation pthiat is greater than or equal tbe
critical hydraulic gradientThe piping processaythereforeoccurepisodically, progressing

either slowly or rapidlyand terminating upon removal of the critical hydraulic conditions.
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Piping may also occur due to increased seepage velocities through concentrated leaks, and
sequentially or simultaneously with suffusion las fines fraction is removdcom the soill
matrix. A number of researchers have studied the critical parameters influencmpitige
process in detail (Ojha et al, 2001; Fell et al, 2003; Ojha et al, 2003; Bonelli et al, 2006; Bonelli
and Marot, 2008; Bndahmane et al, 2008; Mattsson et al, 208&8) have showthat suffusion
and concentrated leaks are both primary fadtaascontribute to pipingMattsson et al (2008)
provide adidacticsummary of much of theurrentscientific literaturghat isrelevant tahe
piping phenomenan

Concentrated lealkarezones of anomalous seepage above and beyond what is permitted
through the core by desidRigure 1.3) They may form in structurally weak zones of the core or
the shell eithefrom suffusion, piping, settlement cracking due to vertical or horizontal
displacement, adue tohydraulic fracturing.Settlement cracks and hydraulic fractupesduce
internal erosion mucfasterthan suffusion and typically pipingndtheymay develop in a rapid
to veryrapid fashiorupon the first filling of the reservgiand anytimehe reservoir level
reache®r surpassethe crack entrance level. Detailed discussions of settlement cracking and
hydraulic fracturing may be found in Kulhawy and Gurtowsky (1976), Jdwet al (1981),
Widjaja et al (1984), Sherard (1986), Lo and Kaniaru (1990), Kim et al (2004), Fell et al (2005),
and Mattsson et al (2008). Mattsson et al (2@0@)marize pertinent literature relevant to
internal cracking due to transverse and landjital differential settlement, cracks formed
between contacts of concrete and earthen infrastructure, and hydraulic fracturing. They note
three cases giving rise to differential settlement cradke frst is arching of the core, which
occurs as the vight of the core is transferred into the surrounding shell during settlement.

Arching can lead to transverse and or longitudinal cracking in the core which may then provide a
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catalyst for concentrated leaks &hd development offealenedzonesthat aremore prone to
hydraulic fracturingand piping The €cond is elevated pore water pressures which act to reduce
the effective stress field within the core. This provides a catalyst for core fratctulevelop
along planeof weakness.The tird is the transfer of the settlement load into adjacent or
embedded concrete infrastructure during differential settlement. Thialswajter the stress
field surrounding the infrastructure and/or within the carelmaylead tosettlementracking
and concentrated leaksConcentrated leaks and hydraulic fracturingexa@usiveto structurally
deficient or poorly designed dams. Sherard (1986) expressed an experienced opinion that small
concentrated leaks resulting from hydraulic fracturing commoatyr in well designed dams,
even those that are not subjected to large settlements.

Knowledgeof the timing and evolution of internal erosion is critical for detecting the
phenomenorarlyin theinitiation and continuatiostages. Fell et al (2003)qvide a
gualitative approacfor theapproximate estimation of the tinoé progression of internal
erosion. Their method depends upon the location of initiation of internal erasion the
foundation, shell, or corgjvhich can be estimatednd theengineering properties of the soils
comprisingthe initiation zone and surroundingghich are generally knownMethods of
obtaining more quantitative rates of erosion witlsito erosion tests hawsobeen developed.
Wan and Fell (2004) summarizeveeal tests available to evaluate erosion rates of sails,
including the pinhole erosion test, jet erosion test, slot erosigratelhe hole erosion test. The
pinhole erosion tegiVan and Fell, 2004¥lentifies dispersive soils that are highly praoe
internal erosion due to their dispersion tendengyneasure of the propensity fogi@ensoil to
spontaneously deflocculate upon saturation. The jet erosion test (Hanson, 1991) measures

spillway erosion rates and simulates backward feedadnigrationwith water jetghatimpinge
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upon a samplendprecedingpoint measurements of erosion depth within the sample. The slot
erosion and the hole erosion tests (Wan and Fell, 2002) quantify the rate of piping erosion in
soils with impinging jets in horizoat slots or vertical sample pits, respectively. d&flthese

methods with the exception of dispersion tests, are designed to yield the erosion ratéERt)ex

- alogarithmic function of the coefficient of soil erosion that provideseasure of the esemn

rate and the critical hydraulic shear stress required to insiaterosion Wan and Fell (2004)
determined the variability of the erosion rate inttefall within a broad rangketween 65,

indicating that the soils studied differed in erosiates bygreater thasix orders of magnitude.

By employing these tests on various samples, Wan and Fell (2004) showed that coarse grained
non-cohesive soils have lower critical shear stresses and erode more rapidly than fine grained

cohesive soils.

1.5.2. Applicability of Geophysical Methods

A variety of geophysical methods have been used to investigate subsurface
hydrogeologyincludingground penetrating radaCéristen et al., 199%5andberg etla2002;
Linde et al, 2006)electremagnetianduction methodsRuselli et al, 1998; Barrett et al, 2002;
Auken et al, 2003; Danielson et al 2003; Land et al, 2004; Minsley et al, 2&ldmic methods
(primarily refraction and reflectionBfrch, 1976; Steeples 1979; Birkelo et al, 1987; Xue, 2004,
Rosid, 2005; Sorenson 2007; Grelle and Guadagno, 2009; Vandemeulebrouck et al, 2010;
Minsley et al, 201}, and potential fields method€ll and Massie, 2002; Pozza et al, 2004;
Wattanasen and Elming, 2008; Christiansen et al,2dadwever, there arenty a few that are
directly applicable to the detection and monitoring of internal erositve methods that are

most commoly usedto study internal erosioaretemperatureBenderitter and Tabbagh, 1982;
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Johansson, 2005; Johansson 2007; Jardani antj Rg@93g and geeelectric methodghat
includeself-potential and electrical resistivity tomograpl@gilvy et al., 1969; Corwin, 1985,
1997; Butler and Llopis 1989, 199Bevc and Morrison, 199Kl-Saigh et al. 1994; Panthulu
and Shirke, 2001; Kemna &it, 2002; Revil et al., 2002; Johansson 2005, 2007; Rozycki et al.,
2006; Cho and Yeom, 2007; Jardani et al., 2006, 2007a,b, 2008, 2009a,b; Crespy et al., 2008;
Ball et al, 2009Boleve et. al. 2009; Malama et al., 2009a,b; Rozycki, 200@sley et al,2011,
and additional references included in chapters herdihg temperature of ground water is
typically monitored in piezometers and observation wells but more rec¢katlyse of
temperature ibeingdeveloped fointernalmeasurementsith fiber optic cables that can be
emplaced duringhe constructiorof a dam Selfpotential and electrical resistivity tomography
are much less invasive methods than temperature, and can be employed at the surface as
compared to in boreholes imsideof the dam core. Thegre most often performed in tandem
due to the sensitivity of seffotential to the flow of subsurface fluids, and the sensitivity of
electrical resistivity tomography the subsurface conductivity structurBhe electrical
resistivty distribution ishighly sensitive tadhe presence of ground wagerd other pore fluids
and contaminantgndmust be known to quantitativefgodel andnterpret seHpotential
anomalies

Self-potential signalsthat are observed at the surface arise from a variety of current
source in the subsurface. Temperature gradients produce theleotric sourcesas heat is
conductedand convectedhroughout the subsurfaceonic concentratiorgradientsand redox
gradientsproducetemperaturalependent, electrohemical potentialand currentsas mobile
ions diffuse through pore fluidsand subsurface redox reactions occiiihe flow of pore fluids

throughthe mobile pore spaceroduceselectrokinetic streamingcurrents andis the dominant
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source mechanism sought in hydyeophysical surveyshat incorporatethe selfpotential
method Theunderlyingtheoryof the origin of streamingurrentsis fairly well understood (e.g.
see Revil 1999a,b,c; Revi2002; Revil 2003) The poresurface minerals in contact with the
pore fluid are electrically charged as shown in Figure 1.4 (Revil and Jardani, 2010). The charge
polarity of the pore wallss predominantly negative, and is counterbalanced by an excess of
positive electrical chargihat accumulates the mobile, diffuse layer of the pore flunar the
porewalls. When the pore fluid velocity is nonzero thecumulated catiorere dragged through
the pore space and the separation of chaalyesy the flov pathproduces thatreaming current.
The streaming current is opposed ImyGhmic conduction current that propagates back through
the conductive medium The superposition of these two charge flugesduces a total current
density(e.g. see Minsley, 200. Theseelectricaldisturbancesside of the pore spaceanifest
at the surface aa potentialfield that can be measured with npalarizing electrodes and a
highly sensitive high internal impedanceulti-channel voltmeter. The separation oéxcess
electrical charges fromore wallsshowsa characteristiclipolar signaturedue to the polarity of
the layering in the electric double layshown in Figure 14 The transportetbns accumulate
in the direction of decread hydraulic gradientcorresponding to the direction of flowin
theory, this results in a dipolsignature with psitive polarity correspondingo seepage effluent
where source currents converged negativeolarity at influent zones andlong the flow path
where source cuents are diverging

Electrical resistivity tomography provides the 2D or 3D conductijibe inverse of
resistivity) structure of the subsurfacehich is requiredto quantitativelymodel andinterpret
selfpotentialanomalies The physical principleof the methodareillustrated in Figure 1.5.A

very low frequency alternating current is injected into the ground with a current source electrode
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and is retrieved with a current sink electrodée pathstraversed byhe current flow linesn the
subsurface araltered anddistorted based upon the subsurfacaductivity distribution and
result in a potential field thatan bemeasurd atthe groundsurface ¢eeFigure 1.5a, from Seidel
and Lange, 2007).If the system behaves lineatiiye pdential differencethat is measureds
related to the bulk resistance of thebsurfaceme di um t hr o u,qidis @Versalys | aw
proportional to thelectricconductivity.

An electrical resistivity tomography survey is performed as described bedoprofile
consisting of a set number of electrode stations is established at the surface and a multiplexer is
used to measure the potential differerthat results by injecting current and measuring the
response witldifferent fourelectrodearray combinaions along the profil€Figure 5b and 5c)
Eachfour-electrodearray combinationboth injects and measures, andludes a current source
electrode(C1), a current sinkelectrodg(C2), and a positive and negative potential electri@tle
and P2, respectiwgl (Figure 5c) The fourelectrode ombinations are determinedith a
multiplexerby varying the constant separation distabesveen eachndividual electrodeof the
arrayby an integer factor aftex sweep is performed along the profile using all péssbrays
with the current separation distant®Ke and Barker, 1996 For example, for a profile with ten
electrodes separated by 1 m each, the first sweep would use electrodes (1,2,3,4), (2,3,4,5),
(3,4,5,6)....,(7,8,9,10). The separation distanceHfernext profile sweep is then increased to
2 m and the measurements are performed using eledroas(1,3,5,7), (2,4,6,8), (3,5,7,9),
(4,6,8,10). The separation distance is increased again and the measurement is made with the
array (1 4, 7, ad 10. A pseudesection is createth this mannerby plotting the apparent
resistivity at the center of each feelectrode array at a depth equalt@, where L is the total

length of the four electrode combinati@ihigure 5b) As the electrode separation distance is
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progressively increased information is obtaine@ragressively greater depth3he profile can
be extended in either direction by a set number of electrodes to provide a lgteetécoverage
area in the subsiace beneath the profile (Figure 5A)he pseudesection is inverted to estimate

the true resistiviticonductivitydistribution(see Loke and Barker, 1996)
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1.7 Figures
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Figure 1.1.Distribution ofthe largesfi0% of alldams in the United Statefsgqm the Army

Corps of Engineerdlationallnventory ofDamsdatabase, last plished 03/2006). Red, purple

and green markersdicate the locatiosof high, significant and low hazargotential dams

respectively This dataet included,100 dams, of which 4,250 are high hazard potential. Dam
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Safety-deficient Dams in the United States
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Figure 1.2 From American Society of Civil Engineers (200ummary of dams considered
safety "deficient” in the United States from 20007 (data compiled by the Association of
State Dam Safety Officials).Circlesrepresent the total deficient dams ¢R0.9567) and
squares represent higtazard potential deficient dams*®R0.9267). On average, high hazard
deficient dams have accounted for 38% of the total deficient dams over this time.
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a. Internal erosion in embankment: suffusion and backward erosion

i
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b. Internal erosion in embankment, concentrated leak
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Figure 1.3. lllustration of internal erosion stages and scenarios. From Fell and Fry, (2003).
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Figure 14. From Revil and Jardani (2010klectrical double layer at the pore wpbre fluid
interface. Electrical disturbances in the electrical double layer teés@i measureable potential

field at the surface that can be interpreted with respect to ground water flow patterns when the
subsurface conductivity distribution is known.
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Figure 1.5 lllustration oftheelectrical resistivity tomography method) From Seidel and

Lang (2007). Current, is injected by a current souretectrodg(C1) and retrieved by a current
sink electrodgC2). Current flowpathsare distorted based on geologic heterogenessulting

in a potential fieldhat is measureable at the surfadepotential differencepV is measureat

the surface between potential electrodes P1 and P2, @msalidesection of apparent resistivity

is plottedfrom the known injection currenhe geometric factoof the eleatode arrayand the
measured potential differend® A profile of 64 electrodes is laid out and a multiplexer is used
to measure the potential difference resulfnogn different fourelectrode combinations along

the profile. Combinations are determirt®dvarying the separation, a, by an integer factor after
eachcompleteacquisitionalong the profile A psaudo-section iscreatedoy plotting the apparent
resistivityat the center of eadbur-electrodearray at a depth equal 8a/2 Thepseudesection

is inverted to estimate the true resistivity distributighlllustration of depth sounding by
progressively increasing electrode separation between each measurement
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CHAPTER 2
DAMMED I F YOU DO, DAMMED I F YOU DONOT: TEN:¢

ENSURINGDAM SAFETY AND MAXI MI ZI NG COLORADOOGS WA

A paper published in the Proceedings of the

Conference on Dam Safety

Ikard, Scott, Delborne, Jasrand Brunsdale, Kenléy
! Colorado School of Mines, Depif Geophysics, Green Center, 1500 lllinois street, 80401
Golden, CO, USA.
ZColorado School of Mines, Dept. of Liberal Arts and International Studies, 1500 lllinois Street,

804041, Golden, CO, USA

2.0 Abstract
Reflecting a classic policy paradox (Stoge 0 1) , Col oradodés dam saf
threaten t he avali dtearnowaterisupply. Re¢ent stides irdicatetthatdé s | on g
Colorado water users will face water shortagesxcess of..1 million acrefeet per year by
2050 representing a mixturef municipal, agricultural and environmental demarzaasl
compounded by an increasing population and uncertainty due to predicted-civaatg
stresses. Increasinige availability ofwater without compromising the state's frenewable
ground water wllrequire an expansion of Colorado's surface storage capacity to collect runoff
during periods of high rainfall or snow melt. Paradoxically, at the same time that Colorado needs

to expandts surface storage capacity, state regulators are protectinglihe foom dam failures
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by restricting the storage capacity of many daifisis occurs when a dam is deemed unsafe and
regulators require operators to lower the water level to assure public safety from a potential dam
failure. This does not always enhanciic safety from dam failures, and the net ldagn

effect is a reducti on o WhickQisdounterarddocdve tologtteart st o
water supply goals. This paper explores and quantifies this contradiction in meeting the public
goalsof dam safety and water storage, pointing to the need for incentives to rehabilitate the
storage capacity of Coloradods ddériveastoragend i | | u
leasing approacthat would potentiallyedue predicted water shortag by up to 33%vhile

enhancing public safety

2.1 Introduction

Col oradods dam safety polici estermiwatesat en t h
supply. Recent studies indicate that Colorado water users will face water shortages that are
expectedo exceed 1.1 million actieet per year by 2050Rowan et al., 2010)These
anticipated shortagespresent a mixture of municipal, agricultural and environmental demands
and arecompounded by an increasing population and uncertainty due to predictatécl
change stresses (Rowan et al 2010). Paradoxically, at the same time that Colorado needs to
expand surface storage capacity, state regulators are protecting the public from dam failures by
restricting the storage capacity of many dams. This maylwaya enhance public safety from
dam failures, andthe netlonger m ef f ect i s a reducti oandof Col
therefore the total stored volumehich is counterproductive ©olorado’'dong term water

supply goals.
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This chapter gxores and quantifies this contradiction in meeting the public goals of dam
safety and water storage, and points to the need for incentives to rehabilitate the storage capacity
of Col or aWedlasgatedha posential for a markdtiven storage ksing approach to
enhance publ i c s aflewayersapplg Intséceon Aie expleedie danv ai | ab
safety side of this paradox through trends in the hazard potential ratings and the restriction
statusdé of Coloradod6s dams, and the i mpacts t
relative locations. We present the most redatd published by the Colorado Division of Water
Resourcesod ( CODWR) InPBeation 22eefllestraye thB pobticatahd
technical underpinnings of a dam safetgter supply policy paradox in Colorado, and its
impacts upon the forecasted wagepply for the state. In secti@Bwe highlight and discuss
economic and social advantages of a policy alternative to the illustrated paradox. We conclude

our argiments and findings in section 2add offer visions for future research.

2.2. Dam Sdety
This section discusses the safety status of Colorado's dams in terms of their mean ages,
hazard classificati®) and physical locati@relative to the statehigh population density areas.
The sequential failure potential for dams on Colorado'smnvegterways are highlighteahd
discussed Therelevantauthoritiesthat are promulgated to state regulatorghe Colorado
Revised Staturesnd methods of dam safety assurance are discussed, and the historical trends in

the hazard classes and restriction statuses of Colorado's dathsteted
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2.2.1. Age and Hazard Classification

. Dams are becoming a national concern becausel#tesiorate as they age and they
can become public safety hazards if they areetwbilitated oregulated. The apogee of U.S.
dam building occurred between 1950 and 1970 (Doyle 2003). The mean age of America's dam
infrastructure is therefore approxately 51 years (American Society of Civil Engineers 2009).
A majority of thesedams have either exceeded their intended life span, or will exceed their
intended life span in the foreseeable future. The Federal Emergency Management Agency
(FEMA 1999a) hagstimated that 85% of all U.S. dams will exceed their intended life span by
the year 2020 However, this is a burden that is predominantly left to state goverwimeate
responsible for regulating 95% of all dams registered in the NID (Lane 2008).

The Dam Safety branch of ti@lorado Division of Water ResourcéS@DWR)
oversees approximate®y900 dams throughout Coloradd,9370f those damare classified as
jurisdictional (Haynes 2010). Section-87-105 C.R.S. defines jurisdictional dams asgei
greater than ten feet high when measured from the toe to the spillway, and/or impounding a
reservoir with twenty acres or more in surface area, or one hundrefé@cog more in reservoir
capacity at the high water line. The CODWR furtherclassfiesl or ado6s juri sdi ct
according to the FEMA (2004) hazard classification system as high, significant, low, or no
hazard potentialTable 2.1summarizes the total number of jurisdictional dams in the state of
Colorado by their hazard potentialeag o r vy . The majority of Col or a
low and significant hazard potential dams, and their numbers have remained relatively constant
since 1989. However, a steady I|linearly incre
high hazard potential dams, and migkflectsomereclassifications of lovinazardpotential

dams, which showa net decreasthat iscomparable to the net increase in restricted high hazard
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potential dams Figure2.1 shows the annual numbers of high hazard and significant hazard

potential dams i€olorado The total number of high hazard potential dams has increased by

approximately 40% since 1989, and this trend is likely to continue and perhaps accelerate as

downs r eam devel opment occurs and the stateds pc

high hazard potential dams equates to an increased public and economic risk, especially if these

dams become restricted. A linear regression of the high hazard teshckpthat Colorado

citizens may be surrounded by 467 high hazard potential dams by 2030, and 573 high hazard

potential dams by 2050. These would account for approximately 24% and 30%, respectively, of

the 1,937 jurisdictional dams that the CODWR cutyerggulates. In contrast to high hazard

potential dams, the total number of significant hazard potential dams is shown to have remained

relatively constant since 1989, and on average there have been 318 significant hazard potential

dams annually. Howevgethe number of significant hazard potential dams has also increased

overall since the minimum in 2001, albeit at a less pronounced rate than the high hazard trend.
The CODWR restricts some reservoirs from their maximum storage due to safety

concerns regrding the dam. These include but are not limitet) toncerns regarding the

structural integrity of the dam?) design methods for structural components such as spillways

and outlet works that may be inferior to current meth8ylspncerns regardindape stability or

internal instability problems that can arise from anomalous seepage and sinkhotfgsrand

overall poor, dilapidated condition of the damsome casesTable 2.2summarizes the number

of restricted dams in Colorado by hazard potendiatl is illustrated ifrigure2.2 The total

guantity of restricted dams has decreased by 7% since 2000 primarily due to the 35% overall

reduction of the significant hazard category. Low hazard potential dams comprise the majority

of restricted dams ithe state, and have shown an overall increase of 3%. Restricted high hazard
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potential dams have decreased by 10% overall, but have shown an increase of 31% since the
minimum shown in 2007.

Many of Col oradods jurisdi cerinareaaofhighams st o
popul ation density along the Front Range. T
population,and this populatiors predicted to increase 100% by 2050 (Colorado Division of
Emergency Management 2010). These dams will therefore negatively impact a majority of
Colorado citizens if they are restricted for safety reasons and not repaigede 2.3shows the
distribui on of Col oradodés | argest jurisdictional d
code (U.S. Census Bureau 2001), and represents 20% of all dams regulated by the AODWR.

Figure 2.3, ach dam marker is proportional in diameter to the maximumgsarapacity of the
reservoir behind the dam (imits ofacrefeet), and indicates the hazard class of the dam by its
color. Significant hazard potential (purple) and low hazard potential (green) dam markers
represent a storage capacity range that isvabgrit to the range shown for high hazard potential
(red) dam markers. Each plotted dam is either greater than 50ft high as measured form the
spillway invert elevation to the downstream toe, capable of a normal storage capacity that equals
or exceeds 5,@acrefeet, or capable of a maximum potential storage capacity that equals or
exceeds 25,000 acfeet. Restricted dams are not shawfrigure 2.3 Dams located along the

Front Range are primarily high hazard potential dams that impound reservbicapéicities

ranging between 10,000 adeet and 1,000,000 acfeet.

2.2.2. Sequential Failure Potential
Some dam# high population zones along the Front Raagesusceptible to breach

following the seglbentf al | us.dibeshfetyostatsisof asdanm d a
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may therefore be degraded by the safety status of upstream dams. For example, the South Platte
River appears highly susceptible to such an event upstream of the densely populated Denver
metro area.Figure 2.4is an enlargd view of the South Platte River basin showing dams along
the South Platte River by their restriction status and hazard potential rating. Restricted dams are
illustrated by white stars overlying the respeethazard classification marké&igure 2.5cals

attention to the potential consequences of a sequential dam failure along the South Platte River
beginning at Reservoir A, iRigure 2.4(location A). Figure 2.5shows the cumulative volume of
water stored in reservoirs A through F in comparison tertemum storage capacities of the
individual reservoirs. These data, summarizetiahle 2.3 do not reflect an engineering

analysis of breach, flood routing, or attenuation for any dams or reaches of the channel
considered. They are intended to prowdelitative insights about the consequences of a
sequential dam failure along this reach of the South Platte River. A failure event beginning at
Reservoir A can result in the release of a large volume of water into the South Platte River
channel over agiach length of approximately 97 miles, if downstream dams also fail. The
cumulative volume of water that would travel through the channel during such an event may
exceed the maximum capacity of each illustrated reservoir by several multiples or more. The
resulting flood wave that would enter downtown Denver would undoubtedly be notable, and
would likely inundate many acres of valuable farmlands on the eastern Colorado plains as well.
For comparison,ite Colorado Division of Emergency Management (2@it8jlicedthat a 100

year flood event released along the South Platte River into downtown Denver would impact an
estimated 250,000 people living in the kying floodplains, as well as 65,000 homes and

15,000 commeral and industrial businesseshe scé of potential public impact of a

sequential dam failure event on the South Platte River may exceed those described in historical
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accounts of the Castlewood Canyon Dam failure that occurred in Colorado in 1933 (Randall et al
1997). The Castlewood Canybam breach released a 5,306faeservoir and caused one of

the fAwor st f | o-fivemilesidowndiream in®enyeo (Réndall et at 1997).

Although the flood wave traveled less than half of the distance than the reach considered in
Figures 24 and 2.5the total volume that was released 933was a fraction of the cumulative
volume that is currently stored in reservoirs A through F.

In summary, dams and reservoirs are a vital infrastructure to Colorado, and they have a
tremendous impact op public safety because of their increasing gdgazard potentials, nearly
constant restriction trendse. restriction without repairand their locations relative to other
dams and Colorado communities. Boeioceconomidmpacts are compounded byeé st at e 6 s
increasing population, because the availability of water vanipsedictablyannually, and
because water represents a public safety hazard when it is scarce as well as when it is abundant.
When abundantye rely upon safe dams and reservoioscapture, store, and contketer, and
when water is scarce/e depend upon thldroughtaugmentation measuresgincreasinghe
storagecapacityin reservoirs.Functional forage capacity is necessary in either scenario, and
t her ef or eolidy-imducedrdstaction tremds incite doubt regarding the long term

effectiveness of a methdhbat isaimed atenhancing public safety bgducingthe publicwater

supply.

23Col or ado 6 s -\WatemSufply Paadox

The contradictory naturef dam safety practices and Colorado's water supply goals are
presented in this section, and discussed in the context of predicted water shortages within the
state. A markedriven policy alternative to improve dam safety results and simultaneously

provide incentives to maximize trstate'sotal water supply is presented and discussed.
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2.3.1 Tensions between dam safety policies and water supply goals

The dam safety policies promulgated in the revised statutes of the Colorado Constitution
reducethestae6s total available storage 'cEhpBami ty an
Safety Branch of the CODWR ensures public safety from dam failures by restricting the storage
capacity of unsafe reservoirs. However, policies that incentivize dam tenepair their
restricted dams do not exist, nor are there any that authorize the Colorado State Engineers Office
to enforce repair. The CODWR confirmed in February, 2011 that "out of 176 stesigeted
jurisdictional dams in the state, only thi@efour had owners that were attempting to increase
their reservoir storage capacity by performing theesearyepairs. The owners are not required
to make repairs after their dam is restricted, and may choose to continue to operate their dams
while adtering to the reservoir restrictiofGODWR, personal communication 02/16/2011).
Restricted reservoirs may also be abandoned by the owners. The CODWR restriction records list
several reservoirs that are restricted due to abandonment (Ha9h8¥% Restctions due to

abandonment I imit Coloradods t ofteaperysagdandr supp

! Sections 387-107, 3787-108, 3787-110 and 3587-114 C.R.S authorize the State and

Division Engineers to discharge the dam safety duties of their ®{ftmdorado Office of

Legislative Legal Service2012). 3787-107 C.R.S. authorizes the State Eeginto perform

dam safety inspections to determine the safe storage capacity of reserveédis1(B/C.R.S.
authorizes the Division Engineers to withdraw water from reservoirs that are not in compliance
with their determined safe storage capacities8B110 C.R.S authorizes the State Engineer to
use necessary force to adhere to duties outlined-8v308 C.R.S. 3B7-114 C.R.S. provides
incentive for dam owners to comply with the State Engineer's determination of the safe storage

capacity in the fan of a $500 minimum per day fine if the safe storage levels are surpassed.
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account for approximately 18% to 25% of the annual restricted volume of water from low hazard
potential dams in the state.

A large volume of wagr is lost annually to the state when all restricted dams are
considered. lronically, this is occurring at the same time state officials are forecasting sizeable
water shortagesTable 2.4summarizes the restricted volume lost in Colorado annually by the
hazard potential rating of restricted dams, and is showigure 2.6 On average, the total
annual restricted volume represents 12% of the predicted 2050 shortage, over the time period
shown. Low hazard potential dams comprise the majority of restricted dams in the state but
account for only 11% of the mean annual restriction. The majority of restricted storage is lost
from the high hazard potential constituemhich comprises fewer dasrbut on average accounts
for greater than 100,000 acieet per year (78%) of the total restricted storage volume.

Although restricted dams in general have shown some reduction in quantity, the total restricted
storage volume has remained relatively ¢ans and on average has exceededU®racrefeet
annually. This constant trend is an indication that resenandgdams with significant restricted
storage capacity are not being repaired.

The contradiction between dam safety and water supply hagtveimpact on

Coloradobds citizens for sever al reasons. Fi

repairing them may not entirely resolve the public safety hazards that these dams impose,
because the safety status of a dam is influengatebsafety status of an upstream dam
illustrated by Figures 2.4 and 2.Restricted dams may still be susceptible to breach if an
uncontrolled filling of the reservoir occurs (e.g. due to extreme precipitation everdsid,
many reservoirs ar@stricted because their spillways are inadequate and theireabdipass

flood wavesarequestionable. Second,atlditionalstorage capacity is available but ineffectual,
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and the water supply is adequate to fill the storage spaae annual basithenthe volume that

is restrictecannuallyis entirely lost By this argumentfithe mean annual restricted volume of

127,000 acrdeet persists, Colorado will lose approximately 2.41 million -dee¢ of water by

2030 and 4.95 million acreet by 2050assuming the supply is adequate to fill the restricted

storage capacityThird, the storage capacity that is restrictesvialuablecommodityto

Colorado water suppliers and water users dbke section 2.4.1 for a quantification in $f¢

and tre value will inevitably rises the impacts of predicted shortagesfelt I f the stat
water supply is overly abundant (e.g. Finley (2012) reports that Colorado may be entitled to an
additional 900,000 acti=et of Colorado River water that is-appopriated by the 1922

Interstate Compact) additional storage capacity will be needed to retain the water.

2.3.2. Predicted Water Shortages

The availability of water in Colorado is anticipated to decré@sevan et al, 2010)In
2004 the Statewide Water Supply Initiative study conducted by the Colorado Water
Conservation Board predicted the state water needs to 2030 and concluded thahénable
ground water may not be reliable for meeting competing public, agricuttodagénvironmental
water demands, particularly along the Front Range (CODWR 2004)."cahismsthat
Colorado has a need for additional storage capacity in surface water reservoirs. Rowan et al
(2010) extended the CODWR (2004) projected needs to tme2§88 and accounted for the
anticipated twefold increase in the state population. Their predicted vaggieitsare shown in
Figure 2.7 and were estimatda liberally assuminghat100% of all identified water
development projects and planningpracess (| PP6s) in the stohte (sh

Figure 2.7 would be successful, despite the uncertain outcomes of many of these projects due to
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permitting difficulties and stakeholder oppositsdhat have yet to be negotiateBowan et al
(2010)predicted a water deficit by 2050 ranging between a minimw328f,000 acrdeet for

Al owd water demanddQ0,000 acdé eae tmafxoi rmuiinh iogfh 6 wat er
depending on the states cumulative municipal and industrial water needs. Thetegredi

shortage represents approximately the equivalent of one to four annual water supply volumes
consumed by the City of Denver, which requires approximately 245,000emtneer year to

meet municipal and industrial needs (Rowan et al 20ll0}e that he mean annual restricted

volume represent approximately 52% of the annual water consumption of the City of Denver.

The magnitude of the anticipated water shortage is shown by the purple relgigaran2.7and

i's dependent upon conkeevatisnplars that are represent@dmhytbe greeend
region. The deficit wildl be I arger and wil |l
successful. Rowan et al (2010) conclude that
leadtoa desirable future for Colorado. o6 This gri
the need for policy alternatives that maximize ofthe availablestorage capacity to maximize

the futurewater supply Increasing the total water supply may otiiee be lengthy and costify

it is accomplished bynnecessarilgonstructinghewreservoirs

24. A Policy Alternative to Maximize Water Supply and Dam Safety
Colorado's watesupply paradox is a classic example of a commons probéepnoblem
that occurs when there is a divergence between private and public interests (Stone, 2001). For
example, a dam owner is unlikely to repair a restricted dam if the repasstute a financial
burden and the owner can legally remain profitable by operatiesfricted reservoir. The

fundamental issue at hand is that restricted reservoir owners are incentivized to exercise their
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water storage rights in a manner that delgs the public's safety and water supply, after their
reservoirs become restricted. Thecstled incatives are implicit within thetate's darsafety
regulations in the Colorado Revised Statutes (Colorado Office of Legislative Legal Services,
2012), ad promote the divergence between public and private interests. As discussed in Section
2.3, there currently are no regulatory incentives provideoWnoers ofrestricted damsito induce

actions that are in agreement with public interests.

Perhaps the nsb prevalent obstacle with respecptomoting convergenaaf public and
private interests is that all of the rules governing surface water and tributary ground water rights
in Colorado are mandated in the state's Constitution by the Prior Appropriatmie- a legal
framework for water allocation that is deeply engrained in the water policies of the western
United States. This system of regulation encompasses an immense network of vested
stakehol@rs throughout the western U.8ttempts that direbt target the fundamental tenets
and rules of this systeto resolvethe paradoxare likely to produce a faeaching ripple effect
of stakeholder opposition that will ultimately force those solutions to fail. For example,
redefining the practices thatrstitute the beneficial use of a water storage right to exclude
restricted storage space may at first seem promising as a means to incentivize reservoir owners to
maximize their storage capacityutwould likely fail due to the vast indirect impacts it wid
have upon other stakeholdeisis unlikely that the legal framework of the Prior Appropriation
Doctrine will ever be altered in any capacity great enough to resolve Colorado'swaibr
paradox.

On the other hand, simple policy adjustments t&atrd stakeholders for the specific
actions that they induce may be an effective means to align stakeholder interests with less

conflict and opposition. When a social problem such as this paradox is rooted in a complex legal
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framework such as the Priopfropriation Doctrine, negative political inducements (penalties)
applied by one narrow set of actors (e.g. dam safety regulators) to another (e.g. private dam
owners) are unlikely to yield a lortgrm policy solution (Stone, 2001). Instead, positive
inducements (rewards) are more ideal policy instruments fotythesofproblem, and are most
effective wherthey aredistributed across a broader group of stakeholders (e.g. all water rights
owners as compared to only restricted dam owners). For exampleater and storageasing
market were available so that owners of surplus water or unused storage capacity could
profitably sell their excess to those in need, the supfaigr a farmer on the eastern plains with

a senior irrigation water rightanbe financially rewarded fanaximizing their capacity, and
conserving and selling their surplasd the buye¢e.g. a water district or community water

board) carbe financially rewarded when thegn obtain water or storagapacity at aedued
costrelative to newwater development projects that potentially cost tens to hundreds of millions
of dollars. Similarlymarketstakeholders that are in need of additional water or storage capacity
(e.g. municipal water suppliers, private dam owners, juniorrwigfets owners) could purchase
those commodities from other stakeholders that are willing to negotiate, at a cost that is
potentiallysignificantly less than developing new water resources outright.

A strategy of rehabilitating restricted reservairs marketdriven frameworlcanalsobe
adopted to quickly gain the additional storag
water needsThis approach is advantageous compared to ground water development projects
and constructing new resen&irDeveloping ground water supplies at rates that are sufficient to
reduce the anticipated deficit i s an unlikely
tributaries and aquifers are already eappropriated. Constructing new reservaraota

desirableprimarysolution because new projeeietypically lengthy and costly. Permitting
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procedures for new reservoir construction projects typically require at least a decade (Finley
2011)anl st a k eoppositiehe willsnéed to be negotiatedlloney is scarce for new

reservoir construction, and many of the best sites for dams and reservoirs are already occupied.
New dams will require maintenance and repairs like any other, lest they be restricted and left to
contribute to future decay statcst, public hazards and water shortages throughout the state.
These factors will undeniably contribute to immense litigation and engineering costs as well as

extend the durations of new reservoir development projects.

24.1. Economic Considerations

Rehabilitating existing reservoirs is indeed more economical with respect to new
reservoir construction projects. For example, Glade and Galeton Reservoirs, proposed as a
component of Denver Water's Northern Integrated Supply Project (NISP), are prigemst
$490 million and will expand the -éeat@Vhaeys surf
2011). Extrapolation of the red and green curvdsgnre 2.8suggests that a single reservoir
with a comparable capacity can be rehabilitated forthess half of the projected cost of the
Glade and Galeton Reservoinsigure 2.8compares project costs (in hundreds of millions of
2012 dollars) to the project size (represented by the total storage capacity of the reservoir, in
acrefeet), for new resepir construction projects (black curve), repair projects for dams and
reservoirs (red curve), and reservoir expansion projects (blue curve) in Colorado. The combined
regression of dam repair and reservoir expansion data (green curve) is included t@ cosisa
for new construction projects with costs for existing facilities. The data are summarizgaen
2.5and includehereported costs for completed projects as welbaprojects that were

attempted without success. Theere compiled through review of articles ifhe Denver Post
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archives and other local newspaper archives reporting on current and historical water
development projects in Colorado. There are discernible differences in project costs between
each of the categoriespresenteci Figure 2.8and these differences suggest that reservoir
expansion projects and dam rehabilitation projects are significantly less exgaogaatsthan
new reservoir construction projects. The costs associated with expansion projects are greater
thanthose for rehabilitation projects, which is the least costly category illustrated. This may
even be true when costs are cumulated over time for multiple rehabilitations that may be required
to maintain a dam for many decades. OveFadjure 2.8mplies that rehabilitating restricted
reservoirs is a more economically desirable method of expanding the water storage capacity in
Coloradothan constructing new reservoirs

Data inTable 2.5also show a decrease in the unit value of storage (in dollarsrper ac
foot) as the size of the reservoir increases, as shotugume 2.9 Figure 2.9confirmsthat
storage capacity may be obtained at the greatest economic value by repairing dams and
reservoirs Figure 2.9red curve). The mean cost per afoet of staage corresponding to dam
repair projects is $1,380 per adomwt. The mean costs for storage capacity obtained from
reservoir expansion projectsigure 2.9bluecurve and new construction projectigure 2.9,
blackcurve are $2,483 and $3,891 mmrefoot, respectively. These costs associated with these
categories are approximately two times and three tirespectively, othe cos$ associated with
repairing dams. Furthermore, the larger reservoirs appgaalid storage capacity at a more
eonomical value than smaller reservoirs. This is implied by thdinegr relationships shown
between unit storage costs and reservoir capacity, representing dam rehabilitation projects (R
0.7298) and new dam construction projects¥®.9512). A shilar relationship is not apparent

for reservoir expansion projects{R 0.1999). Figure 2.9suggests that rehabilitated dams
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impounding reservoirs greatiran10,000 acrdeet in volume typically yield storage capacity

for less than $1,000 per adimot. The limited quantity of data points representing reservoirs

with capacities less than 10,000 afget suggest that unit cost for storage exceeds $1,000 per
acrefoot for similar sized projects. The available data therefore indicate that it may &e mor
economically desirable for water users interested in developing storage capacity to consider
rehabilitating and expanding Coloradods exi st

reservoirs, because the unit price for storage capacity is shdwerthe least costly.

24.2. Stakeholder Opposition

In contrast to policies in favor of new reservoir development, we anticipate dramatically
reduced stakeholder oppositgio those that increase water supply by rehabilitating restricted
reservoirs. Fundamentally, stakeholder oppositions regarding existing reservoirs have already
been negotiated, and this will minimize any further efforts that are necessary to alignldeakeho
interests.

We consider three broad categories of potential stakeholders that include water suppliers;
including water authorities and cooperatives that are likely to be investors in stesagsed
facilities, facilities owners; includinfpdesl, state angrivate reservoir owners that may share
similar interests with water users, and water users; including public citizens who have public
safety as well as environmental interests at heart. Water suppliers may support this approach if
they can obtain storader their water rights in less timandat a reduced cost. Facilities owners
may be in favor if they are able to profitably lease their restricted storage space to water

suppliers in exchange for the necessary upgrades to their dams and reservoirsupphezs
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and facilities owners alike are more likely to be in favor of this approach if they can maintain
ownership of their water rights while carrying out their water leasing transactions.

The majority o fwillGapoa thia zblotd ratdeasthree e n s
foreseeableeasons. First, it will reduce their costs for water usage. If water suppliers can
inexpensively acquire storage capacity for their water rights the savings can be passed to the
water users through reduced service feesffrastructure development and water delivery.
Second, an overall improvement in public welfare can be attained by rehabilitating restricted
dams and providing economic incentives for capable parties to improve their dam maintenance
regimes. Third, we@redict a positive environmental impact for the entire state of Colorado if
new development is postponed in favor of rehabilitating restricted reservoirs. Positive
environmental i mpacts will equate tistinea better
canyons and wilderness will be preserved if the demand for new dams and reservoirs is satisfied
by rehabilitating existing reservoirs. Denver metro communities will be less dependent upon
ground water, tranbasin diversions, and dewatering of \&le farmlands on the eastern plains
if the surface storage capacity is expanthedugh restricted reservoiagong the Front Range
and eastern plainsThis will alleviate the demand for the nmemewable ground water in the
Denver Basin aquifersyleviateenvironmental stress on the Colorado River and its tributaries,
and valuable farmland on the eastern plains can be conserved rather than dewatered.

Despite foreseeable advantages, questions regarding stakeholder cooperation will
inevitably arise prioto implementing a storageasing solution to expand water supply. Are
multiple leases for multiple parties compatible? Are leases for summer water users compatible
with leases for winter water users? What are the liability concerns associatedsetsie

Whose water gets spilled first and whose water gets carried over from one water year to the
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next? Whose water evapotranspires and whose returns to ground water? Are multiple entities or
co-operatives the ideal executors of leases due to incrgasednment immunities from

damages? Thesand likely other questionwvill need to be considered; however, the prospect

of having more inexpensive water available to meet municipal, industrial and agricultural
demands overall will promote better coopenatbetween vested stakeholders (Rowan et al

2010).

2.5. Conclusions

We present the political and technical underpinnings of an elegant, rdairiest
solution that would apply the private resource of willing customers to help solve both a public
safetyconcern and a growing water supply crisis in the state of Colorado. A regulatory paradox
currently exists in Colorado, and requires regulators to assure public safety from dam failures by
restricting the storage capacity in the reservoir. This pradimsmishes the states longrm
water supply at a time when experts are forecasting significant future water shortages throughout
the state. The current means of dam safety a
long-term goals of water suppbxpansion. Without political mechanisms to incentivize or
enforce owner rehabilitation, state leaders lik#ly be faced with a growing public safety
hazard imposed by aged, high and significant hazard potential dams, in addition to a burgeoning
volumeof unusable, restricted water storage space.

The contradiairy natureo f  C o | dam safety ansl water supgiglicieslends itself
to a convenient policy alternativer increasinghe available water supply. By incentivizing the
rehabilitation of restricted dams through a maxkéten storage leasing approach, state leaders

can increase Coloradods tot al -feetperryeagwithitaapaci t
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matter ofa few years and at a significantly reduced cost. This would enhance public safety from
dam failures, reduce the need for new reservo
rivers and aquifers, and resolve approximately 33% of the projected shppigge for low
water needs. Our research herein has shown this solutioratodre economicdirst
approactthan constructing new storage facilit@mstright,and expandinghe existing storage
facilities within the state.

We propose a markétasel water and storageasing approach as the foundation of a
practical and sustainable solution to Colorado's water supply paradox. We believe such an
approach to be favorable over additional regulations that impose legal obligations and penalties
upon tre stakeholders in this paradox. Successfully implementing this solution may require
increased legal and regulatory flexibility to facilitate maitheten storage leases and water
exchanges, and connect needy and willing customers to the rehabilitagéecwdlies they
have invested in. The package of legal and regulatory adjustments needed to implement this
solution is the subject of iprogress research and analysis. However, it appears that the
facilitation tools required can be crafted withoutindtu t o Col or adlawbés exi st i n
framework and systems, and the "use it or lose @tgptof Prior Appropriation can be replaced

in Colorado with a "save it and sell dlternative.
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2.8 Tables

Table 2.1. Summary of jurisdictional dams in Colorado by hazard potential raBogrce:

Colorado Division of Water Resources Dam Safety Branch.

High Significant No Public
Year Hazgar d Igazar d Low Hazard Hazard Total Dams
1989 256 318 1,164 12 1,750
1991 259 324 1,190 76 1,849
1992 269 322 1,096 137 1,824
1993 269 318 1,074 152 1,813
1994 275 323 1,037 181 1,816
1995 275 324 1,025 185 1,809
1996 286 321 1,021 189 1,817
1997 292 305 1,022 189 1,808
1998 286 321 1,022 189 1,818
1999 303 308 1,020 204 1,835
2000 304 305 1,024 200 1,833
2002 318 310 1,021 212 1,861
2003 327 314 1,024 214 1,879
2004 332 314 1,019 214 1,879
2005 341 312 1,014 219 1,886
2006 345 332 1,024 227 1,928
2007 345 332 1,024 227 1,928
2008 348 333 1,030 225 1,936
2009 352 317 998 226 1,893
2010 359 316 1,040 222 1,937
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Table 2.2 Summaryof restricted dams in Colorado by hazard potential rating. Source:

Colorado Division of Water Resources Dam Safety Branch.

High Significant Low Hazard No Public Total
Year Hazard Hazard Restricted Hazard Restricted
Restricted Restricted Restricted Dams
2000 29 43 111 6 189
2002 25 45 115 8 193
2003 24 41 118 9 192
2004 25 35 116 10 186
2005 26 36 116 11 189
2006 21 32 115 10 178
2007 18 32 114 7 171
2008 21 34 107 6 168
2009 20 33 110 17 180
2010 26 28 114 8 176
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Table 2.3 Summary of domindailure potential for reservoirs along the South Platte River
upstream of Denver, Colorado. Data do not account for flood routing or attenuation along the
reach considered. Geospatial data supplied by the U.S. National Atlas were last published online
03/2006 and last accessed 04/2012.

Downstream Max Cumulative Cumulative
Reservoir Distance Capacity Stored Volume | Stored / Max
(mi) (acft) (acft) Capacity
A 0 108,500 108,500 1.0
B 18 83,800 192,300 2.3
C 30 128,000 320,300 2.5
D 61 87,200 407,500 4.7
E 85 20,000 427,500 21.4
F 97 355,000 782,500 2.2
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Table 2.4 Summary of restricted storage volume in Colorado by hazard potential rating.

Source: Colorado Division of Water Resources Annual Dam Safety Reports.

High Significant Low Hazard No Public Total

Year Hazgrd Hazgrd Restricted Hazgrd Restricted
Restricted Restricted (ac-ft) Restricted Volume

(acft) (actt) (acft) (actt)
1999 102,960 15,953 12,143 345 131,401
2000 102,111 15,735 13,303 308 131,457
2002 100,191 15,514 13,956 425 130,086
2003 105,528 29,359 16,491 371 151,749
2004 105,153 15,193 16,671 550 137,567
2005 103,083 14,564 16,292 553 134,492
2006 95,197 7,897 13,988 428 117,510
2007 92,285 7,644 14,863 422 115,214
2008 96,928 7,093 13,170 359 117,550
2009 94,897 8,259 12,290 398 115,844
2010 96,146 7,014 13,742 398 117,300
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Table 2.5. Summary of economic data for new dam construction projects (N) versus dam repair
projects for restricted reservoirs (R) and expansion projects of existing reservoirs (E). Source:

The Denver Post

' Project Current yalue Reserv_oir Storage
Project Type of Project Capacity Cost
(%) (ac-ft) ($/acft)
Two Forks Reservoir N $1,727,023,718 1,100,000 $909
Glade and Galeton Reservoirs N $490,000,000 | 210,000 $2,333
Chatfield Reservoir N $264,275,069 | 27,400 $3,102
Chimney Hollow Reservoir N $237,000,000 | 90,000 $2,633
Arapahoe County Flow Project N $14,000,000 1,400 $10,000
Rueter Hess Reservoir N $230,000,000 | 72,000 $3,194
Penley Reservoir N $105,000,000 | 22,500 $4,667
Homestake Il Project N $171,724,260 | 21,000 $4,286
Williams Fork Dam Repair R $17,000,000 | 101,600 $167
Cheesman Dam Repair R $18,300,000 75,000 $244
Pueblo Reservoir Dam Repair R $38,013,577 40,000 $725
Horsetooth Reservoir Dam Repg R $98,310,976 | 139,135 $539
Cucharas Reservoir Dam Repairl, R $28,385,886 35,395 $762
Orlando Reservoir Dam Repair R $1,203,360 3,119 $378
North lake Reservoir Repair R $410,000 80 $5,125
Cafion City G4 Dam Repair R $801,475 213 $3,099
Chatfield Reservoir Expansion E $100,000,000 | 20,600 $4,854
Halligan Reservoir Expansion E $19,600,000 12,000 $1,633
Seaman Reservoir Expansion E $90,000,000 48,000 $1,875
Elkhead Reservoir Expansion E $33,748,020 12,500 $2,480
Rio Grande Reservoir Expansior] E $31,564,066 10,000 $3,000
Pueblo Reservoir Expansion E $133,831,996 | 70,000 $1,600
Gross Reservoir Expansion E $140,000,000 | 72,189 $1,939

58




2.9 Figures

High and Significant Hazard Potential Dams in Colors
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Figure 2.1 Hazard reclassification trends for jurisdictional dams in Colorado. Source: Colorado

Division of Water Resources Dam Safety Branch.
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Figure 2.2 Summary of dams restricted annuatyColorado by hazard potential rating.
Source: Colorado Division of Water Resources Dam Safety Branch.
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Legend

* Denver, Colorado
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Figure 2.3. Distribution of high hazard potential (red), significant hazard potential (purple) and
low hazard potential (green) dams in Colorado relative to population. Geospatial data supplied
by the U.S. National Atlas were last published online 03/2006 anddesssed 04/2012.
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Legend
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Figure 2.4. lllustration of the domino failure potential along the South Platte River upstream of

Denver, Colorado, beginning at Reservoir A. Geospatial data supplied by the U.S. National
Atlas were last published online 03/2006 and last accessed 04/2012.
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Figure 2.5. lllustration of the domino style failure potential of dams labeldelganre2.4 along
the South Platte River upstream of Denver, Colorddata do not reflect an engineering
analysis of flood routing and attenuation along the reach considered and therefore are only
intended to be qualitative. Geospatial data supplied by the U.S. National Atlas were last
published online 03/2006 and lastassed 04/2012.
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Figure 2.6. Summary of reservoir volume restricted annually in Colorado by hazard potential
rating. Source: Colorado Division of Water Resources Annual Dam Safety Reports.
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Figure 2.7 Summary of Colordo's predicted water shortagessed on low, medium and high
municipal and industrial water needgodified from Rowan et a(2010.
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Economic Analysis: New Construction vs. Expansion and Rehabilite
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Figure 2.8. Economic comparison of reported costs for new dam construction projects (black),
reservoir expansion pjexts for existing reservoirs (blue), and dam repair projects for existing
dams (red).The combined regressiaf expansion and repair projects (greemnve) is included

to distinguish existing facilities from new facilities. Sourdée Denver Posrchives.
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Figure 2.9. Cost per unit of water storage capacity versus the total size of development project
for new dam construction projects (black), rehabilitation projects for restricted dams (red), and
expansions projects for existing reservoilsi€h. SourceThe Denver Posrchives.
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CHAPTER 3
SALINE PULSE TEST MONITORING WITH THE SELF -POTENTIAL METHOD TO
NON-INTRUSIVELY DETERMINE THE VELOCITY OF THE PORE WATER IN

LEAKING AREAS OF EARTH DAMS AND EMBANKMENTS

A paper published in Waté&tesources Research
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3UMR 6143 CNRS, Université de Rouen Bat. IRESE A, 76821 MaintAignan Cedex,
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3.0 Abstract

We propose and test a method for accurately mapping preferential fluid flow paths
through porous materials in rethe, using timdapse fluctuations of the sgibtential at the
ground surface that are associated with the advective transport of acaltiirough a steady
state flow field. In the laboratory, a network of Rowolarizing electrodes and a highly sensitive
voltmeter are used to monitor the temporal changes of the electric field at the surface of a sand

tank, asaNacCl tracer is transpodehrougha high permeability flow patim a fine sand unit.
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Temporal fluctuations of the electric potential at the surface are used to spatially localize the
pulse of saline water through the channel over time, and to determine the flow velotriite A
element model is used to reproduce the {iapse electrical potential distribution over the
channel, although some discrepancies are observed on the banks. Finally, adiankov

Monte Carlo (McMC) sampler is applied in a synthetic case studgteymine the permeability

and the porosity of a preferential fluid flow pathway in the synthetic case study geometry. The
developed method can be applied in real time and can be used to map high permeability flow

pathways in earthen embankments that bexgpatially localized.

3.1. Introduction

The selfpotential method is a neintrusive geophysical method thaliesupon passive
measurements of the electrical potential distribution at a set of measurement stations. Electric
potentials are measured at the ground surface witipatamizing electrodes and recorded with a
voltmeterthat hassensitivitygreater than 0.V andinputimpedance greater than 10 Mohm
(De Witte, 1948; Ogilvy et al., 1989 The differences between the measured voltages and the
voltage at a reference electrode are interpreted with respect to the source mechanisms producing
the anomalies that@observedTypically, selfpotential anomalies associated with steatije
flow through earth dams amount to several tens of mV (32 mV in the earth dam investigated by
Panthulu et al2001, 80 mV in the embankment dam analyze&bligveet al, 2009, 80 mV in
Rozycki 2009), but anomalies with amplitudes of several hundreds of millivolts have also been
measured (300 mV in the earth dam investigateBdmycki et al. 2006, 400 mV for the case
study reported by Asfahani et,&010, over 200 m\at Dana Lakky Moore et al.2011, and

170 mV at the Hidden daby Minsley et al, 2011). Because of the sensitivity of getftential

69



measurements to the flow of subsurface flusgtf-potential mapping has been applied for
decades to qualitatively detepreferential fluid flow pathways in embankments and earth dams
(Ogilvy et al, 1969; Gex1980; Sill and Killpack1982; Merkler et al.1989; Wilt and Corwin
1989; Wilt and Butler1990; AlSaigh et al.1994; Sheffer and Howj€0021, Sheffer andHowie
2003). The selpotential method has more recently emerged as a powerful quantitative tool for
determining flow properties in ground water flow problems (Titov eR8D0;Rozycki et al,
2006; Sheffer and Oldenbyr2007; Rozycki2009 Boléve ¢ al., 2009, Jardani and Revil, 2009;
Malama et al.2009aMalama et al., 2009).

Due to the rich history of application to ground water problems, the theory underlying the
origin of seltpotential signals during steadyate flow conditions is fairly wieunderstood (see
Revil et al, 2011 for a unified model) and can be easily coupled to the flow of the ground water
to predict the selpotential response for a given flow path geometry with known material and
pore fluid propertiesknownboundary conditins, ancknownforcing terms. However, despite
the number of published works in this domain, we feel that the engineering potential of this
method has not yet been fultxplored The previous applications of this method to the
identification of preferemal flow paths predominantly rely upon a single map, and this approach
presents some limitations. For example, if the subsurface is characterized by a heterogeneous
resistivity distribution the selbotential map may be characterized by spatial fluctugtrath
different wavelengths (see Sheff2gd07andBoléve 2009 for some field examplegind may
therefore be difficult to identify even when specific filters are applied to the raw data (in the
Fourier or Wavelet basemethods for instance).

Some woks have been done in identifying flow paths by monitoring the change of the

self-potential signals through time (Sheffer, 20Bdleve 2009; Revil and Jardari2010;
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MartinezPagaret al, 2010;Boléve et al.2011), and our work below follows theiskeas. In

this chapter we propose a new method to detect and image preferential fluid flow pathways that
is based on the injection of NaCl salt upstream of erbgeneous porous material and
subsequentlynonitoring theresultantself-potential responsi@ timelapseat the ground surface.

A complete theory is developed for the proposed method in S&foThis theory is tested by

a sandbox experiment in Secti®3 and 3.4 A numerical model of the sandbox experiment is
presented in Sectidh5. In Section3.6 we discuss the application a numerical test of our
approach to a 2D synthetiammodel In SectiorB.5 we also discuss the advantagethefself
potential monitoringapproach over the more classical tilapse Direct Current (DC) resistiyit
tomography approaclas well as limitations that must be considered prior to-teng

deployments of monitoring arrays in a field setting

3.2. Background Theory
We first recall the transport equations for the migration of a salt tracer in a water
saturated porous material, neglecting the effect of salt concentration upon dynamic viscosity and
mass density of the pore wateén this experiment & are dealing withelatively weak salt
salinities in contrast to Revil and Jardg2i010 andMartinezPagaret al.(2010, who used a
brine at saturatiowith respect to the sal\We thereforeneglect the buoyancy forae our
derivationbelow. The field equations fohe fluid pressure and tisaltconcentration are
obtained by combining two constitutive equatiodbsar cy 6 s | aw f owu(ntmhe Dar cy

s, and a generalized Fi ck,dimkgmzsW, tohethewith he mas s

two continuity equationsone for the mass of the pore watnd one for the mass of the salt.

The constitutive equations are given by,
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u:fv:-hikc'ﬁDp- rngz), (3.1)

jo=-r /OD®C, +r C,, (3.2)

The continuity equations are given by,

pdr,u)=- ”(fu;/)was, (3.3)
pg,=- W), oco (3.4)

In these equations,is the mean velocity of the pore water in the pore spacé'rk §in m?) is
the permeability tensoB) (in m? s%) is the effective hydrodynamic dispersion tensoris the
porosity(in m® m*), p (in Pa)is the poreluid pressuref, (in Pa s)s the dynamic viscosity of
the pore fluidy (in kg m®) is the fluid density s (in kg m°) is thesolute bulk densityg (in m

s?) is the acceleration of gravitfds (in s1) is a source term for the injection abstraction of

water,C; (dimensionless)s the solute mass fraction, a@] is the solute mass fraction in the

source term
To represent theydrodynamidisperson tensor, we use the Fickian dispersion model
for its simplicity,althoughother available dispersion models could be used as well. With this

modelthe effective hydrodynamic dispersion tensnteringeqg. (3.2) is given by,

eD - ,
D=g— 4V | -4y i (3.5)
gFf ¥ v
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whereD; (in m? s?) is the molecular diffusion coefficient of the salt (for a NaCl solutiynis
typically comprised between 1.60x1f* s at infinite dilution to 1.44x18 m? s* at high
salinities at 25°C)y = |V| , | is the unit tensoraA b represents the tensor product between
vectorsaandb, a, anda; (in m)representhe longitudinal and transverse dispersivit
respectively, and the product of the formation faétbry t h e dhe desominagor ai
the first term on the right hand side of Eq.(3€presents the tortuosity of the pore space
(Pfannkuch, 1972;ahnson and Sen, 1988).

Thedisturbance of thelectrical fielddue to flow that isneasured by the sgtiotential
method is related to the existence of a source current density in the conductive porous medium.
The total electrical current densijtys given by an extended Ohm's I§Rrigoging 1947;
Overbeek1952; Helfferich 1995,

j=SE 1o (3.6)
whereE (in V m™) is the electrical fieldE=- & , from D 3E 8 in the quasstatic limit of
the Maxwell equations), (in V) is the electrical potentiak (in S m') is the electrical
conductivity of the porous materjandjg (in A m®) is the sourceurrent density In the low
frequency limit of the Maxwell equatisnand without external injection or retrieval of electrical
charges, the continuity equation for the charge is given as,

pH=o0. (3.7)

In the case of a salt plume moving in a porous material, there are two contritoitioas
total source current densitlyatgenerag self-potential signals.The first contribution is

associated with the flow of the pore water itsaffd isthe streamig current densityHelfferich,

1995. The second contribution is related to the gradient of the salamtyis called the
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diffusion current densitfNewman, 1991; Helfferich, 1995 The diffusion current densityas
neglectedy Boleve et al(2009. We will show below that this contribution is actually far from
being negligible and needs to be accounted for.

The total source current density is given by (Revil and Lig866; Revil and Jardani
2010;MartinezPagaret al, 2010),

js=Qu -kJa% By} . (3.8)

i=1
Eq.(3.8) was derived bigevil and Linde (2006) using a volumetric averaging approach of the
local NernstPlanck equationThe first term of the righband side of Eq. (3.8) corresponds to
the streaming current densignd the second term corresponds to the diffusion current density.
The variabl€T (in K) represents the absolute temperatige(1.381 x 16 J K*) denotes the
Boltzmann constant, (in C m?) is the effective charggensityof the electrical diffuse layer
that can be dragged by the flow of the pore waie(in C) is the charge afqueouspecies i
dissolved in watet; (dimensionless) is the microscopic Hittorf number of the ionic spegies
the pore waterThe microscopic Hittorf number represents the fraction of electrical current
carried by specieasin the aqueous phas&he term{i} (dimensiomess)represents the activity
(concentration times the activity coefficient) of the ionic speiciés present studythe
complete dissociation of NaCl(s) provides two ionic spetie§and Cl, to the pore water.

The charge per unit pore volum®, , is salinity dependenand to be consistent with the
HelmholtzSmoluchowski equation at thermodynamic equilibrium between the pore water and
the mineral surface this salinity dependence has to be the same as the salinity depétiteence o

zeta potential the inner potential of the electrical double layer. Revil €18199 (their Figure

4) showed that the zeta potential (hence the charge density) changes by one order of magnitude
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over six orders of magnituddnangen salinity for silica sands. Therefore the salinity

dependence of), can be neglectedsafirst approximation.There is also another reason to

keep this parameter constant in the following analyseschange in the zeta potentiakcharge
densitywith the salinity is controlled by the sorption of cations in the Stern layer (the inner part
of the electrical double layer)Jsually the salt tracer experiment reported below takes only few
minutes while the kinetics of sorption of daum on silica takes few tens of minutes to several
hours (Revil et a).1999).

Revil (199%) showed that, in a diffusion problem, one might replace the gradient of the
logarithm of the activity of the salt by the gradient of the logarithm of the @aictonductivity

of the salt. Using this approach, we can rewrite the total sewurrent as (see Appdix A),
.= kT
j.=Qu- 2-s(2,, - Jpins,, (3.9)
s.e

wheree (in C) is the elementary charge of the electrpp, is the microscopic Hittorf number of

the cation (see values in ReviB9%, t,,=0.38 for a sodium chloride solution), agd (in S

+)
mY) is the conductivity of the pore water, which is proportional to the salihi@ygiven
temperature Eq. (3.9) has been successfully used in a number of recent studies (Revil and
Jardanj2010;MartinezPagaret al, 2010; Woodruff et a).2010). Its derivation is summarized
in Appendix A.

In a clayfree sand at low Dukhinumbers Crespyet al,2008; Boléveet al, 2007
Appendi x A), the conductivity of the sand O i

water s . by (Archie, 1942; Clavier et al., 19),7

s=21 (3.10)
F
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The Dukhin number is a dimensionless quantity that characterizes the net contribution of surface

conductivity to the bulk electric conductivity in heterogeneous systé&ims.formation factor is
related to the connected porosityby Archie's law:F =7~ (Archig, 1949, wheremis called
the cementation exponead istypically assigned a value &f3 for wellsorted clean sasd

(Hallenburg 1998 Revil and Florsch201Q andRevil,199%). From Eqs(3.9) and (3.10), the

total source current density can be rewritten as (see Appendix A),
. = T
Js =Qw —kae (2., B sB (3.11)

Upon @mbining Egs. (3.6) and (3.7), the sptitential fieldy is the solution of the

following Poisson equation,

PG B =id (3.12)
where the source term (the righaind side of Eq. 3.12) can be directly related to the Darcy
velocity fieldu and to the gradient of the conductivity of the pore water through Eq. (3.11).
Both the Darcy velocity and the salinity are obtained by solving Egs-(@4)) (the secalled
primary flow problem) with appropriate boundary conditions.
An important poinis that the selpotential field is never measured in an absolute sense.
The measured electrical potentials at a given set opotarizing electrodes are measured with
respect to a reference electrode for which the electrical poternt@mhssdered teequal to zero
by definition The position of the reference electrode needs to be accounted for when comparing

numerical modeling with the experimental results.
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3.3. Laboratory Experiment

The goal of this experiment is to determine if, by measuring the fluctuations of the
electrical field at the top surface of a sandbox, wencarintrusivelyvisualizea preferential
flow pathway that is illuminatedy selfpotential measurements duethe advective transport of
salt dissolved igroundwater. The tank consists of two reservoiapstream reservoir 1 for
injection and downstream reservoir 2 for pumping, and the sand medivetween (Figure
3.1). The two reservoirs are separated by a distance of 0.99 m, as shown in FigUiee3.1.
sandbox comprises a central channel of coarse sand (sand A), bounded by two flanking banks of
fine sand (sand B) (Figure 3.1dJhe sands werenmplaced indry layers 0f20 mm and tamped.
The material properties of the two sands are described in Table 3.1 and we assume the porosities
are consistent between our experiment and the experiments m8d&dky(2009. The
properties of the tap water used for the experimenteported in Table 3.2. There is no flow
normal tothe boundaries between the channel andlainking finesandunits The sand is
separated from the upstream and downstream reservoirs by a permeable membrane made of
plastic with a square cell size Bd0em (Figure 3.1).The flow of water in the sandbox is
controlled byadjusting thgoumping (outflow) and injection (inflow) rates to produce a constant
hydraulic headn each reservoir and a constant hydragiedient across the tank, allowing for
measirement of the steaetate selpotential distribution.During steady state conditions, the
difference in head between the two reserva@s22.3 cm over a distand¢e= 99 cm, so the
hydraulic head gradiemtas0.225. The permeabilityf each sand unis assumed to be isotropic
and therefore is defined as a sca@noted byk. Using the measured hydraulic conductivity
= 1.52x10% m s* for the coarse sand (Table 3.1), it follows that the mean Darcy velocity is given

by u=3.4x10*m s'. Asu=v i, the mean velocity of the pore water in the coarse sand channel
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is given byv = 8.3x 10° m s*. Therefore, the computed residence time is approximately
t =L/v =119 seconds in the coarse sand chanhelimilar calculation yieldsi = 2.7 x 10*
m/s,v = 6.6x10° m s*, and a corresponding a residence time of 25 minutes in the fine\&&nd.
also introduced red food dye to the upstream reservoir to independently assess the residence
time. The observed residence time of the dye eghrmeable channel was 167 seconds versus
16 minutes in the fine sanignplying a reduced mean velocity= 5.9 x 10° m s* in the high
permeability coarse sand channel.

The electrical potentialas measured at the surface of the sandaaalsample i of
512 Hzfor a duratiorof 19 minutes.Datawere recorded with the BioSemi EEG system using
30 sintered Ag/AgCl electrodes with integrated amplifieifee electrodes (Figure 3.1c) progid
low noise, low offset voltages, and stable DC performanths. positions of the electrodes are
shown in Figure 3.1They are located ahé top surface of the sand aar@ therefore not in
contact with the pore water or the salt in the saturated portion of the Bhedelfpotential data
arethereforeusednonintrusivdy here in contrast to the experiments performetbaineult et
al. (2005, 200 for which the electrodesereimmersed insidef the watersaturated sand.
Specifications of the BioSemi EEG system can be fourigt@spy et al(2008 andHaasand
Revil (2009 for laboratory applications (see alstip://www.biosemi.com/) All electrical
potentials are measured with respect to the reference electrode denoted "REF" (see Figure 3.1).
In addition, a background seidbtential distribution was recded over a 100 s time window
prior to salt injection.Thebackgroundidata are used to establish a background distribution
(which include the unknown electrodm-electrode static potential differences), whask
removed in the timdapse mapping of the anomaly associated with the transport of the salt

tracer. Therefore, all seffotential anomalies during salt transport are measured with respect to
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the mean values and trends of the backgrounepsédintial distibution. The experiment was
repeated three times and the gmfential distribution wsfound to be reproducibl® within 1
mV. We injectedl00 g ofthe salt instantaneously in the upstream reseraodthe volume of
the upstream reservaiemainedconstant aR0.8 L (Figure 3.1).

The selfpotential snapshots shown in Figure 3.2a were obtained according to the
following stepsThe raw BioSemi data collected in 30 channels at 512 Hz were loaded and then
converted from units of microvolts to valt8Ve removed the gain factor of 31.25 from the data
We decimated the data by a factor oft®¥irst applyingan 8th order Chebyshev type 1 low
pass filter to the data with a cutoff frequency of @/2)/20 = 10.24 Hz, wherkis the sapling
frequency othe signals The data were filtered in forward and reverse directions to eliminate all
phase distortionandthe smoothed signal was-sampled at a lower rate equaf§é?0 = 512
Hz/20 = 25.6 Hz.A linear functionwasfitted to thel20 seconds dfadgrounddatarecordedn
each channel arttie linear trend wasemoved from the entire data string for each channel to
remove the backgrourdtfift trends. This linear trend is usually associated with a slow drift of
some of the electrodes because of thging. Timelapse surface seffotential mapsvere
createdrom thedatathat were measuregfterthe salt injection at = 120 seconds (note in
Figure 3.2t = 0 second corresponds to the time of salt injectidvi¢ contoured the data in
Surfer to creee surface maps with an isotropic kriging approach based on a uniform variogram.
The maps are shown in Figure 3.2a while Figure 3.2b stimvimelapse change in the

electrical potential at one electrode above the cesasd channel.
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3.4. Results

Figure 3.2 shows the small spibtential fluctuations associated with the injection of the
salt in the upstream reservoirhe displacement of the sglbtential anomalgpgrees fairly well
with the velocity of the flow of the dye through the channel betwthe upstream atiae
downstream reservoib© x 10° m s%).

We firstneedto prove that the traveling sgdbtential anomaly is indeed caused by the
passage of the saline plumié we first neglect the concentration gradient in Eq. (3.11) (this

assumption will be discussed further in SecB8d), the total current density is given by:

P ~
= —= P QK h (3.13)

whereh is the hydraulic head (in m). Therefore, g8eecalled streaming potential coupling
coefficient (which represents a change in electrical potential with respect to a change in the

hydraulic head) is defined as,

_Dy _
Dhl s (3.14)

The couplingcoefficient is inversely proportional to the electrical conductivity of the pore water

and, as explained abov®, increases linearly with the logarithm of the salinity but this

dependence is neglected. An order of magnitude of thectegb seHpotential anomaly can be
obtained by measuring the streaming potential coupling coefficient and using the difference of
hydraulic head between the two reservolgsing Eq. (3.14) and the parameters reported in
Table 3.1, we obtain a value dfet streaming potential coupling coefficient®f5 mV mi'. The
estimate is consistent with the results (streaming potential coupling coefficient s&liaiig)
reported inRevil et al.(2003 for a variety of porous material¥Ve have also measured directly

the streaming potential coupling coefficient using the approach descriBeteie et al(2007)
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using an NaCl solution at 0.05 S't25°C). The resulwas-12+2 mV m', which isalso
consistent with the previous estimate.

Using a difference of head between the two reservoirs of 22.3 cmarfiestmagnitude
of the potential distribution is given by the product of the streaming potential coupling
coefficient and the head differencéhis yields a value of 2.1 mV. Weanot however use our
pre-injection test potential distribution because these data are very spatially Tibesyeason is
that the difference of potential between electrodes is unkn@goausehese differencein
electrical potentials are constant ljoearly dependent) during the course of the experiment, it is
easy to remove them as explained below in order to enhance the change in the electrical potential
distribution associated with the migration of the salt.

From Eq. (3.14), an increase in s#ly implies a decrease of the magnitude of the
(negative) streaming potential coupling coefficiéad it is getting less negative)herefore, this
change implies that during the passage of the salt plume the intensity of {hetsetial signals
deceases.Because in Figure 3.2 each channel is referenced with respect to its potential prior to
the introduction of the salt, we expect the travelinggeténtial anomaly observed above the
channel to be positive as observéd we introduce the salingater, the amplitude of the self
potential anomaly decreases. Because we subtract thesterenced prénjection anomaly
(which was negative), we obtain a positive anomaly.

The observed change in selbtential distribution associated with thavection
dispersion of the salt is on the order of 4 mV (Figure 3.2), which is higher than the magnitude of
the anomaly given above (2.1 mVThe 2.1 mV is the maximum possible change based on the
streaming potential componeritiote that in addition tthis component, there is also the

contribution from the diffusion potential associated with the salinity gradient and we will show
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below that this second contribution generates also a positivpatelitial anomaly at the top
surface of the tankvith the same magnitude as the electrokinetic componentReei and

Jardanj2010).

3.5. Numerical Modeling

We performed a numerical simulation of the sandbox experitagmbvide more insight
into theorigin of the measuresklf-potential signalsWe usethe finite element package Comsol
Multiphysics 4.2 to solve the PDEs resulting from the combination of Eqs-(@87))above.
The hydraulic problem is solved using the Richards equat®axplained belowThe reason is
that we need testimatehe waer content distribution in the vadose zone in ordebtaina
realistic electrical resistivity distribution in the unsaturated sarnkrefore, we need to account
for the effect of the capillary fringe, which cannot be neglected at the scale of thexand
experiment.

For unsaturated conditions, we solve the Richards equation with the van Genuchten
Mualem mode(van Genuchterl980;Mualem 1986 for the capillary pressure and the relative
permeability of the water phas&his approach offers a simple fistder model to describe

unsaturated flow.The governing equation for the flow of the water phagRishards 1931,
[c. +ses]% +b @ KD(H +2)]=0, (3.15)
wherez (in m)is the elevation above a datukhjs the total head (in m{. (in m™) denotes the

specific moisture capacity defined I8, = pg/pH wheredis thevolumetricwater content

(dimensionless)x is the effective saturation, that is related to the relative saturation of the water

phase bys, =(S, - S)/1- S,,) (g =S,/ wheref representshe total connected porosity of

the material)S(m™) is the storage coefficient, an¢in s)is time. Theunsaturatethydraulic
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conductivity is related to the relative permeability, and the hydraulic conductivity at
saturation,K, by K =k K. With the van GenuchterMualemmodel, the porous material is

saturated when the fluid pressure reaches the atmospheric préssudeaf the water table).
The effective saturation, the specific moisture capacity, the relative permeability, and the water

content are defined by,

:?Uh+pHFFJ4<o

(3.16)
fLH2 0
€a 13 435
C. il wr-als m%; a0 . H <0 (3.17)
to,H20
é é o 1 ~mg2
1S d-3-Smg §, H<O
K -] é@ : oy (3.18)
iLH20
sg +S.(F- g ) H <0
eqr e( QI’) (319)

9=l hz0

The variable, represents the residual water contept£ S/ 7 ), andU n, m=17 1/n, andl are

parameters that characterize the porous matgaal Genuchtenl980;Mualem,1986.

The values of the material properties used for the simulation are reported in Tabfe 3.3.
each sand compartment, the permeability is assumed to be homogeneous and isotropic, and
therefore is defined with a constantThis permeability is related to the mean grain diameter

and the formation factd¥ by (Revil and Cathles1999,

2
d50

24F3 "

(3.20)
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wheredsg is the median of the grain size distribution and the hydraulic conductivity at saturation

is given byKg =kr g/ h. Eq. (3.20) has been generalized recentlfrbyil and Florsch

(2010 for an arbitrary grain size distributiof.he electrical conductivity is determined using the

Archie's second law :
1l

Note that ifS, goes to zerabove the saturated portiohthe tank, the resistivity would tend

toward infinity. To avoid such a problem in the numerical computations we keep the water

content to theesidualwater content ithe saturation term dq. (3.21) (see Table 3.3\Ve

define aresidualwater saturation of 5.8% for the coarse sand and 7.8% for the finéSsaki

2009. Thisyields a resistivity of 22 kohm m in the coarse sand and 11 kohm m in the fine sand

above the capillary fring@note that the capillary fringe is much thickeoab the fine sand than

above the coarse sand due to the difference in the size of the pdieesljghtly dampedhe

upper part of the tank prior starting the measurements to be sure that the contact resistance

between the electrodes and the ground wbeldhuch lower than the input impedance of the

voltmeter The true resistivity of the upper part of the tantherefore notvell constrainedWe

do not expect any seffotential contribution due to the moistening of the sand because the

excess of electral charge per unit volume scales with the permeajgitgn at partial

saturations (Jougnot et al., 2012). Therefore such a contribution is assumed to be negligible.
All calculations were performed in 3D for the flpand in 3D + time when solving the

advectiondispersion equation and the resulting-gelfential distribution.The Richards

equation is solved for stationary flow conditions arttiéreforesimplifies to a Laplac#éype

partial differential equation,
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bfX B 21 o (3.22)

Regarding the way the model addresses salt injection, we assume complete and instantaneous
mixing in the upper reservoir and use a boundary condition corresponding to an exponentially
decaying salinity on the boundary of the upstream reservoir. Althoigbnly an
approximation of the true change in the upstream salinity, it represents theatiarg nature of
the dilution of thanjected salthroughout the experiment¥e usel insulating boundary
conditions at the different boundaries where thigdden applies (sides, top, and bottom
boundaries, and ergldes of the two reservoirgs well as impervious boundary conditions at
these boundaries except where the flux of water is injected and retrieved.

The numerical simulation of the sqdbtentialdistribution prior to salt injection is shown
in Figure 3.3.This distribution corresponds to the computed streaming potential distribution
associated with the flow of the pore wat¥ve see that the equipotentials are normal to the
water table.As with the real data, we remove this contribution to focus on the change-in self
potential signals over time (what we call the titapse seHpotential anomaly below).

The timelapse distribution of the seffotentialanomalyat the top surface of thank is
shown in Figure 3.4after the salt injection Analogous to the processistepsestablished for
the sandbox experiment in Section 3 above, the backgroungloseiitial signals (i.e., the steady
state electrical response measured prior to théngaction, see Figure 3.3) are removekhe
selfpotential signals are mainly confined to the hpgrmeability coarse sand channel due to the
strong resistivity contrast in the vadose zone between the preferential flow channel and the
flanking low pemeability domains.This phenomena is also evident in the sandbox experiment,
but the equipotentials are less confined to the permeable channel indicating theg the

resistivity distribution in the sandbox experiment maybe reflectedin the numerich
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simulation. In Figure 3.4b, we plot the measured g®ifential dataqorresponding tsnapshots
shown in Figure 3.2) versus the modeled-pelential data shown in Figure 3.48he numerical
model captures the sgibtential fluctuations above thearse sand channel. The computed-self
potential anomaly matchegell with the experimental data show Figure 3.2both in polarity
and amplitude. The discrepancy observed on the banks regarding the shape of the equipotentials
may be due to an incorrect assessment of the true resistivity in the vadosénZéigere 3.4c,
we show a crossection of the electricalgpential distribution in the middle of the channel in the
flow direction. The electrical distribution is rather compléx.Figure 3.5, we show in 3D how
the selfpotential anomalwat the surfacéags behind the situsaline pulse traveling in the
permeable channel.

A limitation of the sandbox experiment is that we have to put a reference electrode
somewhere in the sandbox where it is susceptible to spurious effbetabsolute potential at
the reference electroddange®ver time, but we assign a zero value to this location for all
sampled timesTherefore, this requires an additional processing step to correct the data (Section
3.3). The situation is different for field conditions, because the reference electrode platdd
far enough from the investigated area to avoid such spurious effe@ddition, the proper
boundary conditions to be applied in the field are different from the boundary conditions applied
in the laboratory. In our laboratory experiment, loeindary condition for the electrical current
density at the side walls of the tank does not influence the electrical potential distribution
because the changestire electrical fieldaremainly constrained by the position of the

permeable channel.
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3.6. Application to Earth Dams and Embankments

In this section weliscuss a 2D synthetic mddbat was constructed test a inversion
algorithm based on a stochad#larkov-chain Monte Carlo (McMCapproactor inverting for
the permeabilityand the porositpf a preferentiaflow pathwayin a heterogeneous earthen dam
The developed method can be applied in real time and can be used to map high permeability

flow pathways in earthen embankments that may be spatially localized.

3.61. Syntheic Test: Forward and Inverse Modeling

In order to test our approach and to see the effectiveness of inverse modeling, we
develogda 2D synthetic modedf a damin Comsol Multiphysics/4.2. Figure 3.6ashows a
simple 2D modegeometry for a heterogeneous earthen dam with a high permeability
preferential flow patltonnecting the upstream reservoir to the downstreamQae goal is to
show that with this 2D simulation we can use the surfacepséditial data (contaminatedttvi
noise) and we can invert the permeabilityhed preferential fluid flow pathway using a

stochastic approachlhe material propertider this synthetic case study are reported in Table
3.4. The excess charge dens@ that is reported in Table 3can be obtained directly from the
permeability using the following relationship (see Jardani et al., 2007):

loglQ, ) = - 9.2349- 0.82190g(k), (3.23)

This empirical relationship has been tested for both satufi@d and Jardang010 and

unsaturated materials (séeugnot et al2012 but theres most likely a small influence of

salinity, pH, and soil type in this relationslapd theseffects are not considered in Eg. (3.23).
We simulated th&ansport of a salt tracely injecting the salt tracer directly at the

upstreanentrance of thpathwayas a boundary conditidgee Figure &c). The (single)
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recording electrodeasplaced in the middle of the crest of the dahime synthetiself-potential
datawerereferenced to a point located upstream as shown in FigthgtBe position of this

point is actually arbitrary as the potential can be shifted to zero using the potential valt@ prior
the salt injection).Insulating boundary conditiongereapplied athe boundariesfahe domain
shown in Figure 3& The selfpotential field created by the flow before the injection of the salt
is shown in Figure 8b. The hydraulic gradient in the conduit is on the order of,Gatd the
average velocity in the cdait on the order of 0.017 m/3.he preinjection selfpotential

anomaly at the inlet of the preferential flpath is approximatel25 mV.

Figure 36d shows the resulting sgibtential variation over time for an electrode located
at the crest of theasin, while Figure 3.6 shows the salt injected over time upstream (at the
entrance of the floyath). During the passage of the salt tracer below the crest of the dam the
scanning electrode (located in the middle of the crest) records a positipetesifal anomaly
with an amplitude change of 15 mV with respect to thaemgeetion value (Figure 8d). This
positive selpotential can only be explained by having a strong diffusion current density that
dominates locally the seffotential responseindeed, as shown iMartinezPagan et al2007)

(their Figure 7) the sefbotential signal associated with the diffusiorttegNaCl salt is

responsible for a positive anomaliote thatthe SP anomaly thas generated by subtracting the
modeled prenjection SP value from the modeled SP is bipokigure 3.6 indicates that the
streaming and diffusion current densities generate a complex belzndatsoshows that

depending on the conditions of the experiment, both contributions to the source current density
have to be accounted for. Therefore unified models like the one produced recdteillst al.

(2011 are very important in that respect.
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We now test thability of theAdaptative Metropolig\lgorithm (AMA) to invert the
posterior probability distribution of thgermeability and porositymodel parametersAMA has
been introduced biaario et al(2001) and recently used hjardani et al(2010 andWoodruff
et al.(2010 among others for some geophysical applicatioie assumethat the shape of the
self-potential anomaly measured on a set of electrodes located along the crest can be used to
locate the preferential flow pathway using crossrelaton (seeRozycki et al(2006 for the
development of such a method and case studie)assumealso that the prenjection
resistivity distribution is known through resistivity tomography.

In a general case, the parameters to invert would include the geometry of the flow
pathway and its material properties (porosity and permeability)he present case, the
geometryof the pathways known Therefore, we limidthe model parameters toet
permeability k, and the porositys, of the conduit.We usel log k and logit(«) = log(« /(1-«)) as
model parameters to impose the constraints that the permeability is p@sitvibat the porosity
is a concentration of voids comprised between 0 anthé. equations used for the forward
problem are the equations given in Sec8¢h We usel 1,000 realizationsand the convergence
of the chain was reached very quickly afté6 iterations (as determined from the standard
deviations on the realizations of the model paramé¢seeiHaario et al(2001) andWoodruff et
al. (2010)] for further details).Whenthe AMA algorithm converged we uskhe statistics to
build the posterioprobability density functions on the two model parameters (Figdje 3.
There is a very good agreement between the peaks of the posterior probability distributions and
the true value of the model parameterbe peak values of the PDF of the two mquiiameters
are used to compute the inverted gmfential versus time curve, which compares well with the

true curve in Figure 8d.
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3.6.2 Time-lapse selpotential versus timelapse DC resistivity

For highly permeable channels the previous example illustrates thadapsesel
potential is more appropriate than a titapse DCresistivity tomography.The reason is that
DC resistivity is an active method, which takes time (often longer tharethstttime of the
tracer through the area of interest) to obtald gnapshots of the subsurfackhis renders time
lapse resistivitysomewhat inefficienas DC resistivity data acquisition is more time consuming
than the process of advective salt tramspOnthe contrary, selpotential isneasuredn reat
time because it is a passive methédbackground resistivity tomogram can be taken prior to the
salt injection and used with the selbtential data to locate the source of the electrical

disturbance during the transport of the salt tracer Bezycki et al.2006)

3.63. Electrode Stability for Monitoring Studies

An important consideraticior long-termself-potentialmonitoringin the fieldpertains to
the stability of the electrodes that are used to make the measurements. The primary factors of
concern with respect to lortgrm electrode stability are the stabilization time required for the
electrode to come to equilibrium with the medidh® noise spectrum of the electrode, the
temperature coefficient of the electrode, and the polarization characteristics of the electrode over
time (Petiau and Dupis, 1980). In a studyaofariety ofpolarizable and nepolarizable
electrodes, Petiau amlipis (1980) showed that nquolarizable electrodes are superior to
polarizable electrodes, andPbCl electrodes are superior amongst the-polarizable
category The superiority of PIbCl electrodes is due to the facts that they 1) have smallest
stabilization time (on the order of 15 min for electrodes with a tube geometry, and on the order

of 0.5 to 1 hr for electrodes with different geometries), 2) the lowest noise spectrum of all non

90



pol ari zabl e electrodes atcy ooM fIrHzguemdcile.s2 (OV
frequency of 0.001 Hz), 3) have a temperature coefficient that is approximately ten times weaker
than the second ranking A&pgCl electrodes (Petiau and Dupis (1980) report a temperature

coefficient of-4 0 % Yof PbPbCL electodes), and 4) and they show better loaign stability
characteristics in terms of polarization (mV/month), and no change in the polarization
characteristics of RBbCI2 electrodes was observed after two separate control perites

study- onemeasuedat one year of deployment and the second observation at 1.5 years of

deployment (Petiau and Dupis (1980).

For monitoring studies on the order of years (such as may be necessary for seepage and
internal erosion assessments), a seasonal temperatuteradfebe potentially significant. For
Pb-PbCb electrodes, a seasonal change in temperature 6 £567°F) would correspond to a
temperature effect of 1mV, given the temperature coefficient reported by Petiau and Dupis
(1980). However, what is not reped by Petiau and Dupis (1980) is the saturation effect on the
temperature coefficient, which is likely to vary on a seasonal as well asly site basis.

Kassel et al. (1989) reported a laboratory study of the temperature coefficienCafSCy

electrodes in sand for variable saturation conditions. They reported temperature coefficients of
0.66 mVFC, 0.28 mV/°C, and 0.46 m\’C for dry,saturated and partially saturated sands,
respectively, although the degree of saturation for the partially saturated sand was not specified.
For a 25°C temperature change, these temperature coefficients would correspond to a
temperature effect in GGu0D, electrodes of 16.%C, 7°C, and 11.5C for dry sand, saturated

sand, and partially saturated sand, respectively. These temperature effects are significant,
however, Petiau and Dupis (1980) show that the temperature effect@i&Q, electrodes is

approximately 9 times greater than that of PbCL electrodes. Thus, as an approximation a 25
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°C temperature change would correspond tarivg 0.78mV, and 1.3mV changefor dry,
saturated and partially saturated sands, respectiveBbPbCl Petiauelectrodes The Pb
PbCF seasonal temperature effect is therefore still reasonable under variably saturated
conditions

The results of the Petiau and Dupis (1980) study imply thdd@} electrodes are ideal
for long-term monitoring studiewith duratons on the order of months to several yeesause
they have been shown to rematable in terms of their noise spectrum, polarization effects, and

temperature effects over durations of a couple of years or longer.

3.7. Conclwsions

We found that a salt injection can be monitored with theps®Ential method to detect
preferential fluid flow pathways in a heterogeneous porous matémigthe laboratory,he
injection of the salinto a preferential flow patreduce the magnitudef thenegative streaming
potentialcouplingcoefficient (and therefore decredsbe magnitude of the sefiotential field
associated directly with the flow of the groundwatén)addition, the salt concentration gradient
wasresponsible for a diffusioaurrentthatcreaeda second type of seffotential anomaly. This
approach has numerous applications in hydrogeology, for instance, the detection of seepage
zones in embankment dams and levees associated with internal erosion. The method we propose
is very inexpensive as only a network of Aoolarizing electrodes connected to a sensitive
voltmeter is requiredThe next step of this work will be to develop automated sensor networks

to perform such monitoringnd to perform this methodology at a fislthle dam
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3.10Appendix A:Derivation of the Diffusion Current Density
In this section we present the fundamental equations used to obtain the expressions for the

diffusion current density and the diffusion coefficient of the sgttirewater at resin the

porous material Using the theory developed Revil et al.(2011), which is valid for any type

of porous materials, the macroscopic constitutive equations for the coupled diffusion flux of a

1:1 salt (e.g., NaCl) and current density are,

&j, g Ddm
5§ (A1)
§ 0 &W

Thematrix of material propertiedl entering into the constitutive equation, Eq. (Al), is a

symmetric matrix given bfRevil et al.(2011)

s 1
" g é e( N ?))
~% , (A2)
ge( O “?)) S
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wherebm =, T # C, is the gradient of the chemical potential of the pore water and

s = g, + S isthe electrical conductivity of the porous matersl, are the cationic and

anionic contributionto the electrical conductivity, respectivelyhese equations are very

general and can be applied to any type of porous materials including clean sands and shales (see
for instanceNoodruff et al, 2010). More explicitly, and using Egs. (A1) and (A2je

constitutive equations can be written as.

. 1
=5z B S s) (A3)

. S
=5 o (T ) v ()
whereT., =s.,/ G ( di me n ssithe mdcressapiy Hittbr numiter§hese numbers

represent the fraction of current carried by the cations or the anions through the porous material.
When the total current density is zere (the diffusion current counterbalances exactly the

conduction current), the smalled membrane pential is defined from Eq. (A4) as,

.
By, =2 (2T, 3 18C, (A5)

Inserting Eq. (A5) into Eq. (A3), the diffusion flux of the salt can be written as a classical Fick's

law (Revil et al., 2010 j, = D @®,, whereD is the macroscopic diffusion coefficient of the salt
(in m?s?). This yields,

D=2T25x %y
2
e é&uﬁ 2

(A6)

The case where there is no contribution to electrical conductivity from the electrical
double layer (which corresponds to the case analyzed in the main text) yields the following high

salinity models = §/F, s., =ty §/F, t.,=b,/( b, + £ wherep., denotsthe
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mobility of the cations and anion#n this case, the mutual diffusion coefficient is given by

D =D, /F. The source current density associated with the eleldffitesion of the ionic

components of the salt (the diffusion current density) is given by the last term of Eq. (A4),

Ky
e

Qo
_|

gs(tm t_,pinc,, (A7)

5

Js =+

O

where we have uselm =T # C,. UsingPInC; ° BInd;)/d; (the pore water

conductivity is proportional to the salinity) amd +t , < (from their definitions), we obtain

. aggT
Js =- ﬁ eo( (+) " 1)Dlnuf, (A8)

whichis equal to the second term in the expression of the source current density used in the main
text (see the second term of Eq. 3.Bhe high salinity assumption used to obtain Eq. (A8)
means that the Dukhin number (the ratio of surface conductivityreovpater conductivity) is
small. Because the sand used in the text is pretty coarse (see Tapén8.tt)e water pretty
mineralized (see Table 3.2), this assumption is valid as demonstrated belsvgeAsrally
recognized in the literature,ghigh slinity asymptotic limis for the Hittorf numbersremodel
independent (Clavier et al., 1977; McDuff and Ellis, 19@8y even occurs in an electrolyte
without the need of a porous material (e.g., Newman, ;196®man,1991). In order to check

the consstency of our assumption we can compute the value of the Dukhin number for the
lowest pore water conductivity used in our work, which is 5x&0n* at 25°C. For a granular
materi al |l i ke a silica sand the alaregvenrbyc al

(Johnson and Seh988;Avellaneda, and Torquat®@991;Revil and Florsch2010,

1 2
-1 , A9
S ==ges #LSS (A9)
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Du==2>s 6 (A10)

where S, denotes the specific surface conductivity of the double I<3t§'§|:(2><109 S for silica

(Boléve et al.2007), ands is a dynamic pore throat radius (in m) for the porous mat&il
and Cathle$1999 developed the following relationship between the formation f&cttre

dynamic pore radius, and the grain diametfar silica sands

- d , (Al1)
2m(F- 1)
wherem denotes the cementation exponent. Therefore we obtain,
Du = 4m(F- 1) S _ (A12)
d S;

Takingm=1.5,s = 5x10° S m* (Table 3.1)F = 3.5 (Table 3.2)d = 500em, we obtain Du =

1.2x10° << 1. Therefore the high salinity asymptote used in the mairstgustified
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3.11Tables

Table 3.1.Properties of the two sands used in the experiment.

Properties Coarse sand |Fine sand
(Channel, #08) (Banks, #30)
Mean grain diametetso (m) (1) 1.51x10° 5.00x10"
Poros-@)y G ( 0.398 0.410
Formation factoF (-) 3.63 3.48
Hydraulic conductivityK (m s%) (1) | 1.52x10? 1.2x10°
Permeabilityk (m?) 1.98x10° 2.47x10%
Charge density, (C m°) (2) 8.10x10° 4.45x107
Conducti W@y o [390x10 4.00x10°

(1) FromSakaki and lllangaseka(007) andSakaki(2009.
(2) Using logo Q, =-9.23-0.82 logo k ( Revil and Jardank010)
(3) Usi/ffyi 6#®£0.2) x 1S m'at 25°C.
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Table 3.2.Composition of the tap water with the assumption that hardness is due to calcium.
This yields a TDS of 245 ppm (~5x1® m® at 25°C). Measurement made in Apililay 2009.
pH =8.4.

Component Concentration
(mMol L™
ca’ 0.95
K* 0.09
Na" 1.44
Cr 1.30
SO” 0.82
HCOs 0.75
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Table 3.3.Properties of the two sands used in the numerical modelling. The dispersivities are
modeled witha, = a, = 4.U

Properties Coarse sand Fine sand
Median grain diametaiso (m) 1.51x10° 350x10°
Poros-s)ty G ( 0.398 0.410
Formation factoF (-) 3.63 3.48
Hydraulic conductivityK (m s} 1.52x10° 1.20x10°
Permeabilityk (m?) 1.98x10° 2.47x10%
Charge density, (in C m°) 8.6x10° 4.8x107
Peclet number Pe)( 1.8 9 1.0 9
Salt diffusion coefficiend (in m?s?%) |1-9X10 . 1-5X104
Di spergmvity U 8.25 10 4510
lrreduci bl e/ (at e 0023 0.032
van Genuchten?) pail2d 5.0

van Genuchten exponem{-) 9.03 6.57

van Genuchten exponebf(-) 1.0 1.0
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Table 3.4.Material properties for the synthetic case stiblg. usea, = 10" m anda, = 10° m.

Material Properties |Resistivity Permeability (in M) Excess charge
(ohm m) density (C nir)

Water 15 - 0

Rock 2000 0 0

Dam 2000 0 0

Leak 150 2x10° 1.2x10°

Seal 500 0 0
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3.12Figures

51.1cm

Figure 3.1.Sketch of the experimental setup showing the position of the channel and the
positions of the noipolarizable electrodes (small filled circles, the true size of the electrodes
being much smaller than the size of the filled circles, see Figure 3.1b) lataiedtop surface

a. Side view
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c. Picture showing the electrodes

| — Ag/AgCltip

d. Picture showing the coarse sand channel

of the sand.The hydraulic gradient is defined by the difference between the headdh; in
the two reservoirs located 99 cm aparhe width of the tank is 51.1 cnREF denotes the

position of the reference electrode.Side view. b. Top view (not to scale)c. Picture showing
the size of the Ag/AgCl electrodes with the amplifieksPicture of the tank showing the coarse

sand channel between figeained banks.
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a. Measured self-potential snapshots with respect to the background self-potential map
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b. Time-lapse self-potential at Electrode #3

Self-potential (in mV)
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Time (min)
Figure 3.2.0bserved selpotential anomalies. Kriged measured seffotential anomaly
contours (expressed in mV) at different elapsed time®(corresponds to the infiltration of the
salt in the upstream reservoiffhe background potential measured prior to salt injection has
been removedThis explans that at = 0 s, there is no seffotential anomaly Constant flow
conditions are maintained for the duration of the experintie@elfpotential (mV) versus time
at electrode #3.
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Modeled self-potential (in mV) in the channel

Ref.
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Figure 3.3.Numerical modeling of the electrical equipotentialgpfessed in mV) associated

with the flow of the water in the tank just prior to injection of the sklte electrical

equipotentials are perpendicular to the water tahfiewnby theupper bound of the blue regipon

and the electrical field isiore positivedownstream because of the increase ofltdve velocity
downstream. Note the equipotentials are also normal to the upper and lower boundaries because
of the insulating boundary conditions.
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a. Computed self-potential anomaly (in mV) with respect to the background self-potential map
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Figure 3.4.Computed selpotential anomaly contes at different elapsed timetsH 0
corresponds to the injection of the salt in the upstream resead®@sult of the modelThe

outer rectangle corresponds to the dimension of the tank while the inner rectangle corresponds to
the area covered by tledectrodes in Figure 3.ZConstant flow conditions are maintained during

the numerical experiment and insulating boundary conditions are applied at the top, sides, and
bottom of the tankh. Comparison between the prediction of the model and the meatatsed

for the two lines of electrodes just above the chariRel @.95).c. Vertical distribution of sek

potential. Thecolors correspontb the conductivity (see Figure 3.5).
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Surface Electrical Potential [in mV] and Subsurface Conductivity Distribution [S m’]

Positive self-potential anomaly 1.6 0.14

0.12

Upstream
reservoir |y

7
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Figure 3.5.Snapshot (120 s after the salt injection, see Figure 3.4 &D distribution of the
resistivity, and map of the correspondinglfspotential anomaly at the top surface of the tank
during the saline pulse experimerfithe arrows correspond to the direction of the Darcy velocity
(their lengths are proportional teemagnitudeof thevelocity vectoru).
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a. 2D geometry used for the finite element simulation
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Figure 3.6. Numerical modeling of the synthetic caaeSketch of the 2D geometry used for the
simulation. The material properties used in the numerical simulation are reported in Table 3.4.
The recordingelectrode is at the crest of the dand the reference electrofie theself

potential is taken arbitrarily at= 0. b. Simulation of the selpotential signals before salt
injection.c. Salt concentration injected upstream the pib&esulting seHpotential changes at

the crest of the dam.
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Posterior Probability distribution
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Figure 3.7. Posterior probability distributions of the two model paramegeBorosity of the
preferential fluid flow pathwayb. Permeability of the preferential fluid flow pathway. The
vertical bars correspond to the true values of the model parameters.
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CHAPTER 4

GEOELECTRIC INVESTIGATION OF SEEPAGE IN AN EARTHFILL DAM USING
BRINE TRACER INJECTION

A paper submitted to Grounwater
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4.0 Abstract.

2D and 3D resistivity tomographgombined with selpotentialreconnaissanamapping
and timelapse monitoringare used to investigate anomalous seefgjdeof a leaking
heteroegeneous earthen damrefonnaissance survey was first performed and redsalf-
potential and DC resistivity anomalies related to anomalous seepaggnsideof the dam.
Three anomalous seepage zowese discoverewithin the dam andne appears to be the
primary contrilutor to alocalized seepageffluenton the surface topography downstream of the
dam toe.Reconnaissance results were used to design a monitoring survey to estimate the
seepage directions through the dam. Dutivegmonitoring surveya brine tracer waisjected
into the crest of the daand he selfpotential signals were monitored on the downstream slope
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for a duration of 26 hours. The selbtential signalshat weobserved after the brine injection

show developing positive anomalies with respech&ltackground seffotential signalsin

agreement with 3D modeling results of electrokinetic and diffusion potentials at th&lgam
locations of hese positive anomalies are in agreement with the seepage zones inferred during the
reconnaissance survdyut indicate that the primary seepage direction is different than what was

interpreted from the reconnaissance survey.data

4.1. Introduction

Earthen dams are designed to allow a limited amount of uniform seepage through their
cores and foundations. When seepage deviates from what is permitted, internal erosion may
occur and increase the permeabilitytteé medium, producingreferential flow pthways. As
the permeabilitthange®over time, the geometry and hydraulics of seepage zones will also
evolve. This can lead to the formation of continuous pipes through the dam, or the development
of subsurface voids that can collapse without warnirfgrto sinkholes on the crest or side
slopes. The occurrence of unplann@tlomalouseepage may therefore result in the sudden
failure of an earthen dam (Foster et al., 2002; Fell et al., 2003). Researchers have shown that
internal erosion due tsuffusion and piping arissfrom the occurrencef seepageandis the
second leading cause of catastrophic failures for earthen dams, responsible for 46 % of all
documented failures (Foster et al., 2000, 2002; Fell et al., 2003; Wan and Fell, 2004;
Bendahmane etl., 2007).

The highly uncertain outcomes and thswales over which seepage zones can evolve to
threaten the safety condition of an earthen dam mandate a need for improved engineering

methodologies that allow fpt) noninvasive detection capabiliBewith improved resolution
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overvarying spatial scale®) rapid deployment and detection capabilitiéh high frequency
measurementso that the geometrical evolution of seepage zonebecamonitored in redime,
and3) the ability to provide quantiiae estimates of seepagelated hydraulic parameters in
reattime with improved accuracyDue to the passive nature of the method, the deecsitivity
to ground water flow, and the unfolding technological advancements that will allow for increased
sanpling frequencies and rapid deployment in the field, thepse#ntial method will meet these
criteria.

The selfpotential method is a passive geophysical techriigaigissensitive to ground
water flow. It is the onlygeophysicatool that can be &sl nonintrusivelyto monitor ground
water flowdirectly (Revil et al., 2012). A selpotential survey is simple to perform and requires
only a voltmetemith a high internal impedance (>10qV, a cable reel, and two ngoolarizing
electrodes to passivetgeasure naturally ocurring voltagasthe ground surfaceSelfpotential
signals due to ground water flow originate at the pore scale when the excess electrical charges
contained within the pore water accumulate in the diffuse thgecoas the surface of the
mineral grainsand areadvectivelydragged in the direction of ground watierv (Onsager,
1931; Ishido, 1984,y Sill, 1983 Revil et al., 1999; Jardani et al. 20@aleve et al. 2007,
Jardani et al. 2007; Crespy et al. 2008). Phaxluces a streamirgyirrent densityhatis
responsible for disturbances in the electrical field, which can be recorded at the ground surface.
The selfpotential method has been extensively used qualitatively to investigate preferential
ground water flowpathways in dams and embankmegilvy et al. 1969Corwin 1985; Butler
et al. 1989; Butler et al. 1990; Alsaigh et al. 1994; Panthulu et al. 2001; Minsley et glag@11
more recently quantitatively (Boléve et al., 2007, 2009, 2011; Moore et al.;, BOleve et al.,

2012. More recenly, algorithms have been developed to invert-petential data to localize
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preferential flow pathsRozycki et al., 2006; lkard et al., 201&nd to estimate the ground water
flow pattern and Darcy velocitgpleve et al., 2009, 2011; Revil et al., 2012).

The direct current (DC) resistivity method is an active geophysical methoprtivedes
information pertaining to the subsurface distribution of electric resistivity (the inverse of
conductivity), which igequired to quantitatively model and interpret-gmtential data. This
information is required to interpret sqdbtential data becausige total current density in the
subsurface is a function of the electric conductivity in addition to the streaonirent density
(Jardani et al., 2007)The DC resistivity methodmploys specific geometrical configurations of
multi-electrode arrays to inject very low frequency currents into the subsurface and trigger a
voltage responsthat ismeasured at the grousdrface The potential difference that is
measured between two electrodes at the ground surfaseddo create pseudections of the
apparent resistivity distribution in the subsurface (Griffiths and Barker 1993). Apparent
resistivity pseudeectiors can be inverted in either 2D or 3D to produce an electrical resistivity
tomogram Loke and Barker 1996) that displays an estimate of the true subsurface resistivity
distribution This method has been extensively used on dams (Nasser Oty 1996;
Panthulu et al. 2001; Cho and Yeom, 2007; Sjodahl, et al. 2008; Blome et gl. BoWkever,
seltpotential and resistivity data are rarely used in concert to study seepage in Earth dams.

In this study we applythe selfpotential and DC resistivity nigods at a leaking earthen
dam in Colorado. Our goals are to detect seepage zones inside of the dam and determine the
preferential flow pathways through these zones using first a reconnaissancecsusising of
a single selpotential and DC resistityi snapshot, followed by a monitoring survey to compare

the resulting interpretations
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4.2. Description of the Test Site

The field site is an eartfill dam that impounds a small reservoir in the Rocky Mountains
near Avon, Colorado, USA (Figure 4.I)he reservoir is flanked by the steep, brushyapine
sideslopes of the drainage gulch and collects surface and ground water derived from within a 7.8
km? drainage basin. It has a normal storage capacity of 24,87Tme reservoir surface area is
approximately 8,094 rhat the maximum storage elevation of 2,411 mas| (meters above sea
level), and the maximum reservoir depth is 5.8 m at full capacity.

The dam has a structural height of 11 m and a hydraulic height of 10 m, and 1 m of
freeboard elevatimbetween the emergency spillway and embankment crest at the maximum
pool elevation (Figure 4.1). The dam is 37 m wide at the base and is 4.9 m wide at the crest.
The crest is at an elevation 2,412 masl and spans 122 m in length between the sidétslepes o
drainage gulch. The upstream slope of the embankment is lined witprgn a 2:1 slope to an
elevation of 2,409 masand has 3:1 grade bel®409 m The downstream slope has a 2:1
grade to the toe ain elevation o2,402 masl, where the dowrsam slope intersects the natural
topography of the gulch. Portions of the downstream slope near the toe of the maximum cross
section are significantly steeper (as much as 1.6:1).

The dam has two spillways. The primary spillway (Figure 4.1) is a 68@lameter
Corrugated Metallic Pipe (CMP) through the west abutment into the reservoir. The emergency
spillway (shown in Figure 4.1) on the east abutment is an open channel that is armored and
graded from 9 m wide at the spillway crest into a 3.7 m wineeed channel approximately 26
m downstreanof the spillway crestThere is also a 450 mm diameter low level outlet drain at
the toe of the maximurtrosssection to release reservoir water intonbéuraldownstream exit

channel (Figure 4.1).
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4.2.1. Getechnical Properties

Geotechnical properties and internal zoning of the dam are unknown. The few available
inspection records and engineering reports have assumed that the dam is composed of
homogeneous earfill resembling soils encountered in testspgxcavated at theast abutment
of the dam, due to the close proximity of the test pits to original $48B6orrow area.
However, although soils excavated from the original 1936 borrow pit were logged as uniform,
noncohesive silty sands and gravelghasome potential for instability, some dam breach
modeling studies have assumed that soils comprising the dam have a greater coarse fraction. The
ColoradoDivision of Water Resourcesssumes that the dam is homogeneous-&lrth
composed of silty clagnaterials compacted to 95% maximum density during emplacement, but
this is also unconfirmed. Quantitative geotechnical data regarding the original construction
materials and those used in historical modifications are not availhbtefore we adopt the
assumption of the Colorado Division of Water resources that the dam is composed of silty clay

materials

4.2.2. Anomalous Seepage

Seepage has been observed emanating from the downstream toe of the maximum cross
section of the dam (see position in Figure 4.1) approximateleastof the low level outlet
drain pipe, at annmeasuredate. The seepage is continuous under the lot#tteahaximum
reservoir storage behind the dam. Visual observations recorded by field researchers and state
regulators on several occasions over a period of 2 years have indicated that the seepage is
typically devoid of suspended soil partiglasd that itis discharging fronthe downstream toe at

a ratethat isroughlyestimatedetween 0.6 L§10 gpm)and 1.9 L & (30 gpm)
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4.3. Selfpotential and DC-resistivity Investigations
Self-potentialandDC resistivity surveys were completed during the summer of 2011 to
identify the source of anomalous seepage emanating from the toe of the maximusectioss
The reservoir water level was held constant at the maximum slere¢2,412 ma3l
througlout the survey.The seepage zone at the downstream toe of the maximurrseism
was observed and was clear during the survey, and was estimated to be seeping at a rate between
0.6 L $* (10 gpm) and 1.9 L'5(30 gpm). The electrical conductivitiebthe reservoir water
and seepage water wer'anme &9 @ rresphctielyathe 308 ¢ S

temperature of 8.7C.

4.3.1. Data Acquisition

Twelve 2D DC resistivity profiles wemaeasured parallgherpendiculgrand obliqueo
the dancrest covering the crest, spillways, downstream slope, and a portion of the downstream
topography and sidslopes of the drainage gulch (Figure 4.2). Resistivity measurements were
acquired with an ABEM Terrameter SAS4000 using a Wenner arrayaw#helectode
protocol The DC resistivity kectrodesvereseparated by 2.5 alongthe profilesthat were
parallel to the dam crest, and separated byalomg the profiles perpendiculaand obliqueo
the crest. The measured contact resigtiwvitetween the electrodes and the ground were smaller
than 1 kV. The measurements were repeatedhtd thestandard deviatiowas lesghan 3%.

The resistivity profiles along the upstream and downstream edges of the crestfsetre
by 5 m, andheprdfiles on the downstream slopieat wereparallel to the crest werdfsetby

about 10 m (Figure 4.2). The profiles perpendicular to the crest had an aviésatsf 16 m.
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One additional profile (P9) was performed perpendicular to a suspected sedgpdbeopgh the
east abutment using 59 electrode takeouts and an electrode separation of 1 m.
A total of 1049 SP stations were measured along the DC resistivity profiles (Figure 4.2)
with a handheld Fluke 289 voltmeter and two4paarizing Petiau Pbd, electrodesRetiau
and Dupis, 1980Petiau, 2000). A reference electrode was buried in a shalloviatle/as
excavated on theastsides | ope of the gulch (see position @nfF
electrode was used to measure the electrmt@npial ateach ofthe 1049 stations. The station
separation foselt-potentialmeasurements was 1.25 m for profiles parallel to the crestand 1 m
for profiles perpendicular and oblique to the créstshallow hole was excavatedl each self
potential $ationto expose moist soil and reduce contact resistance between the roving electrode
and the ground. Stations on the ¢rastl some stations perpendicular to the west abutment
were watered with reservoir water to redtloecontact resistance. The ri@um contact
resistanceforallseff ot ent i al st at i onsthewardactdefSistakogaslass d on &
t h an -Inbich knepller than the internal impedance of the voltmeter. The potential
difference was measured between the reference and roving electrodes before and after acquiring
eachself-potential profileto correct for electrode drift. All seffotential data we measured
relative to thegotential at theeference electrode. Telluric currents were assumed to be
negligible due to the small, confined nature of the field arte werghereforenot monitored.
Some seHpotential profiles are shown in Figures #34.6 together with the resistivity profiles

and the selpotential map of the area is shown in Figure 4.7.
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4.3.2. 2D and 3D Inversion of DC resistivity Data

Theapparent resistivitpseudesections were first inverted in 2D with RES2DINV (Loke
andBarker, 1996) with the finitelement approactor theforward problensolution 2D DC
resistivity profiles and the associated g@tential data are shown in Figures 4.3 to 4'Be
data quality was excellent due to a very good contact between thiestasteel electrodes and
the ground.

Five of theprofiles (P1 to P5) were also inverted in 3D with the software ERTLab from
Geostudi Astier (see Morelli and Labrecque, 1996, and Santarato et al., 2011) using finite
elements with tetrahedron3he 3D inversion only incorporated the profiles collected parallel to
the dam crest. Thentiredata setisedfor the 3D inversion was composed of 319 electrodes,
2,357 quadripoles, and 323 topographic data points. The inversion converged in 3 iterations
leadingto an RMS error of 5%. Thelownstreantopography was taken into account in the
inversion. The mesh grid size was equal to 1.25 m i, tjyeandz directions. The result of the

3D tomography is shown in Figure 4.8.

4.4. Interpretation of the Geophysical Data

The 2D DC resistivity profiles show low resistivity anomalies (on the order-6f @0 q
m) in shades of blue (see Figures 4.3 to4. 6 and FigureBoB)comparisonhe conductivity of
the pore watewasty, = 0.0308S mi! (32.5q¢ m tivieys iThe resistivity profiles show a
shallow resistive layer just below the ground surfaCleis layer is interpretetb bethe partially
saturatedvadose zone above the capillary fringene phreatic surfacenterpreted from DC
resistivity datds approximately 1 m to 2 m below the dam crest and increases in depth in a

downstream direction along the maximum cresstion(see Figure 4.3)
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The phreatic surface observed in Figure 4.3 through Figures4a@esult okeepage
from the reservoimto the dam crossection Beneath the crest, the phreatic surfappears as a
uniformly distributedhigh conductivity anomalgcross thentirelength of the danm profiles
P1 andP2 (see Figure 4dnd Figure 4.p Despite the uniform phreatic surface shown in profile
P2, the selpotential along profile P1 (see Figure 4.5) indicates that there are two preferential
inflow zones from the reservoir, as indicated by the relative negative anomalies on the west and
east dutments with amplitudes of approximatedp mV and-15 mV, respectively (see also
Figure 4.7). These preferential inflow zones from the reservoir contribute seepage into the
preferential flow paths interpreted beneath the downstream sl¢yeuniformphreatic surface
observedn profile P2begins toseparate into preferential flow pathsneath profile P4 (not
shown) and hasompletely trifurcated intthree isolated preferential flow paths bendtbfile
P5 shown by conductive anomalies at the abéhe maximum crossection and in both
abutments of the danThese flow paths a@nnotated aBatls 1, 2 and 3, respectively, through
the west abutmenthhe maximum crossection, andhe east abutment and eslope connecting
the east abutmend theemergency spillwayseeFigure 4.8. Seepage in the cstopeis
believed to have a significant component of fldinectedtowards theeast abutmen@and is
likely contributng seepage ito thePath 3 in theeast abutment. Marshy, saturated soil &iz®
observed in the vicinity of the downstream exit channel of the emergency spilliay field
surveying indicating that @omponent of flown the cut slope may also bi#ecteddownstream
in the direction of the topographic gradiedt fourth zoneof preferential flow isalso apparent
by thenegative selpotentialanomalydownstream of profile P5, between perpendicular profiles

P8 and P10, but was not investigated further in this study
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The ®lf-potential datgFigure 4.7)confirm the prefereml flow paths that were
interpreted fronthe 2D an@D electrical resistivity tomograms$ositive selfpotential
anomalies relative to the reference electrode are shown in shad#l®wf orange and red in the
range of0 mV to 30 mV, with peak amplitudédetweeri5 mV to 30 mV. The maximum
positiveselfpotentialanomaly was observed in the emergency spillagjgcent to the east
abutment Isolated positive seffotential anomalies on the downstream slope are interpreted as
zones of low hydraulipressure with elevated saturation with respect to surroundimgse
flow is converging These zone®nd to be adjacent to, aatethereforeinfluencedin some
way by the preferential flow pathseenin the DC resistivity profiles.Seepage effluens only
observed at location2at the downstream end Bfofile P6 (see Figure 4&hd 4.7, however
other indicators of seepage (for instapt®vatedsoil moisturerelative to surroundingsery
green ad abundant vegetation) have been observed at s@ai@las on the downstream slope
that are consistent with positiemomaliegreater thai0 mV (for example, anomalies Al and
A2). AnomalyAl (Figure 4.7)s at a location thatas been consistently observed to Havge,
anomalous, angignificantly grener vegetation with respect to surroundings, and was noted to
show increased soil moisture content and a sloshing sound when DC electrodes were installed in
this location.

Negative seHpotential anomalies (in the range-@fimV to -30 mV) relative tadhe
reference electrode are sholmnshades dblue in Figure 4.7. Negative anomalies on the
downstream slope are interpretede a result dilow through the danalong the preferential
paths(e.g., Richards et al., 201®here thelow is divergng away from a given point in a
downstream directianThe negative selfotential anomaliearespatially correlated with

preferential seepage paths shown in 2D DC resistivity soundirtgsy aremore uniformly

123



distributed acrosthe downstream slope, upstreafrprofile P4 similar to the high conductivity
anomaly imaged in DC resistivifyofile P2. Negative selpotential anomalies on thveest and
east abutments also appé¢atbespatially correlated with 2D and 3DC resistivityinversion
results.

Fromthe reconnaissance data, ground wadgsv through the central path agye to be
the primary contributoto the seepaggischargeat the dam toeBecause the topography at each
abutment is steep, and the topographic gradient at the abutments hascastgthiectional
component towards the maximum crsggtion and natural exit channebmeportion of the
ground water that ismanating at the seepayalsobe fed by the preferential flow patand
inflow zonesthrough the abutmesgtwhich do appear tbe physically connected to the central
seepage path from the negative galfential anomaliesHowever, this cannot be confirmed by
the reconnaissance results alone, because the reconnaissance data do not provide an accurate
indicator of flow direction.The selfpotential data only provide an indicator of zones where the
divergence of the source current density is nonzero, and the resistivity data only provide an

indicator of the spatial location of these zones in the subsurface.

4.5.2D Modeling of the Flow: Perpendicular Profile

The goal of this section is to show how the-peifential data along Profile P6 can be
interpreted quantitatively in terms of the Darcy velocity. For this purpose, we first determine the
streaming potential coupling coefiént of a core sample from the dam and then we proceed to
invert the seHpotential data in terms of distributiaf the source current density vectatich is

then converted intthe Darcy velocitydistribution
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4.5.1. Laboratory Investigation

A sampk of material representative of the aquii@scollecteddownstream the dato
perform alaboratory measurement of the streaming potential coupling coefficiérg.
coefficient is defined as the variation of the gmfential (i, whenthe endfacesof the sample
are not shortircuited for a variation of the hydraulic hedd that is applied téhe core sample.
The streaming potential coupling coefficient is related to petrophysical propgrtiessample

materialby,

_ (ﬁkr

0
A r.g, (4.1)
Ql—r‘“ j% hf f

wh er e (inohmim)denbtes the electrical resistivity of the porous mategialin Pa s)

denotes the dynamic viscosity of the pore waters the mass density of the pore watpf,in m
s?) is the gravitational accelerati,o@ denotes the volumetric charge density in the pore space,

andk is theisotropicpermeability.

The experimental apparatissshown in Figure 4.9a and tBeperimentally measured
streaming potentials versus hydraulic headshosvn in Figure 4.9b. We uswater from the
reservoir for this experiment. The value of the streaming potential coupling coeffigygrens
by the slope of theelationshipand is equal te2.6+ 0.2 mV mi'. The permeabilityf the
sample was measd to bek = 3.8 x 10 m® Using Eq. (4.1)andconsideing a resistivity of

4 0 gthismgieldsa volumetric charge density @ =1.71 C . For pH comprised between

5 and 8, Jardani and Revil (2009) found that the empietationship between the charge

density and the permeabiljty)gwcﬁ = 9.2 0.82log k, holds for a broad range of porous rocks

and soils. Using = 3.8 x 102 n?, this relationship yield§E = 0.64 C i - acomparatively
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closeapproximation We will showbelow howthe volumetric charge densityused to convert

theinvertedsource current density distributianto theDarcy-velocity.

4.5.2. Inverting the Selfpotential Field
In this sectiorthe selfpotential data of Profile P8 inverted to recover the spatial
distribution and orientation of the source current density vewttr,the goabeingto

understand the seepadjeection and velocity beneath the profiléhe selfpotentialfield, ; (in
V), is describedy the Poisson equatiogiven in Eq. (4.2)Jardani and Revil, 2009)

PG B =id (4.2)
where thevolumetricsource current densityectoris directly related to the Darcy velocigctor
by the volumetric charge densigndis given by

=&, (4.3)
In Eq. (4.2) s (in S mi") is the electrical conductivity of the porous material, which is
determined from the resistivity tomograms (see Figure 4.3 andPh&)righthand side of Eq.
(4.2) corresponds to thivergence of theourcecurrent density that igssociated with thBarcy
velocity distribution

To perform the inversion, we first producetaadystateforward solution ér the electric
problemby solving the Eq. (4.2vhencoupled toaforwardsolution of the hydraulic problem
throughthe fluid velocity field in the dm, which is determined from a known or an assumed
permeability distribution The forward solution incorporates hydraulic and electric boundary
conditions, as well as initial conditions for tirdependent solutiond8Boundary conditions on
the hydraulic and electrical components offthrevard model were appliedsadescribed below

For the hydraulic model, a Dirichlet boundary was applied to the reservoir bed and the
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upstream slope of the dam. The hydraulic hbadpplied to the reservoir bed was defined as a
constant 5.8 m, corresponding to the maximum reservoir depth at the maximum reservoir
elevation. A linear hydrostatic pressure profile was computed and applied to the upstream slope
to vary the hydraulic heaapplied to the model boundary based on relative elevation of the
boundary with respect to thieee surface of the reservoiA seepage face was defined at the
downstream toe where seepage has been obsegeditching between a condition bf=0m

under saturated conditions and a specified flux equal td §'ratherwise. All other model
boundaries were given a specified flux equal to*&

For the electrical model, an electric insulation bounsagapplied to the reservoir bed,
upstream slope of the dam, and the downstream seepage face. An electrical ground boundary
condition was applied to all other model edges.

The inversion of the selfotentialdatarecordedalong profileP6involvesa

reconstruction of the spatial distribution of thagnitudeand direction of the source current
density vectarjg :Cg\p . As discussed in Revil et al. (2012), this inverse problem is linear (the

potentials are linearly related to theurce current density distribution) andptbsed and
thereforedoes not have a unique solution. To reduce the numlpdrysfcally reasonable
solutions we adedinto the objective functioanadditional constraindf a referencenode| as
well as aregularization term to optimize the tradeoff between small data misfit and minimum

structure requirements in the returned solutidre objective functiors, is given by;
. 2 2
G=[WyKm )" AW m-)] (4.4)

wherel denotes a regularization parameter under the cons@aiit < , K = (KITK,T) is the

Nx2M kernel matrix\whereN=55 denotes the number of splitential stations alongrofile P6

andM=103denoteghe number otliscretized gd cellsin the subsurface)n = (Jgjg) is the
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2Mx1 solutionvectorcontaining the inverted andz components of the source current density
vectorin eachdiscretizedyrid cell, m, =(j§,jg)is the2Mx1vector containing thg andz
components of the source current density vector correspondingrefehence model (computed
from theforward solution of the hydraulic problem by assuming the position of the bedrock

aquifer interface from the DC resistivity data and an isotropic pedvility distribution for the

aquifey, J 4 =h - N]T denotes a vector &f elements corresponding to the measured self
potential data, andlV, = diag{l/ e,,...1/ &, } denotes aN x N squarediagonal weighting matrix
The dements along the diagonal ¥¥, correspond to the reciprocal of the standard deviation

squared €=3 mV from the data displayed in Figures 4.3 to 46 matrixW,_ =s2| (s?

=100) denotes the weighting diagonal matrix that represents the weightgpfeheo the
reference modeh determining the solution thatinimizes the objective function, arlde
contribution of this term to the returned soluatis controlled iterativelyby the regularization
parameter.

The minimization of the objective functiom Eq. (4.4)wasaccomplishedby the Gauss
Newton algorithm implemented in Matlab. For more the details the approach is discussed by
Richards et al.2009). The program was initiated with theferencemode| m,, and
regularization parametér=1. At each iteration the model vectordapes andhe regularization
parametereduces to half of the value at the previous iteration. After the third iteration the self
potentialfield datawerereproduced with@RMS of 0.2%. The current density vector was then

translated into Darcy velocity using the linear relationship betwagent density and Darcy

velocity u=j. /&, for & = 0.64 C rif.
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4.5.3. Results

The 2D inverse wdeling results are shown in Figure 4d@lcorrespond to the model
parameters thatre summarized in Table 4.The two positive selpotential anomalieshown in
the field dataarecaptured in the inverted model and carekplained by the convergenard
constrictionof the flowat x ~ 26 mwhich is controlled by thbedrocksurface near thiecation
of theseepge discharge The seepagdischarge athe spring is shownlearlyby the inverted
Darcyvelocity vector, whiclshows an increasedagnitudeand is directed toward surface in the

vicinity of the spring

4.6. 3D Fieldscale Modeling of NaCl AdvectiorDispersion and Electric Field

A 3D forwardnumerical model o$teadystate electrokinetic potentials and transient
diffusion potentials was constructed in COMSOL v4.3aftield-scale danwith a geometry
that is representative of the field site. Hedi-potential behavior is observatbng a 2D profile
atthe surface that igerpendiculato thedominantground water flow direction (see Profile 1,
Figure 4.11), as the slug migrates through a preferential flow path beneath the Qrofile.
modeling @al is to gain an insight intihe behavior may be anticipated from the gaitential
field duringthe monitoring survey at the field site (see Section 4.7), following an injection of a
brine tracer into the dam.

The3Df or war d model cs@quatibnevehichtishused R compute ia d 6
steadystate velocity fieldn the dam, to the advectiatispersion equation (ADE), and the
governing Poisson equation for the electric field, through the staty Darcy velocity field.
When thesteadystatevelocity field is known, a transient solution of the advection dispersion

equation is computed gmulate the tim@&ependent migratioof anNaCl slug through a
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preferential flow path at predefined tisgeps. The time stepseincreasd in increments of
250 minutes between timess 0 min, corresponding to the initial injection of the NaCl slug, and
ts = 1,250 min when the slug has completely exited the downstream end of the preferential flow
path This represents approximately 21 howansdis comparabléo the duration of the saltacer
experiment performed at tfield site

The transient solutioaf NaCl concentration that is computed fréme ADEis used to
computea steadystate solution for the electric field at the selected time steps by including a
diffusion current contributiomto the seHpotential source terat is a function of the
concentration gradientThe diffusion current density is superimposedruthe streaming
current density such that the source term in the governing Poisson equation is a function of the

pore fluid conductivity and the Darcy velocity field (for example, see Chapter 3 and Eq. 3.11)

4.6.1 3D Model Geometry

The 3Dmodelgeometry is shon in Figure 4.11. The dam i® 6n long (excluding the
subdomaingorresponding to the reservoir bed, the upstream slope and the downstream
topography), 120 m wide and 16 m high when measured from the crest to the top of the bedrock
layer. The hydraulic height of the 3D dam geometry is 11m. These dimensions represent
approximately the dimensions of the Nottingham Dam (see SectionAs2igle high
permeability preferential flow path is included in the 3D geometry and is highlighpaakin
Figure 4.11. The flow path is 60 m long, 2.5 m high and 20 m wide betzwedb m andz =
65 m (e.g. see also Figure 4.14). The walthensionof the flow path washoserto be

consistent with the negative sglbtential anomaly shown in Figure/detween profiles P6 and
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P7, which is approximately 16 m to 20 m in width. Tleagth and height were arbitrarily
specified.

The model includes three domains of contrasting permeability1k3 x 10° m?, k, =
3.8 x 10 m?, and k = 3.8 x 10" m?, representing the preferential flow path, the dam sediments
(including the reservoir bed and downstream topography), and the underlying bedrock,
respectively. The permeability of the preferential flow path is representative of coarse sandy
gravel sedimets which are typical of flow paths produced by suffusion and piping, and it is
muchgreaterthan thepermeability of theencompassing siltglay dam sediments. The
underlying bedrock layer is much less permeable than the dam sediments and is an bauitard t

prohibits vertical ground water flow.

4.6.2 Boundary Conditions

The boundary conditoflsor each physics module (e.g. Ri
Dispersion, Electric Currentaye indicated in Figure 4.11 by the colored annotations. Hydraulic
boundary conditions are annotated in blue, ADE boundary conditions are annotated in green and
electric currents boundary conditions are annotated in red.

The boundary conditiorfer the Richard's equation module inclddecombination of
specified hydrauti heads and specified flux boundaries. A linear hydrostatic pressure profile
was applied to the upstream slope of the dam, and a constant hydrostatic pressure was applied to
the reservoir bed. A zero flux boundary was applied on the crest and dowrsitvparaf the
dam between the crest and the dam toe. An atmospheric boundary condition was applied on the

downstream slope of the dam at the toe to allow for the seepage that has been observed at the
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field site. A zero flux boundary condition was appla&dhe toe, and all remaining edges of the
3D model geometry.

The boundary conditions applied to the ADE module inadideombination of specified
flux and zereflux boundaries. Zero flux boundaries were applied to all exterior surfaces and
edges of the model geometry. A specified flux boundary was applied at the top surface of the
preferential flow path along the intethnx < O m. The flux along this boundary was defined as
the product of the initial concentration (185 ki)rand the Darcy velocity that was computed
from the Richard's equatiorA specified fluxequivalento the outward normal component of
advectd NaCl mass was applied to the intergurfaceof the modethatconnecs the
suldomains representing the dam and the downstream topography (see location annotated in
Figure 4.11). A liquiestate chemical reactiqin kg m® min™), given by the expressid-
(scaletime)*ct*dl.Se*), was applied in all domains of the model, wheealetimgin s/min) is a
userdefined model parameter informing the elapsed time between each simulated tiroe step,
(in kg m®s?) is an inherent model variable representing the (irattial) time derivative of
concentrationdl.Se(dimensionless) is an inherent model variable representing the fluid
saturation, and is the usedefined porosity for a given subdomainue to theransient nature
of the computed solutioof the ADE an initial condition of zero concentration wsecified
everywhere throughout the model domain.

The boundary conditions applied to the Electric Currents module ircthudembination
of electric grand and electric insulation boundaries. An electric insulation boundary condition
was applied on the top surfaces and edges of the model which include the surface of the reservoir

bed, the upstream and downstream dam slopes, and the downstream surtaephigp An
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electric ground boundary condition was applied to all sides and the bottom surface of the model

geometry.

4.6.3 Steadystate Simulations of Flow and Electric Field

The steadystate flow field and the corresponding steathte electric field were
simulatedprior to injecting the NaCl slug into the preferential flow paithe background
electric field was computed by omitting the diffusion cureesity term to ensea that only the
ground water velocity field contributed to the source current denbitgbackgrouncelectric
field is shown in Figure 4.12. In Figure 4.12 the surface shading indicates the effective
saturation computed f robwaries fioen a Rinimumeof Ocbdtea equ at i
maximum of 1 (complete saturation), and the black vectors indicate the Darcy velocity field.
The sizes of the velocity vectors are proportional to the magnitude of the computed Darcy
velocity. Although it isapparentin Figure 4.12, the flow vectors are concentrated within the
high permeability preferential flow path inside of the dam, where the flow veluasthe
greatestmagnitude

The contours at the surface show laekgrouncelectric field. Thdield conbursshow
a progression from negative potentials on the upstream reservoir bed and the upstream slope to
predominantly positive potentials on the downstream toe and the downstream topography where
the flow vectors converge towards the surface. Furthefroarthe downstream slope of the
model where flow is converging and the polarity of the electric potential is observed to be
predominantly positive, a pronounced negative anomaly is localized over the preferential flow

path. This is consistent with themhlar signature predicted by the theory of the electric double
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layer, and confirms our interpretations of preferential flow paths from thechtial

reconnaissance data measured at the field site.

4.6.4 Transient Simulations of NaCl AdvectiorDispersion and Electric Field

After simulating the steadstate flow fieldand background electric figldn NaCl slug
injectionwas simulate@t the surface of the preferential flow path along the interval x < 0 m
and the transient migration of Na@és simulated by solving the ADE through time. The ADE

governing the transport ¢fie NaCl masss given by Eq. (%)
ve: : as
qE+DC@ qDE)C+uC)—a R, (4.5

wh er e, ®ntf) rgpriesentsrthe pore volume fraction, C (in KJ is the concentration, t (in
s) represents timé) (in m? s%) is the hydrodynamic dispersion tensor, which is defined to be
isotropic,u (in m s?) represents the Darcy velocity vector, and(iR kg m* s) is a term that
represents liquid phase reactiofi$ie initial concentration of the NaCl slug was specified as 185
kg m”>.

The concentration of NaCl inside of the preferential flow path was plattét selected
time stepshown in Figure 4.13. Figure 4.1B8&ludes the 3D geometry of the dam ahdws
the concentration in the flow path at tirge=tL000 min. Figure 4.13b shows the migration of the
NacCl slugin the flow path through timky 2D timelapse snapshots. The snapshots show the
concentration inside of the flow between timgs 0 min aad & = 1250 minin map view

The electridield was computed in steagyate at each timstep for the corresponding
concentration distribution by including the diffusion current density in the sourceteh®

governing field equatiarA 2D profileof electric potentialvas plotted along Profile fbr each

time stepto observe the effect of NaCl migration on #lectric potential along the profil&@he
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potential distribution along Profile 1 is shown in Figure 4.14 for each of the six time steps.
Figure 4.14a shows the development of the potential anomaly without any reference to the
background electric potential distribution along the profilée background potential computed
prior to NaCl injection shows a negative anomaly with an amplitudenof positioned over the
preferential flow path (the location of the channel is indicated in Figure 4.14b). The electric
potential over the channel grows relatively more positive in time with respect to the background,
as the plume migrates beneath Prdfiléut remains negative throughout the duration of the
simulations. Time t = 0 min corresponds to the time of instantaneous injection of thenstug

the channel.The anomaly over the channel approaches OmV until approximatelystars0

min, at whth time center of mass of the plume is downstream of Profile 1, and the electric
potential begins grow more negative and return towards the background condition. Note that at
time & = 1250 min the concentration beneath the flow path has returned tkgadhad value of

0 kg m?, and the electric potential has also returned to the background along Profile 1.

Figure 4.14b shows the growth of the potential anomaly when referenced to the
background condition. The anomaly shows a growing positive treed veferenced to the
background condition, and indicates that injecting an NaCl slug infitetdesitedam should
produce a relative positive anomaly over preferential flow ghtiesigh which the injected NacCl

migrateswhenthe observed seffotentialsarereferenced t@background potential distribution.

4.7. Brine Tracer Monitoring Survey
A shortdurationmonitoring survey was performed at the field sitéest timelapse sel
potential monitoring as a means of mapping seepage paths and their evolution in time. Our goal

was to trigger a conductivity change in the ground witd@ring through the preferential flow
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paths by injectin@ brineinto the damand tosubsequentlynap the tracer migration through the
preferential seepage pathgh time-lapse seHpotential data. The purposétheexperiment

was toseeif an injection of a salt tracento a fieldscale danwould result irelectrical potential
signalsthat were distinguishable from background noise and evdhredgh time If so, then

the extension ahis method to include redéilme quantification the flow velocity and retine
monitoring of the geometric evolution of seepage patlosly limited by the measurement

frequencies and lonterm electrode stability that can be achieved with current technology

4.7.1. Experimental Procedure

The layout of the monitoring survey is shown in Figdr. Figure 4.15a shows a field
scale view of the survey grid and figure 4.15b shows an aerial photo of the survey grid with the
selfpotential reconnaissance data georeferendéée. suvey was designed to target seepage
path2 (Figures 4.3 and 4.@eneath th maximum crossection of the darbetween
reconnaissance profiles P6 and P7. The timing of the monitoring survey was chosen so that field
conditions during the survey closely resembled the conditi@tsvere prevalerduring the
reconnaissance surveYhe reservoir water level was held constant at the maximum storage
level (2,412 masl) and the seepage discharge zone on the downstream surface topography was
observed and estimated to be seeping at a rate betweend(60gpm) and 1.9 L5(30 gpm).
The electric conductivities of thelandk4dler voir
e S Tcrespectively at 12.2C. The background electric conductivity of the ground water
inside of the dam was measured in piezometers Pz1 and Pz2 witlgtusiak CT2X
conductivity/temperature/ pr esasndr & 2¥marSt lcorgger

respectively at 8.8C.
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A tracer composed of 38.56 kg (85 Ib) of kiln dried mixing salt (NaCl) and 189 Liters (50
gal) of reservoir water was mixed-gite The salt mass was completely dissolved into the
reservoir water and the entire tracer was injected into piezometer Pzls(géigure 4.3) on the
downstream edge of the crest using a funnel. The electric conductivity of the tracer was
measured prioto theinjection, and was 1.36 Shwhen diluted with reservoir water absane-
to-reservoir water ratio of 1:12. The tracer volume increased the hydrostatic head in piezometer
Pz1 by approximately 7 m. The hydrostatic head in Pz1 returned to baatkkgnd@Zminutes
indicating that the entire tracer volume had completely entered into the flowhialdvas
penetrated by the screened interval of Piezometer Pz1. The timeo$énesormalized
electrical conductivity in Piezometers Pz1 and Pz2 aye/shn Figure 4.6.

Self-potential datavere measured on the downstream slope parallel to the dam crest
along monitoringorofiles P1*, P2*, P3*, and perpendicular tine dam crest along Profile P4*

The profiles oriented parallel to the crest spanned 96 m across the downstream slope between the
crest access road at twest abutment and the emergency spillwaystope at theast

abutment. A total of 32 stations were measured along each pardliel aran interval station

spacing of 3 m. The parallel profiles were evenly spaced betweemndipgezometers. Profile
P1*waspositionedd m downslope of piezometer Pz1. Proffl@* was positioned

approximately 7 m dowslope ofProfile P1* and aproximately 11 m ugslope of piezometer

Pz2. Profile P3* was established 4 mslppe of piezometer Pz2, and separated fPoofile

P2* by 7 m. The perpendicular profile intersected both piezometers, and stations along this

profile were separated by 1 Seven stations along the perpendicular profile were measured

upstream of piezometer Pz1 on the dam crest.
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Theself-potentialdata wereacquiredoy following an acquisitionprocedurghat was
identical to the reconnaissance survey. A total of 128ps¢dintial stations were measured per
snapshot alonthe monitoringprofiles, and a total of 6 snapshots were gathered (background
plus five additional snapshots after the tracer was injectadh, tital of 768 selpotential
measurements during the monitoring survéiie measurements were made with a handheld
Fluke 289 true RMS multimeter and two rpolarizing PBPbCL PetiauelectrodegPetiau and
Dupis, 1980; Petiau, 2000)he contact restance for all selpotential stations was less than 9
kq on average. The potential difference betw
measured before and after acquiring each sounding to correct for electrode drift. All data were
corrected for dft and also corrected relative to the reference electrode, which was assigned an
electric potential of 0 mV. Telluric currents were assumed to be negligible due to the small,
confined nature of the field site and were not monitofEue timing of eaclsnapshot relative to
the NaCl injection time is illustrated in Figure 4.16.

Resistivity data weralsoacquired along each profiteetween the sefpotential
snapshotsvith an ABEM Terrameter SAS4000 using a Wenner 64 protocol and 32 electrode
takeouts The acquisition time for DC resistivity data severely limited the measurement
frequency for the selpotential snapshots, and unfortunately these data were discarded due to

poor data quality

4.7.2. Interpretation of the Hydraulic Data
The timelapsenormalized conductivity of the ground water in piezometers Pz1 and Pz2
are shown in Figure 461 The addition of the NaCl tracer into the dam resulted in an increase in

conductivity in piezometer Pz1 to a maximum value that was 435 times greater than the
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background conductivity. Theansferof theinjected briefrom Pz1 into the flow field resuéd
in the decay of the conductivity record in the piezometer through time. The decay initially
occuredrapidly betweert = 0 h (at the starting time of the e injection) and = 10 h after the
injection, at which time the normalized conductivity of the ground waterimisreduced by
42%, andvasapproximately 250 times greater than the background conductivity. The rate of
conductivity decay in Bl reducel after t = 10 h andemainedat a relatively constant rate
betweert = 10 h and = 26 h.

A conductivity breakthrough curve was observed in piezometer Pz2 (see Fidilme 4.1
The observed increase is on the ordeapygroximately 5% relative to theneasured
backgroundtonductivity. Piezometer Pz2 is slotted in an area that is not characterized by a high
permeability, which is consistent with the Darcy velocity inversesultsshown in Figure 4.10.
Therefore, this piezometeraynot receivea significant volumef the flow coming from
Piezometer Pz1, anvie believe this curvpredominantly reflectsonductivity changes in time
that are related to hydrodynamic dispersion away from the conductive pHionesver, the
temporal behavior of condtivity in Pz2 appears to be correlated with the temporal behavior
observed in Pz1, and theappears to be at leasime direct flow through the central flow path
between the two piezometerdowever, he lack of a conductivity breakthrough curve in Pz2
that is of comparable magnitude to the conductivity increase in Pz1 is an indicator that the
predominant direction of seepage flow may not be in the direction of the topographic gradient
between the two piezometees wasnitially assumedjiventhe locaton andthegeometry of
Path 2that was inferred frorthe reconnaissance dai@iven the rapid increase in the Pz2
breakthrough curvé-15 min to first breakthrough and ~4 hours to achieve the maximum

conductivity) the steady trend at the maximum cortoity that persisted for approximately 6
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hours, and the subsequent decay in Pz2 conductivity, it is unlikely that the duration of the
monitoring survey was insufficient to capture the full breakthrough curve. Furthermore, the
hydraulic head in Pz1 retwed to background in ~32 minutes after the injection and the
normalized conductivity in Pz1 decreased by more than 50% over the duration of the monitoring
survey. Bothof these factare indicators that NaCl mass was moving somewlghen the

dam, and a& significantly greater rate than was anticipated.

4.7.3. Interpretation of the SeltPotential Data

The timelapse seHpotential data are shown in Figure 4.17. The data indicatehthat t
passage of a salt tradbrough a heterogeneous earthen damndeedbe detected and
monitored with the selpotential method This has beediscussed and modeled extensively by
Boléve et al. (2011) and Ikard et al. (201Zhe selfpotential signalat the surfacencrease at
the time of passage of the sattderin the subsurfacerhis behavior is relatively easy to explain.

The conductivity of a porous material is given by (Revil, 2Gis3)

S :E Sf + S<" (45)

whereF denotes the formation factos the surface conductivityf the mineral framework of
the pore spacends ; the pore water conductivityThe combination oEgs. (4.1) and (4.5)

yields Eq. (4.6)for the streaming potential coupling coefficient

= ﬂ /'f g. (46)
hi(s+F 9
Eg. (4.6) shows that the streaming potential coupling coefficient is inversely proportional to the

pore water conductivityTherefore an increase of the paraterconductivityreduces the

magnitude of the quotient tg. (4.6) and results in a more positixgdue of thecoupling

140



coefficient. Because the coupling coefficient is by definition equal to the change in electric
potential for a corresponding change in hydraulic head, a more positive value of the coefficient
produces a more positigelf-potential anomalyor a constant hydraulic head

Figure 4.7 shows several areas of increase of thesaiéntial datahrough time in the
monitoring profiles parallel to the crest, over locations where the seepage peghdetermined
in the reconnaissance datahe timelapse seHpotential at showstrongevidence of the tracer
migration towards thevest abutment, and the preseace growthof the anomalyn time
appears to beorrelatedo rate of decay of the normalized conductivitpiazometeiPz1. We
believe the plumeltimatelysank in the flow fielggiven that the density of the plume was 11%
greater than the density of the pore wadedmigratedalong the bedrockaquifer inerface
predominantly towards thgest abutmentproducing the strong positive anomale®r Path 1
in profiles P1* and P2* In all of the selpotential snapshots, there is some evidence that part of
the plume isalsotraveling throughPath 2in a downsream direction towards Piezometer Pz2 and
the spring.

The improvenent in theestimation of flow directiothat can be obtainddom self
potential monitoring, as compared to simgilegle snapshot reconnaissance surveying, is evident
in this study. The predominant flow direction towards the west abutntieat was discovered
during monitoringvas not apparent in the reconnaissaaroe was easily misinterpreted given
the general alignment with seepagéated anomalies that were observed in the reconnaissa
data with the direction of the topographic gradiefitie explanation for the deviation of the
predominant flow direction from the topography of the field isitether sensible after
reconsidering the hydraulics the dam The emergency spillwag connected to the east

abutment by a steep eslope, and due to the geometry of the spillway and thslope, both

141



are at a higher elevation with respect to a large area of the downstream slope and the west
abutment of the damGiven the fact that themergency spillway was carrying water during the
surveys, he hydraulic head and the resulting hydraulic gradieme elevatedn the east
abutment whicthas the tendency tlrive theflow ground water inside of the dam toward the

west abutment.

4.8. Conclusions

Geophysical reconnaissance and monitoring surveys were performed at an earthen dam to
investigate anomalous seepage and to test the ability gictelfitial and resistivity to
succesfully resolve preferential seepage directionthin seepag zones The seHpotential
reconnaissanamap and resistivity tomograms indicate that the phreatic surface inside of the
dam diverges into the three preferential seepage paths betweeamaissance gfiles P3and
P5, with the actual divergence ocgng beneath reconnaissance profile B2 modeling results
along profile P@rientedperpendicular to the dam credbng the maximum crossection
indicates that at least some flow through the central flow path is in the direction of the
topographic gradignwhich is directed downstream between the injection point at Pz1 and the
seepage zonegsiven the location of the sefotential anomalies observed in the reconnaissance
survey their tendency to follow the local topography, the data appear to impilyehat
predominant flow direction beneath profile P6 is downstream in the direction of the topographic
gradient. However, diring the monitoring survey the triggered anomaly enablechproved
estimate of the flow directions in the preferential seepage zohésh wereobserved to be
predominantly from the injection point at the crest of the maximum-sesson of the dam

toward the west abutmenthis flowdirection that deviates from the direction of the
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topographic gradiens likely driven bythe elevated hydraulic heathe east abutment thatas
result ofthe emergency spillway and steep-slape connecting the spillway to the east abutment
of the dam

The transient behavior of sgdbtential monitoring data is confirmed by 3D modeling of
NaCl migration through a preferential flow path in a fistchle dam geometry, which shows a
relatively negative sejpotential anomaly localized over the flow padhg a subsequent increase
in the magnitde of the anomaly through tindeie to thepassagef NaCl in thesubsurfaceln
addition to providing aeffective tool for detecting the presence of anomalous seepagethaths
selfpotential monitoring data show Bear improvement in resolving preferential seepage
directions, with respect to a single reconnaissance snapshot. With higher frequency sampling
capabilities longerm selfpotential monitoring is expected to provide a value tool fortresd

hydraulic claracterization and monitoring of seepage path evolution due to internal erosion
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4 11. Tables

Table 4.1 Numerical Model parameter summary.

Property Value
PercenGravel [% wt.] (1) 5.00
Percent Sand [% wt.] (1) 25.00
Percent Silt [% wt.] (1) 20.00
Percent Clay [% wt.] (1) 50.00
Residual Moisture Content [% volf; (2) 0.296
Saturated Moisture Content [% vol]= (@) 0.509
Saturated Hydraulic Conductivity [mm/hKs (2) 1.180
Bulk Density [kg/mi], } (2) 1300
Porosity [-], - (2) 0.509
van Genucht &2 (1980) U421
van Genuchten (1980) i | (2) 1.631
van Genuchten (1980) m || (2) 0.387
Permeability [M], k (2) 3.8 x 10
Formation Factor {], F (3) 3.853
Excess Charge Density [CTh Q, (4) 64.48
Bulk Conductivity [mS/m]{i (5) 8.000

(1) Estimated from dam safety and inspection reports supplied by the Colorado State Engineer's
Office

(2) From SPAW soilslatabase of Saxton and Rawls (2006)

(3) UsingF =t " with m=2.0.

(4) UsingC=- &t kyrg/ (). 0whedel #/ Fwi t¢h (40+0.2) x 1G S m' (pore water
conductivity)

(5) Using for the bulk conductivit§f = G / F with (s = (4.940.2) x 1¢ S m* at 20°C.
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4.12 Figures

a. Location map of field site

-
E’M N LT

O —— Counties

* Denver, Colorado
* Nottingham Dam
1-25

b. Photo of field site

Figure 4.1. Site locationa. The field site is located on the western slope of the Colorado
Rockies, near Avon, Coloradb. Picture of thedam andeservoir with the position of the two
spillwaysand piezometers shown
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Figure 4.2 Position of the DC resistivity and seqdbtential profiles for the reconnaissance

survey. Five DC resistivity profiles (P1 to P5) were acquired parallel to the dam crest with a 2.5

m electrode spacing, and six profiles (P6, P7, P8, P10 to P12) were acquired perpendicular to the
dam crest with a 1 m electrode spacing. One profile (P9) wiasteml oblique to the East

abutment, perpendicular to a suspected seepage path through the abutment, with a 1 m electrode
spacing. A total of 1049 SP stations were acquired along DC survey lines with a 1.25 m spacing
parallel to the crest and a 1 m spgagoerpendicular to the crest (Ref denotes the position of the
reference for the seffotential measurements).
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Figure 4.3.Example of 2D resistivity and sgbiotential profile normal to the dam structure

(Profile P6, see position in Figure 4.2). Theygaeea corresponds to the area where seepage A2
can be observed at the ground surface. This area is associated with a 20 mV positive self
potential anomaly. We also show the piezometers used for the salt injection test discussed in the
last part of the pag. The salt is injected in Piezometer P28.6 kg of NaCl in 189 L of water

in the interval between 10 and 14 amd monitored in Piezometer Pz2 (in the interval between

12 to 16 m).
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Figure 4.4.Example of 2D resistivity and sgbiotential profile prallel to the dam crest (Profile

P2). The high density of measurement can be used to determine the standard deviation to be 3
mV. This profile shows the lateral zone of saturation associated with the aquifer. The increasing
electrical potential on theest abutment side of the profile indicates that a component of the

flow is flowing from right to left (on the profile) towards Path 1 (see Figure 4.6).
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Figure 4.5.Example of 2D resistivity and sgbfotential profile parallel to the dam crest (Profile
P1lis on theupstream edgef the crest close to threservoi). The high density of measurement
providesanestimate othe standard deviation to be 3 mV.
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Figure 4.6.Example of 2D resistivity and setiotential profile parallel to the dam crest (Profile
P5). The high density of measuremprdvides an estimate tie value of the standard deviation

(about 3 mV). This profile shows three wdkveloped flow paths called Path 1, Path 2, and Path
3.
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a. Self-potential map (with topography)
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Figure 4.7. Selfpotential map (total 0049 SPstations). Negative seffotential anomalies on
the abutments anddnstream sloparein the approximate range €f5 mV toi 30 mVandare
a result of flow througlthe preferential paths imaged in DC resistivity tomografdee Figures
4.3- 4.6). The negative selfotential anomalies on the abutments appear to comvengards
the positive sefpotential anomalies in areas A1 and A2, and indicate the potentig) fayw of
ground watenear the observed seepage zone (spring).
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a. 3D resistivity distribution
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Figure 4.8.3D electrical resistivity tomogranmsingProfiles P1 to P5 2357apparentesistivity

data).a. 3D inversion of the DC resistivity., c. 2D planview slices at different depths below

the topographyd.Low r esi sti vity amiomegiitiudeae showwsand t han
possibly represent the aquifer 2 m below the groundeserf Three flow pathways are shown

within the dam, diverging from uniform flow in a downstream direction. One path is imaged
through each abutment, and one path is imaged beneath the maximusectmssin the center

of the dam. The central path (P#&®) through the maximum crosgction of the dam appears to

be the primary contribution of flow into the seepage zone (spring) observed in Profile P6 (Figure
4.3) as well as in the field.
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Figure 4.9. Measurement of the streaming potential couplingffoi@ent for a core sample from
the dama. Sketch of the experimental setup whiegenotes the hydraulic hedd.The
measurements have been made with water from the reservoir. The value of the streaming
potential coupling coefficient 2.6+ 0.2 mV m'.
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a. Fit of the self-potential data
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Figure 4.10. Result of the inversion of the sgdbtential data along Profile6 and flow Path 2.

a. Best fit of the experimental data at the third iteration of the Gidesgon algorithm. The
standard deviation on the data is considered torb¥.3. Result of the Darcy velocity
distribution assuming an excess of charge density of 0.64 @nchthe inverted source current
density obtained at the third iteration. The dashed line represents approximately the interface
between the bedrock and the aquifer determined from the resistivity data.
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Figure 4.11. 3D geometry of the dam showing agimpreferential flow path in the interior of

the dam, highlighted in pink. The model geometry includes three permeability domains: k
representing a high permeability preferential flow pathiepresenting the permeability of the
encompassing dam sedintg, and krepresenting the permeability of the underlying,

impermeable bedrock, wherg¥>> k, >> k;. The dam is 80 m long (x dimension), 122 m wide

(y dimension, out of the page), and 16 m high (z dimension, note that z = 11 m between the toe
and creg, which represents approximately the dimensions of the Nottingham dam. Hydraulic
boundary conditions are annotated in blue text, advedigpersion boundary conditions are
highlighted in green text, and electrical boundary conditions are highlighted text. The

location of Profile 1 (seEigures4.12-4.14) is indicated on the downstream edge of the dam

crest.
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Figure 4.12. Results of steadgtate flow field and background steastate electric field. The

electric field includes a streaming potential component in the source term but not a diffusion
current term, which corresponds to Darcy velocity greater than zero, aceht@tion equal to

zero everywhere within the model geometry. The surface represents effective saturation and the
vectors represent ground water flow direction and are proportional to the magnitude of the Darcy
velocity. Flow vectors are concentratedhe preferential flow channel inside of the model. The
contours on the surface represent the electric field and show a polarity reversal from upstream
where potential is negative to downstream where it is positive, except on the downstream slope
over thepreferential flow path. A pronounced negative anomaly is localized over the

preferential channel on the downstream slope. The location of Profile 1 on the downstream edge
of the dam crest is shown (see Figures 41113}).
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Figure 4.13. a. Concentratn at time t5 = 1000 min including the 3D model geomelxyPlan

view maps of a slug injection and migration that is simulated on a 250 minute interval by
instantaneously increasing the concentration on the surface of the preferential flow path at time
t1 = 0 min along the interval x <0 m. The location of Profile 1 is indicated on the 3D geometry
and on the timdapse plan view maps. Attime t6 = 1250 min the concentration beneath Profile

1 has returned to the background condition of 0 K8, mnd theNaCl mass has accumulated in

the higher permeability sediments of the dam downstream of the preferential flow path, resulting
in an increase in the concentration at the slugs center of mass.
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a. NaCl Influence on Self-Potential. Development of Potential Anomaly
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b. NaCl Influence on Self-Potential. Anomaly Referenced to Background Potential
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Figure 4.14 Time-lapse shapshots of electric potential along profile 1 after the injection of an
NaCl slug into the preferential flow path inside of the 3D dam geometry. The profile times
correspond to the concentration distribution in time shown in FijdB Not that the

background potential profile also corresponds to the potential profile at time t6= 1250 minutes
a. Growthof the potential anomaly without any reference to the background electric potential.
The potential is negative at all times but growgenumositive towards 0 mVb. Growthof the
potential anomaly when referenced to tlaekgrouncelectric potential. The anomaly is greater
than 0 mV/ grows more positive iime, and returns to 0 mV as the concentration and potential
return to the backgumd condition.
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a. Field scale view of the main features for the salt tracer test

Figure 4.15. Positionof DC resistivity profiles for the salt tracer monitoring survéyree sel
potential profiles (P1* to P3*) were acquired parallel to the dam crest with 3 m electrode
spacing, and one sgtbtential profile (P4*) was acquired perpendicular to the dam crest with a 1
m electrode spacing over the main central seepabéPadh 2)beneath the maximum cress
section. a. Field-scale view taken from theast abutment looking towards tivest abutmentb.

Aerial view with geereferenced selpotential from reconnaissance survey for referencing
interpreted seepage paths wilydut of monitoring survey profiles.
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Figure 4.16. Conductivity in piezometers during theltsinjection test. The position of the
Piezometers Pzand Pz2 are shown in Figure 8.1a. Conductivityratio, normalized to the
background conductivity of thequifer 649¢S cm* at 8.6°C) in Pz1 through time. The
conductivity of the brine tracer was measured before injection 1.36& #C. b. Normalized
electric conductivity in Pz2 through time. The kgiowund conductivity of the ground water in
Pz2 was 52@S cni® at 8.6°C. The occurrence times of the 5 snapshots for thepeghtial

maps are shown in the figure (snapshot #0 is taken prior the brine injection and corresponds

therefore to the referen).
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Figure 4.17. Seli-potential profiles P1* to P3* for the salt tracer test. The passage of the salt is
expected to generate more positive-pelfential signals over time. The areas in gfeatlfs 1

and J correspond to the areas where such behavior occurs and therefore showing the position of
the three preferential flow paths. Note that for Profiles P1* and P2*, the change atdtwars
selfpotentialminimaalongthe profiles. These minima are usuallg@dated with preferential

flow pathways (see lkard et al., 2011). The maxinsaifpotential changen Profile P3* is

close to the area of seepage.

165



CHAPTER 5
TIME -LAPSE SELF-POTENTIAL DUE TO THERMAL CONVECTION ALONG A

PREFERENTIAL FLOW PATH

A paperin preparation for submissidn Water Resources Research

S. J. Ikard, A. Revil'?
! Colorado School of Mines, Dept. of Geophysics, Green Center, 1500 lllinois street, 80401
Golden, CO, USA.
2|STerre, CNRS, UMR CNRS 5275, Université de Savoie, 788@8x, Le Bourget du Lac,

France.

5.0. Abstract

An experiment is performed in the laboratory to4orasively localize a preferential
flow pathin a heterogeneous sand targing anon-conservativéneat tracer and tiraapse sel
potential measurements. A tosalfpotentialanomaly is observed at the surface of a sand tank
after a slug of boiling water is injected in&reservoirthat isconnected to the upstream end of a
steadystateflow field. The total anomaly is @ombinationof acomponenanomaly due to
increased pressure head in tegservoir anda componenanomalyproduced by théemperature
of the boilingslug The pressure and temperature companefithe total anomalgreseparated
by performing a second injection consisting of an equal volameinjected at an equal rate,
with atemperaturehatis equal to the ambietémperature of thevater in thesand tank.This
produces the pressure component of the totalsdthtial anomaly. Differencingthetotal and

pressurecomponenanomalesgives theself-potentialanomalyproduced by théemperature of
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the boiling slug injection The heat fronadded by the boiling tracer injectisobserved

migratingin the preferenal channein reattime from the surfageandthe selfpotential anomaly

is used to estimate the flow velocity of tgund water Thevelocity oftheground watein the
channel that was estimated from #edf-potential anomaly produced liye increased

temperature was 64 less than the true ground water velocity that was determined with a dye
tracer. The discrepancy between the estimated and true ground water velocities is a reflection of

the nonconservative nature of the heat in theroiel.

5.1 Introduction

The selfpotential method is a passive geophysical method that is sensitive to flow of
waterin a porous mediumThe sensitivity of the method arises frahargeimbalancen the
electrical double laygfEDL) at the pore wallsElectric disturbances in the ERQlue to this
imbalancecan bemeasured passivefyom the surfacendused to delineate ground water flow
patterns.Electrical disturbancesue to charge imbalancan be triggered in preferential flow
pathsby injectingconductivetracers into thenedium

A flow field in a porous medium is coupled to an associated electric field through the
Darcy flow velocity and the excess of ionic charge #taumulates in the diffuse layertag
EDL (Revil et al, 1999Revil andLeroy, 2001). Flowing ground water drags the excess electric
charge through the pore space in the direction of flow and produces a streaming current density
as (typically) positive charges in the mobile layer of the EDL are separated from the oppositely
charged walls of the pore space. The streaming current density swbenmposed upahe
counterbalancing condueh current density, results in a net current density that prodoees

electrical disturbance andpatential field The counterbalancingpnduction current density is a
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function of the bullconductivity of the flow mediupwhich must either be known through
direct measurement or estimated using Archie's law (Archie, 194Bgn the conductivity
distributionis known, seHpotential can beneasured in timéapse with monitoring systems
(either wireless or wired) to reduce noise in the measured data and increase the spatial resolution
of the results.

Because of its direct sensitivity to the flowgybundwater, rather than simpthe
presencef ground waterthe self-potentialmethodhas been used extensively in engineering
problems related to ground water and subsurface heat flow, such as the study and delineation of
geothermal reservoirs (Dorfman et al, 19€érwin and Hoover, 1% Apsotolopoulos et al
1997;Revil et al, 1999bJardani et al, 200&;egaz et al, 2009; Richards et al, 2010;
Vandemeulebrouck et al, 2010), studies of redox potentials and migration of contaminant plumes
(Kemna et al, 2002; Naudet et al, 2003; Naudat,&2004; Maineult et al, 2005; Maineult et al,
2006; Arora et al, 2007), delineation of local and regkscale groundwater flow patterns
hydraulic characterization of the subsurface (Revil et al, 2002; Darnet et al, 2003; Jardani et al,
2006;Boleveet al, 2007 Jardani et al, 2007a,b; Linde et al, 2007; Jardani et al, 2008; Revil et al,
2008; Jardani et al, 2009; Malama et al, 2009a,b; Revil and Jardani, BQ&Geet al, 2012),
detection of seepage in landfill lineaadearthen dams (Gex 198Buitler et al, 1989; Bulter et
al, 1990; AlSaigh et al, 1994Birch, 1998; Panthulu et al, 2001; Sheffer and Howie, 2001,
Sheffer and Howie, 200&ong et al, 2005; Rozycki, 2008¢leveet al, 2009Minsley et al,
2010; Moore et al, 201Boléveet al, 201}, and more recently, the extension of these and
similar engineeringpplicationof selfpotential to timdapse monitoring applications (Suskie et

al 2006;MartinézPagan et al, 201®oleveet al, 2011; lkard et al, 201and additional references
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contaned in chapters of this theyihat may or may not employ the use of tracers to delineate
ground water flowpatterns and quantify hydraulic variables

In this paper we extend the tidegpse monitoring applications of the sptitential
method to inclde the localization of preferential flow channels with the convection of heat
tracers. In sectioh.2we present a laboratory experiment that was performed to localize a
preferential flow channel in a sand taankd determine the flow velocityith a sluginjection of
boiling water We discuss the experimental resuttsection 5.3and ve offer conclusionand

recommendations in section 5.4

5.2Laboratory Investigation

The goal of this experimemtasto determine if, by measuring the fluctuations of the
electrical field at the top surface of a saadk we ©uld norrintrusively visualize a preferential
flow pathway, and retrieve the flow velocity using the convective transport ofThesaeffect of
heatconvection on the timapse seHpotential response was observed at the surfatteesaind
tank by performing two slug injections into a steatiyte flow field. Each slug was equal in
volume and injected at an equal rate, although the tempevedsreariedor each injection
The first slug (injection 1 boiling) consisted of boiling water, and after injection produzed
total selfpotential anomaly that was a combined eftdahcreased pressure hedule to the slug
volumeand increasetemperature. The temperature of the second slug (injectiambienj
was equal to the ambient temperature of the water flowing through the tank, and therefore
produced a sefpotential response that was independent of temperailre resultant anomal

wassolelya result oftheincreased pressure heiadhe upstream reservoir
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5.21 Material and Methods

We employed an experimental setup that is nearly identical to the one described by lkard
et al (2012). The tank shown in Figure 54 It was 0.9 m wide and 1.2 m long, and consisted
of two rectangular reservoirs seatad by a 0.99 m long sand bodgach reservoir was 51.1 cm
wideand 11.1 cnong, and separated from the sand body by a membrane mpdenoéable
plastic with a squarecedli ze of 100 & m. Each reservoir was
CT2X submersible SmartSensor to measure temperature (accuracy and resolution equal to +/
0.2C and 0.1C, respectively), and pressure head (accuracy and resolution equal to 0.05% and
0.003% of the measured value, respectively) through time at a frequency of 1 Hz. The sand
body was composed of two different sand units with contrasting permeability. A central 12.7 cm
(5 in) wide high permeability channel of #8arsesand was flanked on tiosides by 15.2 cm (6
in) wide low permeability # 70 fineand units (Figur&.1b). The material properties of the two
sands are described in Tablé. The sand was emplaced in the tank by first filling the tank with
#70 sand to a depth of 39.4 cm @), and then excavating a rectangular channel to serve as a
preferential flow pathway. The #70 sand was added in uniform, submerged layers to a standing
water column. Each newly added layer was sprinkled over the surface of the standing water and
allowed to settle out of suspension before it was combed and tamped to remove cavities and air
bubbles and mix uniformly with the underlying sand. The tank then was drained and the
preferential flow channel was excavated from the partially saturated fine Shadectangular
geometry of the excavated channel was maintained during the excavation by stabilizing the side
walls with cardboard and incrementally backfilling the channel with dry layers of the coarse
sand. Each newly added layer of coarse sand erabed and tamped and uniformly mixed with

the underlying coarse sand. The cardboard walls were removed incrementally during backfilling
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to allow the coarse sand to make contact with and stabilize the fine sand walls, and to fill in the
preferential flomchannel. This process helped to ensure a fairly precise rectangular channel
geometry. The entire sand body was thesateirated and drained again to allow each individual
sand unit to settle and to stabilize the contact boundary between the coarst ahdrtine

flanking fine sand units.

The hydraulic conditions during the experiment are summarized in Tabl®\&a®2r was
circulated through the sand by maintaining constant inflow and outflow rates in the upstream and
downstream reservoirs, respechyavith a series of hoses and valves. A constant hydraulic
head difference was maintained between the reservoirs during both injections, and the mean
hydraulic gradient was consistent for both slug injectioffse timelapse hydraulic gradient in
the tank was measured and is shown in Figai&for both slug injectionsFigure 5.2a compares
the hydraulic gradient through time following each injection, and Figure 5.2b compares the rate
of change of the hydraulic gradient for each experim&he sudden increase of the hydraulic
gradient due to thieydraulic disturbance of tretug injection occurs att = 0 s. After both
injections the hydraulic gradiestabilizedat approximately t = 600 sThe mean hydraulic
gradient was 0.138 followg thefirst slug injection, and 0.137 following the second injection.
During each injection, a volume of 2.15 L of water vpasiredinto the upstream reservoir at a
rate of 0.215 LS, and the slug volume increased the hydraulic head in the upstream relsgrvoi
approximately 3.7 cmForahydraulic conductivity K = 52x10° m s* for the coarse sand
(Table5.1), the mean Darcy velocity was computed from the mean hydraulic gradient
corresponding to both injections as u = 2.1Xi0s’. The mean linear velocity of the flowing
water in the coarse sand channel is given by w2, where« is the porosity, which yields v =

8.4 x 10 m s*. The residence time is given by= L /v, and was approximately 118 seconds in
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the coarse sand channel for L = 0.99 Msimilar calculation for the fine sand yields a Darcy
velocity u = 1.93 x 18 m/s, a linear velocity v = 4.89 x P@n s, and a corresponding residence
time of 14.1 d in the fine sand. Following the second sijggiion we introduced a red food dye
into the upstream reservoir to independently assess the residence time. The observed time for the
breakthrough of the dye in the downstream reservoir was 175 seconds, corresponding to a
velocity of v =5.66 x 18 m s*. The residence time in the fine sand was not observed with the
dye due to the low permeability of the fine sand.

Measurements oflectric potential were recorded at the surface of the sandavar
durationof 1,500 s (25 mindising the electrodgrid shown in Figure 5.1cEach slug was
injected into the flow field at t = 0 seconddter 120 s of background potential data were
recorded Voltages were recorded with the BioSemi EEG sysaismg 30 sintered Aé\gCl
electrodes with integrateamplifiers (Figur&.1d). The electrodes provided low noise, low offset
voltages, and stable DC performanc8&gecifications of the BioSemi EEG system can be found
in Crespy et al. (2008) artdaas and Revil (2009pr laboratory applications (see also
http://www.biosemi.com/).During the experiment the electrodes were not in contact with the
phreatic surface, which was approximately 2 cm below the surface at the upstream reservoir and
increased in depth in a downstream direction. All electrical potentle measured relative to
a reference electrode denoted "REF" (se®tion inFigure5.1c) at a frequency of 128 Hz. The
data were processed prior to producing the dmpse maps of the surface potentialgain
factor of 31.25 was removed from eadhctrode data stream, and the data were decimated by a
factor of 10. During the decimation process an 8th order Chebyshev typepads\ilter was
applied to the data with a cutoff frequency of 04Jf10 = 5.12 Hz, where is the original

samplingfrequency of the signals. The data were filtered in the forward and reverse directions to
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eliminate all phase distortions. The smoothed signal was tkeampled at a lower rate equal to
fs/10 = 12.8 Hz.The 120 s of background data were usetbtopute and remove a linear drift
from each electrode data stream. The procetiseetlapse potentials faselectectlectrods are
shown in Figuré.3 for bothsluginjections. e timelapse recorsicorrespondingo electrodes
over the channel ashown in Figure5.4 for injectionl (Figure 5.4ayontainingboiling water

as well as for the temperature anomaly (Figure Sddduced by subtracting data from injection
2 from the data of injection 1.

After the data were processéidetime-lapse seHpotential maps were producatla60 s
intervalovera totaldurationof 1,500 gsee Figures 5.65.8). Each map displays the
distribution of electric potential at the surface of the tamdcorrespondto the indicated time
after the slug injection. The maps were referenced in time to the surface distribution recorded at
t = 0 s, and contoured in Surfer using a kriging approach based on an anisotropic semi
variogram with an anisotropy ratio of 3.0 the direction of the coarse chann&he experiment

was repeated three times and the results were found to be reproducible to within 1 mV.

5.3 Results and Discussion

The effect of the heat contertintained in the boiling slug evident in the totadnomaly
(see Figure 5.6and decreases the electric potential over the chémoeigh time The electric
potential reaches a minimum-09.4 mV over the chann&llowing the injection of the boiling
slug The heat frontan be seen movirtgrough the channély thesudden decrease the
time-lapse datan electroded 0, 16 and 22see Figure 5.3 and 5.4Yhisprovides an estimate of
the velocity of the heat fronivhich can be compared with the true velocity of the heat front

obtained ly the reservoir temperature records shown in Figurel&.5igure 5.4, lte affect of
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the heat fronbn the timelapseelectricpotentialis observed in electrodes 1t x = 27.3 cm), 16
(atx = 46.4 cm), and 22a{x = 65.4 cm)atthetimes t~ 140s, t~ 220 s, and+ 390 s,

resgectively. This corresponds &m approximateelocity of 1.91 x 16 m s* between the

upsteam reservoir and electrode. ZPhe heatelocity inferred from Figure 5.4 676 less than
theground water velocity in the preferential chanthelt wasdetermined with thelye tracer

The reduced velocity of the heat front is likely an effect of conduction of the heat into the
surrounding pore fluids and sand@he true velocity of the heat froist given by the temperature
breakthrough curve in the downstream reservoir, shown in Figbire=igure5.5 shows the
measured change in temperature in each reservoir from the background temperature, following
the injection of the boiling slugnjection1). The heat breakthrough in the downstream reservoir
occurs at approximately t 660 s, corresponding to a true velocity of the heat front of £.5x 10
s*,which isin agreement with the heat velocity determined fedettric potential data iRigure

54.

Electrodes 4 and 28verthe preferentiachannel show increasingly positiegectric
potentials in timdapse,due to theitocations in the tankelativeto the injectiorpoint atthe
upstream reservoirThe dectrodes in the firstolumnof the electrode grid experience a larger
effectdue to the increased pressure hieathie adjacent reservoiwvhich is shown to result in
increasingly morgositive anomalies over the chanmetime-lapse In these electrodes the
pressure heacbmponat of the total anomaly outweighs the tendency for the heat to reduce the
electric potential. However, hereducingeffect of the heabn the electric potentiad still
presentt these electrodes when the pressure head component is réses/€thure 5.3, 5.4

and5.8).

174



Thereducingeffect oftheheaton the timelapseelectric potentiabver the channesi
shown bythe surface electric potentiaaps(Figure5.6-5.8). Following the injection of the
boiling slug, he anomaly over the channelngially positive at t =120 s, due to the relative
influence of increase pressure head in the upstream reservoir. The first appearance of a negative
anomaly is observed in the channel at t = 300 s, and ex<zadéin amplitude The negative
anomaly inthe channel continues to grow in length and amplitude, until the positive anomaly
due to pressure head hasnpletelydissipatedand reversed polarifyetween t = 900 s and t
=1080 s Thepreferentiachannel ighenlocalized by an elongatedegative &ctric potential
anomaly that reaches a minimum-©9.4 mVover the channel Because this thetotal
anomaly and thereforéncludes gositivecomponenainomalythat is due to pressure head, the
resultingcomponenanomalydue tothe heat is signifigntly more negative over the channel
thanis shown in Figure 5.6

Injection 2(ambient)resulted in a growing, positive sgibtential anomaly over the
channel (see Figui®7), with a maximum potential greater than 18 niMue to the equal
volume andequal injection rate, anthe similarincrease in static head in the upstream reservoir
between injection 1 and injection 2, we assume that the pressure component of the total anomaly
is similar in magnitude and growth to theessure componeahomalythat weobserved
following injection 2. We threfore determine trenomaly due to the increased heat by
removing the pressure effect that we observed in injection 2 from thanotaalythatwe
observedrom injection 1. This anomaly is shown in FiguEe8 andappears to grow positive at
a slower rate than themperaturgelatedanomaly grows more negative.

The net effecof increasing the temperature in the chamsel decrease ithe timelapse

electric potentiatecordedover the channel. This deease is observed in all channel electrodes
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downstream of the firstolumn of theelectrode gridsee Figure 5.3 and Figure 5.40)he first

column of electrodes the electrode gridhitially show positive electric potentigldue toa

greater influene of increased pressure head in the adjacent reseAgiegative anomaly is

first observed over the channel between the snapshots att = 120 s and t = 300 s. The amplitude
of the selfpotential anomaly associated with the increased tentinues to gw more negative

and exceeds 26 mV over thepreferentiachanneht its peak.

5.4Conclusions

In the laboratorywe injected a slug of boiling watapstream o# preferentiakchannel
and measured the electric potential at the surface over the channel and flanking units of fine
sand Weobserved totalelectricpotential anom@that wasa combinedresult of increased
pressure heaith the flow field due tdhevolume oftheinjectedslug,andincreasedeat due to
the temperature of the boiling sluthe sign and magnitude of the total anomslgbserved to
depend on the relative contributiontemperature and pressthiead effectswhich are observed
to have an opposite effeah the polarity of the total anomaly

The temperatureffectwas extracted from the total anomaly by performing a second
injection, injectedat an equivalent ra@nd containing arqual volume, with gemperature that
differed from the first injectio@ndwas equal to thambient temperature of theaterin the
tank Thetime-lapseanomalythat was produced by the ambig¢ainperature slug/as observed
to grow morepositivein polarityover the channelue to theeffect ofpressure headvhich was
increasedby the slug volume Thisanomalyreached a peak value of 16.3 mV.

The difference between the total anomaly ancctimaporentanomalydue to pressure

headproduced théemperaturgelated electric potenti@nomalyat the surface of the tank
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Opposite the pressure effect, the effect of injecting heat into the upstream reservoir reduced the
electric potential over the channel, and the net result was a growing negétpetential
anomaly in timdapsethat achieve@ minimumvalueless thar24 mV. The negative anomaly
due totemperatur@ppeared to grow more negative at a faster rate thao#ieveanomalydue
to pressurgrewpositive.

The heamigration wabserved in timdapseelectric potentiatiatg whichyielded
estimates of thedat front velocity that were in good agreement with thehlaat frontvelocity
that we determined withemperature measurements resessdifowever, the heat velocity
estimated with elctric potential datavas 67% less than the ground water velocitthenchannel
that we observed with a dye tracer. By comparisoniytieheat frontvelocity that we estimated
with temperature measurements in the resewag74% less than thground waterelocityin
the channel It appears as ihts methof emplg/ing a heat tracanay produce inaccurate
estimates of flow velocity in preferential flow channelge to the nortonservative nature of the
heat tracerbutit does appear to bmpable oficcuratelyocalizingpreferential channelkst the
lab scale undewell controlled flow conditions Future work will include developing a
comprehensive theory underlying the experiment, numerically modeling theosetitial data
observed during the experimental slug injectjaml applying this method at an idéald site,

such as the dam described in Chapter Six.
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5.6 Tables

Table 5.1.Properties of the two sands used in the experiment.

Properties Coarse sand |Fine sand
(Channel, #08) (Banks, #70)

Mean grain diametersgl(m) (1) 1.51x10° 2.00x10"
Porosity« (-) (1) 0.398 0.396
Formation factor F-§ 3.63 3.66
Hydraulic conductivity K (m$) (1) | 1.52x10? 1.41x10"
Permeability k () 1.98x182 1.61x10"
Charge densitQ, (C m®) (2 8.10x1 0.4172

X R ©7) ) 1.35x10° 1.34x10°

Conductivity@ (S m%) (3)

(1) From Sakaki and lllangasekare (208@y Sakaki (2009).

(2) Using logp Q, =-9.23-0.82 logo k (Revil and Jardan01Q
( 3) UsU/FeithG = (4.940.2) x 1 S mi* at 25°C.
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Table 5.2.Summary of hydrauliconditions during each slug injection

Properties

Slug Injection # 1

Slug Injection #
2

Slug Volume (L)

Injection Rate (L 3)

Mean upstream hydraulic head (cm)
Mean downstream hydraulic head (cm)
Mean hydraulic gradient -()

Mean Darcy velocity (mY

Dye tracer velocity (m¥Y

Heat velocity (mS) (From Figure5.4)
True Heat velocity (mY (from Figure5.5)
Max upstream temperature chan@@)(
Max downstream temperature chan@@)(
Minimum electric potential in channel (mV,

Maximum electrigootential (mV)

2.15
0.215
33.86
15.37
0.138
2.13x10°
5.66x10™
1.9x10°
1.5x10°
3.6

2.3

-19.4

9.8

2.15
0.215
32.87
20.20
0.137
2.13x10°
5.66x10°
1.9x10°
1.5x10°
0.5

0

5.3
18.4
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5.7Figures

a. Data acquisition and tank geometry
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c. Surface view of electrode layout

b. Coarse channel and electrodes
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Figure 5.1. lllustration of the experimental setuglectric potential was monitored in time

lapse at the surface after two injections were introduced into the upstream resgri?bioto of

the experimental sand tank with BioSemi EEG measurement system and reservoir logger
instrumentation.b) Photo ofthe sand body showing the coarse #8 sand of the preferential flow
channel, between the flanking #70 fine sand units. Also shown are the potential electrodes of the
first two columns in the electrode gridhe positions of electrodes 4 and 11 are inditat)

Surface view of the electrode layout showing positions of individual electrodes and the coarse
channel.d) Photo of the miniature A&gCl electrodes used to acquire surface potential data.
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a. Hydraulic Gradient in the Tank
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Figure 5.2. Comparison of hydraulic gradient inetlank for tracer injection 1 (boiling) and
injection 2 @mbienj. a. Hydraulic gradient vs. time for each injectidn. Timerate of change of
hydraulic gradient for each injectioT his figureshows that the hydraulic disturbance produced

by eachinjection is comparable in time, and changes back to equilibrium in a consistent fashion
through time During each experimetie tracer slug was introduced into the upstream reservoir
att = 0 s, following the measurement of 120 s of background daemme&an hydraulic gradient
corresponding to injection 1 and 2 was 0.138 and 0.137, respectively. The effect of the slug
injection on the hydraulic gradient is shown between t = 0 s and t =600 s, and the hydraulic
gradient is relatively steady between®@0 s and t = 1,500 s.
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a. Electrode 11: Channel Boundary
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d. Electrode 28: Coarse Channel
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Figure 5.3. Processed data fselectectlectrods. During both experiments the slug was

injected at time t = 0 s, after collecting 120 s of background dakee blue curve shows the
potential decrease dueheat,and is the difference of the boiling injection (black) and ambient
injection(red) curves. a. Electrodell at the border of the coarse channel and fine sand unit.
Electrode 11 shows little variability from one injection to the next, indicating consisten
experimental conditions, yet still shows some influence due to the presence of the heabtracer.
Electrodel0in the coarse channet. Electrode 22 in the coarse channél.Electrode 28 in the
coarse channeldjacent to the downstream reservoir.
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Figure 5.4. Time-lapse record of electric potential in coarse channel electrotdese data

show the total anomaly in the coarse channel, which consists of pressure and temperature
componentsa. Potentiafollowing injection 1 (boiling water).The effect of increased

temperature is apparent in electrodes 10, 16 and 22, by the sudden decrease in potential at
approximate times t = 140 s, t = 220 s and t = 390 s, respectively. This observed effect in time
yields an estimated mean velocity of theahfront in the channel as 1.91 X311 s*, which is
reduced from the velocity of the pore water determined with a dye tracer bypo6D¥erence
potentialbetween injection {boiling) and injection 2 (ambient), showing the anomaly due to
heat migrabn. The reducing effect of the heat in the channel can be seen on all electrodes when
the potential observed following the ambient temperature injection is removed from the total
anomaly.
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