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ABSTRACT

UNCERTAINTY BASED ANALYSIS OF SEEPAGE THROUGH
EARTH -FILL DAMS

¢al amak, Mel inh
Ph.D., Department of Civil Engineering
Supervisor : Prof. Dr. A.Melih Yanmaz

Co-Supervisor Assoc. Prof . Dr. EI -in K¢

Decembef014, 195pages

The steadystate and transieseepage through embankment damesnvestigated
considering the uncertainty of hydraulic contivity and van Genuchtefitting
parametersU  a nubed rfor unsaturated flow modeling random number
generatioralgorithm producing randomaluesfor theseparameterss coupled with
a finite element software, SEEP/W analyzeseepagehrough earthfill dams.
Monte Carlo simulation is adopted for stochastic seepage analysesariability
effects of the random parameters on seepag@vestigatedanducting sensitivity
analysesThe variation effects of hydraulic conductivity doeind to k& significant
whereas those ditting parameters arghown to banegligible or minorConsidering
these the statistical and probabilistic properties of theepageare assessedor
different embankmentdam types and boundarconditions The degree of
uncertainty and statistical randomness of the seepaggvaluatedin general, tiis
found that the seepagethrough erbankment damscan be characterizedby
generalized extreme value threeparametetog-normal distributions.

Keywords: Seepaganalysis Embankment dams, Spatial variabiliygncertainty
Monte Carlo simulation
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CHAPTER 1

INTRODUCTION

1.1 General

Dams made of natural earthen materials are commonly susceptible to seepage
through their bodyUnderestimatior misleading estimation of seepage may result

in failure of these types of daméany dam failures were observed due to seepage
related problems, suchs internal erosion and piping in the histoffe elated
statistics showed thdaB8% ofdam failures were caused by pipiagd 66% of piping
incidents were caused by the seepage through the dam(fBaster et al. 2000)
Therefore, estimation of seepatteough the bodys crucial forthe safety of the

embankment dam

In practical applicationsthe predictionof seepage&uantityis generallyhandled
with deterministic modelsisinguniformly constansoil properties in spac@.hese
studiedisregardhe variation obothhydraulicand geotechnicaroperties of soils.
However, it is a fact that all soils are heterogeneous in some degreethei
properties show variabilitytherefore, deterministic models may lgadinrealistic

results in predicting the seepag®aracteristics

The soil heterogeneities may bensdered under two main categorigdkateb et
al. 2003) (1) Thelithological heterogeneitywhich can be defineds the form of
thin soil layers embedded in another soil medhawinga more uniform soil mass;

(2) Theinherentheterogeneity caused lilye variation of soil properties (i.e. the

1



change of soil properties from one point to another) dueatmus deposition
conditions and loading histories.

Along with the inherent uncertaties, there may be other reasons causing

uncertainties in soil properti€slusein Malkawi et al. 2000)

1 measurement errors causedibgequipment or humabeing,
1 insufficient geotechnical site exploratiothse to high cost aheasurerants,

1 disregarded soil properties that are hardgsess

These uncertainties in soil properties may have strong effetheseepage through

the mediaPreferential flow paths or unexpectedly high or low seepage fluxes may
occurdue tovariations Therefore, uncertainties in soil parameters should be taken
into consideration to determine the realistic properties of the se€ff@gecan be
achievedby the use ofstochastic modsl In stochastic modeling, input parameters
of the system are considdréo be nordeterministic (i.e. randomPDue to he
randomnessf input parameters, output parameteirshe systenbecomerandom
which can be defined witstatistical moments aralprobabilitydensityfunction.

For the realistic prediction of the seepagbaracteristicsstochastic modeling is
neededconsideringhe randomness of the hydraulic and transport properties, such
as hydraulic conductivityporosity, soil waterretention characteristics, etc. of the
soil. Along with the consideration of uncemées,ahydraulic modetegardingooth
unsaturated and saturatdéldw is required for realistic results.Because,the
mechanism of unsaturated flow is highly nonlinead it may have important effects

on the seepage behavior of systems.
1.2 The Aim and Scope of theStudy

The main goal of this study is to consider the soil uncertaiirtiéise analysis of
seepage through embankment damd investigate their effeats the flow.In this
study,inherent heterogeneity caused by the variaticsodfparametesin spaceare

considered as the source of uncertaiithe uncertainty of soils are simulated by



generating random variables of hydraulic conductivity, K asal water
characteristic curve fitting parameters of van Genuchten métlaodGenuchten
1980) Uand n.The uncertainty of hydraulic condtivity may be resulted from the
uncertainty of grain composition, extent of fine particles, irregularities of particle
shapes and changes of properties due to compactness. Also, the randorthess of
and n can be related to the uncertainty of pore sizgeid size distributions and

clay and organic material contents of the Stile random variables aused in the
computation of the hydraulic conductivity (i.e. saturated or unsaturated hydraulic

conductivity) and the seilvater content to simulate thanations in the soll.

Therandom inputs are generated using their probability density functions defined
with a mean ana coefficient of varation (COV).The probabilistic propertiesf
random inputsaredetermined fom therelated literatureand a large soil database
system called SoilVisiofFredlund 2005)The statistics of ydraulic conductivity

and so#water characteristic curve fitting paramsterre determined for afoil
typesconsidered in the study.e. clay,sandy clay gravelly sandNo previous
stochastic moddbr seepage analysigported in the literaturkasutilized such a

large database in determinatiorttué statistical propertseof their random variables.

A random number generation algorithemwritten in C# language. The random
variables are generated usiBgx-Muller transfornation methodBox and Muller
1958) The algorithm generasgandomvaluesfor the desiredoil property(i.e. K,
Uand n),andcompute random hydraulic conductivity and sedter contentThis
algorithm is coupled with a finite element softwas&EEP/W(Geao Slope Int Ltd
2013) which is used for the groundwater and seepage probl8toghastic

modeling ofthe seepagés handledwvith Monte Carlo simulation technique.

In the scope of the study, semsty analyses are conducted for both steathte
and transient unsaturated seeptgough embankment damis these analyses,
oneat-atime sesitivity analyses are conduct&deping one parametére. K orU
or n) random andthersconstantat their mean valuesThe individual effects of

variation of the parameters on seepage a@udsed for both statef theflow. The



parameters, whose variability have significant effects on seepagwesented
Also, comparisons are made between the resultseositivity analyses and
deterministic analyses of the seepagéen the parameters to be treated as
stochastic variables in seepage computations are idenfitiedur knowledge, m
previous study in the literature has presented the individual effecébafe

mentioned parameters time seepagéhrough the embankment dams.

Afterwards stochastic seepage analyses are conducted on homogeneous and simple
zoned embankment dams for the transient flmmsidering thdindings of the
sensitivity analyseslhe seepageaatesobtained from these analyses are evaluated
statistically Their descriptive statistics and frequency histograms are obtained
Also, probability density functiongre fitted to the seepagatesto statistically
representhe data.The resultsof stochastic analyses adéscussed to revedhe

uncertainty of the seepage.

Finally, somesuggestions are made for the future studibh will be basedn

stochastic moeling of seepage problems through embankment dams.



CHAPTER 2

LITERATURE REVIEW

The stochastic modeling of groundwater problem&baen extensively studied for

the last five decades. One of the first studies of the phenomenon was Weddrby

and Price (1961)In this pioneering study, set of simulations, which are a kind of
Monte Carlo simulations, and laboratory experiments were performed to investigate
the effects of several probability distributions of hydraglbnductivity on steady

state and transient flow through one and three dimensional heterogeneous porous
media Then, the relationship between hydraulic conductivity variation and
hydraulic head variation in groundwater flow systems was investigated by
McMillan (1966) using numerical simulationdVu et al. (1973)computed the
seepage through an existing dam assuming the locations and dimensions of porous
layers as random variablesh@se statistical properties are obtained from the field
data.Freeze (1975%tochastically analyzed steadtate groundwater flow through

a one dimensional porous domain, and transient consolidation of a clay layer,
regarding theandomness dfiydraulic conductivity, compressibility and porosity
Monte Carlo simulation technique was adopted and it was concluded that the
uncertaintydegreeof the predicted hydraulic heads watatively largeBakr et al.
(1978)considered the correlation structure of hydraulic conductixatyationin a
stochastic anafjs of unidirectional flowsThe relationship between hydraulic
conductivity variation and head varianaere investigate. Gutjahr et al. (1978)
studied the difference between exact and approximate solutions of stochastic



differential equations of one dimensional flow in statistically homogeneous porous
mediaand concluded that approximate solutions can be used for systems having
lower standard deviations of hydraulic conductiviynith and Freeze (19%9 b)
conducted stochastic analyses for one and two dimensional -Stedely
groundwater flows adopting Monte Carlo simulation, and it wasidotinat the
stardard deviation ofhydraulic head increases when the standard deviation
hydraulic conductivity increase§utjahr and Gelhar (198-ompared the head
variation results of ordimensional flow through a porous medium obtained from
the developed analytical solution and Monte Carlo simulaliavas found that the
results obtained from two apprdees weren agreement.

Then, studies considering the unsaturated flow in stochastic analysis of groundwater
flow problems were introduced into the literatuBeesler and Dagan (1988 b),

and Dagan and Bresler (19883sumed the saturated hydrawdanductivityasa
random parameter and related moisture content with suction using an analytical
model. The variability of hydraulic conductivity, heads amwdter flux were
investigatedYeh etal. (1985a; b)stochastically analyzed unsaturated stestdye

flow using a perturbation method, which decomposes the random parameters into a
mean part and a random fluctuation part. In the first study, only the saturated
hydraulic conductivity is@nsidered as a random parameter; in the second one, both
hydraulic conductivity and a soil parametér,which was used for relating the
saturated and unsaturated hydraulic conductivity, regarded as random. It was
concluded that, the degree of variabildlhydraulic conductivity depends on its
correlation scale, the mean capillary pressure and the mean hydraulic gradient.
Mantoglou and Gelhar (198 MWantoglou (1992)andZhang (1999kxtended the
perturbation method usedYeh et al. (198%; b)to transient unsaturated flow. The
perturbation method was also used in studiekaofakovsky (1999)Zhang and Lu
(2002)andLin and Chen (2004However, tls technique istated to bensufficient

in generating random variables having higher varia(féeston and Griffiths 1996)



The mechanism of unsaturated flow is more complicated than thiz¢ sturated
flow. The water flow throughan unsaturatedsoil is governed by some soil
properties such asoil type, grain size, pore size distribution and water retention in
the unsaturated sofLu and Likos 2004)The behavior of the unsaturated soil is
described byhe relationship betweeits soil-water content andhatric pressure,
which is represented by a functioalled soitwater characteristic curvé&his curve

is used to assess the unsaturated hydraulic conductivity in groundwdserepage
flow problems.The functioral relationship betweepressure and water contast
generallyestimated using mathematicaitihg methods.In most of the previous
studiesmentioned abovehe unsaturated flows modeled usingsardned snodel
(Gardner 1956) However, it is well known that van Genuchten mog¢ehn
Genuchten 1980 generally better in defining seivater characteristicSeveral
researcherscludingAhmed(2008, Ahmed et al(2014), Cheng et al(2008, Cho
(2012, Fu and Jin(2009, Le et al.(2012, Li et al. (2009, Lu and God(2008),
Soraganvi et al(2005, Tan et al.(2004), and Thieu et al.(2001) adopted van

Genuchten method fonodelingunsaturatedeepagén their studies.

BesidesJiquid-phase configuration in an unsaturated soil is very complex and the
relationship betweerwater content and soil suctiois not unique: it shows
hysteresis. The water content at a given soil suction for a wetting process is less than
that of a drying par{Magsoud et al. 2004; Pham et al. 2008) number of
researchers studied hysteresis effaft unsaturated soils on seepagad
groundwateflows (Hoa et al. 1977; Yang et al. 2012, 2018ls0, the uncertainty

and relationship between van Genuchten parameters of wetting and drying paths
was investigated blyikos et al. (2014)

The most of the previous wodpplied analytical methods for stochastic analyses.
These analyses generally have simplifying assumptions for the solutnict)
made these methods rarely applicable to realistic hydraulic and geotechnical
engineering problem$ecause, imeal casesthe geometry or problem domam

generallycomplex. Also, the initial and boundary conditions are complicated.



Therefore, the solution aothe governing differential equation using analytical
methods may not be possibRecently, numerical methods are used to simulate
systems without simplifications and obtain realistic results. The Finite Element
Method (FEM) is the most common technigueong numerical methodshichis
widely usedfor modelingof seepageelated problemsThe method consists of
following main steps: defining the problem geometry, meshing (i.e. discretization),
definition of material property, definition of initial andwndary conditionsand
solution of finite element equatiofisu and Quek 2003)Many researchers starting
from Neuman and Witherspooi(1970, 1971) Neuman (1973) Bathe and
Khoshgoftaai(1979) Aral and Maslia(1983)andLam and Fredlungd1984)have

utilized FEM fortheanalysis of steadyinsteady ansaturated, unsaturated seepage.

In the scope of their studiegyrae researchers established their own finikeneint
model for the analysis, whereas the others adgpaellageprograms or software.
The software SEEP/W iene of thecomprehensive toslusing FEM to analyze
seepag and groundwater flow problems occurring in poroeglia The software

is extensively used for pore wafmessureomputationgChu-Agor et al. 2008; Ng

and Shi 1998a, b; Oh and Vanapalli 2010; Zhang at 2005)and seepage
estimationgFoster et al. 2014; Money 2006; Soleymani and Akhtarpur 2011; Tan
et al. 2004)n the literatureThis software is also adopted hretpresent study

Commonly, for the stochastic analysis of seegagkgroundwater floyproblems,

FEM is coupled with Monte Carlo simulatighCS) technique This technique is

based on repeated sampling of random variables of input parameters to investigate
theprobabilisticbehavior of the systemBlumerougesearchers have applied FEM

and MCS in stochastic analysis of seepage thraudieneatrembankment dams
(Ahmed 2012, 20®; Cho 2012; Fenton and Griffiths 1996, 1997; Griffiths and
Fenton 1993; Le et al. 201Among thesel e et al. (2012andCho (2012)tudied

the stochastic analysis of unsaturated seepage through embankments. Both studies
adopted van Genuchten methtor unsaturated flow modeling.e et al. (2012)

randomly varied the porosityhich resulted in uncertainty in hydraulic conductivity



and water retention properties (i.e. the degree of saturation) of the soil. The influence
of correlation lengths of poriyg field and the statistics of the seepagée were
investigated and it waesulted thaflow rate can be reasonably defined by {og
normal probability density functionCho (2012) considered the variation of
hydraulic conductivity of layered soils having independent autocorrelation
functions. The effects of correlation distances and anisotropic heterogeneity are
investigatedand it was found thatthe seepage behavior of the embankment

dependent on the dominant component of the flow vector.

The generation afhe random input in Monte Carlo simulation is one of the main
steps of the technique. There are a number of sampling or transformation methods
for random number generatio@ne of the most popular methods for sampling
random numbers frora normal distribution is BoMuller transformation(Golder

and Settle 1976)'he methodan beeffectively used within Monte Carlo sinatlon
(Caflisch 1998)There are a number of uncertainty based analysis usind/Btgr
transformation with MCS in the areas of boltydraulic and geotechnical
engineering({Chalermyanont and Benson 2004; Chang et al. 1994; Eykholt et al.
1999)

In many geotechnical engineering studies, the spatial variation in properties of soils
were described using a correlation functidn. these researchtudies the soll
properties were assumed to be correlated over distances. For probabilistic slope
stability calculationstudies ofCho (2007), Griffiths and Fenton (2004), Griffiths

et al. (2009), Gui et al. (2000), Jiang et al. (2014), Srivastava and Babu (2009), and
Vanmarcke (1980have considered the correlation of hydraulic conductivity or
strength parameters sbils. Besides, fostochastic analysis @eepagehrough or
beneath embankmentstudiesof Ahmed (2012, 2009), Cho (2012), Fenton and
Griffiths (1996) andGriffiths and Fenton (1997, 1998, 199B8ave utilized a
correlation function for hydraulic conductivitzommonly, Gaus#larkov spatial
correlation function defined ithe study ofFenton and Vanmarcke (1999as used

in thesestudies. The function governs the degree of correlation between two points



of the field.According to the correlation theorythe points are closer to each other,
they are expected to have similar hydraulic conductivity values. Alternatively, if the
points are widely separated, the correlation is expected to be weak. The parameter
describing the degree of spatial correlatiorthe random fields called scale of
fluctuation. When the scale of fluctuation goes to infinity, the random field is
completelycorrelated, having uniform hydraulic conductivity fielmong these
studies,Fenton and Grifths (1996)and Ahmed (2009)analyzedseepage through
embankmentlamsstochastically.They considered the random field of hydraulic
conductivity having a lognormal distribution function and a correlation structure.
The random fieldheorywas used to characterize the uncertainty of the hjidra
conductivity. The random field generation was handled using local average
subdivision methodlefined inFenton and Vanmarcke (1990)he former study
investigated the descriptive statistics of the flow rate threngbmbakment dam

and the latter one compared the seepage results through an earth dam obtained from

deterministic and stochastic solutions.

Many of the researchestated abovéaveconsiderednly the randomessof the
hydraulic conductivity in theilstochasticseepage or groundwater flow models.
However, Li et al. (2009)considerednot only the random field of hydraulic
conductivity, but also the random fields of van Genuchten fitting parametansl

n. The random fields of fitting parameters were indepetigegenerated using
KarhunenLoeve expansiotechnique Stochastic analysesere conducted fdwo-
dimensional steadgtate and transient flovthrough a porous mediurithe study
was focused on the efficiency of probabilistic collocation method and résbte
this method can accurately estimate the seepagstatistics with a smaller effort

when compared with MCS.
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CHAPTER 3

THE METHOD OLOGY

3.1 Hydraulic Model for SeepageAnalysis
3.1.1 Theory and Solution Tools

The governing differential equation for the seep#geugha two-dimensional
domain can be expressed as s(Riohardsd93Lt hat f |
Papagianakis and Fredlund 19&%EcoSlope Int Ltd 2018

3 5 Ha, pHQ
ﬁ%( E8+£ u—8+Qi:M

. y (3.1)
e Cxs WE WS T

whereKy andKy are the hydraulic conductivities in x and y directions, respectively,
H is the total head being the summation of pressure hgaad elevation head)(
Q' is the boundary fluxd is the volumetric water content ands the time.The
equation states # the summation of the change of flow in x and y directions and
applied external flux is equal to the rate of change of the soil stgragehe

volumetric water contentyith respect to time

For steadystate conditions, there is no change in the g the soil; therefore,

Eq. B.1) is reduced to the following equation for tbendition
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The changgin volumetric water conterdf Eq. (3.1)are derived by the changes in
the stress and soil properti¢Bredlund and Morgenstern 1976; Fredlund and
Morgenstren 1977)Briefly, the change in the volumetric water content can be

related with the change in the paveter pressuref the soil:

Mg = My, (33)
where,myis the slope of thevater contenturve anduw is the pore water pressure.

Eq. 3.3) can be expressed in termgldtotal head and elevation head by:
ug = mygyl(H - 2) (3.4)

In aboveequation,oy is the specific weighof water.As the elevation is constant,
the derivative ofz with respect to time will be zero. Then, the partial differential
equation given in Eq3(1) can be written a&eo-Slope Int Ltd 2013)

E6+ 1= E 35
ng Qi ”\Ngwm (3.5

Mgy wHg ud
Xe X+ W
The governing partial differential equation of the seegagebe solved using finite
element method. This method is basedimding the problem domainnto small
sections called elements, describing the behavior of each individual elesttent
element equations and connecting all eleragoiationgo characterize the behavior
of the whole domain.The element equations are approximated from the original
nonlinear equatiorMost commonlyGal er ki ndés wei ghisused r esi dual
to obtain the finite element form of the original equatibnthis appoach, an
integral is formed for the residual of all nodes using a weight function and the
residual is set to zelhiu and Quek 2003)

The governing differential eqtian of the seepagean be approximated using
Gal er ki noés ua eethgpd. Thefivite eleenent sttepage egioat can be
expresseth a general fornusing(Geo-Slope Int Ltd 2013)

[K{H}+[MEH} ={Q} (3.6)
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in which [K] is the element characteristics matriki}{is the vector of nodal heads,
[M] the element mass matrixQ} is the applied flux vector. The detailed finite

element formulation can be found@eo Slope Int. Ltd.(2013)
3.1.1.1 The Software SEEP/W

In this study, the software SEEP/WGeo-Slope Int Ltd 2013)s used to conduct
seepage analysdsis a comprehensive computer aided design software, developed
by GeaSlope International Ltd.for analyzing groundwater flow, seepage, excess
porewater pressure dissipation problems within ponmesiia(Geo Slope Int Ltd

2014) The software allows mading of both saturated and unsaturated flows. The
steady, transient, confined and unconfined flow problems having various boundary

conditions can be analyzed via this software.

The softwareadoptsfinite element method to solvthe nonlin@ar governing
differential equationof the seepage given in Eq3.%). The finite element
formulation of the software is briefly describ@dhe previous sectioilhe solution

is conducted in an iterative mannerthe softwareHydraulic conductivity of an
elemen orthe size of the seepage face are iteratively calculttedcexample,n an
iteration, hydraulic conductivity of an element is computed using the average pore
water pressure of its nodd=or the next iteration, resulting hydraulic conductivity

is used tacompute the pore water pressures of the element nddiss.procedure

is repeated until the convergence is reachdédecomputations.

SEEP/W can compute hydraulic conductivity, total head, pore water pressure, flow
velocity magnitudes and gradientdla¢ node®f the finite element domainAlso,

the seepage ra@acrossdesired sectionsan be obtained from the softwaBome
views from the interface of the software and its full capabilities can be fo@ebin
Slope Int Ltd(2014)

SEEP/W allows the use of adldfunctions which are used to define soil properties,
boundary conditions, et@his is the main reason for selectithgs software as the

simulation tool of this study. The problems can bealeted without limitations by
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usingaddin functions. This also allowed this study to quantify uncertainties in soil

properties in the seepage analyses.

The addin functions which aréo be used in SEEP/W should be based on Microsoft
.NET CLR (Common Language RuntimglseoSlope Int. Ltd 2012) Any
programmindanguage which can generate CLR code can be used to create an add
in including G# and Visual Basic .NET.

3.1.2 Basics of Unsaturated Fow

Soil part above the phreatic surface of the seepage mrimally saturated or
unsaturatedondition. The pore water sa#iion is less then unity in the unsaturated
zone and there exists suctimnthe soil matrix Due to the suction, sonsaturated
mechanicalpropertiesof the soil, such as the hydraulic conductivity, the shear

strength, the compression index gthanggSako and Kitamura 2006)

In the unsaturated zone of the soil, some quantity of flow takes place the to
suction or capillary action. In relatively high values ofthe suction and
correspadingly low values of water content seilterair systems, the flow is
governed by the adsorption effects caused by the surface properties of the soil
particles Oppositely, in relatively high values of water content and correspondingly
low values othesuction, the flow is governed by the capillary action which directly
depends on pore structure and pore size distrib(itioand Likos 2004)

The relationship between the soil suction and water content is described with soil
water characteristic curve (SWCQO)he shape of a SWCC is determined by the
density, poreige distribution, grain size distribution, clay conterganic material
content.etc, of the soil(Lu and Likos 2004)The SWCC of an existing soil can be
obtained by experimental methdatsthin sites and in &boratory mediunDiscrete

data pointshowing the water content and the corresponding suctioobaamed

from direct measurements. Data pointsgeeerally plotted osemtlog graphs and

a representative curve is fittéol the pointsHowever, thedirect measuremeruf
SWCC may bdlifficult and expensive in some cas&mpling, transportingral
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preparation of specimens in laboratory tests, and installation, maintenance and
monitoring in fidd measurements may be costlgne consumingnd compleXLu
and Likos 2004) Therefore generally mathematical fictions which are fitted to
soil water characteristics dasae usedor the sake osimplicity. There are r’ny
mathematicaimodels proposed in the literature for presenting SWUOtgy are
namely,Brooks and Corey1964)model,Brutsaert(1966) model,Burdine (1953)
model, Fredlund and Xing1994) model, Gardner(1956) model,van Genuchten
(1980) model, Mualem (1976) model, andTani (1982) model. In this study van
Genuchten (1980) model iadoptedto estimate theunsaturated hydraulic
conductivity and it is explained belowl'he cktailed information and reviews on
other models can be found Sillers et al(2001)

The van Genuchten (198@pdel isbasedn prediction of the unsaturated hydraulic
conductivity from the information of the soil water characteristic curve and saturated
hydraulic conductivity.In the model, an equation for the soil water content and
suction relationship is described. Alsdpsedform analytical expressions are
definedfor unsaturated hydraulic conductivitysing the equation of soil water
characteristics curv@.he equation of the SWCC contains three fitting parameters;
namely,U n, and mThe parametelis the inverse of the air entpressure which

is the suction where the air first starts to enter to the largest pore of the soil.
Therefore, itis related withthe largest pore size of the sflilu and Likos 2004)
Then parameters related to the slope of SWCC at its inflection point which shows
the rate of changef the desaturation zone.dépends on the pore size distribution
(Sillers et al. 2001)The parametanis related to thesymmetry of the SWC@bout

its inflection point A typical SWCC illustrating the aentry value, saturated and

residual water contents and the inflection point is givefigare3.1.

The water content of a soil can be expressed with a dimensionleabledry
normalizing it with its saturated and residual values. The function of the

dimensionless water conteht,is in the following form:
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o=2"% (3.7)
qs- 4

whered is the volumetric water content, ascandr indicates the saturated and

residual values of the water content, respectively.
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Figure3.1 A typical soilwater characteristic curve

van Genuchter§1980) proposed a closed form, thrparameter equatiorof the

estimation of th@limensionless water content

1
0= = (38)
1+(ah)"
whereU, n andm are fitting parameters and h is the pressure head. The parameter

is related tar with the following equatiorfvan Genuchten 1980)

m=1- = (3.9)
n
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The pressure term the righthand side of . (3.8) can be expressed in either units
of pressure or head/hich can be taken as kPa and m, respectively in SI unit system
If it is expressed with the unit of pressutéhas the inverse unit of pressure (i.e.
kPal). In the other casel has the inverse unit of head (i.e)nThen,by using
equations(3.7) and (B.8) the water contentan bedefined with the following

function:

— ds- G
q=q +m (3.10)

In the prediction of unsaturated hydraulic conductivity, a variable c#llecklative
hydraulic conductivity is used. It is the normalized form of the unsaturated hydraulic
conductivity with respect to saturated hydraulic conductivity:

K, =— (3.11)

whereKsis the saturated hydraulic conductivior the prediction of the relative

hydraulic conductivityMualem(1976)proposed the following equation:

2

eQ 1 2
rmd( X)§
K, = 01/28—U (3.12)

¢l 1 u
) W

van Genuchten (1980) utilized Eq. (3.12) to derive a closed form equation for the
relative hydraulic conductivityThe equatioris obtainedisingequations 8.8), (3.9)
and @.12) with some restrictiongrzan Genuchten 1980)

N 2
K, (0)=0"?41- (1- oY m)mg (3.13)

When Hj. (3.8) is substituted into & (3.13), the relative hydraulic conductivity can
be expressed in terms thie pressure head:
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K,(h)= (3.19)

[1+ (ah)n]m/ 2

Then,one may compute the hydraulic conductivity using the function given below.

KK, (r) (h<0)
K, (h2 0)

K (h)

(3.15)

3.2 Random Variable Model and Uncertainty Quantification

The purposef modeling variables of the seepage procesamomnumbesis to
treatthe uncetainties in the problem. Iseepageelatedproblems, therenay be
uncertainties in soil properties, such as hydraulic conductivity, porosity, fitting
parameters of the SWCE@tc. Also, initial antbr boundary conditionsnay be
uncertain For example, lte inflow into the reservoir of an embankment dam is
generally uncertain due to the randomness of hydrological pararfésemmarcke
2010) These uncertainties can be megented byusing random variablesThe
random input generation is one of the main parttheMonte Carlo simulation

approach.

In computational statisticsandom variable generation is mainly handled in two
steps( L 6 Ec u y e(l) gendratich Jof independent and uniformly distributed
random variables over thaterval (0,1) and (2) applying transformations to these
random variables to generate randomumbers from desired probability
distributions. The process in step (1) is called pseudo random number generation
There are different transformation methods foepst(2), depending on the

probability distributionof the randormumber.

In the study, soil uncertainty is modeledtbgatinghydraulic conductivity and van
Genuchten fitting parametetsand n as random inpufSheserandominputshave
nonuniform density functiors. One of the comprehensivetransformation

techniques for on-uniform, particularlyGaussianrandom variable generation is
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Box-Muller method(Box and Muller 1958)This methods adopted for the random
number generation in ihstudy. Random variables for hydraulic conductivity, K
and van Genuchten fitting parameterand n are generated usingithgrobability

density functions (PDFs) defined with a mean eoeffficient of variation (COV).

A brief information on the basstatistical definitiongrequentlyused in this study

are introduced herein. The mean is the expected value of the data set and it is the
first moment. The variance is the second central moment and shows how the data is
distributed about the mean. The daént of variation is the ratio of standard
deviation to the mean, being a dimensionless measure of the variability of the data
set. The skewness is the third central moment and gives the information about the
symmetry of the probability distribution dhe data set. The fourth moment is
kurtosis, being the measure of peakedness or flatness of the probability distribution
(Ang and Tang 1975)

Before generating random variablespairameterg)and n, the correlation between

two variableds investigatedin the study ofPhoon et al(2010) the parameterd

and nfor sandy clay loam, loam, loamy sand, clay and silty el@stated to be
negatively correlated witborrelationcoefficients-0.268,-0.251,-0.409,-0.487 and
-0.308, respectively. The correlation coefficiewmeredetermined using the data of

55 soils for loamy sand, 50 soils faindyclay loam, 67 soils for lam, 17 soils for

clay, and 24 soils for silty clay. It can be said that the statistical analyses conducted
in the study were based on limited number of soils. Addsolute values ahe
correlation coefficientsare smaller than 0.3%ndicate weak or lowcorrelations
(Rumsey 2011; Taylor 1990)

In the scope of tk presentstudy, a statistical analysis is helal investigate the
correlation betweet) and nfor clay and sandy clay soil typeBhe dataof these
parameters argathered from the database of SoilVision softw&redlund 2005)
Thesoftware has a comprehensive soil database containing detailed inforofation
over 6000 soil§SoilVision Systems Ltd. 2014y he il water characteristic curves,

saturated prmeabilities, soil compression aodmpaction dataetc, of numeros
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soil types an be found in theoftware For the statistical analysise data ofJand

n are obtained from 100 soils for clay and 103 soils for sandyTheyrelationship
and correlation betweddand n are investigated using scatterplots giveFigare

3.2 andFigure 3.3 for clay and sandy clay, respectivelg.these figures, r stands
for the Pearson prodi-moment correlation coefficientPeason 1895) The
correlation coefficientaare calculated s20.24 for clay and.34 for sandy clay
Similarly, it can be said thahese coefficients represent weak correlations between

two parameteréRumsey 2011; Taylor 1990)

On the other hand, the parametdrand n are expressed to be independerihé

study of van Genuchten (198®lso, in the study ofLi et al. (2009) random
variables of these parameters were sampled independently from their prescribed
probability distributions.The independence between two parameteas be
explainedoy t he f act t hdetermindibytheplaagest poesizerof U i s
the soil, whereas the parameter Wéserminedoy the pore size distribution of the

soil (Lu and Likos 2004)Besides the weak correlation between two parameters
were found to be negative in the studyRbfoon et al(2010)and positive in this
study, which is inconsistent in view of statistical dependefberefore,weak
correlations between parametétsind n are neglected arttiey are assumed as
independenvtariablesn this study
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The random variable generatiomethod of the study is used for allandom
parametershydraulic conductivity K andSWCC fittingparametersUand n.The
procedure forrandom saturated hydraulic conductivityeneratio is explained

below. The same steparealsoused for random variable generatiorizfnd n.

The par amedreshown tdfollowog-normaldistribution for many types
of soils(Carsel andParrish 1988; Phoon et al. 2018Jso, hydraulic conductivity
follows log-normal distribution(Bennion and Griffiths 1966; Bulnes 1946; Law
1944; Warren and Price 1961; Willardson and Hurst 196% probability density

function of saturatechydraulic conductivitycan be defined with ean 7, and
variance,sﬁS . Then natural logarithm oKs (i.e. InKs) canbesaid to follow normal

distribution with a mean 77k and a variance sﬁKS. The following

transformationgan be used to obtaihe mean and variance of the normalized PDF
(Ang and Tang 1975; Fenton and Griffiths 1996)

2 é sl%sg
Sink, :Ing+ 70 (3.16)
¢ ks
1
MK, =In(ny<s)- ESI%KS (3.17)

Then, the random variables for hydraulic conductivity having-nognal

distribution can be obtained using:
Kg = exp(/m1 K TSI KSri) (3.18)
in whichr' is the standard normally distributed random number obtained from Box

Muller transformatior{Box and Muller 1958)

)l/ 2

ri=(- 2Inuy )"’ ? sin2ou, (3.19)

where u; and u, are independent randomwariates from the same uniform

probability density function on the interval (0,
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The random number generatialgorithmdescribed here is implemented ica@de
written in G# language The code runs as an addwithin the SEEP/W software.

The code consist of two stbinctions: one is for calculatiythe relative hydraulic
conductivity using van Genuchten method, #mel other one ifor computng the
soil-water content using van Genuchten method. Two main parts handle the
generation of random variables fdm and K anaall the sukfunctions to compute

random hydraulic conductivity and water content, separately.
3.3 Monte Carlo Simulation

Formany real world problems, input parameters, initial and boundary conditions are
random in natureDue to these random variables, the behavior of the systems may
be different thathey areexpectedGenerally, statistical properties of these random
variables are known from previous observatidiased onfield or laboratory
measurements. To fully investigate such systems, a set of simulations can be
conducted using artificially generated random vdeistoom their knownstatistical
propeties. The solution of eackimulationyields an outputlf numerous numbers

of simulations are conducted, a set of outputs can be obtaimeql, the outputs can

be statistically analyzed to understand the behavitinetystem. This method is
named as Monte Carlo simulati@dCS) (Singh et al. 2007)

Monte Carlo simulation is generally used d@termination of the output properties
of complex systems whose behavior arelimear. For these systemgnalytical
solutions may need unrealistic assumptions or even may not be po3sible.
systems can be modeled very closéhereality using MCSIt allows detailed
description of the system without using asgsumptions or simplification$his is

the main advantage of this approach.

Monte Carlo simulation is the most frequently used approach in stochastic analysis
of seepage and groundwater problems in porous mediwemodeling oSuchtype
of problems regires the detailed definition die problem geometrgpil properties,

such as hydraulic conductivity function, volumetric water content function, and
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initial and boundary conditiondMICS allows the detailed description of the
problems and the use of desl numerical solution technique in analyses. There are
also a number of other stochastic methods for probabilistic analysis of seepage and
groundwater related problemsuch as perturbation and probabilistic collocation
methods however MCS is relativelgimple and reliableOne disadvantage of this
technique may be the computationafodf needed for numerous numbef
simulations. However, the recent growth in computer processors and speed made

MCS aless time consuming anmbwerfultool.

Forabovementonedreasons, Monte Carlo simulation technique is adoptedsn th
study. The problems are solved repeatedly for the same geometry and boundary
conditions; bufor different random inputs (i.e. hydraulic conductivity and/or van
Genuchten fitting parameteftdand n). The random inputs are generated from their
probability density functions defined with a mean and a coefficient of variation
(COV). The generated random variables are consistedtthey represerthe
uncertaintie$n some propertiesf acertainsoiltype The repeated simulations yield

a set of seepagatevalueshavingthe same number with the number of simulations.
Then,the set of output is statistically analyzed by obtaining its descriptive statistics,
frequency histogram, probability distributifumctionor boxplot.

The steps followed for MCS of the study are as follows:

1) A probabilitydensityfunction having a mean dra coefficient of variation
is determinedor the random parameter (i.e. hydraulic conductivityJor o r
n) from the related literature and the database of SoilVision software
(Fredlund 2005)

2) The geometry initial and boundary conditionghe materials and their
statistical propertiesare definedfor the problemin the finite element
software SEEP/W.

3) N, being thenumber of MCS, number of copies of the SEEP/W simulation
file are generated using a batch file written in Windows commanddaee

Appendix B for the related batch file)
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4) N number of copies are solved individuaftyr steadystate or transient
seepageising anotherbatch file.During the solution of copies, the random
variables arendividually generatedor each simulation file using the#C
code which can work as an atdin SEEP/W (see Appendix A and
Appendix B for the & code andhe related batch fileespectively.

5) N number of SEEP/W simulation files are extracted uaiddferentbatch
file (see Appendix B for the related batch file).

6) N number of seepagatevalues are gathered one final Microsoft Excel
file using acode written in Visual Basilanguagesee Appendix B for the

related supplementary code).

For the sensitivity analysesd the applicatiaof the studythe above procedure

is applied for the stochastic solution of the problems
3.4 The Statistical Properties of van Genuchten Parameters

Monte Carlo simulation requires the probability density functions of model input
parameters which can be defined with a mean and a coefficient of variation. These
properties have significant effects on the output parametdrplag an important

role in determination of the behavior of the systems.

This study considers the uncertainty of hydraulic conductivity and SWCC fitting
parameters, which is defined by van Genuchten method. In the study, the probability
density function pperties of the hydraulic conductivity of different soil types are
directly obtained from the related literature. However, a different approach is
followed for the fitting parameters) and n. Because for these parameters, the
deterministic values are @xtsively supplied for different soil types in the literature
(GhanbariarAlavijeh et al. 2010; Yates et al. 198%owever, the distributional
information and statistical properties bfand n is often lacking or not well
established. There are only a few studies providing this informé@arsel ad
Parrish 1988; Zeng et al. 201%) thescopeof this study, both the related literature
and the database of SoilVision softwéifeedlund 2005are utilized to obtain and
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justify the probabilistic characteristics @aind n. The use of SoilVision database is

as follows: the data (i.e. location, physical properties,atd.van Genuchtdiiting
parameters) of 100 soils for clay and 103 soils for sandy clay are extracted from the
database. Then, SWCC of every sampled soil are drawn using Eq. (3.8) for each soil
type (i.e. clay and sandy clay). A few soils having extreme values of fitting
parameters are eliminated to determine a reasonable range for SWCCs. The obtained

SCWWs are given iRigure3.4 andFigure3.5 for clay and sandy clay, respectively.

As can be seen fromigure 3.4 and Figure 3.5 the upper and lower bounds are
determined for SWCCs of clay and sandy clay. Then, the mean SWCC obtained
using the meah), &yand the mean 1}, given inCarsel and Parris{1988)is drawn

for clay and sandy clay on these figures. It is seen that, the mean StyG@Gside

the lower and upper bounds for both soil types. Also, the coefficient of variation
values of fitting parameters (i.e. for clay, CQ)40.80, COV(n)=0.07; for sandy
clay, COV()=0.63, COV(n)=0.08Carsel and Parrish 19983an be said to be
relatively small. This means, randomly generated SWCCs having statistical
properties defined i€arsel and Parrisf1988)will not be dispersed and commonly
remain inside the determined bounds. Therefore, it is concluded that the use of
statstical properties given in Carsel and Parrish (1988) yields realistic random
SWCCs and reasonable for the mfstheanalyses of the study.
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CHAPTER 4

UNCERTAINTY BASED ST EADY SEEPAGE ANALYSES

4.1 Preliminary Analysis

Series of simulations need to be conducted to assess the findings of uneertainty
based seepage analydis.order to limit almost infinite number of configurations
reflecting dam height, material type, and embankment zoning possibilities, the
computations are desired to be conducted for various material arrangements for a
given dam height. However, to evaledhe possible effect of dam height on the
seepage field for a given dam geometry composed of a certain material arrangement,
a preliminary analysis is carried out for two different heights of a dam having simple
zoning as shown ifigure4.1. In this figure,Z andH are the dam height and the

total upstream head, respectivelyisBhe toal width of the base of the damis the
distancealong the dam base measurezhi the heeland t is the crest thickness.

Dam geometric characteristics are decided accorditgSBBR (1987)criteria. To

this end, dams having heights of 25 m and 40 m are considered with the upstream
total heads of 23 m, and 37 m, respectively. ThEFS®/ softwareis executed for
steady state conditions to determine the spatial distribution of the seepage field
throughout the dam bodggeFigure4.2, andFigure4.3).
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Figure4.1 The dosssectional layout details of a sample dam

35

30|

Elevation (m)

Gravelly sand \ Gravelly sand

0 10 20 30 40 50 60 70 80 90 100 110 120 130 MO
Distance (m)

Figure4.2 The seepage field fahe dam having a height 286 m
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Figure4.3 The seepage field for the dam having a height of 40 m.
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For comparison purposes, thiew velocity values are determined throughout the
vertical plane between thedmand the phreatic line at given x/Bued Hence, at

a particular x/B ratio, the depth averadgdalv velocity (vave along the ertical
direction is computed égFigure4.4).
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——7=25m
__0.04 —=Z=40 m
>
©
o
E
%
>
0.02
0.00
0.00 0.25 0.50 0.75 1.00

x/B

Figure4.4 The average flow velotesat particular x/B ratios for the dams having
heights of 25 m and 40 m.

As can be seen froffigure4.4, with 60% increase of the dam height from 25 m to

40 m, the depth averaged velocities along the dam body are almost the same for both
dam bodies. Therefore, it cae stated that the seepage fields at particular zones of
an embankment dam would be similar to that of the corresponding zone of a dam of
different height composed of the same material. This similarity may be due to the
similarity of the seepage gradients. with the increase of the dam height, the width

of the dam also increases. This may result in almost similar gradients, and hence
velocities at the corresponding zones of the dams having different height. Since the
type of the dam material is the sarfor different heights, the aforementioned

similarity is also applicable in case of transient flow conditions. As a result of this
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preliminary analysis, it is decided to carry out all the simulations throughout this
study under a given constant dam heigtdwever, this effect needs to be checked

for relatively higher dams havingqggortional characteristics.

In the preliminary analysis, as a supplementary check, the piping condition is
investigated for the embankment dahandled inthis study. For this purpose, the
critical hydraulic gradienis compared with the hydraulic gradiergluesobserved
throughout thebodies ofdams The critical hydraulic gradient is the gradient at
whichthe internal erosion initiates the soil. It is definedy:

i, = Jaw (4.1)

9

in which asupis the submerged unit weight of the soil ads theunit weight of
water. The critical hydraulic gradient which initiates movement of sogarticles
rangesfrom 1.0to 2.0(Jacobson 2013)The hydraulic gradienvaluescomputed
througloutthedambodiesconsidered in this studpnge from 81072 to 0.90for all
the analysesTherefore, it can be said that pipisghotcritical for the embankment

damstaken into accounh this research
4.2 Uncertainty Based Analyses

This part of the studpresents the sensitivity analgsi®r steadystate seepage
through different types of dmankment dam®neat-a-time sensitivity analyess are
conducted to investigate the individual effects of hydraulic conductivity and van
Genuchten fitting parameteiddand n orthe steadystateseepageln other words,

the sensitivity of the flow twariaion of these parameters is investigatedeach

set of simulation, one selected parameter is tke@mtomvarying with threalifferent
coefficient of variation valueshich are COY, 0.5COV and 2.0COY, in which
COV:is the recommended COV value for telected parameter in the literature.
The other parameters are kept constdrheir mean valueslhe variationof the
parameters depermh many soil propertiesuch as texture, grain size distribution,

water content distribution, efawhich are hard t@accuratey assessBy selecting
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three COV valus for each parameteit is assumed thaall possiblevariation

degrees oparametersre accounted in simulations.

The algorithm presented in the previous chapter is applietthrer hypothetical
embankmentdams, which arevo homogeneous dams and a simple zoned Then.
geometrc propertiesof dans are determined using related design specifications
(United States Bureau of Reclamation (USBR) 1%f)ending on thehieight and
material typesThe properties of the dams considerethesensitivity analyss are
presented imable4.1. The foundations of the embankments are considered to be
impervious; therefore, onlthe seepage through tindbodies aresvaluatedA total
number of 36 cases airevestigated 9 for Hypothdical examplel: Dam 1 18 for
Hypotheticalexample2: Dam 2 and 9 forHypotheticalexample3: Dam 3 Each
caserepresentspatial variatiorof a selected parameter (i.e. K@or n) of a soil
type (i.e. sandy clay or gravelly san@ihe cases and thaiorresponding parameter
propertiesare given inTable4.2. This table also indicates the references which are
used to obtain the statistical properties of plagameters (i.e. the mean and the
COV). The determination of thetatisticalpropertiesof the random variablesas

explainedn Section3.4.

Table4.1 The poperties ohypotheticadams considerefr sensitivity analyse
of steadystate seepage.

. Side slopes
Type Material an'?)ht u/s D/S
slope slope
Dam 1| Homogeneous Sandy claySC) 25 1V:3.0H | 1V:2.0H
Shell: Gravelly
Dam 2| Simple zoned sand (GS) 20 1V:3.0H | 1V:2.5H
Core: Clay(C)
Dam 3| Homogeneoug Gravelly sand (GS 20 1V:3.0H | 1V:2.5H

Note: U/S: Upstream; D/S: Downstrea¥h Vertical, H: Horizontal

In Monte Carlo simulation technique, thember ofthe simulations affecthe
accuracy of the results. When thkeefficient of variationof output parameter
stabilizes, the number of the simulations can be said to be adequais.shudily,

the adequacy of the number of realizations is checked by caiguiaé coefficient
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of variation of the flow ratgassing through the dam body for various simulation
numbers

Figure4.5 shows the change of COV(@jth respect to number gimulations for
Hypothetical Example .JFrom the figureit is clear that COV(Q) stabilizes after
around 500 iterationsTherefore, 6r each applicatiorat least500 Monte Carlo

simulations are conducted.

0.12

0.10 M

0O 100 200 300 400 500 600 700 800 900 1000

Number of simulations

Figure4.5 The change of coefficient of variation of the flow rate with respect to
number of Monte Carlo simulations.

The results of the simulations are given in 4pdats which enable presenting the
statistical properties of datgroupsand comparisonsn one figure. A boxplot
presents the first and the third quartiles, the median and the maximum and minimum
values of the dataAlso the spread and symmetry of its distribution can be identified
from a box-plot illustration(Williamson et al. 1989)In a boxplot, the lower and

upper lines of the box indicates the first dinel third quartes respectivelythe line

inside the box presents the median and the lower and upper line extends demonstrate

the minimum and maximurmf the datarespectively
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Table4.2 Cases considered feensitivity analyses of steadyate seepagmnd
corresponding statistical properties of soils

Parameter
Case K U
No. o) o) . Reference
sy | SOV | (cmy | COV| O | cov
1 [3. 337 1.17 | 0.027 | NJA | 1.23| N/A
2 | 3.337] 233] 0027 | N/A | 1.23| N/A
= | 3 [3.337] 466 0.027 | N/A | 1.23| N/A (C?lrje'
<5 | 4 |3.33 NA[0027]032]1.23] NA P:rrish
EZ | 5 [3. 331 NA | 0027] 063 1.23] N/A 1988
OF | 6 [3. 337 NA[0027]126[ 123 NA | o0
Q7 3. 3310 NA| 0027 NA | 1.23| 0.04 v
< )
8 | 3. 331 NA | 0027 | N/A | 1.23| 0.08
9 | 3.33T NJA | 0027 N/A | 1.23| 0.16
10 | 7. 22771 1.35| 002 | N/A | 1.31| N/A
11 | 7. 2271 270 | 002 | N/A | 1.31 | N/A
12 [ 7. 2271540 002 | NA | 131 | Nna | (Carsel
_| 16 [7. 2271 N/A | 002 | 04 | 1.31| N/A PZR?Sh
817 [7. 2277 N/A | 002 | 08 [ 131 N/A 1088
18 [7. 227 NA| 002 | 16 [131] NA | o0
22 [7. 227 NJA [ 002 | NJA [131]0.035] " 5505
-
N 23 [7. 2270 N/A| 002 [ NJA | 1.31] 0.070
~ 24 [ 7. 2271 N/A | 002 | N/A | 1.31 | 0.140
S 13 | 8. 80°1] 0.02] 0.08 | N/A | 245 | N/A
14 [ 8. 80°1| 0.04| 0.08 | N/A | 245 | N/A
E 15 | 8. 8 051 0.08| 0.08 | N/A | 245 | N/A
B 10 [8. 80T N/A [ 0.08 [ 0.02] 2.45 [ NIA (Zeng et
T| 20 [8. 80T N/A [ 0.08 [ 0.04[ 245 N/A | | 20912)
B[ 21 [8. 80T NA| 008 [008[245] NA '
25 | 8. 80°1 NJ/A | 0.08 | N/A | 2.45 | 0.022
26 | 8. 80°1 N/A | 0.08 | N/A | 2.45 | 0.044
27 | 8. 80°1 N/A | 0.08 | N/A | 2.45| 0.088
28 | 8. 80°1] 0.02| 008 | N/A | 2.45| N/A
= [ 29 8.8 05] 0.04| 0.08 | N/A | 245 | N/A
S | 30 [ 8. 80 0.08] 0.08 | N/A | 2.45| NIA
© % [ 31 [8. 801 NA| 008 | 002|245 NIA (Zeng et
E= 132 [8. 801 NJ/A| 008 | 004 245 N/A Ny 20912)
Q0% | 33 [8.80I NA| 008 | 008 245| N/A '
O | 34 | 8. 801 NA | 008 | NA | 2.45 | 0.022
35 | 8. 80°1| NJ/A | 0.08 | N/A | 2.45| 0.044
36 | 8. 80°1 NJ/A | 008 | NJA | 2.45 | 0.088

Note: N/A (Not Applicable) indicates deterministic treatment of the correspon
variable with its mean value.
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The use of boyplots helped interpretationf the effects of variation of the
parameters othe seepageate Also, flow ratesare compared with those obtained
from the deterministic model to discubge random variables whose variability have
significant impacts on the seepad#is is to recommendvhich variablescan be
treated deterministically and others as random in fututeadystate seepage

analysisof embankment dams.
4.2.1 Hypothetical Example 1:Dam 1

In this example the sensitivity of thesteadystate seepage through a 25 m high
homogeneous dam made of sandy clay, resting on an impervious foundation is
examined.The geometr and the boundary conditionsf the dam isshownin
Figure4.6. The constant upstream total heisd20 m and there is no tailwater. The
cases considered for the §rsis andtheir correspondingparameterstatisticsare
shown inTable4.2. A total of nine cases (i.e. Case 1 to Case Paible4.2) are
consideredor Dam 1.The effects of ariation of

1 Kare nvestigated in Case 1 to Case 3,
¢ Uare investigated in Case 4 to Case 6,

1 nare investigated in Case 7 to Case 9.

8m

Seepage face

1V:3.0H boundary (line DE 1V:2.0H

25 m
20m L Sandy clay
Constant head (SC) fl
boundary (line AB) boundNa(\)ry ?I\il\r/le AE)
I_A

Figure4.6 The geometry and boundary conditions of Dam 1.
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In total, 4500 (B500) simulationsreconducted for the exampléhe seepageate
results obtainetbr thesecases are presented with bolets supplied irfFigure4.7.
The seepageate computed with the deterministic model, keeping the parameter
constantttheir mearvalues is presented with a continuous liné-mure4.7. Also,

descriptive statistics of the seepagtefor thesecases are given ihable4.3.

The results of Cases 1 to 3 showed that the variation of hydraulic conductivity have
substantial impacts on the steastgte seepage. Particularly, the increase in
variation of K results in sharp decrease inftbes rate When COV of K increase

the varation of theflow rate(i.e. COV(Q))and its probability distribution skewness
increases. Also, significant differences are observed between the deterministically
computedlow rateand the meafiow ratesof Cases 1 to 3 he difference between

the mean ad deterministidlow ratesreaches up to 50% when variation coefficient

of K is doubledThe reason for this result is explained in Sectich

However, a it isclear from the results of Case 4 tth@t individual variabilities of
Uand n cause negligibleffects on the steaestate seepag&or these cases, the
meanminimum am maximum seepagatesare very close to each othardto the
deterministic seepagate Also, no effect is observed on the probabilis@tureof
the seepageThis meanghe uncertainty ofJ and n has negligible effects the

steadystate seepage of the example prob{seeTable4.3).

It should be noted thahehydraulic conductivity is varied betwetdre COV values

of 1.17 and 4.66; however, the variation of the output param€@N(Q) is
computed techange betweed.05 and 0.12Therefore, it can be said that the system
has the ability oflecreamg the variation of the input parameter
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Figure4.7 The lox-plotsof theseepageatefor Case 1 to Case 9.

Table4.3 The descriptive statistics of theeepageatefor Case 1 to Case 9.

Case Range and mean _ % dfference

NO m3/c_1ay) ) COV(Q) | Skewness| Kurtosis| b/w m_ean_&
" | Max | Min O deterministic Q
1 | 0.077]0.055| 0.065| 0.05 0.25 0.22 15.0

2 | 0.073/0.041] 0.051| 0.09 0.42 0.58 33.1

3 | 0.051|0.027| 0.036] 0.12 0.56 0.54 52.6

4 | 0.077|0.077| 0.077| 0.00 -0.49 -0.73 0.0

5 | 0.077|0.077| 0.077| 0.00 -0.04 -0.08 0.0

6 | 0.077|0.077| 0.077| 0.00 -0.46 0.90 0.2

7 | 0.077|0.077| 0.077| 0.00 -0.02 -0.10 0.0

8 | 0.077|0.076| 0.077| 0.00 -1.01 5.40 0.1

9 | 0.077|0.076| 0.077| 0.00 -0.19 1.74 0.1
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4.2.2 Hypothetical Example 2:Dam 2

A sensitivity analysis is conducted feteadystate seepage through20 m high
simple zoned embankment dam giverFigure4.8. The dam is composed b0
materials,gravelly sand for the shell and clay for the céreonstant 16 nof total

head is assigned #se upstream boundary condition, whereas there is no tailwater
at the downstreamThe cases considered for Dam 2 and their corresponding
parameter statistics are givenTiable4.2. For eighteen s (i.e. Case 10 to Case
27 inTable4.2), a total number of 9000 (L800) Monte Carlo simulatioreeheld

The influences ofhe variaton degreef;

1 Kare investigated for

o clayinCase Dto Case€l2,

o gravelly sandn Casel3 to Case 15
q Uare investigated for;

o clayin Case @to Case 8,

o gravelly sandn Casel9 to Case 21
1 nare investigated for;

o clayinCase 220 Case?4,

o gravellysandin Case25 to Case 27

4

20m

Seepage face

Gravell
y oundary (line DE

sand(GS) [:
Constant head
boundary (line AB)

Gravelly
sand(GS)

No flow

Figure4.8 The geometry and boundary conditions of Dam 2.
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The computed seepage ster these cases together with the deterministic seepage
result are illustraid with boxplots in Figure4.9. The descriptive statistics of the
flow rateare also supplied iable4.4. The boxplots of Cases 10 to 12 showed
that the variation of hydraulic conductivity of the core material has considerable
effects on steadgtate seepagéncrease in COV of Kesulsin asharp decrease in
the flux. The mearseepageatesresultingfrom thevarying hydraulic conductivity

of clay arel3% to 50%smaller thardeterministically computeseepagéseeCases

10 to 12 inTable4.4). For Case 12,v&n the maximum seepagatethat can be
observedis smaller than the deterministically computed seepBigavever, no
similar effects are observed for the variation of hydraulic conductivity of the shell
material. Thereis no significant difference between the mdlanv ratescomputed

for Cases 13 to 15 and the deterministic flseeTable4.4). This can bettributed

to the differencebetween hydraulic conductivities and COV values of clay and
gravelly sandGravelly sand has lawer variationin its propertieswhich result in

insignificant effectonthe seepage.

For the problem considereithe behavior of the seepage is highly deeendn the
hydraulic characteristicef the core materialThe flow quantityis found to be
governed by the properties of the ¢layhich has muclsmaller permeability and
higher variability.The increase iI€OV(K) of clay results in a decrease in seepage

guantityand increase its variationdegree

The investigation of Cases 16 to &iowsthatthe variabilityin van Genuchten
parametersiand n forclay and gravelly sandauses insignificant changes the
flow. The mean flow rategor these caseare very close to the deterministically
computedilow rate which make their impacts negligiblalthoughthe COV of U
and nincreased to certailevels no change is observedtime variation othe flow

rate

It is also seen that there is no direct relationship betwtden asymmetryi.e.
skewness and kurtoisf the probability distributionsf the seepageate andthe

variation of input paraeters (sedable4.4).
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Figure4.9 The boxplots of the seepage rdte Case 10 to Case 27.

Table4.4 The descripive statistics of the seepage riteCase 10 to Case 27.

Range and mean % difference
Cli\la(\)se (m/day) ___| COV(Q) | Skewness Kurtosis| b/w mean &
| Max | Min (@] deterministic Q
10 | 0.570] 0.311 | 0.441| 0.09 -0.25 0.42 12.7
11 | 0.575] 0.181 | 0.349| 0.16 -0.10 1.71 30.8
12 | 0.464| 0.149 | 0.252| 0.24 0.74 0.29 50.1
13 | 0.590| 0.414 | 0.517| 0.07 -0.59 0.22 2.5
14 | 0.626| 0.415 | 0.517| 0.07 -0.51 0.29 2.4
15 | 0.587| 0.405 | 0.518| 0.07 -0.63 0.22 2.7
16 | 0.582| 0.415 | 0.516| 0.07 -0.48 -0.43 2.1
17 | 0.593| 0.417 | 0.512| 0.09 -0.49 -0.76 1.5
18 | 0.596| 0.432 | 0.521| 0.07 -0.01 -0.98 3.2
19 | 0.590| 0.413 | 0.518| 0.07 -0.67 0.35 2.7
20 | 0.588| 0.414 | 0.514| 0.07 -0.40 0.04 1.9
21 | 0.591| 0.413 | 0.513| 0.07 -0.73 0.43 1.7
22 | 0.592| 0.414 | 0.516| 0.07 -0.60 0.25 2.2
23 | 0.584| 0.413 | 0.515| 0.07 -0.64 0.15 2.1
24 1 0.591| 0.413 | 0.516| 0.07 -0.47 0.12 2.2
25 | 0.615| 0.402 | 0.498| 0.08 0.25 -0.75 14
26 | 0.606| 0.394 | 0.499| 0.09 0.09 -0.85 1.1
27 | 0.604| 0.410 | 0.501| 0.09 0.06 -0.87 0.8
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4.2.3 Hypothetical Example 3:Dam 3

The sensitivity analysisf the current par conductedo distinguish the variation
effects ofinput parametersf different soil typesThe starting poinof thisexample
is theresultsobtained fronthe sensitivity analysis held ithe previous section (i.e.
sensitivity analysis held on Dam 2).tms analysis, it was found thete variation
of input parameters (i.e. KJand n) of gravelly sand has no substantial effects on
steadystate seepag@o justify this finding a honogeneous dam similar to Dam 2
is considered with dill material composd of only gravelly sandAlthough it is
obvious that this is nai realistic dammaterialsince it is highlypermeableit will
providea mean folinvestigatng parametewariation effects of highly permeable
materials.The crosssectional view of the dans presented ifrigure4.10. For the
seepage through the da#%00 (9 500) number of samples are solved via M&S
nine caseswhich areCase 28 to Case 36 Table4.2. The variation impactof
gravelly sandos;

K are nvestigated in Case 28 Case30,
Uare investigated in Cagd to Case33,

1 nare investigated in Case ®1Case36.

Seepage fac

boundary (line DE) 20m

Gravelly sand
(GS)

Constant head

boundary (line AB) No flow

boundary (line AE
be y ( )

Figure4.10 The geometry and boundary conditions of Dam 3.
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The boxplots of the seepagatedataobtained fromMonte Carlo simulationare
illustrated in Figure 4.11. The figure also demonstrates the deterministically
computedseepageatethrough the dam bodyhe descriptive statistias the flow
areprovided inTable4.5.

It is observedfrom the figure thatthe flow decreasing effect of hydraulic
conductivity variatiorfoundin the previous analyses (i.e. sensitivity analykekl

on Dam 1 and Dam 23lmost disappeardd this exampleThere is no difference
between the mean seepaggeesand the deterministically computed one for all
cases.Thereason for this may bile lower variationdegreeof the parameters of
gravelly sand Thar COV valuesare smallet resilting in slight changes irnthe
parameter values assigned to the nadélse domainThis mayhavecause akind

of homogeneityn the flow domain The increase ithevariation of Konly results

an increase in the range of observed flow rates

Similarly and expectedlythe variation olJand n resulted in no significant change
in the flowrate Although their variationgareincreased to certain levels, no change

is observed in thmeanflow rateand its variation
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Figure4.11 The boxplots of the seepagatefor Case28 to Case 36

Table4.5 The descriptive statistics of the seepeagefor Case 28o Case36.

Case Range and mean _ % dfference
N (m3lqlay) _ COV(Q) | Skewness Kurtosis| bfw m_ean_&
" | Max Min O] deterministic Q

28 | 14.10| 14.07 | 14.09 -0.15 -0.18 0.0

29 | 14.12| 14.05 | 14.08 -0.16 -0.05 0.0

30 | 14.14| 14.01 | 14.08 -0.04 0.22 0.1

31 | 14.09| 14.09 | 14.09 0.04 0.10 0.0

32 | 14.09| 14.09 | 14.09| 0.00 0.07 -0.30 0.0

33 | 14.09| 14.08 | 14.09 -0.18 0.49 0.0

34 | 14.09| 14.08 | 14.08 0.02 0.03 0.0

35 | 14.09| 14.08 | 14.08 -0.07 0.35 0.0

36 | 14.09| 14.08 | 14.08 0.01 -0.08 0.0
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4.3 Discussion

The sensitivity analyses conducted for differentbankmentlamgeometriesand
material types showed thidite effects of van Genuchten parameters on stasaty
seepage is negligibly smddir the tested COV rangeBheresultingmean seepage
rates whenUand nare variegare seen to beery close to deterministiate The
percent differences between thélsevs are computed to be smaller tha@%. (see

the last columns dfable4.3, Table4.4 andTable4.5). Therefore treatment of van
Genuchten parameteais deterministic variables in steashate seepage analysis of
embankments danmeppears to be reasonable for the material types considered in
the study.

However,for fine grained materials hang higher variationsn its propertiesthe
variation of hydraulic conductivitis found to havesubstantial effectgesulting a
decrease in the mean seepeagjeup t050% when compared with the deterministic
seepager-or these materialshe flow decrases as the variability of K increasks.

is clear that when the variation of hydraulic conductivity is very high, the
permeability of the nodes in the flow domain rapidly changes from one to another.
This results in irregular and relatively long flow paths and consequently smaller
seepage rates. Conversely, lower variations of K may requdnmogeneityhrough

the dam resulting a seepage behavior similar to that obserld deterministic
model Similar results werefound in the research oAhmed (2009) and he
concludedhat a core may not be needed if highly variable materials are used as the
fill material in embankment damdt can be concluded thathe hydraulic
conductivityuncertainty should be consideredtigaing it as a random vablein

steadystate seepage analyses through embankment dams.

It is seen thatte degree of variation of KJand n strongly depends on the material
type. The coefficient of variation of parameters decreases whendimesize of the
material increase (seeTable 4.2). The sensitivity analysis conducted féram 3

showed thaif the fill material of the embankment is only composed of coarse soil
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particles having lowepropertyvariations, thesteadystateseepage analysis can be
conductediusingdeterministic models.

The hydraulic conductivity of soils having finer particles, such as claysiijtand
clayey soils, etgis governed bwighly variable space organizationtbkir minerals

or aggregates and varying pore siZdeunier 2005)which result inhigher
variations in the hydraulic conductiy. Therefore, treatment of hydraulic
conductivity as a random variable is recommended if the embankment material is

composed of such materials.
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CHAPTER 5

UNCERTAINTY BASED TR ANSIENT SEEPAGE ANAL YSES

In this study, the sensitivity of the transient seepage is also investigatea saties

of analyses which arersilar to sensitivity analyses conducted for teadystate
seepageThe same procedure is applidre one parameter isandomly varied
while others are kept constafite. oneat-a time analysis) to investigate what effect
areproduced on théransientseepageTo this end, a homogeneous embankment
dam composed of sandy clay is considefidte dam height is 25 m, and its base
width is 133 m. Thaipstream and downstream slopes are 1V:3.0H and 1V:2.0H,
respectively. The bottom boundary of the flow domain is assumed to be no flow
boundaryand thered no tailwater at the downstream sidéso, the surface along

the downstream slope is consideredsespage face boundaihe dam is shown

with its geometry and boundary conditiong=igure5.1.

The dam is subjeet to two different transient conditions: rapid ddown and

rapid fill. Therefore, the total head at the upstream changes with time depending on
the conditionBoth conditions are considered to occur individually. It is assumed
that no successive event occurred after these conditions until -Stadel\flav

conditions are reached. Therefore, they are purely independent events.

Nine different cases, each one investigating the variation effect of a parameter on
the seepageare analyzedThe cases and their parameter properties are given in
Tableb5.1. Similar tothe previous sensitivity analysisnducted for the steadyate
seepageone parameter is made random witheeCOV valuesandothers are kept
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constantat their mean values. For exampler Case 1 to 3 parametdisand n are
fixed at their mean values 0.027 ¢mnd 1.23, respectively, whereas the hydraulic
conductivity K is assumed to beandom having a mean 0.029 m/day and COV
valuesl.17, 2.33 and 4.66.

Section 1 Section 2 Section 3 Section 4 Section 5
A A A A A

Rapid drawdown I.C. ¢ D
B

1V:3.0H Seepage facg\_1V]2.0H
23 m boundary (line DE)
25m
Transienthead ~ Sandy clay

boundary (['Ij;lne AB) |(SC)
Homogeneous fi

No flow
boundary|(line AE)
I_A

Figure5.1 The geometry, sections and initial conditions of the dansidered for
sensitivity analyses on transient seepage

Table5.1 Cases considered for sensitivity analysegansientseepagand
correspondingtatistical properties of the soil

Case K Paramgter m Reference
NO. 8 gm[ cov | Bcn) [cov| & | cov
1 | 3. 33 117 | 0.027 | N/A | 1.23 | N/A
2 [3. 337 233 | 0027 | NA | 1.23 | N/A
3 [3. 331] 466 | 0.027 | N/A | 1.23 [ N/A | (Carsel and
4 3. 331 NA 0.027 | 0.32 | 1.23 | N/A | Parrish 1988;
5 [3. 337 NA 0.027 | 0.63 | 1.23 | N/A Fredlund
6 [3. 337 NA 0.027 | 1.26 | 1.23 | N/A 2005)
7 3. 337 NA 0.027 | N/A | 1.23 | 0.04
8 [3. 33| NA 0.027 | N/A | 1.23 | 0.08
9 [3. 33| NA 0.027 | N/A | 1.23| 0.16

Note: N/A (Not Applicable) indicates deterministic treatment of -
corresponding variable with its mean value.
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For each case, the transient seepage through the dam is stochastically analyzed
conducting 500 number of MCSherefore 4500 (9 500) samplesare solved for
each rapid drawdown and rapid fill caskestotal, 9000 simulations are held for the

current sensitivity analyses.

During transient flow conditiongienerallyarying fluxesareobserved through the
dam bodyfor a given time For an instanthe seemgeratemay both increase and
decreaseat different sections. Thereforép consider th spatial variabilitythe
seepageflow resultsare obtainedfor five sections through the dam bodyhe
sections are located at 30 m, 50 m, 70 m, 90 m and 110 m lfi®heel of the
structure These sections are termed3ection 1, Section 2, Section 3, Section 4,
and Section 5, respective{geeFigure5.1). Also, the seepagesallts are derived

for three time steps of the simulation duration: one from the initial state, one from
the intermediate state and another from the final stimilarly, results are
presented in boplots to examine the variation effects thle parametersThe

deterministic model results aaéso used for comparison purposes.
5.1 Rapid Drawdown Case

Fortherapid drawdowrcase a total head of 23 m is assignedhe upstream face
of the damgiven in Figure 5.1 as an initial conditionThen the total heads
decreased from 23 m to 1 m in four ddysearly. Such a drawdown rate is common
for most flood detention dams subject to recession periadlobd. The graphical

representation of the boundary condition is present&thure5.2.

The duration of the simulation is determined as 2500 days, whactuicient time

for the flow to reach a condition where almost no changes are observed between two
successive time stes all sectionsin other words, at the end of the simulation,
almost steadgtate conditions am@bservedor the flow.The simulatiordurationof

the analysis is determined from the deterministic model of the problem. The change
of the deterministic seepage rate with respect to time at sections are given in
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Figure5.3 for the caselt clear from this figure that after 2500 days, the seepage rate

at sectios do not change considerably with respect to time.

24
22
20
18
16
14
12
10

8

Total head (m)

6
4
2
0

0 1 2 3 4

Time (days)

Figure5.2 The upstream boundary condition for the rapid drawdown case
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g "

0 500 1000 1500 2000 2500 3000 3500
Time (days)

Figure5.3 The change of the deterministic flow rate with respect to time for the
rapid drawdown case
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The phreat surface of the seepage obtained from the deterministic model for the
rapid drawdown case is presentedrigure5.4 to Figure5.6. The phreatic surface

and velocity vectors can be seen from these figures for times t= 68 days, 1152 days
and 2500 days, which correspond to 3%, 46% and 100% of the total simulation
duration,respectively. This figure demonstrates the seepage tendency of the dam
and enables analytical evaluation of results obtained from stochastic the analysis.
For example, it is clear from this figure that the velocity vectors at Section 3 is
considerably snihfor all times resulting in relatively and negligibly small flow
rates at the section. Also, at the end of the simulation (i.e. when t=2500 days)
insignificantly low flow rates are observed for all sections. Similar results are

expected and obtained fraime stochastic analysis.
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Figure5.4 The phreatisurface pore water pressure contours aetbcity vectors of deterministic seepage for rapid drawdown

whent=68 days
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Figure5.5 The phreaticsurface pore water pressure contours aetbcity vectors of deterministic seepage for rapid drawdown
whent=1152 days.
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Figure5.6 The phreatisurface pore water pressure contours aetbcity vectors of deterministic seepage for rapid drawdown

whent=2500 days.





































































































































































































































































































































































































































