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ABSTRACT

This thesis investigates backwards erosion piping (BEP) asfailure mechanism; it focuses
on the ability to use pore water pressure (PWP) measurements {&) monitor, (2) investigate
progression of, and (3) better predict BEP. This thesis stés with understanding PWP trends
as BEP progresses, analyzed from PWP collected during a futlate experiment. The result
is the understanding that the PWP trends are spatially and terporally complex, indicating
that BEP does not progress in a spatially linear pattern, sutas a longitudinally progressing
BEP channel.

The comparison of PWP trends from BEP with PWP trends calculatd from nite ele-
ment models corroborate previous ndings that BEP does notrpgress in a simple manner.
BEP does not progress smoothly in time nor does it progressnsmetrically or only longitu-
dinally (directly from downstream to upstream) in space. TIs research further provides an
understanding that nite element models generate similarrends in PWP as observed dur-
ing the full scale experiment, suggesting that the use of iexsion analysis to predict spatial
progression of BEP from PWP measurements is appropriate.

The inversion analysis is validated by building synthetic mdels that simulate BEP in
a nite element software, and investigating how the inversin analysis is able to re-create
these synthetic models. Once the inversion analysis is ddied, PWP measurements from
the 1Jkdijk 2009 Test 2 full scale experiment are used to estate the spatial progression
of BEP at consecutive time steps. The results indicate a highnon-uniform progression
of BEP. Multiple BEP channels progress transversely and Igitudinally to bulk uid ow
(from upstream to downstream) and appear to progress, halgnd progress again later in
time. Observations taken during the full scale experimentoecroborate these ndings.

To complete the thesis, PWP measurements in space and time arged to investigate the

ability to use Bayesian updating to decrease understandirgf parameters that are spatially



heterogeneous and update the prediction of BEP leading toiliare.
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CHAPTER 1
INTRODUCTION

Earthen dams and levees (EDLS) are critically important, buoften overlooked, pieces
of infrastructure worldwide. The United States has over 10000 miles of levees and 85,000
dams. Today's EDLs are required to withstand higher loads asater levels continue to rise
and consequences of failure increase as populations camino grow downstream. Despite
the increase in both probability of failure and consequens®f failure, limited resources are
allocated to mitigate risk of aging EDLSs, an investment estiated to be greater than $21
billion in the United States (ASCE, 2013a,b). Backwards Erosn Piping (BEP), an EDL
failure mechanism that progresses internal to the structerfrom downstream to upstream,
is one of the leading causes of failure (Fost&t al., 2000) and is considered one of the
most dominant failure mechanisms contributing to ood riskin the Netherlands (VNK,
2015). Furthermore, internal erosion failure mechanismgeaconsidered one of the leading
contributors to dam failures in the United States (USBR and USAE, 2015).

Monitoring existing dams and levees for BEP continues to bechallenge. There continues
to be a large uncertainty regarding the 3-dimensional proggsion and the rate of progression
of BEP. The BEP channels are often very small, on the order ofimto cm according to small
and medium scale experiments (Van Beek, 2015), compared évde embankments that can
extend hundreds of kilometers. Most monitoring is done by skrvation on the surface of the
EDL and vicinity, such as described in the United States Army Qps of Engineer's Levee
Screening tool (David Ford Consulting Engineers & USACE Hydtogic Engineering Center,
2013). Excess seepage and sand boils (conical formatior@frthe deposition of eroded
material) at the downstream toe are common observations ubsé¢o identify the occurrence
of BEP. Traditional geotechnical measurements such as p@meters and accelerometers are

used in some embankments to detect anomalous pore water ggge and ground movement



to aid in monitoring and analysis of failure. However, these omitoring techniques are point
techniques of which the spatial sensitivity is not well know. This makes it di cult to detect
a small anomaly such as BEP along several kilometers of lesyersing traditional geotechnical
measurements. The research in this thesis investigates timuence BEP has on pore water
pressure (PWP) and how PWP measurements can be used to inveatg BEP, monitor for
BEP, and predict the occurrence of BEP leading to failure.

Empirical, semi-empirical, and numerical models are used predict whether BEP will
lead to failure. BEP occurs in stages: uplift of the the dowtieam clay blanket (if a clay
blanket exists), sand heave or initiation of BEP, progressn of BEP toward the upstream,
and breach, which forms a continuous connection between tigam and downstream. The
research in this thesis focuses on BEP progression, after Bknitiation and before breach
at the upstream. Models to predict the occurrence of BEP progssion include Bligh's
model (Bligh, 1910), Sellmeijer's model (Sellmeijer, 1988ellmeijeret al., 2011), and Rut-
tono's model (Rotunnoet al., 2017, 2019). Blanket equations with unit weight equilibtim
predict uplift and heave (USACE, 2000). Models are even sugged to predict the rate
of BEP progression (Kramer, 2014). However, all existing mets are based on simpli -
cations and assumptions, with little knowledge regardinghe 3-dimensional progression of
BEP. Small, medium, and full scale experiments demonstratlat it is inappropriate and
un-conservative to ignore 3-dimensional progression andogression of multiple channels
during BEP (Van Beek & Ho mans, 2017; Van Beelet al., 2015; Vandenboeket al., 2018).
This research investigates the longitudinal, 3-dimensiah and temporal progression of BEP
in a full scale experiment and compares the understandingigad to existing models.

Simpli ed models used to predict failure due to BEP introducanodel uncertainty. Fur-
ther, these models rely heavily on highly uncertain soil pameters. Soil parameters are
di cult to measure directly, and are often spatially heterogeneous in uvial and marine sys-
tems where many dams and levees exist. These uncertaintiesagly a ect the structural

performance, the computed probability of failure, and the lality to e ectively allocate re-



sources to EDL maintenance and repair. Methods, such as Baign updating, have been
proposed to reduce uncertainties using sand boil informati and pore pressure information
(Schweckendiek, 2014). The research in this thesis furtiseéBayesian updating by investigat-
ing the use of pore water pressure measurements in space antime.

To improve understanding of BEP and quantitative estimation of failure probability due

to BEP, the research presented in this thesis addresses tlidldwing questions:
1. How are pore pressure measurements in uenced by the praggien of BEP?

2. How can nite element modeling using changes in hydraulionductivity capture the

changes in PWP caused by the progression of BEP?

3. What can inversion of PWP to estimate hydraulic conductiviy tell about the spatial

and temporal progression of backwards erosion BEP?

4. What 3-dimensional progression behavior can be inferreg Ithe inversion of PWP

collected during the 1Jkdijk 2009 Test 2 experiment?

5. How can recent advances in Bayesian updating be applied toldedata in time and

space to reduce uncertainty of BEP leading to failure?

To address these questions, this thesis is organized inteetfollowing seven chapters:

Chapter 1: Introduction. To introduce the research, motiviion behind the research, and
research questions.

Chapter 2: To introduce the 1Jkdijk 2009 experiments and to adress research question
1 by discussing PWP trends caused by BEP during the 1Jkdijk 200%est 2 experiment.
The 1Jkdijk experiments are full scale experiments conducteth the Netherlands. The
series of IJkdijk experiments conducted in 2009 investigatehe progression of BEP. This
chapter introduces the 1Jkdijk experiments, the 1Jkdijk 2009Test 2 experiment, and PWP
trends that are observed as BEP progresses during the 1Jkdig009 Test 2. Material in this

chapter was published as a portion of a journal article in thdournal of Geotechnical and



Geoenvironmental Engineering (Pareklet al., 2016). The material in this chapter re ects
the contribution of the author of this thesis to the aforemetioned journal article.

Chapter 3: To introduce nite element modeling of BEP usingCOMSOL Multiphysics
and address research question 2 by discussing the ability nite element methods (FEM)
modeling to simulate PWP trends caused by BEP. Material in the chapter was published
and presented at the United States Society of Dams Conferer®®&l7 (Bocovichet al., 2017a).

Chapter 4: To introduce inversion analysis and to addresssearch question 3 through the
use of synthetic FEM models. Synthetic models are used to denstrate the ability of inver-
sion analysis to re-create anomalous hydraulic conductiyisimulating simple BEP channels.
Material in this chapter is intended for submission to a joural still to be determined.

Chapter 5: To present the 3-dimensional progression of BERidng the 1Jkdijk 2009 Test
2 inferred from the inversion of PWP and evidenced by observahs during the experiment
addressing research question 4. This chapter further diszes implications the results have
on understanding BEP, compares the results with observatis during 1Jkdijk 2009 Test
2, and the longitudinal progression is compared with existg models. The material in
this chapter intended for submission to the Journal of Geothaical and Geoenvironmental
Engineering.

Chapter 6: To introduce an active levee in Colijnsplaat, NL ath Bayesian updating
addressing research question 5 by using temporal and spafaVP to reduce uncertainty of
failure due to BEP. Temporal and spatial PWP measurements fro an active levee outside
of Colijnsplaat, Netherlands (from now on referred to the Cghsplaat levee) are included
in Bayesian updating to reduce uncertainty of soil charactistic and update the probability
of failure due to BEP. The material in this chapter was publised and presented through
Geo-Risk 2017 (Bocoviclet al., 2017b).

Chapter 7: Conclusions and Recommendations for Future Reseh.



CHAPTER 2
TRENDS IN PORE WATER PRESSURE DUE TO BACKWARDS EROSION PIPING
OBSERVED DURING A FULL SCALE EXPERIMENT

Portions of this chapter are modi ed from the following artcle and re ect the contribution
by Carolyne Bocovich, with permission from ASCE:
Backwards erosion monitored by spatial-temporal pore pregre changes during full-scale
eld experiments, American Society of Civil Engineering Joural of Geotechnical and
Geoenvironmental Engineering, 2016.

M. L. Parekh %2 | W. Kanning %3, C. Bocovich"4, A. Mooney?, and A. R. Koelewijn®
2.1 Introduction

It is critical to better understand the e ect of backwards epsion piping (BEP) on pore
water pressure (PWP) measurements. This chapter presentsetihesearch to address the rst
research question: How are PWP measurements in uenced by theogression of BEP?

Monitoring of BEP is largely done by observation on the surfae and vicinity of EDLSs,
such as described in the United States Army Corps of Engineers\uee Screening tool (David
Ford Consulting Engineers & USACE Hydrologic Engineering Ceer, 2013). However, sur-
face observations, such as concentrated ow and sand boitgten occur during the progres-
sion stage and give little information regarding rate of BEPdirection of BEP, and whether
BEP is likely to lead to breach and EDL failure (Fellet al., 2003; Fosteret al., 2000; Van Beek
et al., 2015). Piezometers to detect anomalous PWP are used in sonases to aid in mon-
itoring of BEP. PWP measurements are point measurements, miakj detection of small

anomalies such as BEP channels along several kilometersesee embankments challenging.
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3Researcher/Consultant Dike Safety, Deltares, Delft, Netherlands

4PhD Student, Department of Civil and Environmental Engineering, Colorado School of Mines, Golden, CO
SProfessor, Department of Civil and Environmental Engineering, ColoradoSchool of Mines, Golden, CO



It is important to increase understanding of the e ect of BEPon measured PWP measure-
ments. This chapter will present trends observed in PWP measements as BEP progresses
from the downstream toe to the upstream toe.

Observed trends are investigated in PWP measurements cotied during 1Jkdijk 2009
Test 2 (12009T2), a full scale experiment investigating BEPThe following sections will
introduce the 1Jkdijk experiments and give details on the 1200T2 experiment. This is
followed by details of a nite element methods (FEM) model uskto simulate the 1Jkdijk
experiments and calculate PWP assuming that BEP does not oaculrends in PWP caused
speci cally by BEP progression are isolated by comparing @®9T2 PWP measurements with

the modeled PWPs that assume no BEP.

2.2 1Jkdijk 2009 Test 2 Description

IJkdijk, translating to test levee in English, was a facilityto conduct full scale experi-
ments. Located in the Netherlands, the 1Jkdijk experiments we designed to study failure
mechanisms of ood protection structures and monitoring athmitigation of those respective
failure mechanisms. The IJkdijk 2009 experiments were deseyl to investigate the pro-
gression of BEP for the following purposes: (1) validate $mleijer's models, (2) investigate
the process and validate the theory of BEP progression, an8)(test instrumentation and
monitoring (Van Beek et al., 2009b). The experiments were designed with a sandy aquifer
underlying a clay embankment to promote the progression ofE®. Figure 2.1 displays the
schematic of the 12009T2 experiment; demonstrating the laton and geometry of the sandy
aquifer relative to the clay embankment. The intention of IR0O9T2 is to further understand
the reliability of existing BEP prediction models in coarsegrained sands (Van Beelet al.,
2009b). To do this, the sandy aquifer is composed of a cleamacse-grained sand with a
hydraulic conductivity (k) of 1:4 10 * m/s. The aquifer is 19 m wide and 36.9 m long
at the top of the aquifer with tapered sides at a ratio of 1:2, ashown in Figure 2.1. The
clay embankment is 3.5 m tall with a width of 19 m and length of3 m, located 8.2 m from

downstream most edge of the aquifer (9.7 m from the upstreamost edge of the aquifer).



The interface of the aquifer with the clay embankment is asswed to be impermeable as
the clay embankment is designed to have a hydraulic condwity more than two orders of
magnitude lower than that of the sandy aquifer. The upstreameservoir is 19 m wide and
9.7 m long, with an increasing hydraulic load. The downstrea reservoir, a 19 m by 8.2 m
area, has a constant hydraulic load of 0 m. The remainder oférsandy aquifer boarders are
impermeable.

The loading schedule was designed to capture BEP equilibmuat increasing water levels
and determine the critical hydraulic load. The upstream wadr level was increased while the
downstream water level was maintained at the surface levef the sandy aquifer. At the
beginning of the experiment, the upstream water level wasdreased at 0.1 m increments
every hour until observation of sand transport occurred. 3@ transport was observed at
26 h as the upstream reservoir was increased to 1.6 m. The upsim water level was held
constant at 1.6 m for 20 h to allow BEP to equilibrate. Due to tne constraints, the upstream
water level was raised by 0.1 m at 46 h, 56 h and 66 h with out alMing BEP to equilibrate
(Van Beeket al., 2009b).

The monitoring scheme included piezometers to collect PWP msurements, ber-optic
cable to capture local strains and temperature changes, amekirs to collect ow rates out
of the downstream reservoir. The piezometers included 126nsors in 15 cross sections
(columns) and 8 rows. Van Beekt al. (2009b) reported that 79 of the sensors were considered
functional through the entirety of the experiment; this regarch uses only the functioning
sensors. Figure 2.1 shows the piezometer locations at the tdphe sandy aquifer; functioning
sensors are denoted with a dot while non-functioning sensaare denoted with an x. Fiber-
optic cable was placed between the sandy aquifer and clay eankment in 5 rows, while
the weirs were placed at the out ow of the downstream reserirato measure the uid ow
through the sandy aquifer as BEP progresses (Van Beekal., 2009b).

Progression of BEP was through sand traces, water boils anangl boils. Sand traces are

de ned as isolated, cloudy streams without visible sand mewent, likely the observation



of nes being eroded from the sand matrix. Water boils are d@ed as localized features
of concentrated ow with sand movement but no sand transport Sand boils are de ned
by sand transport, indicating active BEP progression. In te 12009T2 experiment, sand
traces are observed early, at 3 h into the experiment, whileater boils are observed later at
25 h, followed closely by sand boil observation at 28 h that dicate the initiation of BEP
progression. Sand boil observation continued through thectent of the experiment. Breach
was observed around 95 h, at which time forward erosion irated and continued until
embankment collapse (Van Beelet al., 2009b). Trends of PWP measurements collected
between 0 and 95 h are examined in this research to better umsiand the progression of

BEP.

Upstream

97m t—1T&Enm 3 > “82m__
Sandy aquifer m 1:2

A

Upstream

Downstream
e Reliable Sensors< Unreliable Sensors

Figure 2.1: 1Jkdijk 2009 Experiment 2 dimensions and locatioof PWP sensors.

2.3 Finite Element Modeling of 1Jkdijk 2009 Test 2

It is important to understand the e ects of BEP progression a PWP measurements. To

do this, a FEM model is created to predict PWP trends during the 2009T2 experiment,



assuming that BEP progression does not occur. The PWP trendssuming no BEP are
then compared with the PWP trends from the 12009T2 experimentTo be able to compare
PWP trends, the FEM model is based on geometry and soil parameseconsistent with the
12009T2 experiment. The FEM model is built InCOMSOL Multiphysics versions 4.3a and
5.2a (further referred to asCOMSOL). The simpli ed 3-dimensional Darcy's law assuming

steady state conditions, as shown in Equation 2.1, is used talculate PWP.
Qm=r ( k(rp+trD)) (2.1)

Qn, is the mass source term of uid ow in [n¥/s] (Qm = r () where u is the Darcy
velocity [m=s]), is the uid density [kg/m 3], p is the pore water pressure expressed in
meters, k is the hydraulic conductivity [m/s], g is the gravitational acceleration, andD is
the elevation head fn].

Geometry and parameters are determined from the 12009T2 expment. The hydraulic
conductivity of the aquifer is set to 14 10 # m/s, the bulk hydraulic conductivity of
the 12009T2 experiment determined before initiation of irérnal erosion. The hydraulic
conductivity of the clay embankment of the 12009T2 was desigd to have ak two orders of
magnitude less than the sandy aquifer. In the FEM model it is trefore assumed that the
boundary between the sandy aquifer and clay embankment is rermeable. All boundaries,
besides those between the aquifer and the upstream and doweam reservoirs, are assumed
to be impermeable. The upstream and downstream boundariess labeled in Figure 2.1,
are 19 m by 9.7 m and 19 m by 8.2 m, respectively. The upstreamumlary is assigned a
hydraulic pressure boundary with increasing pressures leason the increasing load schedule
of the 12009T2 experiment, as described in (Van Bee#t al., 2009b). The downstream
boundary is assigned a hydraulic pressure boundary of 0 m.

The FEM is meshed di erently in earlier models (as used in Chaer's 2 and 3) than
in later models (Chapters 4 and 5). Earlier models are mesheding tetrahedral elements,
ranging in size between 0.02 m and 1.8 m. This is discussed inrmdetail in Chapter 3,

and shown in Figure 3.2. The FEM mesh in later models is composeti brick elements.



The mesh underneath the clay embankment is composed of brielements with width and
length of 0.25 m and a depth of 0.05 m. The remainder of the adgi is meshed based on
these elements with a minimum dimension of 0.132 m, a maximuiimension of 1.81 m, and

a maximum growth rate of 1.4. The resulting model has a 242 5@egrees of freedom.
2.4 PWP Transitions Characteristic of Backwards Erosion

Trends observed in the PWP measurements collected during thékdijk 2009 Test 2
experiment are compared with modeled PWP assuming no BEP pmagsion (referred to
as PWP assuming no BEP); Figure 2.2 shows the PWP trends from oneoss section.
Figure 2.2a demonstrates 12009T2 PWP measurement, PWP assumgino BEP, and the
12009T2 upstream water level in time. Figure 2.2b shows the029T2 PWP normalized to
the modeled PWP assuming no BEP. Each normalized PWP is o sebtclearly show temporal
trends. Figure 2.2c shows the 1200T2 PWP normalized to the upsiam water level during
the 12009T2 experiment. Cross section 8 is used to demong&arends in measured PWP in
Figure 2.2 because it is located toward the center of the emldanent and is assumed to be
the cross section closest to a dominating progressing BEPaciel (Sellmeijeret al., 2011).

Figure 2.2a shows that there is a decrease in 12009T2 PWP relagito modelled PWP as-
suming no BEP. The time at which the PWP measurements start toaticeably deviate from
PWP assuming no BEP is referred to as the rst detection of BEPn the PWP data (fd).
The temporal point of fd is labeled in Figure 2.2b and Figure 2.2c. During initial loadig,
between 0 and 20 h, the absolute and normalized PWP trends areisy due to relatively
low PWP measurements and increasing upstream water levelsrstidetection is observed at
about the same time in all PWP sensors along the displayed csosection shortly after 20 h,
occurring after sand trace observations but shortly beforthe rst sand boil observations, as
discussed in Pareklet al. (2016). Sand traces indicate localized particle movementé the
rst observation of potential BEP. Sand boils are the resultof transportation of sand from
the aquifer. The occurrence of simultaneousl in downstream and upstream sensors, be-

tween the observations of sand traces and sand boils, indiesithat PWP measurements are
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Figure 2.2: 12009T2 PWP measurements along a cross section) &bsolute PWP, PWP
assuming no BEP, and UWL; (b) 12009T2 PWP normalized by PWP assumg no BEP
and fd and ps points; (c) 12009T2 PWP normalized by the 12009T2 UWL. Green higlights
the time betweenfd and ps, while blue highlights the time betweenps and breach at the
upstream reservoir. Figure modi ed from Pareklet al. (2016).
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in uenced by the initial formation of the BEP channel. This further indicates that remote
sensors are in uenced by BEP initiation and progression.

A sharp drop in PWP relative to the steady decrease experierctafter fd occurs in some
of the 12009T2 sensors, as shown in two sensors displayed igufe 2.2. Ho mans (2014) and
Sellmeijeret al. (2011) show that measurements located close the BEP chaneaperience
increased responses in PWP; however, further research isueed.

As BEP progresses, an equilibration in PWP deviation is obsezd. This equilibration
is referred to as pressure stabilization in the PWP datapg), labeled in Figure 2.2b and
Figure 2.2c. Thepstrend is rst observed in downstream PWP sensors. This trenchdicates
that BEP progresses upstream of the PWP sensor and the in ueaon PWP in that location
is reduced. Pressure stabilization is not observed in upsam PWP sensors, likely due to
the sensor proximity to the upstream toe. As BEP breaches thepstream toe, at about
95 h, there is a jump in 12009T2 PWP measurements, indicatingnaincreased hydraulic
connection with the upstream reservoir. This increase in PWhkkely overshadowsps in the
upstream sensors.

Figure 2.3 shows spatial contours gfs times of the 12009T2 functioning sensors. Ags
occurs after BEP progresses upstream of the sensors, theitigmindicates a general timing
and spatial pattern of BEP progression.

Pressure stabilization timing increases consistently auss most of the embankment. How-
ever, zones of earlps, outlined in red in Figure 2.3, could indicate approximate lcation and
shape of the dominant BEP channel. Further research is neeti®® demonstrate BEP chan-
nel location, temporal progression of BEP, and the in uencef BEP on PWP measurements,

as will be discussed in Chapter 3.
2.5 Conclusions

It is crucial to understand the in uence of backwards erosio piping (BEP) on pore
water pressure (PWP). PWP measurements collected during thelf scale 1Jkdijk 2009 Test

2 (12009T2) BEP erosion experiment are analyzed. The PWP meaasments demonstrate
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Figure 2.3: Spatial contours of pressure stabilizatiorp§) trends observed in 1200972 PWP
measurements. Figure from Parekket al. (2016).

characteristic trends that correlate with observations duang the 12009T2 experiments and
indicate progression location and timing of BEP.

As BEP initiates, between temporal observations of sand tras and sand boils, clear
decreases in PWP are observed simultaneously in all sensdrkis point, described as the rst
detect (fd) time, occurs in time shortly before sand boils are observeadicating that BEP
channel initiation in uences local and remote PWP measurenms. Pressure stabilization
(ps) is observed after {d); this stabilization is observed rst in downstream PWP sengrs.
The pstimes correlate with the progression of BEP upstream of theessor location. Spatial
and temporal analysis ofs times demonstrate a rate of progression and general locatiof
the main BEP channels. Further analysis is required to de n@EP channel location, length

of BEP channels, and rate of BEP progression.

13



CHAPTER 3
TRENDS IN PORE WATER PRESSURE DUE TO BACKWARDS EROSION PIPING
EXPLAINED THROUGH CHANGES IN HYDRAULIC CONDUCTIVITY

Portions of this chapter are modi ed from a paper publishedni the proceedings for the
United States Society of Dam Conference (USSD) 2017:
Explaining pore water pressure changes due to backwards om piping through changes
in hydraulic conductivity, It's a Small World: Managing our Water Resources2017.

Carolyne Bocovich2, Wim Kanning®3, Minal Parekh':4, Mike Mooney
3.1 Introduction

In order to better understand backwards erosion piping (BEPusing nite element meth-
ods (FEM) modeling, it is important to understand how FEM captues the changes in pore
water pressure (PWP) observed during the 1Jkdijk 2009 Test 2 ZD09T2) experiment. This
chapter explores the ability to capture similar PWP trends obarved during BEP, addressing
the question: How can FEM modeling using changes in hydrauliorductivity capture the
changes in PWP caused by the progression of BEP?

Detection of BEP is often via observations of concentrateegspage and sand boils (David
Ford Consulting Engineers & USACE Hydrologic Engineering Céer, 2013). However, these
observations give little information regarding how far BEPhas progressed, rate of progres-
sion, and probability of breach upstream of the embankmentChapter 2 and Parekhet al.
(2016) provide insight of PWP trends caused by the progressi@f BEP. The research pre-

sented in this chapter connects spatial changes in hydrazilconductivity (k) to trends in

1Primary researchers and coauthors

2PhD Student, Department of Civil and Environmental Engineering, Colorado School of Mines, Golden, CO
3Researcher/Consultant Dike Safety, Deltares, Delft, Netherlands

4Civil Engineer, United States Army Corps of Engineers, Risk ManagementCenter, Lakewood, CO
SProfessor, Department of Civil and Environmental Engineering, ColoradoSchool of Mines, Golden, CO
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PWP that occur during BEP. The aim of this research is to bettemunderstand the connec-
tion between observable PWP and BEP. The results will furthebe applied to investigate
the ability to estimate the spatial progression of BEP by comaring modeled PWP with
measured PWP.

Measured PWP and PWP trends are observed during the 12009T2 expments, as dis-
cussed in Chapter 2. The 12009T2 experiment was conductedtime Netherlands with the
aim to better understand the failure mechanism of BEP progssion, validate BEP predic-
tions models and study monitoring techniques of BEP progrs®n (Van Beeket al., 2009b).

This chapter will introduce a FEM model used to simulate the 1Q09T2 experiment. It will
then present synthetic case studies created using this FEM mhels to simulate BEP. PWP
trends calculated from the synthetic case studies are compd with spatial and temporal

trends observed during the 12009T2 experiment.
3.2 Finite Element Modeling of IJkdijk 2009 Test 2

FEM modeling was performed usingCOMSOL Multiphysics version 4.3a to calculate
modeled pore water pressure (PWP) responses to spatial chasagn hydraulic conductivity
designed to simulate a BEP channel. A simpli ed 3-dimensi@h transient model using
Darcy's law with a conservation of mass equation, as shownkguation 3.1, is used to model
uid ow in both the undisturbed aquifer and the simulated BEP channel, as described by

Bersanet al. (2013).

@ k @, @p, @
@t S @k @y O@%

such that p [m] is the spatially distributed pore water pressuret is time, k is the spatially

(3.1)

distributed hydraulic conductivity, Ss is the speci ¢ storage, and, y, and z are the spatial
dimensions. One assumption is that the hydraulic conductity and speci c storage are
isotropic. Itis also assumed that speci ¢ storage remaingustant at 10 8 1/Pa, regardless of
changes in the hydraulic conductivity. Cardi & Barrash (2011) demonstrate that the speci c

gravity does not signi cantly a ect the relationship between the hydraulic conductivity and
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modeled PWP.

The 3-dimensional model is based on the 12009T2 geometry, PV¢Bnsor locations, and
soil properties as described in Chapter 2. Figure 3.1 showseth2009T2 dimensions and
PWP locations. There were 120 PWP sensors built into the full ate experiment, however,
only 79 sensors were reported as reliable throughout the expnent (Van Beeket al., 2009b).

Reliable sensors are denoted with a dot while unreliable sems are denoted with an x.
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Figure 3.1: 12009T2 geometry, sensor locations, and locati@f the upstream (US) and

downstream (DS) reservoirs. Figure is from Bocovicét al. (2017a).

The FEM model is composed of tetrahedral elements, as shown kigure 3.2. The
elements range in size between 0.02 m and 1.8 m. Small elermeare designed to capture

the small dimensions of the simulated BEP channel while mdaining reasonable convergence
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Figure 3.2: COMSOL Multiphysics FEM model with tetrahedral elements. Figure from
Bocovichet al. (2017a).

3.3 Case Studies Modeling BEP

BEP channels are modeled i€OMSOL as an anomaly of increased hydraulic conductiv-
ity relative to the aquifer hydraulic conductivity of 1:4 10 4 m/s, with a wide and shallow
cross sectional area. Bersaat al. (2013) and Vandenboeret al. (2018) demonstrate the
applicability to model BEP by increasing the hydraulic condctivity in a FEM model to
simulate a BEP channel and applying Darcy's law to model uidow in both the undis-
turbed aquifer and the BEP channel. The increased hydraulmnductivity in simulated BEP
channel represents the decreased resistance to uid ow wih the BEP channel, dependent
on the channel depth and width.

Simulated BEP channels are located at the top of the sandy aifer connected to the
downstream toe. This is modeled by adding a domain at the topf ahe aquifer with a

depth of 0.25 m. Due to computational ability, the width and epth of the simulated BEP
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channels are larger than an expected BEP channel, as obserdiring small and medium
scale experiments (Van Beek, 2015). It is assumed that PWP trds are a ected by the
combined BEP parameters of width, depth and hydraulic conduivity, as demonstrated by
Olsen & Stephens (2016). The fth case study discussed in ghchapter further investigates
this assumption.

Five case studies are designed to better understand PWP resperts BEP. Each demon-
strates di erent potential changes in hydraulic conductivty during the 12009T2 experiment.
The study results are then compared with the PWP trends obseed in the 12009T2 experi-

ment. The case studies are designed as follows:

Case 1. Homogeneous model

The rst case assumes no BEP and no changes in hydraulic corduvity. Upstream
water levels (UWL) are modeled after UWL during the 12009T2 expénent. This case

is designed to further explore PWP trends as described in Chiap 2.

Case 2: Propagating BEP with constant UWL

The second case is designed to simulate a simple propagatBgP channel. The
anomaly is a straight, with high hydraulic conductivity of Q01 m/s (relative to the
1:4 10 % m/s aquifer hydraulic conductivity), and dimensions of 0.2 m width and
0.25 m depth. The anomaly is located directly under the eightcross section of PWP
sensors. UWLs are constant with a hydraulic head of 1.8 m, releg to a downstream
hydraulic head of 0 m. The anomaly is modeled with increasirigngths of 2.5 m, 7.5

m, 12.5 m and 15 m from the downstream toe, as shown in Figure 3.5

Case 3: Propagating BEP with increasing UWL

The third case is designed to simulate a propagating BEP chael with increasing
hydraulic gradient. The relationship between the simulai BEP channel and modeled

UWL is a linear relationship of UWL = %(I + 0:35) such that! is the length of the
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simulated BEP channel. This relationship is based on Sellmer's 2011 equilibrium
model (Sellmeijeret al., 2011) and reported by Kramer (2014). The anomaly has a
constant hydraulic conductivity of 0.01 m/s, width of 0.25 mand depth of 0.25 m. The
aquifer hydraulic conductivity is based on the 12009T2 inial hydraulic conductivity
of 14 10 * m/s.

Case 4: Clogging at the upstream reservoir

The fourth case is designed to test the possibility that clagng occurs at the interface
of the sandy aquifer and upstream reservoir (Van BeeX al., 2009b). The FEM model
has a low hydraulic conductivity anomaly of 10° m/s, compared with the 12009T2
aquifer hydraulic conductivity of :4 10 4 m/s. The low hydraulic conductivity resides
just below the upstream reservoir. UWL is set to a hydraulic hehof 1.8 m and steady

state seepage conditions are assumed.

Case 5: Combined BEP channel width and hydraulic conductiyi e ects on spatial

PWP trends

The fth case intends to better understand the connection beteen the width, depth
and hydraulic conductivity of a simulated BEP anomaly. Thiscase intends to un-
derstand whether a wider, or deeper, simulated BEP channel livresult in similar

PWP trends as a smaller more permeable BEP channel. The simtdd BEP channels
increase in width with proportional decrease in hydraulic anductivity. The corre-

sponding width and hydraulic conductivity magnitudes are lsown in Table 3.1. The
simulated BEP channel has a length of 5 m, with an upstream watdevel of 1.8 m

and downstream water level of 0 m.

The rst case study is intended to compare and further determe PWP trends due
to BEP progression during the 12009T2 experiments. The PWP otours of the 12009T2
experiment and cases 2 through 5 are compared. Cases 2 andrthér investigate the PWP

trends to a progressing BEP. The simulated PWP is normalizeadtboth the UWL and PWP
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Table 3.1: Simulated BEP channel width and hydraulic conduivity combinations

Pipe width [m] | Hydraulic Conductivity [m/s]
0.25 0.01
0.5 0.005
1 0.0025

calculated with a homogeneous model as described in Case fientls will be compared with

trends observed during the 12009T2 experiment, as describen Chapter 2.

3.4 Results
3.4.1 Case 1: Homogeneous Model Compared with 12009T2 PWP Trends

The 12009T2 PWP are analyzed to better understand the progrs®n of BEP. Chapter 2
demonstrates that trends in PWP change as BEP progresses. A®tBEP initiates there is a
correlating decrease in PWP, denoted as the time of rst detéon (fd) in Chapter 2. As BEP
progresses, the decreasing trends in the PWP stabilize, désd as the location of pressure
stabilization (ps). These trends are seen in PWP measurements from the eightloss section
of PWP measurements, as shown in Figure 3.3. Pareldt al. (2016) demonstrate that the
decreases in PWP are consistent with observed sand boil adijy

Spatial trends are also apparent when contours of PWP are ptet in time, as shown
in Figure 3.4. PWHP is interpolated between the PWP sensor locains using COMSOL
Multiphysics assuming a linear interpolation and constant extrapolatio. Figure 3.4a shows
the absolute PWP and Figure 3.4b shows the change in PWP from thea€e 1 PWP assuming
no BEP. The PWP contours demonstrate localized zones of inased deviation from expected
PWP assuming no BEP occurs. These localized zones of increadeviation indicate the
occurrence of BEP and are consistent with locations of sand@ibobservations (Parekhet al.,
2016). The spatial trends in PWP capture the in uence of BEP orPWP, and demonstrate
that BEP progression is non-linear and non-uniform, indidang a complex progression of

BEP.
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Figure 3.4: PWP contours at select time steps demonstrating ¢hnon-uniformity and com-
plexity of BEP progression. Both the absolute 12009T2 PWP cdaurs are shown and con-
tours demonstrating the changes in PWP due to BEP calculatedybtaking the di erence
between the 12009T2 PWP and the Case 1 PWP assuming no BEP.

Case studies two through ve investigate potential spatiathanges in hydraulic conduc-
tivity to simulate these temporal and spatial changes in PWP aused by BEP progression

during the 12009T2 experiment.
3.4.2 Case 2: Propagating BEP with Constant Upstream Water Level

Case 2 aims to increase understanding of the e ect of BEP pnagsion on PWP mea-
surements with a constant hydraulic gradient. Figure 3.5 deomstrates the simulated BEP
anomaly and resulting spatial PWP trends. Trends are more @dey observed when isolated
to those due to the simulated BEP channel. These trends areolated by taking the di er-
ence in PWP between the Case 2 PWP trends and Case 1 PWP trends (a®$ng a spatially
homogeneous hydraulic conductivity). The greatest change PWP is observed around the
tip of the simulated BEP channel. This is similar to spatial tends observed during the

12009T2 experiment.
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and Case 1 PWP).



Temporal trends are observed both local to the simulated BEEBhannel and remote from
the simulated BEP channel, as observed in Figure 3.6. The noatized PWPs local to the
simulated BEP channel decrease as long as the simulated BERanonel remains downstream
of the PWP location. As soon as the BEP channel reaches the lomat of the PWP sen-
sor, the modeled PWP stabilizes and starts to increase agaifhis is very similar to the
pressure stabilization trends observed in the 12009T2 PWP.his response in PWP clearly
demonstrates the BEP channel length in the PWP measurement$iowever, this response
is not as clear in the PWP locations remote from the simulated BP channel. 12009T2
PWP trends (seen in Figure 3.3) do not noticeably increase aftpressure stabilization, as
opposed to PWP trends in Case 2 (seen in Figure 3.6); di erencégtween the 12009T2
and FEM PWP trends are potentially due to the complexity of BEP pogression during the
12009T2 experiment. The remote PWP response, as shown in FiguB.6, are investigated
using PWP sensors from cross section 6, about 3 m removed frone tBEP channel. PWP
response remote of the BEP channel experience similar trentb PWP local to the BEP
channel, but with a decreased magnitude and with a lag time. he lag time would make the

indication of BEP channel length di cult from a single crosssection of PWP data.
3.4.3 Case 3: Propagating BEP with Increasing Upstream Water Level

Case 3 investigates PWP response due to propagating BEP ancrieasing water lev-
els. BEP is dependent on the hydraulic gradient across the bankment and the 12009T2
experiments start with a low hydraulic gradient that is inceased in a controlled e ort to
capture the critical hydraulic gradient. Therefore, the shultaneously increasing hydraulic
gradient and BEP channel length is investigated to provide ore information about how the
simultaneous changes e ect PWP trends. Figure 3.7 shows theB&/P trends along two
cross sections relative to increasing BEP length. The rstross section is the eighth PWP
sensor cross section, local to the simulated BEP channel. §lsecond cross section is the

sixth PWP sensor cross section, remote from the simulated BEfhannel by about 3 m.
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Figure 3.6: PWP trends observed in Case 2 relative to linearlyrpgressing BEP channel.
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m.
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(a) PWP trends local to the BEP channel
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The normalized PWP from case 3 demonstrates similar trends abserved from the case
2 PWP trends and those observed during the 12009T2 experimenthere is a clear decrease
in normalized PWP, normalized by the upstream water level antly case 1 normalized PWP
assuming no BEP. The decrease in normalized PWP is followed hystabilization of PWP
or by increases in normalized PWP. Unlike case 2, the stabilizan trends lag behind the
BEP channel length in both the PWP local to the BEP channel andemote from the BEP
channel. This indicates that PWP trends are related to BEP chanel, but cannot directly
indicate BEP length.

3.4.4 Case 4. Clogging at the Upstream Reservoir

Case 4 demonstrates PWP changes caused by a simulated clogdmyer between the
sandy aquifer and upstream reservoir, as suggested by VaneRest al. (2009b). Figure 3.8
demonstrates the location of the hydraulic anomaly simulatg an upstream clogging layer,
the PWP absolute PWP contours, and PWP contours relative to casé PWP contours as-
suming a homogeneous sandy aquifer without BEP or cloggirayér. As Figure 3.8 demon-
strates, a clogging layer causes a decrease in PWP that is desa at the upstream toe and
diminishes approximately linearly toward the downstreamde. The spatial trends in PWP
caused from the simulated upstream clogging layer do not mgsent spatial PWP trends

observed during 12009T2 PWP measurements, as observed in Hig3.4.

3.4.5 Case 5. Combined BEP Channel Width and Hydraulic Conductivity Ef-
fects on Spatial PWP Trends

Case 5 demonstrates the combined e ect of width and hydraaliconductivity of a BEP
channel on spatial PWP trends. This is to investigate the apptability of modeling a BEP
channel with larger dimensions than expected. Figure 3.9 sk®the simulated BEP channels
with varying width and hydraulic conductivity and the corresponding spatial trends in PWP.
The absolute PWP is shown as well as the PWP representing the cige in PWP due to the

BEP channel. The change in PWP representing PWP due to the BEP emnel is calculated
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by taking the di erence between the case 5 PWP and PWP calculatewith a homogeneous
model as described in case 1. Figure 3.9 demonstrates thatréhes little change in magnitude
and spatial extent of PWP changes as the BEP channel width ineases with simultaneous
decreases in hydraulic conductivity. The shape of the spatiPWP gradient around the tip

of the BEP channel does change slightly due to the width of thBEP channel.
3.5 Conclusions

FEM modeling was computed usingcOMSOL Multiphysics version 4.3a. BEP channels
are simulated by modeling a zone of increased hydraulic camtivity that simulates a linearly
progressing BEP channel. Spatial changes are observed vdgiatial changes in 200972 PWP
measurements. Changes in PWP caused by propagating BEP chai®) as in cases 2 and
3, are compared with temporal PWP trends as discussed in Chapt2 and Parekhet al.
(2016).

Results from cases 2, 3, and 5 demonstrate that similar PWP tnds are calculated from
modeling a simpli ed BEP channel in a FEM model. PWP changes, lative to a homoge-
neous model as discussed in case 1, is greatest around theofiphe BEP channel. This is
logical, as this is the location with the greatest hydrauliconnection with the downstream
toe, or constant hydraulic head of 0 m. The PWP sensors downsam of the BEP channel
tip experience an increased hydraulic connection to both ¢hdownstream and the upstream,
explaining the pressure stabilization observed in 12009T&xperiment, and the increase in
PWP observed in cases 2 and 3. A similar pattern is observed inet 12009T2 PWP, creating
a decrease in PWP and stabilization of PWP, denoted as rst dettion (fd) and pressure
stabilization (ps).

Results from case 4, investigating PWP response to an upstrealogging layer, demon-
strate that the spatial PWP response is greatest toward the wgiream toe and decreases
linearly toward the downstream toe. This response in PWP dsenot simulate PWP trends

in the 12009T2 experiment.
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Figure 3.9: Case 5 simulated BEP channels representing charggBEP width and hydraulic
conductivity with corresponding absolute spatial PWP and PWPchanges due to the BEP
channel.
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The research in this chapter veri es the ability to simulategeneral PWP responses ob-
served in the 12009T2 experiment as BEP progresses. Howevbe simulated spatial trends
and trends relative to increasing BEP channel length are s ed relative to those observed
during the 12009T2 experiment. This indicates that progreson of BEP during the 12009T2
experiment is much more complex than a single, longitudindEP channel. Further re-
search is required to better understand the temporal and spal progression of BEP, which

is investigated and discussed in Chapter 4.
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CHAPTER 4
ESTIMATING SPATIAL CHANGES IN HYDRAULIC CONDUCTIVITY BY
INVERTING PORE WATER PRESSURE MEASUREMENTS

4.1 Introduction

Backwards erosion piping (BEP) is a dominant failure mechasm and contributor to risk
in earthen dams and levees (EDL) (Fostegt al., 2000; USBR and USACE, 2015; VNK, 2015).
However, BEP is very di cult to observe and monitor due to its nature of progressing internal
to the structure and localized e ects relative to the size ofmbankments. BEP channels are
often very small, ranging from mm to cm in small and medium st@aexperiments (Van Beek
et al., 2009b), relative to levee embankment lengths that can stah up to several kilometers
to hundreds of kilometers. It is important to understand theextent and capabilities of
monitoring techniques to detect and capture BEP. The reseem presented in this chapter
focuses on the ability of pore water pressure (PWP) and inveos analysis to capture and re-
create anomalies in hydraulic conductivity K) that mimic a BEP channel with two objectives.
The rst objective is to understand the ability of inversionto capture BEP from monitoring
PWP. This includes understanding the in uence of sensor spiag, anomaly parameters,
propagating anomalies, multiple anomalies, and asymmaetranomalies on the ability to re-
create synthetic anomalies. The second objective is to und&and the ability to re-create
BEP based on dense measurements, e.g. during experimeraswhich the 1Jkdijk 2009 Test
2 (12009T2) sensor setup is used. In 2009, full scale IJkdijkperiments were conducted in the
Netherlands to increase understanding of the mechanism ananitoring of BEP (Van Beek
et al., 2009b). During the 12009T2 experiment, densely spaced PWPRaasurements captured
the progression of BEP.

To achieve these objectives, a series of synthetic modelsitaining spatial anomalies in

hydraulic conductivity (to simulate BEP) were created usig nite element method (FEM)
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modeling. The inversion analysis then re-creates the anohes by inverting PWP measure-
ments to determine the capabilities and limitations of therniversion analysis. This chapter
will present: (1) the inversion analysis used; (2) assumptis used to constrain the inversion
analysis; (3) the ability of the inversion analysis to loca and capture properties of synthetic
models simulating BEP; and (4) how these ndings impact BEP ronitoring.

BEP is a type of internal erosion, occurring as soil erosiomifiates at a seepage exit
and progresses backwards toward the upstream reservoir.rBEP to occur there must be
a continuous ow path with hydraulic source, an un Itered ext, and an erodible material
underlying a material that forms a roof to support a continuas pipe or void (USBR and
USACE, 2015). The di erence in the size between BEP and the extt of levee embankments
makes monitoring of BEP very di cult.

It is important to understand the extent of in uence BEP has @ PWP measurements,
and ideal spacing for PWP arrays to monitor for BEP progressio Chapter 2 and Chapter 3
demonstrate that BEP a ects PWP distribution of a progressirg BEP channel, both locally
(within a few centimeters) and remotely (within a few meters The use of local and remote
PWP to capture BEP progression and parameters is investigateas part of the rst objective
in this research, including PWP sensor spacing needed to capt the BEP channel. It is
also important to understand how properties of the BEP charel might a ect the ability
of inversion analysis of PWP to capture the anomalies, incluy: size of the BEP channel,
magnitude of hydraulic conductivity of the anomaly, progrssion of the anomaly, number of
anomalies and shape of the anomalies.

The 12009T2 experiment collected densely spaced PWP measusnts with an aim to
increase understanding of BEP progression patterns and eat This research uses this ex-
perimental setup to investigate the ability of inversion aalysis to invert PWP to capture
progressing BEP channels. To do this, it is imperative to urefstand the capabilities and
limitations of inversion to re-create spatial changes in lraulic conductivity. The second

aim of this chapter is to demonstrate the reliability of the mverse analysis using PWP mea-
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surements from 12009T2 to re-create BEP induced anomaligs hydraulic conductivity.

4.1.1 Inversion Background

Inversion analysis estimates non-observable parameterasibd on indirect observations
and a model that relates the indirect observations to the nenbservable parameters. Many
soil parameters, material characterization, and boundaripocations between di erent types
of soil cannot be directly observed in-situ. Inversion metds of indirect observations can
be used to increase understanding of these unknowns usingeas and multiple monitoring
methods. Optimization methods, such as gradient based imggons or statistically based
optimization methods are a relatively new and developing ld in geotechnical engineering
(Tang & Kung, 2009). A few examples of gradient based inveosis used in the eld of
geotechnical engineering include the estimation of soirehgth parameters from deformation
observations (Cividini et al., 1981; Finno & Calvello, 2005; Tang & Kung, 2009) and soil
strength parameters from piezometers, rain gauges and imdmeter observations applied to
landslide modeling (Calvello, 2017; Ghaseret al., 2017).

The ability to estimate spatial changes irk based on PWP measurements is a researched
technique in the eld of hydrology and hydro-geophysics; leever, most of these analyses
utilize data from pump and slug tests to perform inversionshiat utilize multiple series
of hydraulic sources and sinks (unlike the upstream and dostneam reservoirs of a levee
system) (Cardi & Kitanidis, 2008; Carrera et al., 2005; Poeter & Hill, 1997; Yelet al., 2015).
Yeh et al. (2015) discuss the ill-posed nature of estimating from PWP measurements. The
PWP data is often noisy, the inversion analysis is unstable,nd the Darcy ow equation
is non-linear. Pump and slug tests create multiple data setsith varying source and sink
locations, allowing an inversion analysis to apply tomogphic data to estimate spatially
varying k. The inversion analysis to capture BEP is unique, as the bodary conditions are
modeled after a levee embankment with one source, the upstne reservoir, and one sink, the
downstream reservoir with an array of PWP measurements. Theohndary conditions from

12009T2 are well de ned and observations of BEP from small dmrmedium scale experiments
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provide assumptions that can be applied to constrain the imrsion analysis.
4.1.2 Inversion Methodology

Inversion analyses use indirect observationgl)(to estimate spatially distributed and
discretized parameters 1) related by a forward model G) such that d = Gm. In this
research, an array of PWP measurements)are inverted to estimate 2-dimensional spatially
discretized hydraulic conductivity (m) using a 3-dimensional FEM model@) to solve steady
state Darcy's law relating hydraulic conductivity to PWP. The inversion minimizes the
di erence between the results of the forward model using thestimated parameters and the

indirect observations, as shown in Equation 4.1.
minkWy(d  Gm)k (4.1)

Wj is a weighting factor array to account for the measurementr. Gradient based methods
used to solve under-determined inverse problems set the dative of Equation 4.1 equal to

zero to nd a minimization. If G is linear, m is solved for directly, as shown in Equation 4.2.
m = (G"WJ W;G) 'G"WJW,d (4.2)

However, the inverse analysis between PWP and hydraulic cortivity is non-linear. Non-
linear inversion analysis is an iterative approach assungrinearity around a point, or esti-
mates of the unknown parametersng;), using Taylor's expansion Gm Gm' + @@in'f(m

m') . Modifying Equation 4.1 and solving for the change inthe mad ( m=m m')

results in Equation 4.3,
m=(J"WJ{WgJ) ITW/Wy(d Gm') (4.3)

such thatJ is the Jacobian matrix J = @@irrjjmzmi). As Yehet al. (2015) explain, the inverse
problem between PWP andk is non-unique and ill-posed. This research uses the SNOPT
(Sparse Nonlinear OPTimizer) inversion method inCOMSOL Multiphysics version 5.2a
(further referred to asCOMSOL) to include assumptions as constraints in the minimization

equation (Equation 4.1) to reduce non-uniqueness and ilbpedness; the SNOPT method
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is explained by Cardi & Kitanidis (2008) and Gill et al. (2005). To solve m with the
constraints, SNOPT uses an iterative scheme (in this case,dltonjugate gradient method).
Once m is solved for, it is used to update the estimate of unknown pameters (m;),
and another iteration is initiated; iterations continue uril convergence. Convergence is
checked by determining that there is no change in two factarq1) the inversion error, or
the di erence between calculated PWP and measured PWPAG(Gm' Gm*1)); and (2)
the model error, or the quanti ed measure of the inversion'ability to t the assumption

constraints (W, (m'  mi*1)).

4.2 Methods
4.2.1 Synthetic models

Synthetic models are created to understand the ability of # inversion to capture BEP
progression through a series of four steps. First, a synthetmodel is built in COMSOL
with a known synthetic anomaly in the hydraulic conductiviy. Second, this synthetic model
is used to calculate PWP at a set of locations designated by tH&WVP sensor array to use
as the observations driving the inversion analysis. Thirdthe inversion analysis attempts
to re-create the synthetic anomaly using the calculated PWP easurements. Fourth, the
re-created model is compared with the original synthetic ndl by focusing on the location,
length, and parameters of the BEP channel. Investigated pameters of the BEP channel
include: the absolute hydraulic conductivity, width of thechannel, and equivalent hydraulic
conductivity. Equivalent hydraulic conductivity is the equivalent hydraulic conductivity of
the entire aquifer to quantify the combined parameters of ldraulic conductivity, depth and
width of the channel.

Four sets of synthetic models study speci ¢ aspects of the iity for the inversion anal-
ysis to recreate spatial hydraulic conductivity anomaliesThe rst set of synthetic models
aim to understand the ability of inversion to re-create a siple, straight, transverse anomaly
at varying sensor spacing. The second set of experiments derstrate the ability of the

inversion analysis to capture spatial anomalies that are noh thinner or wider than the
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discretized spacing of the inversion analysis. These syatit models were designed to un-
derstand the spatial discretization of hydraulic conductiity, as the discretization is much
larger than observed BEP channel width and depth during smiahnd medium scale exper-
iments (Van Beeket al., 2015). The third set of synthetic models aim to understandhe
inversion analysis ability to capture a propagating BEP chanel in a series of time steps.
The fourth synthetic model set demonstrates the ability oflie inversion analysis to re-create
multiple BEP channels and BEP channels that progress at an gte relative to uid ow.
The following metrics are used to analyze the ability of thenversion analysis to re-create
spatial anomalies of hydraulic conductivity: the locationof the anomaly, the length of the
anomaly, hydraulic conductivity of the anomaly, the combied parameters of the anomaly
(width, depth, equivalent hydraulic conductivity), the reduction in inversion error (di er-
ence between the re-created PWP and observed PWP), and the dtyito re-create ow rates

through the aquifer.
4.2.2 Forward Model

The forward model is a 3-dimensional FEM model built inCOMSOL using Darcy's
Law, assuming steady state ow as a constitutive equation Wi a conservation of mass
equation. The geometry of the model is based on the 12009T2peximent as explained by
Van Beek et al. (2009b), shown in Figure 4.1. It is assumed that the clay emblment
is impermeable, as it has a hydraulic conductivity with 2 ordrs of magnitude less than
that of the aquifer, and is therefore not included in the FEM mdel. The boundary with
the clay embankment is a 19 m by 15 m area, assumed to be a no owundary, and
overlies the BEP domain. The upstream boundary, an area of 19 by 9.7 m, is assigned a
hydraulic pressure boundary set to 2 m of hydraulic head urds otherwise speci ed during
each synthetic model. The downstream boundary, an area of ®®by 8.2 m, is set to 0 m.
The upstream and downstream boundaries are labeled in Figuel; all other boundaries are
no ow boundaries. PWP sensors from the 12009T2 functioningeay is shown as an example

of PWP array placement, however, several other PWP arrays aresed in this research.
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Figure 4.1: 3D Forward model and 2D Inversion Area with PWP sensdocations. The
inversion area is discretized into 0.25 m by 0.25 m unknown f@aneters.

The governing equation relatingk and PWP is the 3-dimensional Darcy's law assuming

steady state conditions and conservation of mass, as shownEquation 4.4.

Qn=r1 I %(grrﬁgrD)] (4.4)

Qn is mass source term of uid ow in [n?/s] (Qnm = r (4), such that u is the Darcy
velocity [m/s]), is the uid density [kg/m 3], p is the PWP expressed in metersk is the
hydraulic conductivity [m/s], g is the gravitational acceleration, andD is the elevation
head [m]. It is assumed that ow in the BEP channel and in the agjfer is laminar. The
location of the BEP in both the synthetic and re-created mods is assumed to be modeled
by increases in hydraulic conductivity. Bersaret al. (2013) demonstrate the ability to model
BEP using increases in hydraulic conductivity and Darcy'saw in a FEM model e ectively,
relative to more computationally expensive and more accuemodels. Thek of the aquifer
is 14 10 4 m/s, as was determined to be the initiak of the 12009T2 experiment (Van Beek

et al., 2009b). The BEP domain is discretized into 4560 elements @25 m by 0.25 m by
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0.05 m, with constantk in each element determined by the inversion analysis.

The mesh for the FEM model is composed of brick elements, basaadl the 0.25 m by
0.25 m by 0.05 m elements of the BEP domain. The remainder ofe¢timodel is meshed using
brick elements with a minimum dimension of 0.132 m, a maximuimension of 1.81 m, and
a maximum growth rate of 1.4. The forward model has 242,505 gtees of freedom. The
mesh was veri ed by comparing the calculated ow rate and PWP btween the mesh used
in this research and one with tetrahedral elements with dinmsions between 0.05 m and 0.5
m resulting in 1,153,756 degrees of freedom. The maximum e&nt error in PWP was 3.3

percent, while the maximum percent error of the calculatedow rate was 0.03 percent.
4.2.3 Estimated Parameters: Hydraulic Conductivities

This inversion analysis estimates increases in spatiallysdretizedk based on PWP to
model BEP. As discussed, one assumption used in the inversisrthat BEP occurs in one
layer at the top of the aquifer, allowing for a 2-dimensionainversion of k. The spatial
geometry of the inversion analysis is a 19 m by 15 m area, basad the geometry of the
12009T2 experiment. This area is discretized into 0.25 m byZb m elements with constank
in each element, resulting in 4560 unknown values kf The 2-dimensional inversion domain
is mapped onto the 3-dimensional forward model with a deptif 6.05 m, assuming that each
element has a constank in depth. The location of the inversion domain in the 3-dimesional
forward model is shown in Figure 4.1.

Changes ink are constrained to elements of size 0.25 m by 0.25 m by 0.05 nhick
are wide but shallow elements. Previous research has showratt wide, shallow elements
of increasedk are an appropriate method to model BEP using FEM (Bersaet al., 2013;
Van Beek & Ho mans, 2017; Vandenboeet al., 2018). Due to limits in computational
power, the elements are constrained to 0.25 m by 0.25 m by 0.8 however, the size of
BEP has been shown to be much smaller than that in small and miedn scale experiment.
The ability of the inversion analysis to capture BEP channelocation and parameters with

smaller dimensions than the discretization used in the invgon analysis is examined and
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presented in this chapter.
4.2.4 Observed Pore Water Pressures

PWP measurements are used to drive the inversion analysis aestimate spatial changes
in k. Chapter 2 demonstrates the impact of BEP on trends in PWP, wke Chapter 3
demonstrates that similar PWP trends are modeled with spatlachanges ink. Various
arrays and spacing for PWP sensors are investigated in thissearch to understand the
impact sensor spacing has on the ability of the inversion alyais to capture anomalies in
k. The 12009T2 functional sensor array, an array of 79 PWP sensgis also investigated to

understand the ability to capture BEP progression during tle 12009T2 experiment.
4.2.5 Assumptions Used to Inform the Inversion Analysis

Yeh et al. (2015) discuss the non-uniqueness and instability of an-de ned uid ow
inversion analysis. This research applies some assumpsdrased on previous observations
from small, medium and full scale experiments to constrairhé inversion analysis. These
assumptions are: (1) BEP occurs in a single layer at the top tife sandy aquifer, immediately
below the clay embankment; (2) absolut& cannot decrease below the aquifér, (3) there is a
spatial relationship between adjacenk; (4) BEP progresses in time, the&k from the previous
time step informs the spatial distribution at the current time step; and (5) increases ik
should connect to the downstream toe, as a continuous BEP cir@el would progress from
an initiation location or sand boil.

The rst assumption is that BEP occurs in one layer at the top 6the sandy aquifer. This
assumption allows the inversion analysis to be 2-dimensadn The 12009T2 experiment is a
simple aquifer, without cuto walls, and a level clay embankient overlying a homogeneous
sandy aquifer. The sand in the aquifer during the 12009T2 erpiment is non-cohesive and
therefor unable to form a roof or support an erosion channellhese conditions imply that
BEP will not progress in depth. Small and medium scale expenents demonstrate the BEP

channels do widen, in both the width of the channel and the dépof the channel (Van Beek
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et al., 2015). This assumption will be unable to account for expalas of the BEP channel
in depth; however, the e ects of changing BEP channel dimemmss on the inversion analysis
ability to re-create k anomalies are discussed in this chapter to validate this assption.

The second assumption is that thé does not decrease below the aquifkrof 1:4 10 4
m/s. This assumption decreases non-uniqueness in the insi@n results. To decrease calcu-
lated PWP at a point in the embankment, thek can either be increased downstream of this
point or increased upstream of this point. The 12009T2 repbisuggests potential clogging,
as ne particulates settle, at the upstream reservoir durig the experiment (Van Beeket al.,
2009b). However, Chapter 2 demonstrate that decreasikgalong a thin layer underlying
the upstream reservoir, creates very di erent trends in PWP hian are observed during the
12009T2 experiment. This indicates that clogging does notxist or e ects of clogging on
PWP are negligible relative to e ects from BEP, validating the use of this assumption.

Spatial constraints are important to constrain inversiongesults. Without any spatial
constraints, the inversion analysis will reduce error in éa PWP measurement as much as
possible. This leads to false artifacts in the results withu capturing the synthetic spatial
anomaly or spatially anomalous caused by BEP. It is assumed that the spatial smoothness
is relatively short, promoting sharp boundaries. The spadl constraint used is based on a
covariance matrix such that expected variances are expredsas a variogram of the form
g = exp( rg) (d is the distance between two points and is the expected correlation length).
The expected correlation length is set to 0.5 m. This is sinaif to the spatial smoothness
described in Cardi & Kitanidis (2008) and the COMSOL example Aquifer Characterization
COMSOL (2016).

The BEP failure mechanism progresses continuously in timeHowever, the inversion
analysis is performed at a single time step, assuming steasliate conditions. In order to
capture a time-lapse progression of BEP, it is assumed thahé results of the inversion
analysis are related to those in the previous time step. To dbis, the result of the previous

inversion in time is saved asn,e; , and the di erence between the estimated (m;) and mg¢

41



is minimized in the inversion analysis by including it into Ejuation 4.1. The minimization

equation becomes (Equation 4.5),
minkWg(d Gm)k+ KkWp(m  mes K (4.5)

such that is a weighting term between the inversion error and the modekror. The rst
time step assumes a homogeneouns; equal to the aquiferk of 1.4 10 4 m/s. BEP
often initiates at the downstream with a formation of a sand bil. The progression of the
BEP channel is continuous from this initiation point, therdore, the elements with increases
in k (greater than the initial aquifer k of 1:4 10 # m/s) should be continuous from the
downstream toe as well. To include this assumption withoutanstraining the inversion
analysis, it is included into the model referencam,es . The result of each inversion analysis
is saved asm, to inform the inversion analysis of the next time step. To inade an
assumption that BEP channels must be continuous from the dowtream toe, the m
is modi ed to eliminate increases ink that do not have a continuous connection to the
downstream. Anomalous increases are eliminated by settingetk back to the aquiferk of

1:4 10 * m/s.

4.3 Results of Synthetic Case Study

4.3.1 Re-creation of an Anomaly

Figure 4.2a shows a synthetic model created @OMSOL that simulates a simple BEP
channel. Contours demonstrate the e ect the synthetic anoaty has on PWP measurements,
compared to PWP assuming no BEP calculated using a homogensduof 1:4 10 * m/s.
PWP measurements, as shown with white circles in Figure 4.2adfigure 4.2b, are used
to re-create the model shown in Figure 4.2b. As shown, the ingdon analysis is able to re-
create the location of the anomaly in the synthetic model, #ak magnitude of the anomaly,
and the length of the anomaly accurately to the nearest dowtteam row of sensors.

The inversion analysis is able to re-create anomalieskn It is imperative to understand

factors that a ect the ability of the inversion analysis to @pture changes ink related to
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Figure 4.2: Ability of the inversion analysis to re-create a lgraulic conductivity anomaly in
a synthetic model. (a) The synthetic model with the change i®®WP due to the synthetic
anomaly from a homogeneous model. (b) The inversion re-ctea@ spatially distributed

hydraulic conductivity. Sensor locations shown relativea both the synthetic and re-created
models.

BEP. The factors that are presented in this Chapter 4 includesensor spacing, anomaly
dimensions, hydraulic conductivity of the anomaly, lengttof the anomaly in a propagating

anomaly, multiple anomalies, and anomalies that are tranevse to uid ow.
4.3.2 Inuence of Sensor Spacing

The in uence of sensor spacing is important to understandgthe ability of inversion
analysis to re-create BEP channels for general monitoringigposes and the ability of inver-
sion analysis to re-create BEP during the 12009T2 experimenFive evenly spaced sensor
arrays with spacing of 0.25 m by 0.25m, 0.5 mby 0.5 m, 1 mby 1 mn2by 2 m, and 4
m by 4 m are examined. Additionally, the 12009T2 functioning ensor array, as discussed
in Chapter 2, is examined to understand the ability of this anlay to capture a simple BEP
anomaly. Figure 4.3 shows the ability of each sensor array tagture the anomaly ink, sim-
ulating a synthetic BEP channel. The synthetic anomaly is shwn to the left of the anomaly

re-created by the inversion analysis with the location of ssors shown on the gures of both

43



the synthetic anomaly and the re-created anomaly. The inveion analysis is able to con-
sistently re-create the synthetic anomaly to the nearest @nstream row of sensors, up to a

sensor array spacing of 2 m by 2 m.

Figure 4.3: Synthetic BEP anomaly and the recreated synthetiBEP anomaly dependent
on sensor spacing. All sensor arrays are evenly spaced (exogpthe 12009T2 functioning
sensors array).

Sensor arrays of 0.25 m by 0.25 m spacing and 0.5 m by 0.5 m spgcgstimate the
anomaly length, thek, the equivalentk, and the ow rate very well. Sensor array spacing of

1 m by 1 m estimates the length of the anomaly to the nearest dastream row of sensors.
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The synthetic anomaly is between sensor cross sections,ulBsg in the inversion analysis
estimating the anomaly to bifurcate into two parallel arms bhat follow the sensor cross
sections. The re-created equivalerk is high relative to the synthetick, but the ow rate is
still well estimated. The sensor array of 2 m by 2 m spacing ibke to capture the anomaly
length to the nearest downstream row of sensors, but is unalio capture thek value of the
anomaly as well as the densely spaced anomalies. At this sanspacing, equivalentk and
ow rate are also estimated well. The sensor array of 4 m by 4 ns unable to capture a
BEP anomaly, re-create ow rate or capture equivalenk. Table 4.1 summarizes the ability
of the inverse analysis to re-create the synthetic model gisying metrics of anomaly length,
maximum k and ow rate. Sensor spacing must more dense than 2 m by 2 m toptare
anomalies ofk such as BEP channels. The anomaly is centered along a sensoss section
using the sensor spacing of 2m by 2 m. The ability of a 2 m by 2 mns®r spacing to locate
the anomaly between sensor cross sections is not demonsdain Figure 4.3. It is expected
that the results would be similar to that of the 1 m by 1 m sensospacing, such that the
anomaly length would be well estimated but the anomaly woulBifurcate to run along the
adjacent sensor cross sections. The sensor array of 120099 2ble to capture the anomaly

length of 6.15 m to the nearest downstream row of sensors.
4.3.3 Inuence of Anomaly Parameters on Inversion Accuracy

BEP anomalies, as demonstrated through small and medium $e@xperiments, are much
smaller in width than 0.25 m and in depth than 0.05 m (Van Beelet al., 2015). However,
decreasing the spatial discretization increases the contation requirements. Understanding
the ability of the inversion analysis to capture anomalies ih smaller widths and depths
and the e ect smaller channels of BEP have on the re-createciameters is important. Two
synthetic models are demonstrated in Figure 4.4 to understdrthe ability of inversion to
re-create anomalies much smaller than the inversion distimation. The rst synthetic model
has an anomaly width of 0.05 m, relative to the spatial disctieation of 0.25 m. The second

synthetic model has an anomaly with a depth of 0.01 m relatii® the spatial discretization
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Table 4.1: Ability of Inversion Analysis to re-create BEP anoraly parameters

Synthetic Model: 0.25mx|05mx|1Imx|2mx|4mx|12009T2 Sensor
Sensor Spacing Array 0.25 m 0.5 m 1m 2m 4m Functioning
Synthetic 6.15 6.15 6.15 | 6.15 | 6.15 6.15
Anomaly length [m]
Re-created 6.25 6.5 6.25 55 0 5.25
Anomaly length [m]
Synthetic 0.02 0.02 0.02 | 0.02 | 0.02 0.02
Maximum k [m/s]
Re-created 0.022 0.024 | 0.02 | 0.04 | 0.006 0.059
Maximum k [m/s]
Synthetic 4.6 4.6 4.6 4.6 4.6 4.6
Flow rate [m®/s]
Re-created 4.6 4.6 4.6 4.6 4.5 4.6
Flow rate [m3/s]

of 0.05 m. In Figure 4.4, the synthetic model is shown to the tebf the model re-created
by the inversion analysis. The sensor array used is the 12009functioning sensor array to
better understand the ability of the inversion analysis to e-create BEP progression.

0.01 m Anomaly Depth
Synthetic Model Re-created Model

0.05 m Anomaly Width
Synthetic Model Re-created Model

US

DS

Hydraulic Conductivity

| | L \\\\\Hl

10 10t 10

[[] Sensor Location

[

10®

Figure 4.4: Synthetic model and re-created model for small amalies. Re-created parame-
ters are related to depth, width, andk. As the depth or width is increased in the re-creation,
relative to the synthetic model, thek decreases.

In both synthetic cases, the anomaly length and location isaptured, and the re-created
hydraulic conductivity is less than the synthetic anomaly. The rst synthetic anomaly is

that of a relatively skinny synthetic anomaly with a width of 0.05 m, about a fth of the
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discretization spacing of 0.25 m. The inversion analysisable to capture the anomaly length
accurately to the nearest downstream sensor and location.h& anomaly re-created by the
inversion has a hydraulic conductivity of about half that ofthe synthetic model, but the
equivalent hydraulic conductivity and ow rate are well regicated, as shown in Table 4.2.
This proves that, although absolute channel parameters ofidth, depth and hydraulic con-
ductivity are not re-created, the combined parameters areercreated, as demonstrated in the
equivalent hydraulic conductivity. The second synthetic madel shown in Figure 4.4, is that
of a thin pipe, with a depth of 0.01 m which is a fth of the depthin the BEP domain of
0.05 m. The anomaly length is estimated to be longer than thegsthetic model by 1.35 m,
but the inversion is able to capture the anomaly location. Té re-createdk is less than the
synthetic model by a factor of four fths, which is four timesthat expected if the anomaly
transmissivity were preserved; however, the synthetic owate is re-created. Thus, the com-
bined channel parameters of width, depth and hydraulic condtivity are well re-created as

demonstrated by the equivalenk and ow rate.

Table 4.2: Ability of the inversion analysis to re-create armaly parameters from skinny
and thin anomalies relative to model discretization

| BEP Channel Dimension | Width | Depth |

Synthetic Width [m] 0.05 | 0.25
Re-created Width [m] 0.5 0.25
Synthetic Depth [m] 0.05 0.01
Re-created Depth [m] 0.05 0.05
Synthetic Equivalentk [10 4 m/s] | 1.400 | 1.401
Equivalent k [10 * m/s] 1.402 | 1.403

Synthetic Maximum k [m/s] 0.6417, 1

Re-created Maximumk [m/s] 0.312 | 0.79
Synthetic Flow Rate [nv/s] 4.8 4.7
Re-created Flow Rate [n¥/s] 4.8 4.7

Figure 4.5 demonstrates the e ects of the hydraulic conductity magnitude on the in-
version analysis ability to capture the anomaly. Four syntetic models have simple BEP

anomalies withk of 0.01 m/s, 0.02 m/s, 0.1 m/s and 1 m/s. Figure 4.5 shows the syn
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thetic model left of the re-created anomaly. As th& of the anomaly increases, the inversion
analysis is better able to capture and re-create the anomalyAt lower anomaly k of 0.01
m/s the inversion analysis is unable to re-create the full amaly, especially in locations of
sparse sensors spacing. Increasing théy a factor of 2, to 0.02 m/s, increases the inversions
capability to re-create the anomaly. At 0.02 m/s the invergin analysis is able to capture the
length of the anomaly to the nearest downstream row of sensathrough an area of sparse
sensor spacing. As thé& increases, the inversion analysis is able to re-create thegmitude

of the k and full length of the anomaly, at 0.1 m/s and at 1 m/s.

0.01 m/s Anomaly Hydraulic Conductivity 0.02 m/s Anomaly Hydraulic Conductivity
Synthetic Model Synthetic Model Synthetic Model Re-created Model
US
DS
0.1 m/s Anomaly Hydraulic Conductivity 1 m/s Anomaly Hydraulic Conductivity
Synthetic Model Re-created Model Synthetic Model Re-created Model

Hydraulic Conductivity [m/s]

[

Ll | | | ‘ l:l Sensor Location
10° 102 107 10

Figure 4.5: E ects of hydraulic conductivity magnitude of a gnthetic model on ability of
inversion to re-create the anomaly.

As k increases, the inversion analysis is better able to captutee anomaly length and
magnitude of thek. Table 4.3 shows that the inversion analysis is able to captithe ow

rate well for each synthetic model, while the equivalerit is most accurate as the synthetic
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k decreases.

Table 4.3: Ability of inversion to re-create anomalies of imeasing hydraulic conductivity

Hydraulic conductivity of | 0.01 m/s| 0.02 m/s| 0.1 m/s | 1 m/s
the Synthetic Model
Maximum k [m/s] 0.0252 | 0.0594 | 0.239 | 1.66
Synthetic 6.15 6.15 6.15 6.15
Anomaly Length [m]
Re-created 2 5 6 6.5
Anomaly Length [m]
Synthetic 1.400 1.400 1.400 | 1.400
Equivalent k [10 # m/s]
Re-created 1.401 1.401 1.401 | 1.401
Equivalent k [10 # m/s]
Synthetic Flow Rate [nv/s] 4.5 4.6 4.8 5.1
Re-created Flow Rate [Vs] 4.5 4.6 4.8 5.1

4.3.4 Results of a Propagating Anomaly

BEP progresses in time, as opposed to the previously studisthtic models. This series
of synthetic models examines the ability of the inversion toapture a progressing anomaly
in eight time steps. The anomaly is a simple anomaly with & equal to 0.1 m/s, and
increases in length by 2 m in each time step. The assumptionaheach inversion result
informs the inversion of the next time step is assessed thigluthis series of synthetic models.
The inversion uses the 12009T2 functioning sensor array teeohonstrate the ability of the
inversion analysis to capture a synthetic progressing BEPnamaly using varying sensor
spacing from a realistic sensor array. The hydraulic gradieof each synthetic model increases
with increasing anomaly length as predicted by the Sellmej equilibrium model, simulating
realistic cases. Figure 4.6 demonstrates the ability of thewversion to capture a progressing
anomaly in a series of 8 time-steps, the synthetic model iscsin left of the re-created model
with the hydraulic loads of the upstream and downstream reseirs and the sensor locations.

The inversion analysis is unable to capture the 2 m long anonyakith a hydraulic gradient

of 0.3 m. This is likely due to the low hydraulic gradient beaase there is no di erence
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between the ow rate from the synthetic and re-created modgl At synthetic anomaly
lengths of 4 m, 6 m, 8 m, and 10 m (with respective hydraulic derences of 0.64 m, 0.98 m,
1.32 m, 1.61 m) the inversion analysis is able to capture the@maly length accurately to
the nearest downstream row of sensors and re-create the owate of the synthetic model,
as shown in Table 4.4. However, the inversion analysis is uh@tio capture the sharp edges
of the anomaly, the width of the anomaly, or the hydraulic coductivity magnitude of the
anomaly, as shown in Table 4.4. The inversion analysis is Wia to capture the synthetic
model with length of 12 m accurately, even to the nearest dowinieam row of sensors,
likely due to sparse sensor spacing. Reliable sensors in #rea have a sensor spacing of
4.5 m between sensor cross sections and 5.5 m between sermas.r It has already been
demonstrated that a sensor spacing of 2 m by 2 m is required tchéeve anomaly length
accurately to the nearest downstream sensor. As the anomahcieases in length to 14 m,
past the 8th row of sensors at 13 m from the downstream toe, tlversion analysis is again
able to capture the anomaly length accurately to the nearestownstream row of sensors and
re-create the ow rate of the synthetic model. Similar to shader anomalies, the inversion
analysis is unable to capture the sharp edges of the anomadgtimating a wider anomaly
with higher k in the center and lowerk on the edges. As the anomaly reaches the upstream
side of the embankment, the inversion analysis is able to reate the length of the anomaly,
but is unable to re-create the ow rate of the synthetic model As the synthetic anomaly
connects the downstream and upstream reservoirs, the re-ated ow rate and equivalent k
is much lower than those calculated from the synthetic model

The PWP was well re-created at each time step. Figure 4.7a shotie PWP response
along the center cross section, PWP cross section 8, of the thatic model, re-created
model, and homogeneous model with homogenedusf 1:4 10 # m/s. Figure 4.7b shows
the locations of the PWP plotted in Figure 4.7b and contour plat displaying the di erence
between PWP from a model without an anomaly and that of the symietic model. PWP

decreases both upstream and downstream of the anomaly prgp#ion, however, decreases
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Table 4.4: E ect of increasing anomaly length and increasinhydraulic gradient on the
ability to capture the synthetic BEP anomaly

Synthetic Anomaly 2 4 6 8 10 12 14 15
Length [m]
Re-created 0 3 55 | 7.75 | 85 10 | 13.25| 15
Anomaly Length [m]
Synthetic Equivalent | 1.400| 1.400| 1.401| 1.401| 1.402| 1.403| 1.412| 1.86
k [10 4 m/s]
Re-created Equivalent] 1.400| 1.401| 1.401| 1.402| 1.402| 1.405| 1.409| 1.490
k [10 * m/s]
Synthetic 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Anomaly k [m/s]
Re-created 1.4 0.2 | 0.34 | 0.395| 0.794| 0.869| 0.695| 0.658
Maximum k [m/s] 10 4
Synthetic 7 15 23 33 43 52 54 59
Flow Rate [m3=g]
Re-created 7 15 23 33 41 50 53 49
Flow Rate [m3=g]

in PWP are most signi cant local to the leading edge of the anoaly. Figure 4.7b further
demonstrates that a straight anomaly along PWP cross sectio8 results in a relatively

symmetric distribution of PWP changes.
4.3.5 Inuence of Multiple Anomalies and Asymmetrical Anomalies

Small and medium scale experiments demonstrate the multi-whnel and transverse na-
ture of BEP (Van Beek, 2015; Van Beekt al., 2015). This set of synthetic models is designed
to understand the ability of the inversion analysis to captte multiple BEP channels and
BEP channels that progress non-uniformly. The 12009T2 funizining sensor array is used
in this set of synthetic models, to be able to directly applyhe results to the inversion of
the 12009T2 PWP measurements. To understand the impact of ntiple BEP channels, two
k anomalies of 0.1 m/s with an aquifek of 1:4 10 * m/s, are designed in the synthetic
models. The distance between the two anomalies increase frénm to 1.5 m. Figure 4.8
demonstrates the ability of the inversion analysis to sepate the two anomalies using the

12009T2 sensor spacing of about 1 m between sensor crossi@est At the 1 m spacing
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Figure 4.7: Synthetic and re-created PWP relative to the hom@&meous model as pipe length
increases.

the inversion analysis was unable to re-create two separaaaomalies, but was still able to
capture the longitudinal length of the longest anomaly. At aspacing of 1.25 m between
anomalies, the inversion analysis was able to capture 2 segta anomalies and the length of
each anomaly relative to the nearest downstream row of sensoHowever, the length and
progression of the smaller anomaly was not re-created. Theversion analysis was able to
capture the nature of the 2 anomalies and the length of each @amaly well at a spacing of
1.5 m between the anomalies.

Table 4.5 highlights the ability of the inversion analysisd re-create parameters of the syn-
thetic model. The inversion analysis is able to re-create ¢hlength of the longest anomaly in
the synthetic model and the ow rate, regardless of the distece between the two anomalies.
The equivalentk is estimated high in all three re-creations of the synthetimodel.

Small and medium scale experiments demonstrate that BEP pyresses through multiple
meandering channels (Van Beek, 2015; Van Beekal., 2015). To be able to invert PWP and
deduce BEP progression during the 12009T2 experiment, it important to understand the

capabilities and limitations of inversion to re-create sgal changes ink. Figure 4.9 demon-
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Figure 4.8: Ability of the inversion analysis to re-create 2 grallel anomalies at increasing
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Table 4.5: Ability of the inversion analysis to capture multple BEP channels

Distance Between Channels 1m 125m | 15m
in Synthetic Model
Synthetic Anomaly Lengths [m] 6 &3 6 &3 6 &3
Re-created Anomaly Lengths [m] | 6.25 & 4| 6 & 2.75| 6 & 3.5
Synthetic Equivalentk [10 * m/s] 1.401 1.401 1.401
Re-created Equivalentk [10 # m/s] 1.401 1.402 1.402
Synthetic Flow Rate [nv/s] 4.9 4.9 4.9
Re-created Flow Rate [r//s] 4.9 4.9 4.9
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strates the ability of the inversion analysis to capture ande-create an anomaly mimicking
a meandering channel that propagates transversely (perp#oular to ow) using di erent
PWP arrays and spacing. The anomalousis 0.01 m/s compared to an aquifek of 1:4 10 4
m/s. Figure 4.9 shows the synthetic model to the left of the maals re-created by the inver-
sion analysis with the sensor arrays used for each re-creati The inversion analysis using
almby 1l m PWP sensor spacing was able to capture the length ofetk anomaly, but
not the shape of the anomaly, or extent of transverse propatan. The inversion analysis
was unable to capture thek anomaly using a 2 m by 2 m sensor spacing. The 12009T2
functioning sensor array re-created the synthetic model éhbest, likely due to the dense

sensor spacing in the location of the anomaly.

Figure 4.9: Ability of the inversion analysis to re-create trasverse BEP anomalies at various
sensor spacing. Synthetic models are to the left of re-credtmodels by the inversion.

Table 4.6 shows the ability of the inversion to capture paragters of the synthetic model.
The inversion analysis is able to re-create the ow rate of #hsynthetic model well with all
sensor arrays. The longitudinal length of the synthetic BERinomaly is captured well using

the 1m by 1 m sensor spacing and the 12009T2 functional sensoray. The 2 m by 2 m
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sensor spacing captured the equivaleitof the synthetic model, while the 1 m by 1 m sensor
array and the 12009T2 functional sensor array resulted in aigh equivalentk. This indicates

the equivalentk is not a su cient parameter to determine accuracy of the invesion analysis.

Table 4.6: Ability of the inversion analysis to capture pararaters of the synthetic model
with a transverse BEP anomaly at various sensor arrays.

Sensor Array Spacing Imx1m|2mx2m| Reliable
in Synthetic Model Sensors
Synthetic Anomaly Lengths [m] 3 3 3
Re-created Anomaly Lengths [m] 2.75 1.25 3
Synthetic Equivalentk [10 # m/s] 1.400 1.400 1.400
Re-created Equivalentk [10 4 m/s] 1.400 1.400 1.400
Synthetic Flow Rate [n?/s] 4.5 4.5 4.5
Re-created Flow Rate [r¥/s] 4.5 4.5 4.5

4.4 Conclusions

This chapter presents an examination of inversion analysie capture anomalies in hy-
draulic conductivity (k) due to backwards erosion piping (BEP) using pore water presgre
(PWP) measurements. The inversion method analyzed to undeéasd the capabilities and
limitations to capture BEP channel location, length and paameters of width, depth and
hydraulic conductivity. Synthetic models were created irCOMSOL to target the ability
of the inversion analysis to re-create models under variogesnditions. Conditions tested
include varying sensor spacing, size of the anomaly, magrnde of the anomaly, length of the
anomaly, multiple anomalies, and non-uniform anomalies.

The inversion analysis is able to capture a simple, straiglanomaly to the nearest down-
stream row of sensors as long as sensor spacing is no gredtant2 m if the anomaly is
located along a pwp sensor cross section. Based on the reatgd results using a sensor
spacing of 1 m by 1 m, it is expected that the length but not thedcation of the anomaly
would be well re-created if the anomaly is located betweennser cross sections. The ab-

solute k of the anomaly and equivalenk of the aquifer are well replicated; as th& of the
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anomaly increases, thereby increasing the contrast betwethe anomaly and aquiferk, the
inversion analysis is better able to capture the anomaly. Thwidth of re-created anomalies
are fuzzy, or wider than the original synthetic models, buttie combined e ect of width and
k are well replicated. Flow rate is well replicated if sensor dsity is greater than 2 m and the
anomaly does not connect the downstream and upstream edgésh® model. In the event
that the anomaly connects downstream and upstream, the reeated model ow rate is lower
than the synthetic model ow rate, limiting this inversion analysis to the progressive phase
of BEP. Multiple and skewed anomalies are replicated well thi dense sensor pacing, with a
density of at least 1 m. The inversion analysis is able to uruegly identify multiple channels
with a spacing of 1 or more meters between the channels usimg tsensor spacing of 12009T2
with about 1 m between sensor cross sections. If multiple analies are close together, the
inversion analysis will re-create the anomalies as one amaly but the longitudinal length
of the longest anomaly is preserved. This research demosés that monitoring of BEP is
possible with a sensor density greater than 2 m sensor spacinAlthough the inversion is
unable to capture the absolute BEP parameters of depth, wiltand hydraulic conductivity,
this chapter demonstrates the these combined parameterseawell re-created. Chapter 4
demonstrates that it is reasonable to expect an accurate negsentation of BEP progression

during the 12009T2 experiment by inverting PWP measurements
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CHAPTER 5
EVOLUTION OF TRANSVERSE BACKWARDS EROSION PIPING OBSERVED
THROUGH INVERSION OF PORE WATER PRESSURE

5.1 Introduction

Backwards erosion piping (BEP) is a leading cause of failune earthen dams and levees
(EDL) and a dominant contributor to ood risk (Foster et al., 2000; USBR and USACE,
2015; VNK, 2015). BEP is an internal erosion mechanism, initimg at the downstream
toe and propagating upstream under a cohesive layer. Oftehd only observations of the
mechanism are sand boils, conical sand deposits at the laoat of initiation. Very little is
known about the longitudinal (upstream to downstream, parel to uid ow) and transverse
(perpendicular to uid ow) progression of BEP below the stiucture. This chapter presents
the results of a study aimed at increasing understanding o progression in space and time
through the inversion of dense pore water pressure (PWP) messments collected during the
IJkdijk 2009 Test 2 (12009T2) full scale experiment (Van Beekt al., 2009b). The following
key points of this chapter are: (1) to demonstrate how PWP measements can be used to
determine longitudinal and transverse progression of BER2) to present longitudinal and
transverse BEP patterns during the IJkdijk 2009 experiment(3) to present properties of
BEP deducted from 1Jkdijk 2009 experiment; and (4) to discusBow these ndings impact
BEP modeling.

Previous small and medium scale experiments have shown thmaping progression occurs
both longitudinally, parallel to ow, and transversely, papendicular to ow (Van Beek, 2015;
Van Beeket al., 2015). However, current BEP models do not explicitly takento account
transverse progression. Sellmeijer (1988) created a semipirical model to predict the longi-
tudinal equilibrium length of BEP at increasing hydraulic gadients and the critical hydraulic

gradient. The critical hydraulic gradient is the hydraulic gradient at which BEP progres-
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sion continues without reaching an equilibrium. While Weijes & Sellmeijer (1993) observed
transverse progression in small scale experiments, theysased that primary (longitudinal
progression at the pipe tip) and secondary erosion (widemrof the pipe channel) capture
the main mechanics of pipe progression. The transverse pregsion was considered to be
negligible and a result of local weakness and heterogenaitythe soil structure (Weijers &
Sellmeijer, 1993). Validation of this assumption utilizedesults from small scale experiments
conducted by Weijers & Sellmeijer (1993) in which multiple mandering BEP channels pro-
gressed as a single front. Further small and medium scale eximents by Van Beek (2015)
and Van Beeket al. (2015) demonstrate that increasing the width of the experient prevents
BEP from progressing as a uniform front through the entire with of the experiment. These
experiments also demonstrated the occurrence of meanderipipe progression, transverse
progression of a single pipe, and multiple pipes progresgiat di erent rates and in di er-
ent directions. PWP measurements from full scale experimenpresented in Chapter 2 and
Chapter 3 provide further evidence of transverse piping pgoession.

Recent studies have considered that the use of primary erasionly in the longitudinal
direction coupled with secondary erosion is inappropriatand non-conservative (Van Beek
& Ho mans, 2017; Vandenboeret al., 2018). However, current models to assess BEP rely
on these assumptions. In an e ort to create a better prediadn model, Sellmeijeret al.
(2011) modi ed the model using results from multivariate aalysis of small and medium scale
experiments. This modi ed Sellmeijers model, referred tosaSellmeijers equilibrium model
in this chapter, is commonly used to predict BEP (USBR and USACE2015; WBI, 2017).
Full scale experiments further validate the modi ed modelresulting in good agreement
in ne sands, but non-conservatively overestimating the dical gradient in course-grained
sands (Sellmeijeet al., 2011). Wanget al. (2014) develop a 2-dimensional model to predict
BEP taking into account primary erosion in both the verticaland longitudinal directions to
account for piping around cuto walls. Including 3-dimensonal ow e ects, Rotunno et al.

(2017) and Rotunnoet al. (2019) developed a 3-dimensional numerical model by modejia
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pipe with changing width and depth using 1-dimensional eleants in a 3-dimensional seepage
model and taking into account mass balance and localized dédurium conditions.

This chapter will present the results of an investigation tancrease understanding of the
transverse and longitudinal progression of BEP in time. BERrogression is deduced by
inverting PWP measurements to estimate spatial changes in tigaulic conductivity (k) at
speci ed time steps. The remainder of this chapter is orgared as follows: an overview of
the 12009T2 experiment; the inversion methodology and foewd model; the inversion results
and how they compare to observations taken during the 12002Texperiment; comparison of
deduced progression of BEP to existing models and previousadyses of longitudinal BEP

progression; and nal conclusions.

5.2 1Jkdijk 2009 Test 2 Experiment
5.2.1 Evidence of Piping Progression From IJkdijk 2009 Test 2

IJkdijk experiments involved a series of full scale experimes to better understand failure
mechanisms of levees and monitoring of the respective fadumechanisms. The 1Jkdijk
2009 experiments aimed to study BEP, designed with a sandy wfer underlying a clay
embankment. 12009T2 had the additional intention to undettsind the reliability of existing
BEP prediction models in coarse-grained sands (Van Beek al., 2009b). The Monitoring
scheme included 120 PWP sensors placed at the top of the sandyuider, ber-optic cable
placed at the interface between the sandy aquifer and clay bamkment in ve rows to record
stress and temperature changes, and out ow ow rates from #downstream aquifer. 79 of
the PWP sensors remained reliable throughout the entirety dhe experiment, as reported
by Van Beek et al. (2009b). PWP locations and geometry are shown in Figure 5.1. €h
loading schedule was designed to capture piping equilibnuat di erent water levels and
determine the critical hydraulic gradient by maintaining adownstream water level of 0 m
above the sand aquifer, while increasing the upstream watkvel. Initially, the upstream
water level was increased at a rate of 0.1 m increments everyun. This schedule continued

as long as there were no observations of sand transport. Fidiservations of sand transport
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occurred at 26 h at an upstream water level of 1.6 m. To allow BEto equilibrate, upstream

water levels were held constant at 1.6 m for 20 h. At 46 h, the sfream water level was
increased by 0.1 m, and was further increased by 0.1 m at 56 hda66 h. BEP reached
the upstream reservoir at about 95 h and an upstream water lelof 1.9 m. At this time

forward erosion, i.e. when the pipe reaches the upstreameesir and progressive widening
of the pipe and erosion of the dike body, initiates (Van Beekt al., 2009b). The 12009T2
experiment continued until the embankment collapsed. Thisesearch concentrates on BEP

progression between 0 and 100 h during the 12009T2 experirhen

1.2 ~Clay |3. : 19 ™
Upstream embankmen /mea

< >

N 97m 14 > “8Z2m y
12 sandy aquifer 3m 1:2

Upstream

Downstream
e Reliable Sensors Unreliable Sensors

Figure 5.1: 1Jkdijk 2009 Experiment 2 dimension. 120 sensors placed in 15 cross sections
and 8 rows at the top of a sandy aquifer underlying a clayey embkment.

5.2.2 Evidence of Longitudinal and Transverse BEP Progression

Observations of sand traces and sand boils during the 1200®Eerved to document BEP
initiation and progression. Sand traces, isolated cloudyreams without visible sand move-

ment, rst occurred at 3 h. Water boils, localized features foconcentrated out ow with sand
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movement but no sand transport, rst occurred at 25 h followe closely by sand boils at 28
h (Van Beeket al., 2009b). Sand boils, the transport of sand from the aquifeindicate BEP
progression.

Trends in PWP also revealed BEP progression. Pareldt al. (2016) analyze these trends
in space and time, discovering anomalous decreases in PWRdiekd by a period of PWP sta-
bilization. This trend of anomalous PWP decreases followed/ Istabilization rst appeared
in downstream sensors and progressed towards the upstreaensors. Further analysis com-
pared the BEP induced change in PWP with PWP calculated from a ite element (FEM)
model assuming no erosion with spatially homogeneous hydlia conductivity. This model
was created using COMSOL Multiphysicsersion 5.2asimulating the geometry, soil param-
eters and loading conditions as the 12009T2 experiment. Tteomalous decreases followed
by stabilization are very clear when compared to the PWP assung no BEP, as shown in
Figure 5.2a. Figure 5.2b demonstrates the BEP induced changesPWP at a single time
step, 75 h. The spatial changes in PWP do not occur in a predidibe or symmetric pattern
across the embankment, as is expected for single, straighngitudinal channel (Bocovich

et al., 2017a).
5.3 Inversion Methodology

Inverse analysis was used to deduce the longitudinal and trsverse progression of BEP.
The inverse analysis estimated a set of spatially discre¢id, unknown hydraulic conductivi-
ties by employing time lapse array of PWP measurements and ad@nensional FEM forward
model. This section further discusses details of the unknavwparameters, observations, and
the forward model. The inversion analysis used is the SNOPT mhed in COMSOL. SNOPT
is a gradient inversion method (Cardi & Kitanidis, 2008; COMSOL, 2016; Gillet al., 2005).
Gradient inversion methods calculate change in estimate$ each unknown parameter by
comparing the results of the forward model using the estimadl parameters with the ob-
served observations. This is an iterative analysis for ndimear inversion analyses, such as

the inversion analysis used in this research. Chapter 4 pides more detail regarding the in-
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Figure 5.2: Changes in PWP due to BEP, measured PWP collected dinig BEP progression
are compared with homogeneous PWP calculated assuming no @iprogression. (a) Tem-
poral changes in PWP along cross section 8 compared to the uestm water level (black
line). (b) Spatial changes at 75 h. The colored row of middleessors in (b) correspond to
the PWP measurements in (a).

verse analysis and the assumptions used, and explores thdighto capture spatial changes
in hydraulic conductivity (k) related to pipe progression using spatially distributed PWP

measurements.
5.3.1 Unknown Parameter: Spatially Discretized Hydraulic Conductiviti es

In this inversion analysis, the set of unknown parameters @r4560 spatially discretized
hydraulic conductivities in a 2-dimensional layer at the tp of the 12009T2 aquifer. BEP
progresses in the top layer of the sand aquifer, directly uedheath the cohesive, clay embank-
ment, as shown in small and medium scale experiments (Van Be2015). This observation
provides the ability to assume that BEP occurs in one layer ahallows for a 2-dimensional
(longitudinal and transverse) inversion analysis. The 2#hensional inversion area of 19 m
by 15 m is discretized into 0.25 m by 0.25 m, with a constaktwithin each element, resulting
in 4560 unknown hydraulic conductivities. The 2-dimensiai inversion analysis maps to a
thin layer, with a depth of 0.05 m, located at the top of the 3-obmensional forward model of

the 12009T2 aquifer, as shown in Figure 5.3. Chapter 4 provisldéurther details of the FEM
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model and inversion analysis.

Increases irk indicate location and progression of BEP channels. The distization of k
constrains BEP channels to a width and length of 0.25 m, and g of 0.05 m. Previous small
and medium scale experiments and FEM analysis have shown thettallow, wide elements
of increasedk are appropriate to model BEP channels (Bersaet al., 2013; Van Beek &
Ho mans, 2017; Vandenboett al., 2018). Chapter 4 demonstrates that the estimate#d is
in uenced by the width and depth of the true BEP channel; alttough the truek, width and
depth might not be accurately re-created, the combined pamgeters of channek, width and
depth are re-created. If the true BEP channel is shallower #m 0.05 m or thinner than 0.25
m, the estimatedk increases relative to the truek. In this way, changes in width or depth
of the channel can be implied by increases kfin time; however, the magnitude of changes
in channel diameter is unreliable.

To deduce a time lapse understanding of BEP progression, @rgion analysis estimates
k at several time steps. Thek of each time step is assumed to progress from the estimated
set of k of the previous time step. The rst time step, at 5 h, assumeshat BEP has not
yet initiated and therefore progresses from spatially hongeneousk equal to the aquiferk

of 4 10 % mi/s.
5.3.2 Observations Being Reproduced: 12009T2 PWP Measurements

The indirect observations are 79 time lapse PWP measurememecorded throughout the
12009T2 experiment. The inversion analysis estimates theof each element to understand
BEP progression better. During the 12009T2 experiment, 7%®tiable PWP sensors captured
BEP progression in a relatively dense spatial array, as shown Figure 5.3. The PWP
collected at individual time steps inform the inverse anabis to estimate spatial changes
in K. The time steps are as follows: 5 h, 7 h, 9 h, 15 h, 19 h, 25 h, dated by every
ve consecutive hours until breach occurs at 95 h. Each timeep was determined based
on the upstream water level to ensure that the assumption ofesidy state ow conditions

was reasonable. Error in the PWP measurements is composed wbein the sensor location
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measurements and the noise from the PWP sensor. The depth oéteensors was determined
by comparing initial forward models with PWP measurements &m times steps 3 h, 5 h, and
7 h, assuming that the e ects of BEP would be minimal at theseimes steps. The maximum
resulting di erence was 0.03 m, with an average of about 0.04. The location error of about
0.01 m is much higher than the error due to noise, about 0.001 A low pass lter reduces
the PWP sensors noise. The use of a low pass lter is appropre&abecause the uctuations

in PWP due to changes in hydraulic gradient and piping are notisusoidal.

Figure 5.3: The dimensions and locations of the BEP Domain, powater pressure sensors,
and geometries of the inversion model and forward model. T BEP Domain in the
inversion model maps onto the 3D BEP Domain in the 3D model.

5.3.3 The Forward Model

The forward model is a FEM seepage model using Darcy's law kusind calculated in
COMSOL. The 3-dimensional forward model geometry simulates the @metry of the sandy
aquifer in the 12009T2 experiment, dimensions are shown indtire 5.3. All boundaries as-

sume no uid ow except the upstream and downstream boundags. The upstream boundary
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isa 19 m by 9.7 m boundary, located at the interface of the upsiam reservoir and the sandy
aquifer with an assigned hydraulic pressure head equal toethupstream water level during
the 12009T2 experiment. The downstream boundary is locateat the interface of the sandy
aquifer and downstream reservoir, with an area of 19 m by 8.2 amd an assigned hydraulic
pressure head equal to the downstream water level, approxtely O m, during the 1200972
experiment.

This geometry is meshed with brick elements. The basis of thmesh is the spatial
discretization of the inversion analysis, containing bricelements with the dimensions of the
smallest elements at 0.25 m by 0.25 m by 0.05 tOMSOL automatically designs the mesh
for the remainder of the aquifer with a maximum growth of 1.4a minimum element length
of 0.132 m and a maximum element length of 1.81 m, resulting anbrick mesh with 242,505
degrees of freedom. To verify the use of this mesh, the meshswa ned to compare the
calculated ow and PWP. The nal re ned mesh was a tetrahedralmesh with a minimum
and maximum length of 0.05 m and 0.5 m, with 1,153,756 degregfsfreedom. Individual
PWP measurements did not change more than 0.002 m, which isdgban the measurement
error of 0.01 m, with a maximum percent error or 3.3 percent. le maximum ow rate had
an error of 0.03 percent.

Darcys law is used to model uid ow through the BEP domain andthe undisturbed
aquifer, explicitly relating k to the total pressure gradient ( p+ r D) and velocity of uid

ow through the porous medium!(u ).

My = k(ir p+r D) (5.1)

'u s the Darcy velocity, k is the hydraulic conductivity, p is the PWP, and D is the
depth taking into account the gravitation pressure. Thek in the undisturbed aquifer is
1:4 10 4m/s, while the k BEP domain is mapped from the 2-dimensional inversion analgs
The BEP domain is shown in Figure 5.3. Assuming and applying theontinuity equation

(Qm = (! u) ) to Darcy's law, the following equation is solved under stly state
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conditions in the forward FEM analysis.
Qm=r1 ( k(rp+rD)) (5.2)

Such that Q,, is the mass source term of uid ow and (1000 kg/m?) is the density
of water. COMSOL solves Equation 5.2 for the PWP at speci ed locations. Bersaet al.
(2013) demonstrate that it is reasonable to model uid ow ina pipe using Darcy's Law in

a thin domain compared to more accurate and computationallgxpensive models.

5.4 Inversion of 1Jkdijk 2009 Test 2

5.4.1 Inversion Results

Changes in measured PWP drive the inversion analysis and theogressive estimation of
spatial distribution of k used to estimate BEP progression. While analyzing and disaiisg
results, it is important to remember the capabilities and Initations of the analysis. Chapter
4 demonstrates that this inversion analysis accurately estates the length of BEP to the
nearest downstream sensor at a sparse sensor spacing of 2 n2 log. Sensor rows for the
12009T2 experiment are placed at about 0.2 m, 1.2m,2m, 3 m, 5 m5m, 11.25 m, and 13
m from the downstream toe; the largest distance between PWPws is 3.75 m between rows
6 and 7 and hence should be su cient to capture most of the BEPhannel development.

Deduced BEP from estimated increases inis shown in Figure 5.4. BEP initiates at early
time steps, at 5 h three channels initiate toward the left siel of the embankment (looking
upstream) between sensor cross sections 2 and 7 at the dowesin toe. In each of these
locationsk has increased to 10' m/s from the aquiferk of 1:4 10 4 m/s. A fourth location
emerges at 9 h near sensor cross sections 13, toward the rigidie of the aquifer. From 9
to 19 h while the upstream reservoir level rises (Figure 5.2Where is slow progression in
BEP in all existing channels and thek of the two longest channels increases to about 1
m/s. Around 19 h into the experiment, it appears that the initial channels on the left side
of the aquifer arrest and do not progress further upstream. édwveen the times 25 h and 35

h, with the reservoir level is at 1.6 m, the fourth channel tonitiate at sensor cross section
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13 continues to progress at a relatively constant rate andmsultaneously increases ik to
about 10 m/s, becoming the dominant channel. Simultaneousdreases irk emerge at PWP
sensors in sensor rows 7 and 8. These small channels progilessistream between 25 h and
30 h with a k of about 0.1 m/s. Between 35 h and 70 h the dominant channel darues to
progress and increase ik to about 10 m/s. At rst the BEP progresses transversely, but
around 50 h starts to progress longitudinally toward the wdaned zone that experienced
forward erosion at earlier time steps. At 70 h, one of the sniat channels starts to progress
longitudinally and transversely and continues to progredsngitudinally between 75 and 90 h
with increasingk from 0.05 m/s to 5 m/s. The dominant channel breaches at the gream
toe between sensor cross sections 8 and 9 at 95 h. This is ineggnent with the 12009T2

experimental observations (Van Beelet al., 2009b).
5.4.2 Comparison with IJkdijk 2009 Test 2 Pore Water Pressure Obse rvations

PWP observations drive the inversion analysis, so it is imptant that the PWP behavior
is re-created using the estimated hydraulic conductiviteein the forward model. The PWP
response created by the FEM model with estimated spati&l from the inversion analysis are
shown together with the measured PWP from cross section 12 indgtire 5.5a. The inverse
analysis was performed at every 5 h starting at 20 h, captugngeneral trends due to PWP
caused by BEP, but unable to capture increases in PWP caused ingreases in the upstream
reservoir. The average inversion error between re-creatadd measured PWP is 0.011 m,
which is the same order of magnitude as the measurement eradr0.01 m, indicating rea-
sonable inversion results. Inversion errors much smallenan measurement errors indicate
that the inversion analysis is attempting to t individual m easurements and not the entire
spatial distribution of measurements. While, inversion ears much larger than the mea-
surement error indicate the inversion analysis is unable t@asonably t the measurements.
Figure 5.5b shows the inversion error, demonstrating the dity of the inversion to t PWP
measurements in space at 75 h. Most of the inversion error &s$ than 0.04 m. However,

a high error of 0.08 m occurs in an area of very low sensor dénsirhis inversion analysis
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Figure 5.4: BEP progression indicated by high spatial changen k and contours of changes

in PWP due to BEP compared to sensor locations at set time steps
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is designed to decrease inversion error in the entire set,tpost one location to avoid over
tting the data.

@ (b)

Error in estimated pwp at 75 hr [m]
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Figure 5.5: Comparison between measured PWP collected duripgpe progression and esti-
mated PWP calculated from inversion analysis. (a) Temporalhanges in PWP along cross
section 12 compared to upstream water level, black line. (I9patial overview at 75 h. The
colored row of middle sensors in (b) correspond to the PWP measments in (a).

PWP trends correlate with the estimated BEP progression. Deeases in the upstream
PWP correlate well with the moment in time BEP progression reghes the respective distance
from the downstream toe. The yellow PWP response in cross sect 12, as shown in
Figure 5.5, decreases noticeable between 20 and 25 h, cotiradawith the time the inversion
deduced BEP reaches this sensor at 25 h, as shown in Figure 3. ie estimated BEP channel
does not propagate directly through the seventh and eightlessors (orange and red sensors
in Figure 5.5, respectively) in cross section 12. However, me#able decreases occur at about
60 hour in the seventh sensor and between 65 h to 70 h in the ogansensor, corresponding
to the same time the estimated BEP channel reaches the severand eighth rows in cross
sections eight and nine, as shown in Figure 5.4.

Spatial trends in PWP, as demonstrated through pressure stdization trends in Chapter
2 (Shown in Figure 2.3) support the spatial trends in BEP pipig as estimated by the in-

version analysis. Pressure stabilization contour pattesnindicate two zones of early pressure
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stabilization. The rst zone is on the right side of the embakment, but remains relatively
close to the downstream toe. The second zone is located 11 enetfrom the left, down-
stream corner of the embankment, just right of center. The @ extends further into the
embankment about 6 meters from the downstream toe and indies potential transverse
movement toward the center of the embankment, a similar spat pattern and location as

the main channel indicated by the inversion analysis.
5.4.3 Comparison with 12009T2 Collapse Patterns

The main BEP channel estimated by the inversion analysis itiates at sensor cross section
13 and 14, or 16 m from the left edge of the embankment, as shownFigure 5.4 and
Figure 5.7. As the main BEP channel progresses upstream it starto progress toward
the center of the embankment when it reaches a length of aboB8t5 m. This pattern is
corroborated by collapse patterns of the embankment at latdime steps in the 12009T2
experiment. Figure 5.6a is a picture taken at 143.5 hr into thR009T2 experiment (Van Beek
et al., 2009b) demonstrating the main sand boil is right of the upstam (US) breach location
and embankment cracks demonstrate a transverse pattern. kig 5.6b, taken at 144.5 hr
into the 12009T2 experiment (Van Beelet al., 2009b), that shows clearly the location of the
main sand boil and demonstrates collapse patterns that cuevto the right toward the center
of the embankment, as estimated by the inversion analysis.h& main sand boil is shown to
be located at the downstream toe, three quarters of the way @ss the embankment from
the left side of the embankment. The main BEP channel is prected to initiate at 16 m from
the left corner of the downstream toe, as indicated by thesegbures during the embankment

collapse.
5.4.4 Comparison with 12009T2 Sand Boil Observations

Figure 5.7 compares the estimated BEP channel location at ten= 95 h to sand trace,
water boil, and sand boil locations in time. Estimated BEP pogression agrees well with sand

boil observations during early time steps, between 0 and 35 &f the 12009T2 experiment.
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Figure 5.6: Pictures of the 12009T2 embankment collapse denstrate transverse collapse
patterns of the embankment, similar to the main BEP channelstimated by the inversion
analysis. (a) The main sand boil at 143.5 hr. (b) The embankme collapse at 144.5 hr.
Pictures from Van Beeket al. (2009b).

This is to be expected based on the validation of the inversi@analysis conducted in Chapter
4. The BEP channel does not progress past the 5th row of PWP sens before 35 h into
the test, where the highest density of PWP sensors is locate@ihe density of sensor spacing
between the downstream toe and the 4th PWP sensor row indicatehat the inversion
analysis should be unique and accurate in determining BEP amael location, length, and
combined parameters of depth, width and hydraulic conductity. The inversion analysis
demonstrates that early initiation of BEP occurs on the leftside of the embankment at
about 5 h into the test and arrest at 25 h. At 25 h, Figure 5.4 shaosvinitiation of BEP
at sensor cross sections 11 through 15. This correlates weith water boil and sand boil
observations in this area, as shown in Figure 5.7.

After 25 h, the sand boil observations indicate the progressi of two main channels
at about 11 m and 19 m; however, the inversion estimates the qgression of one main
channel between these locations at around 16 m from the leftls of the embankment. This
discrepancy could be due to the inability to observe sand beiat this location during the
12009T2 experiment or the non-uniqueness of the inversiomalysis. The 12009T2 report

records sand boil observations at 16 m from the left side ofélembankment until about 47 h,
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Figure 5.7: Estimated piping locations at 95 h compared to sdrboil location and production
data, from Van Beeket al. (2009b).

at which time the 12009T2 report notes that there is a small dtapse of the downstream toe
of the embankment (Van Beelket al., 2009b). The collapse has the potential to obstruct the
ability to observe sand boils. However, inversion of hydraial conductivity is a non-unique
solution, as discussed in Chapter 4. It is possible that th@version was unable to separate
the progression of two channels propagating in close proxtgn Chapter 4 demonstrates
that when two BEP channels are relatively close together thiaversion analysis is incapable
of separating the channels but continues to estimate the Igitudinal length of the longest
channel and the equivalent k of the BEP domain well (the 15 m b$9 m area directly below
the embankment with a depth of 0.05 m).It appears unlikely tht this is the case, due to
the potential distance between two potential channels at 1 and 19 m from the left side
of the embankment. The collapse patterns of the 12009T2 exp@ent also clearly show a
large seepage area at the location of the main channel as mstied by the inversion analysis,

discussed in Section 5.4.3.
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5.4.5 Comparison with 12009T2 Flow Rates

The inversion analysis estimates an increase in total segjea ow rate throughout BEP
progression as shown in Figure 5.8. The estimated ow rate genally follows a similar pattern
as the measured ow rate. Error between the estimated and m&ared ow rate is within
reasonable error bounds taking into account the measurenteand modeled error. There is
uncertainty in the accuracy of the measured ow rate shown ifrigure 5.6 as indicated by
the 12009T2 report (Van Beeket al., 2009b). The measured and estimated ow rates deviate
noticeable from the modeled ow rate assuming no erosion \wispatially homogeneous of
1:4 10 * m/s at around 45 h. Before 45 h, the increase in ow rate corrales with the
homogeneous model, indicating that the hydraulic gradiemontrols the ow rate. After 45 h,
the ow rate in both the measured and the estimated ow ratesncrease without increases in
the hydraulic gradient. At 95 h, the inversion analysis estnates a sharp decrease in ow rate
as opposed to a shape increase in ow rate observed during #209T2 experiment. This
error could have resulted in the momentary drop in hydrauligradient due to the complete

hydraulic connection between upstream and downstream at 96

Flow Rate Comparison
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Figure 5.8: Flow Rate comparison between measured 12009T2 awates, estimated ow
rates from 1Jkdijk results, and calculated ow rates assumig piping does not occur.
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5.4.6 Discussion of Inversion Results

Most of the inversion is very consistent and in line with 1208T2 observations, including
some unexpected increaseskn as shown in Figure 5.4. These increaseskinindicating areas
of erosion, are corroborated by sand trace and sand boil obsgions and observations from
small and medium scale experiments. However, these anomalmuld be due to false arti-
facts created by the inversion analysis. This sections wpresent the unexpected behavior,
evidence for the unexpected behavior from 12009T2 experinteand previous experiments,
and evidence for these to be artifacts from the inversion alyais.

At early time steps (7 to 19 h) small, localized increases ik occur towards the left
side of the embankment (looking upstream). These locatiomsd timing correlate well with
trace data, as shown in Figure 5.7. Small and medium scale expents have exhibited
similar sand trace observations, related to small rearraegients of sand grains that develop
into small channels with concentrated ow at lowk (Van Beek et al., 2011). Around 20
h into the experiment, it appears that these channels arresind do not progress further
upstream. The arrestment of BEP could be due to increased kstrengths in that area
and weaker soil strengths toward the right side of the embanient, as corroborated with
sand boil observations, Figure 5.7. Similar phenomena occduring small and medium
scale experiments (Van Beelet al., 2015). However, it is possible that the inversion was
incapable of capturing further progression BEP with the lirnted functioning sensors in the
left-upstream corner of the embankment.

Upstream anomalies that initiate around 20 to 25 h could be due localized weaknesses
from decreased density around sensor locations leading toward erosion. Observations
during small scale experiments support this possibility,h®wing that low density samples
result in forward erosion at lower hydraulic gradients tharexpected for BEP (Van Beek
et al., 2009a). These localized forward erosion channels woulckate weak zones in the
soil matrix, providing an explanation for the transverse pogression of the dominant BEP

channel starting at 55 h. Similar transverse progressiongaur in small and medium scale
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experiments only if there is a zone of weaker, less dense stilcture (Van Beeket al., 2015).
It is a possibility that the anomalies initiating at 20 to 25 hcould be artifacts of the inversion
analysis or that the continuous channels initiating arouncs h on the left-downstream toe
have progressed further than is estimated in this researclie to sparse PWP sensors in the
left-upstream corner of the aquifer. However, sand boil olrsations do not show signs of
undetected progression of BEP on the left side of the embankmt, as shown in Figure 5.7.
Breach occurs at 95 h between cross sections 8 and 9, with gragreement from ob-
servations during the 12009T2 experiment. However, there iorobservable progression of
the BEP channel between the eighth row of PWP sensors and the stpeam toe before 95 h
and the estimatedk of the channel is very low around 0.01 m/s. This could be becselthe
inversion analysis has di culty re-creating anomalies upgeam of the nearest sensor row as

demonstrated in Chapter 4.
5.5 Progression of Pipe Length and Comparison with Existing Model S

The inversion results demonstrate that BEP is much more congx than a single, longi-
tudinally progressing pipe as assumed in most BEP predictianodels (USBR and USACE,
2015; WBI, 2017). Recent research compares current or redgnieveloped BEP models
with 1-dimensional data from 12009T2 to estimate BEP locatin within the embankment
(Kramer, 2014; Rotunnoet al., 2017, 2019; Sellmeijeet al., 2011). The results of the in-
version analysis demonstrates that BEP does not simply progss along one cross section,
indicating that the use of one cross section of PWP measurentenvill not capture the full
impact of BEP resulting inaccurate longitudinal BEP.

Figure 5.9 compares the deduced longitudinal length of BEPdm the inverse analysis
with BEP length from 12009T2 1-dimensional linear regressioanalysis (Sellmeijeret al.,
2011), Sellmeijers equilibrium model (Sellmeijest al., 2011), and the BEP length predicted
by Rotunno et al. (2017).

The inversion deduced longitudinal progression rate is eglvely consistent between 25

and 66 h as hydraulic gradient increases between 25 and 45 ldat 46 h, 56 h, and 66 h.
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Between 65 h and 90 h, the BEP does not progress longitudinallDuring this time, the
pipe propagates transversely and increasesknindicating a widening of pipe width and/or
depth.

To estimate BEP progression during the 12009T2 experimenGellmeijer et al. (2011)
use a 1-dimensional regression analysis (shown as the 1Dresgion length in Figure 5.1)
to determine pipe length using PWP measurements from sensaoss section eight. The
1-dimensional PWP analysis from Sellmeijeet al. (2011) indicates that there is very little
to no BEP progression until about 40 h and most of the pipe progssion occurs very rapidly
between 60 h and about 77 h. This analysis demonstrates thepgortance of conducting anal-
yses in both the longitudinal and transverse directions andsing as many PWP observations
as possible.

Sellmeijers equilibrium model predicts BEP equilibrium legth for given hydraulic gradi-
ents. The model predicts that at a critical hydraulic gradiet the BEP does not equilibrate
and will lead to failure unless the hydraulic gradient is deeases su ciently (Sellmeijer,
1988). Previous analysis has shown that Sellmeijers edoilum model non-conservatively
overestimates the critical gradient for the coarse sand ir2009T2 (Sellmeijeret al., 2011).
At early time steps Sellmeijers equilibrium predicts an edlibrium BEP length longer than
BEP length predicted by the other models and the inversion dieiced BEP length, as shown
in Figure 5.9. However, Sellmeijers equilibrium model predga critical hydraulic load of
2.25 m, much higher than the nal hydraulic load applied to tke 12009T2 experiment of 1.9
m. Sellmeijer's model predicts a BEP equilibrium length of L5 m from the downstream toe,
compared to the 15 m embankment length, at the nal hydraulidoad of 1.9 m. However,
Sellmeijer's equilibrium model does not take into accountny weakened zones in the sandy
aquifer, such as a zone of less dense material. If Sellmé&jenodel did take into account a
weakened zone, as indicated by the inversion analysis at aibd1.25 m from the downstream
toe (discussed in section 5.4.6), it is likely that the Sellaijer's model would predict failure

of the BEP.
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Rotunno et al. (2017) also compare their prediction model to the 12009T2 dimensional
linear regression pipe length estimate. Rotunnet al. (2017) and Rotunnoet al. (2019)
develop a numerical model to account for both primary erosio(progression of the pipe
tip) and secondary erosion (erosion of the pipe walls). Thegeations are based on mass
balance between the porous aquifer, modeled using 3-dimensal brick elements, and the
BEP channel, modeled using 1D elements (Rotunnet al., 2017, 2019). Rotunno's model
(Rotunno et al., 2017) shows a steady increase in rate of longitudinal pipeogression, as

opposed to steady increase in longitudinal progression de@d by the inversion analysis.
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Figure 5.9: Longitudinal BEP progression length comparisobetween the deduced longitu-
dinal length from inversion results, 1D regression lengttSelimeijeret al., 2011), Sellmeijer's
equilibrium model (Sellmeijeret al., 2011), and the prediction model of Rotunnet al. (2017).

5.6 Conclusions

This research expands analysis of 1Jkdijk 2009 Test 2 (12002 data to increase under-
standing of backwards erosion piping (BEP). Pore water pregre (PWP) measurements are

used to estimate increases in spatial hydraulic conducttyi(k), indicating location, length,
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and properties of BEP channels. Deduced BEP emphasizes theogression of multiple
channels both longitudinally and transversely. Based on th analysis, it is important to
understand the multiple dimensionality of BEP progressiomo better predict failure.

Observations during the 12009T2 experiment corroborate thdeduced BEP progression
from the inverse analysis including PWP, sand boils, embanlent collapse patterns and ow
meter trends. The inverse analysis was able to re-create thgeraged measured PWP within
the sensor measurement error, with the highest error occirg in areas of low sensor density.
The observed sand traces, water boil and sand boil initiatiotimes and locations during
the 12009T2 experiment correlate well with initiation times and locations of the multiple
BEP channels deduced from inversion results. The inversisasults indicate multiple pipes
arrest and later re-initiate, this is corroborated via sandrace and sand boil observations.
The observed location and time of breach agree with the lo¢ah and time the deduced
BEP reaches the upstream reservoir. Trends in the ow meterada further corroborate the
estimated BEP from the inverse analysis.

The inversion analysis demonstrates that BEP occurs via ntiple channels and pro-
gresses both longitudinally and transversely. The BEP lomtgdinal length estimated by the
inversion analysis in this research suggests a constant gression rate as the hydraulic gra-
dient is kept relatively constant. Sellmeijers equilibrim model, although un-conservatively
over estimates the critical hydraulic gradient for I2009T2correlates the best with the longi-
tudinal length indicated by the inversion analysis. It is pssible that Sellmeijer's equilibrium
model would have predicted the critical hydraulic head if tB model took into account a
weakened zone of material near the upstream PWP sensors, adicated by the inversion
analysis during time steps 25 and 55 h. The 1-dimensional éar regression as presented in
Sellmeijeret al. (2011), compared with deduced longitudinal length from theversion anal-
ysis clearly demonstrates the importance of expanding agaks and investigation to multiple

dimensions and taking into account multiple channels.
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CHAPTER 6
MULTIPLE PORE PRESSURE MEASUREMENTS TO REDUCE UNCERTAINTIES IN
BACKWARDS EROSION PIPING RISK ASSESSMENT OF LEVEES

This chapter was modi ed from: Multiple Pore Pressure Measements to Reduce
Uncertainties in Piping Risk Assessment of Levees. Geo-Riski@erence., 2017. (with
permission from ASCE)

C. Bocovich2, W. Kanning®:3, and M. A. Mooney
6.1 Introduction

This chapter addresses the use of spatially distributed p@mwater pressure measurements,
further referred to as hydraulic head measurements in thishapter, to reduce uncertainty
in backwards erosion piping (BEP) failure assessment. Unta&nty and variability in soil
characteristics and limited measurements propagate thrgh failure analysis. This research
uses qualitative and quantitative observations collectettom the Colijnsplaat levee stretch,
in the Netherlands, to reduce soil characteristic uncertaiy and incorporate the subsequent
posterior soil characteristic distribution into the nal probability of failure. Bayesian updat-
ing was performed using observations of sand boils and sjg&tand temporal observations of
hydraulic heads along a cross section. Both sets of obsergat increased the probability of
clay uplift, sand heave, BEP progression, and probabilityfdotal failure; hence, uncertainty
is reduced, but a high failure probability estimate is obtaied.

BEP is a main contributor to probability of ooding and ood r isk in river depositions
systems (VNK, 2015). This failure mechanism is highly unceain, as its occurrence is depen-

dent on soil characteristics in river and marine depositiasystems where soil characteristics

IPrimary researchers and coauthors

2PhD Student, Department of Civil and Environmental Engineering, Colorado School of Mines, Golden, CO
3Researcher/Consultant Dike Safety, Deltares, Delft, Netherlands

4Professor, Department of Civil and Environmental Engineering, ColoradoSchool of Mines, Golden, CO
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have a high spatial variability. This is compounded by the nare of the failure mechanism.
BEP propagates beneath the embankment, providing little tao warning as to how far the
failure mechanism has progressed and when/if it will lead ti@ilure. Sand boils are the main
observational indicator to determine if BEP is progressingout give no information to rate
or length of progression.

There are many models to predict whether BEP will lead to faiire. However, uncertain
and variable soil characteristics result in high probabiiies of failure. It has been shown that
observations, both survival observation and pore water pssure (hydraulic head) measure-
ments can be used to reduce this uncertainty (Kanningt al., 2015; Schweckendiekt al.,
2014).

This chapter will present the use of time varying hydraulic Bad measurement to reduce
uncertainty in soil characteristics for an example levee rettch southeast of the town Colijn-
splaat, in the Netherlands. The levee experiences semi-diat tidal loading from the North
Sea, creating an oscillating load schedule in which sand Isoare observed during high tides
but not during low tides at the locations shown in Figure 6.1. Ahough signi cant amounts
of sand are removed from the sand boils each year, the leves hat failed due to BEP. This
analysis should not be interpreted as a formal assessmerdyigus parameters are based on

rough estimations, and the results should be judged in thigyht.

Figure 6.1. Picture of Colijnsplaat levee stretch (modi edrom Plares et al. (2017)).
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6.2 Backwards Erosion Piping Failure

BEP occurs in a series of stages or sub-mechanisms. In thigpeg the three stages of
BEP will be de ned as clay uplift (initiation or breach of the clay blanket), sand heave
(continuation, initial vertical erosion of sandy materia), and BEP progression (horizontal

progression of the pipe). These stages are illustrated in kig 6.2.

> > —

sand sand__ ' sand_

Clay Uplift Sand Heave Progression

Figure 6.2: Three sub-mechanisms of BEP. Modi ed from (Kanng et al., 2015; TAW, 1999).

6.2.1 Limit States

Limit states are used to model when and if each sub-mechaniswill occur and lead to
failure. The limit states of clay uplift (Z,) and sand heaveZ;) are calculated by the criteria
for critical gradient set by Terzaghi using the ratio of the moyant soil unit weight to the unit
weight of water, as used in the Netherlands (TAW, 1999). To caltate the existing hydraulic
gradient, hydraulic head is calculated using the blanket eations as set by the Army Corps
of Engineers (USACE, 2000). These limit states are shown in &afions 6.1 and 6.2. The
limit state of BEP progression ¢,) is modeled using Sellmeijers equations (Sellmeijer al.,

2011) as seen in Equation 6.3.

Clay Uplift:
O h
z,= o =X (6.1)
w O
Such that:
h. = h coshjc(L 3 x)j.h _ H A= 9 Kpi
x = No=coshety M0~ @mn(eiyr Locri ' = Kidodr
Sand Heave:
0
h
Zn= X (6.2)
w dbI
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Such that:

h. = h coshjc(L 3 x)j.h _ H A — 9 Kpi
x = No=coshety M0~ @mn(eiyr Locri ' = Kidodr
BEP Progression:
Zp = (I—l + Lz)FRFsFG H + O:Bdm (63)
Such that:
o 0:4 %mm

— f . - d7om d7om . —-Nn- D C{+Ly

Fr= — tan() ;Fs= fk(leoLz)gl=3 o :Fg =0:91 Ay A=)

Terms are described in Table 6.1, and select terms are shownHigure 6.3.
6.2.2 Probability of Failure

BEP will lead to failure only if all three sub-mechanisms oct in series: clay uplift,
sand heave, and BEP progression. BEP occurs in three sub-tm&gcisms: clay uplift, sand
heave, and progression. Clay uplift is a deformation in thelay blanket, if it exists; sand
heave is the vertical erosion of sand particles at the opeginn the clay blanket; and BEP
progression is the horizontal progression of the channeitard the upstream. The probability
of total failure can be calculated using the combined limittates of the BEP sub-mechanisms

(described in Equations 6.1 - 6.3), as shown in Equation 6.4.
P(F)= P(Z,< 0\ Z,< 0\ Z,< 0) (6.4)
6.3 Bayesian Updating

Bayes' rule P(Fj") = “H55 ) is used here to include observations to reduce un-
certainty in the estimated probability of a failure. Schwekendiek (2014) presents a useful
method of using Bayes' rule with Monte Carlo (MC) simulatiors, as described in Equation

6.5.

P(F\' ") P(Z()<O0\ Z.()<0)
P(") P(Z-()<0)

P(FJ") = (6.5)

Here, is an observation,P(Fj ) is the probability of failure (F) given the observation

(), Z( ) is the modeled limit state dependent on the uncertain paraaters () and Z
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is the observation limit state. This method can be used to déctly or indirectly update
the probability of failure estimate as described in Schweekdiek (2014). Direct updating
is performed using Equation 6.4, while indirect updating igperformed by updating the
distribution of each random variable and recalculating therobabilities of failure with the
updated (posterior) parameter distributions. This paper Wl focus on the use of indirect

updating using both qualitative and quantitative observaions.
6.3.1 Observations

Qualitative observations are used to reduce uncertainty ieach soil characteristic as they
relate to a limit state. Survival (non-failure) at an obsered load, and existence or non-
existence of sand boils can be used as qualitative obsergas. The nonexistence of sand
boils indicates that sand heave has not occurred, while thaistence of sand boils indicates
that sand heave has occurred (Schweckendiek, 2014).

Quantitative observations, such as pore pressure measusmts, can be used by trans-
forming the equality information into an observational limt state as presented by Straub
(2011) and Schweckendiek (2014). The observational limitase is calculated by comparing
the quantitative observation (hops) and measurement error €,,) with an estimated value of
the observation given the uncertain parameters | related to the failure probability (h( )).
This is done through the likelihood function, Equation 6.6which describes how likely the
observation is given the original distribution of the uncdain parameters. 6.7, shows how
the likelihood function is used to calculate the equivalerdgbservational limit state to be used

in Equation 6.4.
L = [ hobs h( )aem] (6-6)
Ze( )= u el ()] (6.7)

Here, u is a standard normal random variable, ( ) denotes the inverse of the normal
cumulative distribution function (cdf) using the standard normal distribution, and c is a

weighting variable to ensure that the likelihood functionL, is between 0 and 1.
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6.3.2 Transient Observations

Due to tidal loading, levee seepage cannot be assumed to bstieady state as Equations
6.1, 6.2, and 6.3 assume. The transient analysis used congsirDarcys law as a constitutive

equation with a conservation of mass, as seen in Equation 6.8

@H K@H _
@t S @%

HereH is the hydraulic head k is the hydraulic conductivity, and Ss is the speci ¢ storage.

0 (6.8)

Assuming the tidal loading is sinusoidal, one sinusoidal bodary condition is applied to the
upstream levee boundaryH jx-o = Asin(!t )) and one steady state boundary condition is
applied to the downstream boundary il j, = 0) to solve for a closed form solution as shown
in 6.9 (Melnikova et al., 2013).
p__ h p___ |
H(x;t)= Ae ¥ =isin w(t x 1=2x;! (6.9)
Here A is an amplitude of the sinusoidal loading! is the frequency, andx; is the
hydraulic head sensor location relative to the upstream toe This can then be used to
model the hydraulic head based on the prior random variableand to compare the observed
hydraulic head (ops) With the estimated hydraulic head f(x)) as described in Equation 6.6,

to update relevant parameters such as such as location of thgdraulic head sensorsx; and

X2), aquifer hydraulic conductivity (k), and storage coe cient (S;).
6.4 Colijnsplaat

A levee southeast of Colijnsplaat, NL along the North Sea is useas an example to
demonstrate the in uence of sand boil observations and timearying hydraulic head obser-
vations on reliability estimations of BEP failure. Figure 63 demonstrates the approximate

cross section of the Colijnsplaat embankment.
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Figure 6.3: Colijnsplaat cross section.

6.4.1 Prior Information

This levee stretch is composed of a sandy aquifer (SW or SP USE€I&ssi cation) un-
derlying a clayey blanket and embankment (CH or OH USCS classation). Two hydraulic
head observations are located in the sandy aquifer, as shomnFigure 6.3. Prior informa-
tion, presented in Table 6.1, were taken from a variety of seees. The uncertainty in all
variables, except for the upstream water level, is assumedtrio change in time (time invari-
ant), uncorrelated, and fully reducible. It should be notedhat the position of the hydraulic
head sensors are only uncertain because this informationuisknown by the authors of this

chapter.
6.4.2 Prior Probability of Failure

The prior probabilities of failure are calculated using Egations 6.1, 6.2, and 6.3 using MC
sampling (12 1P simulations). The prior probability of failure for each submechanism is the
probability that the limit state is less than zero (P(Z < 0)). The probability of total failure,
calculated using Equation 6.4, is less than the probabilitpf each sub-mechanism because
BEP is a natural parallel system. The probabilities of failee for each sub-mechanism and
total failure are displayed in Table 6.2. These probabiliés are calculated using Equations

6.1-6.4.
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Table 6.1: Soil Characteristics for Colijnsplaat

Parameter Mean | St.Dev. | Distributions Source
Hus[m]: 2.56 | 0.165 Gumbel Van Der Krogt (2015)
Upstream water level
kp[m=s]: Blanket 10° | 10° log-normal Kanning (2012)
hydraulic conductivity
ki [m=s]: Aquifer 104 | 10* log-normal Koot (2010)
hydraulic conductivity
dyi[m]: 1.75 0.25 log-normal Plares et al. (2017)
Blanket thickness
di [m]: 55 0.5 log-normal Koot (2010)
Aquifer thickness
L1[m]: Distance 10 3 log-normal Plares et al. (2017)
from water load
to upstream toe
L,[m]: Distance 70 2 log-normal Plares et al. (2017)
from upstream toe
to downstream toe
¢ [kKN=m?]: Total 16 0.25 normal Geotechnicalinfo.com (2012
unit weight of aquifer
bi[KN=m3]: 12 0.5 normal Geotechnicalinfo.com (2012
Total unit weight of
clay blanket
[deq]: 43 6 normal Sellmeijeret al. (2011)
Rolling friction
[ ] 0.3 0.03 normal Sellmeijeret al. (2011)
White's constant
dyo[m]: 2 10 4 log-normal Kanning (2012)
Grain Size 10 4
Hgs[m]: Downstream | -0.5 determinant Koot (2010)
water level
X1[m]: Position 20 2 normal DMC
of sensor ;)
Xo[m]: Position 70 2 normal DMC

of sensor X;)
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Table 6.2: Prior probabilities of BEP leading to failure, ckulated using Equations 6.1 - 6.4

Event Probability of
occurrence [%)]
Clay uplift 8.7
Sand heave 1.3
BEP progression 2.0
Total Failure 0.5

6.4.3 Data and Observations

The data used for this analysis was recorded from SeptemberZ®10 to June 17, 2011
by Dijk Monitoring and Conditions Systems (DMC). The semi-durnal tidal load schedule
was recorded from the Roompot Binnen station, about 1 kilonber west of Colijnsplaat.
Observations of sand boils occur during high tide. Hydraulibead observations are recorded
beneath the upstream berm and the downstream toe, as shownHigure 6.3. The approxi-

mately sinusoidal load, as shown in Figure 6.4, along with twlaydraulic head observations

allow for a spatially and temporally transient analysis.

2 | | | "—Observed Water Level (H,.)
7 1.5r - - Sinusoid, frequency 1.96 day™*
< '\ l‘ " n 'y y l‘
Z 1t ,' i [ 1) ‘A N ,' i
1 1 1 l

Eosl ' ! ! | |
[ ) .
S ol : |\ |
— ‘ : I [ y
E -0.5} 1 : : | 4
®© , 1 : I ]
; ) _l' “l, ‘\' ! \; I' ‘ Y |

'1.5_ ] 1 1 1 1 1 1 1 1 ]

75 755 76 765 77 775 78 785 79 795 80
Time [days]

Figure 6.4: Comparison between recorded Roompot Binnen watevel and an estimated
water level using a sinusoidal frequency of 1.96 day
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6.5 Bayesian Updating Analysis

To perform Bayesian updating, simulations resulting fromte MC analysis are lItered
based on the observations of no sand boils at low tides, sanailb at high tide, and hydraulic
head observations. All parameters are assumed to be time ineant, and therefore completely
reducible, except the upstream water level which is assumtxmbe completely uncorrelated in
time and therefore completely irreducible. It follows thathe prior distribution used for each
time invariant parameter in subsequent analyses are the pieus posterior distributions,
referred to as the new prior distributions. The same MC simations, as described in section
6.4.2, are used for each step without re-sampling to ensumduced correlations in time
between parameters are accounted for. Cross-correlatioativeen variables is not considered,
only correlation in time of the reducible variables. The Bagsian analysis was performed in

4 steps as follows:

Step 1: All MC simulations are Itered based on the observatiothat there is no sand
heave (Equation 6.2:Z,, > 0) during low tides by applying Equation 6.5, in order
to update the levee properties. The observed water level wesken as the highest

recorded water level at low tide (-0.27 m NAP) during which no reve was observed.

Step 2: Remaining simulations after step 1 are lItered baseah the observation that
sand heave was observed (Equation 6.Z;, < 0) during high tides by applying Equa-
tion 6.5. The observed water level was taken as the lowest oeded water level at high

tide (2.43 m NAP).

Step 3: One sinusoidal wave sequence, as seen in Equation w&s used to calculate
estimated hydraulic head$4, and H, given the new prior (posterior after step 2) uncer-
tain parameter distributions. The wave sequence used wadleoted during November
15 and 16, 2010 is shown in Figure 6.5 while the comparison beem estimated and

observed hydraulic heads are shown in Figure 6.6.
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Figure 6.5: One wave sequence of tidal loading on the Colijiaat levee compared to an
estimated water level using a sinusoidal with frequency ofdb days .

=
B
(61]

H
N

—Observed H
Observed H
~ -Prior H,
Prior H,

=
w

Hydraulic Head [m NAP]
6
(@]

=
N
(61]

75.35 754 755 756 757 758
Time [days]

Figure 6.6: Comparison between estimated, given the new prisoil characteristics, and
observed hydraulic head. Prior estimated head is the avem@f all predicted simulations.

90



Step 4: The di erence between estimated and observed hydtahead is used to update
the time-invariant levee properties. Equations 6.6 and 6.&@re used to calculate limit
states based on the amplitude and phase shifts for both; and H,. The remaining
simulations after step 2 (new prior) are lItered based on thebserved time lags and the
amplitudes of the hydraulic head. These observations willebused in place ohgps in
the likelihood function of Equation 6.6, while the estimaté time lags and amplitudes
based on the new prior parameter distributions will be usedhiplace ofh(x), to create

four observational limit states.
6.6 Results

Sand boil observations were used rst to update relevant dgarameters and the proba-
bility of clay uplift, sand heave, BEP progression (Equatins 6.1 - 6.3), and the probability of
failure (Equation 6.4). The prior distributions predicts the observation that sand heave does
not occur during the observed low tide, resulting in no shifin the parameter distributions
based on this observation, as seen in Figure 6.7. The obseiwatof sand boils and occur-
rence of sand heave during the observed high tide is not prewid by the prior distribution,
resulting in a signi cant shift of the estimated distributions of relevant soil parameters such
as blanket and aquifer hydraulic conductivity ky and k¢ ), blanket thickness @), seepage
length (L, and L), and unit weight of the aquifer sand (;), shown in Figure 6.7. The re-
mainder of the uncertain parameters were not a ected as thejo not a ect the observational
limit state (Equation 6.2) being used.

The probability of clay uplift, sand heave, and BEP progressn determined using updated
posterior distributions based on sand heave occurrence a@nmarized in Table 6.3. While
the probability of clay uplift decreases, the probabilitis of sand heave, BEP progression and
failure increase.

The transient analysis, as described in step 4, was used nexfurther update the soil pa-
rameter distributions. Figure 6.8 shows the average of allipr and posterior MC simulations

compared with the observed hydraulic head. The posterior gtributions better predicts the
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Figure 6.7: Update of soil parameter distributions using theliservations of sand heave and
no sand heave.

Table 6.3: Probabilities of BEP leading to failure

Event/ Probability | Prior [%] | Posterior (sand heave) [%)]
Clay uplift 8.7 4.9
Sand heave 1.3 4.9
BEP progression 2.0 3.0
Total Failure 0.5 3.0
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temporal hydraulic head response from tidal loading, and #hhistoric relationships between

the two hydraulic head observations.

Figure 6.8: Comparison between prior and posterior estimatdydraulic heads. (a) Temporal
response of hydraulic head to loading. (b) Hysteretic relatnship betweenH; and H,.

Parameters relating to the observation are updated, includg the location of the hy-
draulic head sensorsx; and x»), the aquifer hydraulic conductivity (ks ) and storage coe -
cient (Ss), as seen in Figure 6.9. The aquifer hydraulic conductivity &s increased, agreeing

with the sand boil observation.

Figure 6.9: Update of soil parameter distributions using trasient hydraulic head observa-
tions, heave and no heave observations.
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The probability of clay uplift, sand heave, BEP progressigrand total failure determined
using updated posterior distributions based on the transi¢ pore pressure analysis, as de-
scribed in step 4, further increases the probabilities of oarrence and failure. The transient
analysis should be furthered to include 3-dimensional owra include key parameters such

as the clay blanket hydraulic conductivity and thickness.
6.7 Conclusions

Bayesian updating was used to reduce uncertainty in soil clateristics and update
the probability of failure using sand boils observations ahtemporal and spatial hydraulic
head observations in a transient analysis. Observations bén-occurrence of sand boils and
occurrence of sand boils are taken only at the low and high 8da point observation in time),
while the transient analysis utilizes additional informaion by incorporating a full tidal period
for the pore pressure observations (a transient observatip The changes in soil parameter
distributions based on updating using hydraulic head obsetions agree with those from
sand boil observations. However, the posterior probabilitgf clay uplift, sand heave, and
BEP progression using the transient analysis are very higffhe fact that the levee has not
failed could be caused by e.g. non-representative paranreassumptions or by other physical
mechanisms that are not captured in the used BEP model. It isaationed that the transient
analysis does not take into account key soil parameters thatect the hydraulic head under
the embankment such as blanket hydraulic conductivity, blaket thickness, and length of
seepage. Further study should include a more accurate tramst model that includes these
important parameters. Still, the e ects on hydraulic condwativity of the aquifer that is
captured in the transient analysis is similar to the e ects dund using updating based on

sand boil observations; showing consistency between theotwpdating aspects.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATION FOR FURTHER RESEARCH

Backwards erosion piping (BEP) continues to be a challeng® tmonitor, predict and
model. The research in this thesis investigates the use ofrpavater pressure (PWP) mea-
surements to monitor, investigate progression of, and beit predict BEP. The research
begins by identifying trends in PWP as BEP progresses, dis@ed in Chapter 2. These
trends are then explained using nite element methods (FEM) mdels that simulate simple,
longitudinally progressing BEP channels, as discussed ih&pter 3. Chapter 4 furthers the
research by demonstrating the ability of inversion to loc& and re-create BEP channels and
the PWP sensor spacing required to capture channel progressi Chapter 5 utilizes the
inversion analysis to re-create BEP channels as they progseduring the 1Jkdijk 2009 Test
2 (12009T2) experiment. Progression patterns are comparedth observations during the
12009T2 experiment and the net longitudinal progression mompared with current BEP pre-
dictive models. The nal Chapter shifts from inversion analsis to better understand BEP
using PWP, to using PWP measurements to better predict BEP. Thenain ndings of this

research are discussed in more detail below.
7.1 Monitoring BEP using PWP Measurements

PWP measurements collected during the full scale 12009T2 exqment demonstrate con-
sistent trends as BEP progresses. Chapter 2 describes themase in PWP as a result of
BEP, the rst detection (fd) in PWP, and pressure stabilization ps) of PWP. The fd point
is observed simultaneously in pwp measurements taken dugithe 12009T2 experiment, both
local to (within a few centimeters) and remote from (within afew meters) the location of
BEP initiation. Further research may provide insight into the required PWP spacing for
detecting changes in PWP caused by BEP initiation. As BEP progsses in 12009T2ps

in PWP is observed. Theps in PWP rst occurs in downstream sensors and progresses
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toward upstream sensors over time. Spatial mapping of theQQ9T2 ps times highlight areas
of potential BEP channel progression. Analysis of the spatianapping indicates that BEP
progresses via multiple, meandering channels.

Additionally, the temporal and spatial trends were simulatd using FEM, as described in
Chapter 3. The simulated FEM models demonstrate that the corattion between progressing
BEP channels and PWP measurements can be modeled using FEM ahat the spatial and
temporal progression of BEP is more complex than a straighgngitudinally progressing BEP
channel. The ability to model similar trends in PWP using FEM baed on simulated BEP
channels indicates that the inverse is possible. Researalegented in Chapter 4 investigates
the ability of inversion analysis to use PWP measurements taapture BEP channels. It is
determined the constructed inversion analysis is able to ptre BEP location and length
(accurately to the nearest downstream row of PWP sensors) \Wita sensor spacing density of
at least 2 m by 2 m. Multiple BEP channels are distinguishabl#é they are further than 1 m
apart from a sensor spacing with 1 m between sensor cross med. Although the inversion
analysis used in this research is unable to capture the abss®ll BEP channel parameters of
width, depth and hydraulic conductivity, it is determined that the combined parametersk,

depth and width) are re-producible.
7.2 Three-dimensional and Temporal Progression of BEP

Inversion analysis was used to invert PWP measurements called during the 12009T2
experiment and the applicability of the results were invesgiated, as discussed in Chapter 5.
The inversion analysis estimates BEP channels at select &nsteps, creating a temporal and
spatial progression of BEP. The results demonstrate that BE progresses via multiple chan-
nels, both longitudinal and transverse to bulk uid ow. Increases in hydraulic conductivity
of the channels indicate increases in depth and width of théannel. These results indicate
that even in controlled, full scale experiments (aiming fonomogeneous soil conditions), BEP
is very complex and sensitive to small deviations in soil ctecteristics, unlike BEP predic-

tion models that assume longitudinal progression of BEP chaels through homogeneous
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soil conditions. This implies that further investigation s required to reliably predict BEP
progression in the eld, where there are heterogeneous swiinditions that promote complex
BEP progression patterns.

Comparison between the net longitudinal progression of BERs estimated by the in-
version analysis, with a 1-dimension estimate of BEP lengthmphasizes the importance of
investigating BEP progression in three dimensions. Furtmgesearch is needed to determine
the applicability of predictive models in the eld and non-deal cases. The research presented
in this thesis also indicates additional investigation isequired to understand the progression
rate of BEP under speci ed hydraulic loads, as the inversioanalysis indicates a relatively

linear progression of BEP under relatively constant hydrdic loads.
7.3 Prediction of BEP using PWP Measurements

PWP measurements were collected along an embankment in the Netlands experi-
encing sinusoidal tidal loading. Transient PWP measuremesitalong a cross section were
combined with sand boil observations to increase underst@ing of soil characteristics us-
ing Bayesian updating. Updated soil characteristics based dhe transient PWP analysis
agree with observation of sand boils. Further research isge@red to fully understand the
spatial distribution of soil characteristics in this embakment, such as the use of multiple
cross sections of PWP to perform a 3-dimensional, temporal @gsis. Additional sources
of information (geophysical measurements, for example) Wd also be included to better

understand spatially varying soil characteristics.
7.4 Recommendations for Further Research

Chapters 2 and 3 demonstrate temporal and spatial trends inWP during the full scale
IJkdijk 2009 Test 2 experiment; however, three additional 1Jdijk experiments were con-
ducted in 2009 to investigate the progression of BEP. Analysef the PWP measurements
collected during these experiments would further validatthe PWP trends discussed in this

thesis, as well as spatial sensitivity to BEP initiation andprogression. Spatial sensitivity

97



of BEP on PWP measurements in the eld is necessary to fully urdstand the capabilities
and feasibility of PWP measurements to detect the occurrenamd progression of BEP along
levee systems and within earthen dams.

Inversion analyses of the PWP measurements from the remaiginJkdijk 2009 experi-
ments would also further validate spatial and temporal progrssion patterns of BEP under
varying hydraulic loads. The estimated net longitudinal BEPinvestigated and discussed in
Chapter 5 demonstrates an approximate linear progressiom time under relatively constant
load. However, this behavior is not predicted by common BEP pdiction models. The
estimated hydraulic conductivity in 12009T2 experiment inplies a zone of weaker, or less
dense, material toward the upstream reservoir. The a ect okeaker material on overall BEP
predictions should be investigated. The existence of thiseaker zone is a potential reason
for failure at low hydraulic gradients, relative to the criical hydraulic gradient predicted
by Sellmeijer's equilibrium model (Sellmeijeet al., 2011). Additional research is needed to
investigate the applicability of 2-dimensional predictia models assuming homogeneous soil
characteristics to 3-dimensional progression of BEP in theld that contain heterogeneous
soil characteristics.

Chapter 6 investigates the ability to use spatial and tempeaid trends in PWP to update
soil parameters. The research discussed in this Chapter dd&/o PWP sensors, both in one
cross section. To improve spatial understanding of soil paneters, the research could be
furthered by using PWP from a second cross section along thensa embankment. Geo-
physical measurements were also taken along the embankmduting high and low tides, as
discussed by Plareset al. (2017). The inclusion of these measurements would also pide/
more information about the subsurface and soil parameterand contribute to the assessment

of BEP leading to breach and failure.

98



REFERENCES CITED

ASCE. 2013a.2013 Report Card for America's Infrastructure: Dams Tech. rept. American
Society of Civil Engineers.

ASCE. 2013b.2013 Report Card for America's Infrastructure: LeveesTech. rept. American
Society of Civil Engineers.

Bersan, S., Jommi, C., Koelewijn, A., & Simonini, P. 2013. Appiability of the fracture
ow interface to the analysis of piping in granular material In: Proceedings of the 2013
COMSOL Conference

Bligh, W.G. 1910. Dams, barrages and weirs on porous foundats. Engineering News 64,
708{710.

Bocovich, C., Kanning, W., Parekh, M., & Mooney, M. 2017a. Expining pore pressure
changes due to piping through changes in hydraulic condudty. In: It's a Small World:
Managing Our Water ResourcesAnaheim, California: United States Society on Dams.

Bocovich, C., Kanning, W., & Mooney, M. A. 2017b. Multiple PorePressure Measurements
to Reduce Uncertainties in Piping Risk Assessment of Leved2ages 66{75 of: Proc. 6th
International Symposium on Geotechnical Safety and Risk

Calvello, M. 2017. From the observational method to "obseational modelling" of geotechni-
cal engineering boundary value problemdn: Geotechnical Safety and ReliabilityDenver,
CO: ASCE.

Cardi, M., & Barrash, W. 2011. 3-D transient hydraulic tomography in uncon ned aquifers
with fast drainage responseWater Resources Resear¢h7(12).

Cardi, M., & Kitanidis, P. K. 2008. E cient solution of a non linear, underdetermined
inverse problems with a generalized PDE modelComputers & Geosciences34, 1480{
1491.

Carrera, J., Alcolea, A., Medina, A., Hidalgo, J., & Slooten, L. 208 Inverse problem in
hydrogeology. Hydrogeology Journagl13(1), 206{222.

Cividini, A., Jurina, L., & Gioda, G. 1981. Some Aspects of 'Chacterization’ Problems

in Geomechanics.International Journal of Rock Mechanics Mineral Science and Geome-
chanics 18, 487{503.

99



COMSOL. 2016. Aquifer Characterization.Pages 1{32 of: Subsurface Flow Module: Appli-
cation Library Manual, version comsol 5.2a edn. COMSOL AB.

David Ford Consulting Engineers, & USACE Hydrologic Engine@rg Center. 2013 (Jan.).
USACE Levee Screening Tool application guide and user's manudkch. rept. USACE.

Fell, Robin, Wan, Chi Fai, Cyganiewicz, John, & Foster, Mark.2003. Time for Develop-
ment of Internal Erosion and Piping in Embankment Dams.Journal of Geotechnical and
Geoenvironmental Engineering307{314.

Finno, R. J., & Calvello, M. 2005. Supported Excavations: Obseational Method and
Inverse Modeling. Journal of Geotechnical and Geoenvironmental Engineerind.31(7),
826{836.

Foster, M., Fell, R., & Spannagle, M. 2000. A method for assgng the relative likelihood of
failure of embankment dams by piping.Canadian Geotechnical Journal37, 1025{1061.

Geotechnicalinfo.com. 2012. Unit Weight of SoilGeotechnicalinfo.com: Career Development
and Resources for Geotechnical Engineers

Ghasemi, P., Cavello, M., & Cuomo, S. 2017. Inverse AnalysierfLandslide Propagation
Modelling: A Case Study.In: Incontro Annuale dei Ricercatori di Geotecnica

Gill, P. E., Murray, W., & Saunders, M. A. 2005. SNOPT: An SQP Algorthm for Large-
Scale Constrained Optimization.Society for Industrial and Applied Mathematics Review
47(1), 99{131.

Ho mans, G. J. C. M. 2014. An overview of piping modelsPages 3{18 of: Proc., 7th Int.
Conf. on Scour and Erosion Perth, Australia: CRC Press.

Kanning, W. 2012. The weakest link spatial variability in the piping failure mechanism of
dikes Doctorate, Delft University of Technology, Delft, NL.

Kanning, W., Bocovich, C., Schweckendiek, T., & Mooney, M. A. @5. Incorporating
observations to update the piping reliability estimate of he Francis levee Pages 861{866
of: Geotechnical Safety and Risk V (2015)

Koot, G. 2010. Development of a framework to evaluate locations for tidal creek restora-
tion, based on the e ects on surrounding land useM.Phil. thesis, Utrecht University,
Netherlands.

Kramer, R. 2014.Piping under transient conditions: investigation of time-dependent erosion
under dikes M.Phil. thesis, University of Twente, Netherlands.

100



Melnikova, N.B, Krzhizhanovskaya, V.V., & Sloot, P. M. A. 2013. Mdeling Earthen Dike
Stability: Sensitivity Analysis and Automatic Calibration of Di usivities Based on Live
Sensor Data.Journal of Hydrology 49(6), 154{165.

Olsen, R., & Stephens, I. 2016. Relearning how to look at pmnetric data for seepage eval-
uation. In: Celebrating the Value of Dams and Levees - Yesterday, Today and Tomorfow
vol. 36.

Parekh, M. L., Kanning, W., Bocovich, C., Mooney, M. A., & Koelaijn, A. R. 2016.
Backward Erosion Monitored by Spatial-Temporal Pore Presse Changes during Field
Experiments. Journal of Geotechnical and Geoenvironmental Engineering42(10).

Plares, T., Rittgers, J. B., Mooney, M. A., Kanning, W., & Draganov, D. 2017. Monitoring
the tidal response of a sea levee with ambient seismic noideurnal of Applied Geophysics
138, 255{263.

Poeter, Eileen P., & Hill, Mary C. 1997. Inverse Models: A Necsary Next Step in Ground-
water Modeling. Groundwater, 35(2), 250{260.

Rotunno, A. F., Callari, C., & Froiio, F. 2017. Computational madeling of backward erosion
piping. Models, Simulation, and Experimental Issues in Structural Mechanic25{234.

Rotunno, A. F., Callari, C., & Froiio, F. 2019. A nite element method for localized erosion
in porous media with applications to backward piping in leves. International Journal for
Numerical and Analytical Methods in Geomechani¢gl3(1), 293{316.

Schweckendiek, T. 20140n reducing piping uncertainties: A Bayesian decision approach
Doctorate, Delft University of Technology, Delft, NL.

Schweckendiek, T., Vrouwenvelder, A.C.W.M., & Calle, E.O.F.@1L4. Updating piping reli-
ability with eld performance observations. Structural Safety, 47, 13{23.

Sellmeijer, J. B. 1988.0n the mechanisms of piping under impervious structure®isserta-
tion, TU Delft, Netherlands.

Sellmeijer, J. B., de la Cruz, J. L., Van Beek, V. M., & Knoe, H. 2A1. Fine{tuning of
the backward erosion piping model through small-scale, mead{scale and IJkdijk exper-
iments. European Journal of Environmental and Civil Engineering15(8), 1139{1154.

Straub, D. 2011. Reliability Updating with Equality Information. Probabilistic Engineering
Mechanics 26, 254{258.

Tang, Y., & Kung, G. T. 2009. Application of nonlinear optimizaion to back analysis of
deep excavation.Computers and Geotechni¢s36, 276{290.

101



TAW. 1999. Technical Report on Sand Boils (Piping) Rijkswaterstaat, Technical Advisory
Committee on Flood Defences.

USACE. 2000.Engineering and Design, Manual No. 1110-2-1913: Design and Construction
of Levees U.S. Army Corps of Engineers (USACE).

USBR and USACE. 2015.Chapter IV-4. International Erosion Risks for Embankments and
Foundations 4 edn. U.S. Department of the Interior, Bureau of Reclamatio(USBR) and
U.S. Army Corps of Engineers (USACE).

Van Beek, V. M. 2015.Backward Erosion Piping: Initiation and Progression Dissertation,
TU Delft, Netherlands.

Van Beek, V. M., & Ho mans, G. J. C. M. 2017. Evaluation of dutch bakward erosion piping
models. In: 25th Meeting European Working Group on Internal Erosion in Embankment
Dams and their Foundation Deltares.

Van Beek, V. M., Knoe, H., & Sellmeijer, H. 2011. Observation orthe process of back-
ward erosion piping in small-, medium- and full- scale expearents. European Journal of
Environmental and Civil Engineering 15, 1115{1137.

Van Beek, V.M., Luijendijk, M.S., Knoe , J.G, & Barends, F.B.J. 2009a. In uence of relative
density on the piping process - small-scale experimenis: Int. Workshop Internal Erosion
in Dams and Foundations

Van Beek, V.M., de Bruijn, H., & Knoe, H. 2009b. SBW piping: Piping revalidation,
full-scale tests (Factual Report Test 2) Tech. rept. Deltares, Delft, Netherlands.

Van Beek, V.M., Van Essen, H.M., Vandenboer, K., & Bezuijen, A.@L5. Developments in
modelling of backward erosion pipingGotechnique 65(9), 740{754.

Van Der Krogt, M. 2015. Safety Assessment Method for Indirect Failure Mode Flow Sliding
M.Phil. thesis, Delft University of Technology, Netherlands

Vandenboer, K., Van Beek, V.M., & Bezuijen, A. 2018. 3D charaet of backward erosion
piping. Gotechnique 68(1), 86{90.

VNK. 2015. The National Flood risk Analysis for the NetherlandsTech. rept. Rijkswater-
staat VNK Project O ce.

Wang, D., Fu, X., Jie, Y., Dong, W., & Hu, D. 2014. Simulation of pipeprogression in a

levee foundation with coupled seepage and pipe ow domainBhe Japanese Geotechnical
Society, 54(5), 974{984.

102



WBI. 2017 (Jan.). Schematiseringshandleiding pipingTech. rept. Rijkswaterstaat, Nether-
lands.

Weijers, J.B.A., & Sellmeijer, J.B. 1993. A new model to deal wlt the piping mechanism.
Pages 349{355 of: Filters in Geotechnical and Hydraulic Engineering, Brauns, Heibaum
& Schuler (eds) Rotterdam: Balkema.

Yeh, Tian-chyi J., Mao, De-giang, Zha, Yuan-yuan, Wen, Jet-ciu, Wan, Li, Hsu, Kuo-chin,

& Lee, Cheng-haw. 2015. Uniqueness, scale, and resolutisués in groundwater model
parameter identi cation. Water Science and Engineering8(3), 175{194.

103



	Abstract
	Table of Contents
	List of Figures
	List of Tables
	List of Symbols
	List of Abbreviations
	Acknowledgments
	Introduction
	Trends in Pore Water Pressure due to Backwards Erosion Piping Observed During a Full Scale Experiment
	Introduction
	IJkdijk 2009 Test 2 Description
	Finite Element Modeling of IJkdijk 2009 Test 2
	PWP Transitions Characteristic of Backwards Erosion
	Conclusions

	Trends in Pore Water Pressure due to Backwards Erosion Piping Explained Through Changes in Hydraulic Conductivity
	Introduction
	Finite Element Modeling of IJkdijk 2009 Test 2
	Case Studies Modeling BEP
	Results
	Case 1: Homogeneous Model Compared with I2009T2 PWP Trends
	Case 2: Propagating BEP with Constant Upstream Water Level
	Case 3: Propagating BEP with Increasing Upstream Water Level
	Case 4: Clogging at the Upstream Reservoir
	Case 5: Combined BEP Channel Width and Hydraulic Conductivity Effects on Spatial PWP Trends

	Conclusions

	Estimating Spatial Changes in Hydraulic Conductivity by Inverting Pore Water Pressure Measurements
	Introduction
	Inversion Background
	Inversion Methodology

	Methods
	Synthetic models
	Forward Model
	Estimated Parameters: Hydraulic Conductivities
	Observed Pore Water Pressures
	Assumptions Used to Inform the Inversion Analysis

	Results of Synthetic Case Study
	Re-creation of an Anomaly
	Influence of Sensor Spacing
	Influence of Anomaly Parameters on Inversion Accuracy
	Results of a Propagating Anomaly
	Influence of Multiple Anomalies and Asymmetrical Anomalies

	Conclusions

	Evolution of Transverse Backwards Erosion Piping Observed through Inversion of Pore water Pressure
	Introduction
	IJkdijk 2009 Test 2 Experiment
	Evidence of Piping Progression From IJkdijk 2009 Test 2
	Evidence of Longitudinal and Transverse BEP Progression

	Inversion Methodology
	Unknown Parameter: Spatially Discretized Hydraulic Conductivities
	Observations Being Reproduced: I2009T2 PWP Measurements
	The Forward Model

	Inversion of IJkdijk 2009 Test 2
	Inversion Results
	Comparison with IJkdijk 2009 Test 2 Pore Water Pressure Observations
	Comparison with I2009T2 Collapse Patterns
	Comparison with I2009T2 Sand Boil Observations
	Comparison with I2009T2 Flow Rates
	Discussion of Inversion Results

	Progression of Pipe Length and Comparison with Existing Models
	Conclusions

	Multiple Pore Pressure Measurements to Reduce Uncertainties in Backwards Erosion Piping Risk Assessment of Levees
	Introduction
	Backwards Erosion Piping Failure
	Limit States
	Probability of Failure

	Bayesian Updating
	Observations
	Transient Observations

	Colijnsplaat
	Prior Information
	Prior Probability of Failure
	Data and Observations

	Bayesian Updating Analysis
	Results
	Conclusions

	Conclusions and Recommendation for Further Research
	Monitoring BEP using PWP Measurements
	Three-dimensional and Temporal Progression of BEP
	Prediction of BEP using PWP Measurements
	Recommendations for Further Research


