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Zusammenfassung

In der vorliegenden Arbeit wurden vershiedene grob texturierte Materialien hin-

sihtlih ihrer hydraulishen Eigenshaften und ihrer Transporteigenshaften un-

tersuht. Durh die Inversion eines Multi-Step Outow Experiments konnten die

hydraulishen Eigenshaften bestimmt werden. Die Anwendbarkeit dieser Meth-

ode wurde durh die Analyse der Di�erenzen zwishen gemessenen und simulierten

Werten, der Kon�denzintervalle und Korrelationsmatrix der bestimmten Parameter

und der �

2

-Fl�ahen der modellierten Ausussdaten bewertet. F�ur Feinsand und

Grobsand zeigte das Modell die gr�o�ten Abweihungen im Zustand hoher Wasser-

s�attigungen. Die weniger emp�ndlihen Parameter K

s

und � k�onnen durh In-

version niht gut bestimmt werden. Bimodale hydraulishe Modelle ergaben eine

bessere Anpassung an die Aususskurve des Mishmaterials aufgrund ihrer h�oheren

Flexibilit�at. In einer abshlie�enden Diskussion werden die Abweihungen des Mod-

ells darauf zur�ukgef�uhrt, dass die experimentellen Bedingungen niht in der Lage

sind, die Voraussetzungen des Prozessmodells, der Rihards-Gleihung, zu erf�ullen.

Au�erdem war die Parameterisierung der hydraulishen Eigenshaften ungeeignet.

Durh station�are Transportexperimente bei zwei vershiednen, konstanten Flie�raten

wurde der Sto�transport durh die grob strukturierten Materialien untersuht. Bei

diesen Experimenten wurden asymmetrishe Durhbruhskurven beobahtet. Das

\hysteretishe" Verhalten im Transportprozess sowie der Einuss der Str�omungsge-

shwindigkeit auf die Wehselwirkung zwishen gel�ostem Sto� und Matrix wurde

ebenfalls untersuht und die beteiligtenModelle mit Hilfe berehneter G�uteparameter

der Simulationen beurteilt.

Summary

In the present work, several oarse textured materials were investigated with respet

to their hydrauli and transport properties. Hydrauli properties were estimated us-

ing a state-of-the-art method: the inversion of multi-step outow experiments. The

appliability of the adopted method is evaluated through analysis of the struture of

the residuals, the parameter on�dene interval and orrelation matrix, and the �

2

surfaes for outow. The model errors are larger at higher saturations than those at

lower saturations for the �ne sand and the oarse sand. The insensitive parameters

like K

s

and � annot be determined orretly by inversion of the urrently used ex-

periments. With higher exibility, bimodal hydrauli models yielded a better �t for

the outow for the mixed material. In a �nal disussion, the deviations of the model

from the measurements were attributed to the experimental onditions that ould

not satisfy the assumptions of the proess model, Rihards equation, and the unsuit-

able parametri model for hydrauli properties. Through stationary breakthrough



experiments at two distint uxes, solute transport through the oarse textured ma-

terials were investigated and asymmetri breakthrough urves were obtained. The

\hysteresis" phenomenon in transport proess and inuene of the ow rate on the

interation between the solute and the matrix were analyzed and the models were

evaluated with the alulated goodness-of-�t.
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1 Introdution

Eluidating and quantifying water ow and solute transport in variably saturated

porous media is a strong emphasis in many sienti� disiplines and management

appliations whih still remains an important hallenge. The intriate task in suh

researh is to aquire knowledge of hydrauli properties, namely the water hara-

teristi funtion �( ) and the hydrauli ondutivity funtion K(�), both of whih

are highly nonlinear funtions of pressure head and water ontent, respetively.

Currently, many laboratory and �eld methods exist to determine the hydrauli

properties represented by these two funtions. The traditional diret measure-

ments in laboratory with hanging water olumn, a pressure membrane, or equili-

bration over salt solutions require restritive initial and boundary onditions and

are time onsuming, range-limited and expensive (Jury et al. 1991). Advaned

methods introdue new tehnial apparatus suh as Nulear Magneti Resonane

Imaging (NMRI), X-ray omputed tomography (CT), Time Domain Reetometry

(TDR), and Ground-Penetrating Radar (GPR) to measure water ontent at di�erent

sales. Both CT and NMRI an be applied to the diret 3-D measurement of ow at

miro-sale. These high resolution measurements provide the possibility to resolve

the individual pores and to delineate air-water interfaial ontats (Rogasik et al.

1999, Wildenshild et al. 2002, Dijk and Berkowitz 1999). TDR and GPR meth-

ods are appliations of eletromagneti waves in the same frequeny range. TDR is

usually used at small sale, loalized and non-destrutive measurements with high

resolution (Robinson et al. 2003) and GPR yields 2-D pro�les and an measure wa-

ter ontent at larger sale non-destrutively. Aording to a reent report, GPR

even shows the potential to detet the heterogeneity of struture and water on-

tent in small sale (Sto�regen et al. 2002). Combinations of these tehniques with

tensiometer measurement will eventually yield water retention data.

In many appliations suh as land mapping, the diret measurement of hydrauli

properties in laboratory and �eld is time-onsuming, ostly, hene next to impossible.

Sine the resolution of the measurement is not high in suh ase, as an alternative

to diret methods, an indiret method is introdued to dedue hydrauli proper-

ties from other soil properties like bulk density, fration of silt, lay, organi matter

et.using purely statistial regression analysis, whih is so-alled pedotransfer fun-

1



1 Introdution

tion method (PTFs). By analysing existing databases ontaining measured data,

hydrauli harateristis are predited from measured soil data. Good preditions

instead of diret measurements may be aurate enough for suh appliations.

SineK(�) varies drastially, usually several orders of magnitude over narrow water

ontent range, the preise and fast measurement is even more diÆult than that of

water retention.

With the aid of improved omputing power, the inverse tehnique is now widely

used to determine hydrauli parameters by mathing observations and simulation

results for a partiular unsaturated event using a parameter optimization ode. The

inverse method is a parameter estimation tehnique that involves the indiret esti-

mation of soil physial properties by repeated numerial solution of the governing

transient ow equation. In this proedure, �rst of all, the water dynamis of the

system is assumed to be adequately desribed, e.g. by Rihards equation. Then soil

hydrauli funtions, whih are needed to predit the ow behavior of the system, are

expressed by analytial models with yet unknown parameter values. To determine

these unknown parameters, an outow experiment is set up under ontrolled initial

and boundary onditions. During the experiment one or more ow-ontrolled vari-

ables are measured. Subsequently, the Rihards equation is solved numerially us-

ing the parameterized hydrauli funtions with initial estimates for their parameters.

These parameters are optimized by minimization of an objetive funtion ontaining

the sums of squared deviations between observed and predited ow variables, using

repeated numerial simulation of the ow proess (Hopmans and

�

Sim�unek 1999).

Two attrative features of the evaluation of outow/inow experiments by inverse

modeling are that experimentation and modeling goes hand-in-hand and �( ) and

K(�) an be estimated from one single experiment. The method yields not only

hydrauli parameters, but provides at the same time a plausibility ontrol for the

whole measurement proess (Durner et al. 1999b).

1.1 Objetive of this Study

Inverse modeling in ombination with multi-step outow (MSO) experiments have

been widely used to estimate hydrauli parameters of porous media. However, at

the same time, issues suh as posedness of the problem and dynami e�ets problem

emerged. Some phenomena are still not understood well. While previous work

has mainly studied natural soils and �ne sand, little e�ort has been spent on the

appliability of the MSO method to identify hydrauli parameters of oarse media.

Coarse materials like sand or even gravel are often inluded in environmental or

engineered strutures like road overs or disposal sites and they are an important

omponent of many uvial deposits. Water ow and hemial transport in suh

2



1.2 Outline of this Thesis

media aount for muh of the environmental and engineering quality. In order to

predit water ow and solute transport in suh porous media, material properties

like hydrauli ondutivity or dispersion harateristis must be known. This work

is a small part of BMBF-verbund-Forshungsvorhaven \Sikerwasserprognose". The

oarse textured materials are taken from this projet. Using the multi-step outow

experimental setup, this work follows two parallel lines. One is to investigate the

possibility of identifying hydrauli parameters of suh oarse textured media from

inverse modeling of the outow and tensiometer data of MSO measurements. On

this line, the work will look losely at the magnitude and struture of the model

errors and the possible soures for these errors speially for the oarse materials.

The other line is the study of transport properties of the oarse materials whih

will fous on whether Brilliant Blue, known as a ost-e�etive traer, an be used to

study transport properties of these materials and whether the onventional transport

models are suÆient to desribe the breakthrough urves of Brilliant Blue.

1.2 Outline of this Thesis

The remainder of this thesis is organized as follows: In the following hapter 2,

an overview of the theoretial bakground of the inverse method used in this work

is given. First, in setion 2.1, the onventional fundamental theory for the inverse

modeling applied in this work is reviewed. In the following setion 2.2 the frequently

used parameterization models of hydrauli properties are given. In setion 2.3, the

one-step and multi-step outow methods and the related posedness problem of the

inverse modeling are reviewed.

Material information and detailed method desriptions are given in hapter 3.

Here, the related material properties measured independently are listed. Experi-

mental setup and measurement proedures of the MSO experiments and transport

experiments are desribed.

MSO experiments with these oarse materials have been arried out and results

are shown in hapter 4. The �rst three setions show the simulated outow data

with hydrauli parameters estimated from the inverse modeling in omparison with

those measured data and espeially the residuals of the inverse simulation are plotted

and srutinized. Parameter identi�ability with the ombination of MSO and inverse

methods is evaluated by examining the �

2

surfaes for outow in di�erent parameter

ombination planes. In setion 4.4, the possible soures for model errors are disussed

in detail.

Chapter 5 investigates Brilliant Blue transport with stationary water ux through

these oarse materials. Setion 5.1 desribes the models employed inluding the

onventional onvetion-dispersion (CD) model, the mobile-immobile (MIM) model

3



1 Introdution

and the CD model oupled with the linear adsorption interation model. In setion

5.2, the results of �tting the transport models are shown whih inlude the depition

of the general features of the breakthrough urves (BTCs), performane of the CD

model, the ombination of the CD model with linear interation model, the e�et of

ow rate on the interation between Brilliant Blue and the solid matrix, �ts with the

models to the breakthrough and the elution limbs of the BTCs, inuene of di�erent

ux input onditions on the �t and the alulated goodness-of-�t for di�erent models

as an indiator for a \orret model".

The last hapter summarizes the whole work and gives an outlook for the future

researh.
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2 The Method of Inverse Modeling

The method of inverse modeling is the state-of-the-art in hydrauli parameter esti-

mation. Sine in this work, the hydrauli properties of the oarse textured materials

are estimated with this method, here in this hapter the fundamental priniples

and progress of inverse modeling in ombination with outow methods to identify

hydrauli parameters will be presented as a review.

The whole proedure of applying the inverse method to determine hydrauli fun-

tions an be illustrated with a hart shown in Figure 2.1. Outow experiments with

desired initial and boundary onditions produe experimental data whih may be

umulative outow data or soil water potential data. The parameterized hydrauli

funtions with initial estimates for their parameters are used in inverse solution of

the governing funtion of water ow. With nonlinear optimization, the parameters

for the hydrauli funtions are estimated.

In the following, eah part of the inverse proedure will be reviewed in detail.

2.1 Fundamental Theory{Bukingham-Dary's Law and

Rihards Equation

Before applying inverse method to estimate hydrauli parameters, a governing equa-

tion is assumed to adequately desribe water movement in porous media. Conven-

tionally, the Rihards equation is hosen as the governing equation. Hene, in this

�rst setion, we will have a review on the history of Rihards equation.

Early in 1856, Henry Dary, an engineer working for the ity of Dijon, developed

the following relationship (Jury et al. 1991):

j

w

= �K

�

�H

�z

(2.1)

where j

w

is the volumetri water ux,K

�

the saturated hydrauli ondutivity,H the

hydrauli head, z vertial distane taken positive upward, �H=�z the driving fore.

Eq. 2.1 is so-alled Dary's law whih desribes the water movement in saturated

materials.
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Outflow
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B.C. & I.C.
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Figure 2.1: Flow hart of inverse parameter estimation approah (after Hopmans et

al.1999)

In 1907, Edgar Bukingham put forward a more general form of Dary's law

(Eq. 2.1) to desribe ow through unsaturated soil:

j

w

= �K(�)

d 

w

dz

(2.2)

where K(�) is the hydrauli ondutivity funtion,  

w

water potential. Eq. 2.2 is

alled the Bukingham-Dary ux law today. The modi�ation rested primarily on

two assumptions:

1. The driving fore for water ow in isothermal, rigid, unsaturated soil ontains

no solute membranes and zero air pressure. Potential  

w

is the sum of the matri

and gravitational potentials.

2. The hydrauli ondutivity of unsaturated soil is a funtion of the water ontent

(Jury et al. 1991).

These onditions must be satis�ed when applying the Bukingham-Dary's law.

Under many situations the reason that auses deviation of appliation of theory

from reality is the lak of neessary onditions required by the theory as disussed

later in hapter 4.

Steady-state downward water ow, while never atually ahieved in the �eld, is

nevertheless an approximation of ertain ows, suh as subsurfae drainage in en-

vironments under high-frequeny irrigation or frequent rainfall. Under these ondi-
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2.1 Fundamental Theory{Bukingham-Dary's Law and Rihards Equation

tions, the Bukingham-Dary ux low (Eq. 2.2) may be replaed by a far simpler-

expression. Under stationary state, when water is owing downward at a onstant

rate, matri potential gradients d 

m

=dz approah zero and water ows under the

inuene of gravity alone. Thus, provided that the water table is far below the

surfae, one may approximate the Bukingham-Dary law (Eq. 2.2) for downward

ow as

j

w

� �K( 

m

) (2.3)

where K( 

m

) is the unsaturated hydrauli ondutivity. This approximation is

known as gravity ow (Jury et al. 1991).

Under natural onditions, water ow through soils is not stationary but varies in

time as well as in spae whih is alled transient water ow. To desribe transient

ow in soils, both the Bukingham-Dary law and the mass balane equation must

be satis�ed. A general form of water onservation is given by

�

�t

� +

�

�z

j

w

+ r

w

= 0 (2.4)

where r

w

is the root water uptake rate. For a further simpli�ation form, r

w

is

negleted.

Combining Eq. 2.2 and Eq. 2.4 and applying the hain rule of di�erentiation to

�

t

�, we �nally obtain (Roth 1996b)

C

w

( 

m

)

�

�t

 

m

�

�

�z

�

K( 

m

)

�

�

�z

 

m

� �

w

g

��

= 0 : (2.5)

Eq. 2.5 is the so-alled Rihards equation in potential form. When matri potential

is expressed in water head form, Eq. 2.5 hanges into

C(h)

�

�t

h�

�

�z

�

K(h)

�

�

�z

h� 1

��

= 0 : (2.6)

Sine Rihards equation is a nonlinear partial di�erential equation, it generally

annot be solved exatly but only by some approximation method. It is very often

solved numerially. For the ase of onstant water ux through the soil surfae, the

state variables � and  

m

are also stationary, nothing hanges in time. So that all

temporal derivatives are zero and the Rihards equation Eq. 2.5 is simpli�ed to

d

dz

�

K( 

m

)

�

d

dz

 

m

� �

w

g

��

= 0 : (2.7)
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2 The Method of Inverse Modeling

2.2 Parameterization of Hydrauli Properties

To desribe unsaturated ow, hydrauli properties of porous media expressed with

the onstitutive relationships of unsaturated hydrauli ondutivity K vs. pres-

sure head  and e�etive water ontent �

e

vs.  must be spei�ed. Three on-

ventional models are ommonly used to desribe these funtional relationships:

the Mualem-van Genuhten model (MvG) (van Genuhten 1980), the Burdine-

Brooks-Corey model (Brooks and Corey 1966), and the Gardner-Russo model (Gard-

ner 1958, Russo 1988). Most existing stohasti analyzes utilize the Gardner-

Russo model beause of its simpliity. On the other hand, the more omplex van

Genuhten-Mualem and Burdine-Brooks-Corey models usually �t measured K( )

and �( ) data better. More reently, the lognormal distribution model (LDM) has

been proposed and spline funtions have also been applied to parameterize soil water

harateristi.

2.2.1 Parameterization of unsaturated hydrauli ondutivity

Diret measurement of unsaturated hydrauli ondutivity is a very intriate task

hene only a small number of measurements an be handled. The aim of parameter-

ization of unsaturated hydrauli ondutivity is then to interpolate and very often

also extrapolate these measurements, whih requires a orret representation of the

physial struture of the water �lled pore spae (Roth 1996b).

The model of Mualem

The most omprehensive and mostly used model urrently is proposed by Mualem

(1976) (Roth 1996b). It was supposed that the pore spae onsists of a set of ap-

illaries and the water harateristi desribes the distribution of their radii. Staks

of thin slies from parallel apillary bundles are onsidered to be reonneted whih

is alled stak model. The unsaturated hydrauli ondutivity of suh a model is

alulated through integration of the water harateristi with the following form as

proposed by Mualem,

K(�) = K

s

�

�

2

6

6

4

Z

�

0

h

�1

d�

Z

1

0

h

�1

d�

3

7

7

5

2

(2.8)

where K

s

is the saturated hydrauli ondutivity, � is a free parameter.
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2.2 Parameterization of Hydrauli Properties

The exponential model of Gardner

Gardner (1958) suggested a simple exponential model to desribe the relationship

of unsaturated ondutivity and water potential,

K(h) = K

s

exp(��jhj) (2.9)

where � is a soil parameter. This only parameter � represents the relative rate

of derease of K with dereasing h, it is related to the width of the soil pore size

distribution. The reiproation of �, �

�1

, an be interpreted as the air entry value

of h or as the length of the apillary fringe (Russo 1988).

2.2.2 Parameterization of water harateristi

Compared with measurements of unsaturated hydrauli ondutivity, measurements

of water harateristi of a porous medium is relatively of less labor. The aim of

parameterization of water harateristi is then to obtain a simple desription of

a omprehensive set of measurements. In this ase, the parameterization need not

have a physial basis (Roth 1996b).

The Brooks-Corey model

Brooks and Corey (1966) proposed a model (Eq. 2.10) for parameterizing soil water

harateristi. They assumed water saturation � to remain onstant until the matri

head exeeds h

0

= � 

0

m

�

w

g whih physially orresponds to the air-entry value of

the porous medium. When h > h

0

, the saturation dereases as a power of h

�(h) =

� � �

r

�

s

� �

r

=

(

[h=h

0

℄

��

; h > h

0

1 ; h � h

0

(2.10)

where � is a positive parameter whih is related to the texture of the pore spae, �

s

and �

r

are saturated and residual water ontent respetively.

Inserting Eq. 2.10 into the Mualem model Eq. 2.8, the parameterization form of

hydrauli ondutivity funtion an be written as

K(h) =

(

K

s

[h=h

0

℄

�2��[a+2℄

; h > h

0

K

s

; h � h

0

(2.11)

Parameterizations Eq. 2.10 and Eq. 2.11 are referred to as the Burdine-Brooks-

Corey model (Roth 1996b).
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2 The Method of Inverse Modeling

The van Genuhten model

Based on the Burdine-Brooks-Corey model, van Genuhten (1980) proposed another

form for parameterizing water harateristi written as

�( ) =

� � �

r

�

s

� �

r

= [1 + [� ℄

n

℄

�m

(2.12)

where �, n and m are empirial parameters with positive values. The residual water

ontent �

r

represents the small amount of water whih is adsorbed in thin �lms at

low water potentials and whih is barely mobile. The parameter � sales  and thus

determines the position of the urve relative to the axis of matri potential and the

parameter n determines the shape of the urve. Thus, � is related to the mean pore

size and n to the width of the pore size distribution. However, both parameters are

�tting parameters without immediate physial meaning. When Eq. 2.12 is ombined

with the Mualem model (Eq. 2.8), very often m = 1� 1=n is taken.

The Mualem-van Genuhten parameterization form for the hydrauli ondutivity

funtion an be written as

K(�) = K

s

�

�

�

1�

h

1��

n=[n�1℄

i

1�1=n

�

2

(2.13)

where now the ondutivity is given as a funtion of the relative water ontent �.

Note that the shape of the urve is determined by the same shape parameter n as

for the soil water harateristi. The hydrauli ondutivity at water saturation,

K

s

is introdued as a parameter to �x the absolute height of the urve. Moreover,

an additional parameter � whih is termed as \tortuosity" is used and is thought

to aount for the hange in the topology of the water phase with dereasing wa-

ter ontent. At this point, we arrive at the omplete set of hydrauli parameters,

desribing the hydrauli properties of porous media.

The Burdine-Brooks-Corey (BC) model and the Mualem-van Genuhten (MvG)

model are both widely used to parameterize the hydrauli properties. The former

is appliable to C-shaped relationships while the latter to S-shaped relationships

(Kastanek and Nielson 2001).

The Gardner-Russo model

Attrated by the simpliity of Gardner's model (Eq. 2.9) for unsaturated hydrauli

ondutivity, Russo (1988) derived a model of water harateristi whih an produe

Gardner's model when inorporated into Mualem's model to be onsistent with the

Burdine-Brooks-Corey model and the Mualem-van Genuhten model. The model is

given as

S(h) =

�

e

�0:5�jhj

(1 + 0:5�jhj)

�

2=(�+2)

: (2.14)
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2.2 Parameterization of Hydrauli Properties

This relationship together with Eq. 2.9 is referred to as the Gardner-Russo (GR)

model. Russo (1988) ompared the performane of the BC, MvG, and GR models

and found that the MvG model is the most aurate and most onsistent with the

data. The BC and GR models are less aurate but similar with eah other.

The lognormal distribution model

The lognormal distribution model (LDM) for hydrauli funtions was proposed by

Kosugi (1996). It was developed through applying a lognormal distribution law

to the soil pore radius distribution funtion. Parameters of this retention model

have physial signi�ane on the water ontent �{apillary pressure  urve and are

related diretly to the statistis of the pore radius distribution.

The two-parameter LDM for soil water retention is

� = Q [ln ( = 

m

) =�℄ (2.15)

when it is ombined with the Mualem model (Eq. 2.8), the relative hydrauli on-

dutivity is written as

K

r

(�) = �

0:5

n

Q

h

Q

�1

(�) + �

io

2

(2.16)

where  

m

and � are parameters related to pore size distribution and Q is the om-

plementary normal distribution funtion. Hwang and Powers (2003) investigated

the apability of several soil hydrauli funtions to provide unique parameter sets

from multi-step outow data for sandy soils and found that the LDM, beause of

its parameters with physial signi�ane on retention funtion, provided the best

unique parameter sets.

Using spline funtions to desribe water harateristi

To inrease the exibility of the hydrauli funtion model, spline funtion inter-

polation is hosen as an alternative for the analytial models mentioned above to

desribe soil water harateristi. Kastanek and Nielson (2001) applied third order

polynomial funtions, i.e., the ubi spline funtion, with the aid of virtual points

to yield proposed mathematial representation of the soil water harateristi. To

interpolate n data points with the independent data x

i

and the dependent data

y

i

= f(x

i

) inside the losed interval [x

1

; x

n

℄ and with x

1

< x

2

< :::x

n

, the ubi

polynomials P

i

between eah subinterval [x

i

; x

i+1

℄ are hosen as

P

i

(x) = a

i

+ b

i

(x� x

i

) + 

i

(x� x

i

)

2

+ d

i

(x� x

i

)

3

i = 1; 2; :::; (n � 1) : (2.17)

The �rst and seond derivatives of Eq. 2.17 are written in the following respetively:

P

0

i

(x) = b

i

+ 2

i

(x� x

i

) + 3d

i

(x� x

i

)

2

(2.18)
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P

00

i

(x) = 2

i

+ 6d

i

(x� x

i

) : (2.19)

In order to get smooth transitions, at the juntions of the intervals, the spline

funtion and its derivatives must satisfy the following onditions:

P

i

(x

i

) = y

i

i = 1; 2; :::; (n � 1) (2.20)

P

n�1

(x

n

) = y

n

(2.21)

P

i

(x

i+1

) = P

i+1

(x

i+1

) i = 1; 2; :::; (n � 2) (2.22)

P

0

i

(x

i+1

) = P

0

i+1

(x

i+1

) i = 1; 2; :::; (n � 2) (2.23)

P

00

i

(x

i+1

) = P

00

i+1

(x

i+1

) i = 1; 2; :::; (n � 2) (2.24)

For a unique solution, two further onditions need to be spei�ed:

P

00

1

(x

1

) = P

00

n�1

(x

n

) = 0 (2.25)

Solving the equations above yields 4(n� 1) oeÆients of all polynomials of order

three. Obviously, there are too many parameters to handle whih is impossible

without omputer. Furthermore, beause of the high exibility of spline funtions,

to extrapolate the estimated urve beyond the �tted range might produe unrealisti

shape.
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2.3 Outow Experiments and Inverse Modeling

One the forms of parameterized hydrauli properties are hosen, whih ontain un-

known parameters (e.g. n, �, �

s

, �

r

, K

s

, and � for the MvG hydrauli funtions),

we need to set up an outow experiment with spei� initial and boundary on-

ditions to measure one or two ow-ontrolled variables that an a�ord neessary

information related to unknown parameters. The boundary onditions of an outow

experiment must be arefully seleted to guarantee parameter identi�ability. Sine

the �rst studies on the identi�ation of unsaturated hydrauli properties by inverse

simulation of transient ow experiments, two deades ago, signi�ant progress has

been made in the development of numerial odes and in automating devies for

inow/outow measurements.

2.3.1 One-step method and the nonuniqueness problem

Gardner (1956) introdued the pressure plate outow method to measure outow

indued by a series of step inreases in air pressure from an initially saturated soil

sample to analytially determine the soil water di�usivity and unsaturated hydrauli

ondutivity. Later, this method was modi�ed in a one-step experiment by Doering

(1965) in order to save time. Zahman et al. (1981) applied inverse tehniques to

their numerial experiments in whih an initially saturated sample was allowed to

drain and the umulative outow as a funtion of time, soil water pressure head

as a funtion of time at one loation, and water ontent as a funtion of time at a

single loation were measured. It was found that hydrauli funtions determined by

inverse modeling using umulative outow as a funtion of time was losest to the

real hydrauli funtions.

Kool et al. (1985) and Parker et al. (1985) were the �rst to apply the inverse

approah by numerial solution of the Rihards equation for the transient one-step

outow proess, the former through a numerial study and the latter through an ex-

perimental one. Kool et al. (1985) onluded that with the one-step outow (OSO)

experiment designed to over a wide range in water ontent, the initial parame-

ter values lose to their true values and the small errors in outow measurement,

unique parameter set an be better determined. Parker et al. (1985) onluded that

with the OSO experiment oupled with the inverse method the hydrauli funtions

an be simultaneously optimized and they further suggested to inlude an indepen-

dently measured point of the soil water retention urve in the objetive funtion

whih allows extrapolation of the hydrauli funtions to water ontent range beyond

that ahieved with one-step pressure hange. Later, Kool and Parker (1988) demon-

strated with syntheti experimental data the advantage of simultaneously measuring

tensiometer data and outow data.

13



2 The Method of Inverse Modeling

These works lead to widely appliation of the inverse method to laboratory OSO

measurement to identify hydrauli parameters. However, in parallel to its ad-

vantages, e.g. transient experimental onditions, time-saving proedure, relatively

heap experimental setup, the nonuniqueness problem was enountered (Parker et al.

1985, Kool et al. 1985), i.e., more than one set of parameters yield minimum for the

objetive funtion. Toorman et al. (1992), with also syntheti data sets evaluated

this problem for the one-step method by looking at response surfaes. It was found

that there were long valleys in the di�erent parameter planes whih indiates that

many ombinations of �� n, ��K

s

or n�K

s

will predit similar umulative out-

ow urves. Furthermore, their results showed that if both umulative outow and

matri potential at some distane away from the lower boundary are measured, the

parameter estimation sensitivity will be greatly improved. These results were later

demonstrated by van Dam et al. (1992). It was found that inluding additional �( )

or tensiometer data in the objetive funtion improves parameter estimation.

Exept the numerial diÆulties, another major problem with appliation of the

one-step method has always been that the quik hange of the boundary ondition

does not represent natural onditions and may lead to non-uniform ow in the soil

sample. Hopmans et al. (1992), by visualizing water ontent distributions in a soil

during an one-step outow experiment with X-ray tomography, showed that ow

indued by a large pressure step on an initially saturated soil sample, ould not be

desribed by Rihards equation when preferential ow ours. Therefore, they re-

ommended using the method only with initially unsaturated samples. Furthermore,

when a sharp pressure hange is applied, under the high pneumati pressure or low

sution, soil near the erami plate starts to loose its water in larger pores. Due

to the lower water ontent, it has a relatively high resistane ompared with the

remaining part of the sample (van Dam et al. 1992). This very thin drained soil

layer near the porous plate will then ontrol the outow ux to a large extent whih

will result in a low sensitivity of the method.

2.3.2 multi-step method

To improve the outow experiment and inverse proedure, the multi-step outow

(MSO) method whih indues drainage of the soil ore by a sequene of smaller

pneumati pressure inrements was introdued (Ehing and Hopmans 1993, Ehing

et al. 1994, van Dam et al. 1994). Using only outow data in the objetive funtion,

van Dam et al. (1994) found that the MSO method resulted in unique estimates of

hydrauli funtions and that for the same experimental onditions the OSO method

often yielded nonunique solutions. In this sense, they onluded that the MSO

method has theoretial and pratial advantages above the OSO approah. This

onlusion was based on only a single loam soil. To explore the feasibility of using
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both umulative outow and soil water pressure head data in the inverse proedure,

Ehing and Hopmans (1993) ompared the water retention urves optimized from

umulative outow only and those obtained from outow and soil water pressure

head measurements for both OSO and MSO experiments. They found that the op-

timization was greatly improved when both outow and soil water pressure head

data were used. The addition of soil water pressure head values in the optimization

proedure provides unique parameters for the hydrauli funtions under their exper-

imental onditions. Generally speaking, the estimation of parameter values of soil

hydrauli funtions were improved. And the MSO experiments were found to math

the equilibrium data better than the OSO experiments. Many other researhers

also found that the multi-step method is superior to the one-step method beause

the hydrauli parameters are weakly orrelated and all parameters an be identi�ed

simultaneously (Cresimanno and Iovino 1995, Zurm�uhl 1996). Therefore, the appli-

ation of MSO has been expanded dramatially in both the laboratory experiments

and �eld experiments (Weerts et al. 1999, Inoue et al. 1998).

2.3.3 Pressure and sution desorption in outow experiments

To indue drainage from a saturated soil olumn in an outow experiment, either

a step inrease of pneumati pressure is applied from the upper boundary of the

olumn (van Dam et al. 1994, Ehing et al. 1994), or a step derease of sution

is applied from the bottom of the olumn (Zurm�uhl 1996, Inoue et al. 1998). It

is usually assumed that these two methods have the same e�ets on soil water

ow. However, the di�erene between the soil water retention data obtained by

these two methods has been notied by Pek (1960) and Chahal and Yong (1965)

several deades ago. Disrepanies were attributed to hanges in trapped air volumes

while releasing the pressure, thereby ausing the assumed soil water potential for

equilibrated pressurized soil samples to be lower than for soil equilibrated under

sution. Also in the work of Ehing and Hopmans (1993), di�erenes between the

measured soil water retention data determined from desorption under pressure and

sution were found, however, not signi�ant.

2.3.4 Posedness of the inverse modeling

For an inverse problem, most important of all, it should be \orretly posed". The

ill-posedness of an inverse solution is generally haraterized by the non-uniqueness,

non-identi�ability, and instability of the identi�ed parameters and will result in all

ases to a non-unique or divergent solution (Yeh 1986). The instability stems from

the fat that small errors in the measured variable may result in large hanges of

the optimized parameters. While non-uniqueness means that a given response leads
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2 The Method of Inverse Modeling

to more than one set of parameters. Non-uniqueness an be aused by loal minima

or more than one single global optimum in the response surfae of the objetive

funtion. Non-uniqueness an also be aused by a lak of sensitivity of the ow

variables in the objetive funtion to ertain parameter ombinations. Nonidenti-

�ability means that more than one parameter set lead to the same response. If a

parameter set is nonidenti�able, the inverse problem is also non-unique (Hopmans

and

�

Sim�unek 1999). Identi�ability, uniqueness and stability of an inverse problem

depend on porous media under investigation, the type and range of boundary on-

ditions used, the model for the hydrauli funitons hosen (hene the number of

parameters to be determined) and the measurement error (Durner et al. 1999a).

Large measurement errors might result in non-uniqueness of parameter estimation.

Insensitive parameters should be measured independently if possible. As for type of

boundary onditions, although pressure hanges at smaller steps, i.e., MSO bound-

ary onditions, have been proved to be superior to OSO, they are stepwise whih

seldom happen in nature. Therefore, a ontinuous hange of pressure at the lower

boundary was investigated by Zurm�uhl (1996). However, parameter �

s

and K

s

were

found highly orrelated to eah other and in the K

s

-�

s

parameter plane, a global

minimum annot be found. While this problem did not happen for the MSO ase.

So urrently, MSO is still preferred.

A severe drawbak of any outow/inow method will remain a problem: the low

sensitivity towards the ondutivity funtion near saturation. Sometimes the range

of pressures that an be studied is limited by the experimental setup used. If sution

is applied, a theoretial limit exists at atmospheri pressure. In a pressure plate

apparatus, where higher pressures an be applied, the resistane of a porous plate

with high enough air entry pressure will be so high that it limits the outow rate in

the wet stage and therefore sreen the hydrauli properties of soils near saturation.
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3 Materials and Methods

In this hapter, some properties related to ow and transport harateristis of

the �ve materials investigated in this projet are desribed and the experimental

setup together with detailed proedures of the MSO experiments and transport

experiments are given in detail.

In the following setion 3.1, the independently measured material properties are

presented. Setion 3.2 desribes the experimental setup and measurement proe-

dures for the multi-step outow experiments. Setion 3.3 is about the formulation

of our inverse problems, and setion 3.4 is foused on the experimental setup and

measurement proedures for the transport experiments.

3.1 Materials

Grain size distribution of the porous medium has an inuential impat on its hy-

drauli and transport properties. Suh information an help us understand the

experimental results shown in following hapters. Total porosity of the porous me-

dia was measured here to get a rough estimation of saturated water ontent �

s

.

Saturated hydrauli ondutivity K

s

, one of the important hydrauli parameters,

was measured independently to provide a model input and a riterion for evaluation

of the results obtained from the inverse estimation. pH value of the materials was

measured additionally beause it is an important fator related to the adsorption of

Brilliant Blue used as a traer for the transport measurements,

3.1.1 Grain size distribution

Five materials with varied-oarse texture have di�erent grain size distributions and

were taken from di�erent soures.

Constrution waste onsists of grains (by weight): 4-2 mm 14.9% , 2-0.63 mm

29%, 0.63-0.2 mm 36.5%, 0.2-0.063 mm 17.5%, < 0.063 mm 1.9%.

Fine sand: the �ne sand has a narrow grain size distribution ranging from 0.1-0.5

mm and an average of 0.25 mm;

As shown in Table 3.1, the oarse sand, the gravel and the mixed material are
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3 Materials and Methods

Table 3.1: Grain size distribution (by weight) of the gravel, oarse sand and mixed

material

Grain size 0.06 0.13 0.25 0.5 1 2 4 8 16

< 0:06 � � � � � � � � �

[mm℄ 0:13 0:25 0:5 1 2 4 8 16 32

Gravel � � � � � � 0.07 0.78 0.15 �

Coarse sand 0.01 0.02 0.10 0.25 0.23 0.18 0.19 0.02 � �

Mixed � 0.02 0.05 0.11 0.10 0.07 0.09 0.18 0.36 0.02

material

all oarse materials.

The oarse sand onsists of little �ne sand (<0.25 mm 13%) and the rest is a large

portion of oarse sand and �ne gravel.

\Grains" that make up the material gravel are real gravels. This material onsists

of mainly �ne gravels and only 15% by weight are gravels with middle size.

The mixed material is in fat a mixture of sand and gravel with a large range. It

onsists of grains from �ne sand to large gravels (about 32 mm).

3.1.2 Total porosity

The total porosity of the materials was determined using a steel ylinder with a

preise volume of 100 m

3

. The material was �lled into the ylinder ompletely full

and three suh repeats for eah material were dried at 105

o

C to a onstant weight

and were weighted afterwards. The bulk density of the material an be alulated by

dividing the weight of the dry material in the ylinder by the volume of the ylinder.

The porosity was alulated aording to

� = 1�

�

s

�

r

(3.1)

where � is the total porosity of the material, �

s

the soil bulk density, and �

r

the

real density of the soil matrix (2.65 g m

�3

for mineral media). Table 3.2 shows the

total porosity of these �ve materials.

3.1.3 Saturation hydrauli ondutivity

Saturated hydrauli ondutivities K

s

of the porous media were independently mea-

sured using a falling head permeameter (Figure 3.1) (Klute and Dirksen 1986) (ited

by Roth (1996b)). The porous medium was �lled into a PVC olumn to a depth of

L with water level slowly rising from the metal mesh at the bottom of the olumn

in the same way as �lling an MSO olumn as desribed in the following setion, in
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L

z(t)

metal mesh

water

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
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Figure 3.1: Sketh of falling head permeameter.

order to approah a stable state. After the porous medium was ompletely saturated

the water level inside the olumn was raised to z(0) at time t = 0. Then water was

allowed to drain freely through the metal mesh due to gravity. The height of the

water level z(t) is registered with time by a pressure sensor installed at depth L.

When z(t) > L, the height of the water level z(t) dereases exponentially with time,

i.e.,

z(t) = z(0)e

�

K

s

t

L

: (3.2)

Then, the saturated hydrauli ondutivity an be dedued as the slope by plotting

log(z(t)=z(0)) versus time, i.e.,

K

s

= �

L

t

log

�

z(t)

z

0

�

: (3.3)

Table 3.2 shows the saturated hydrauli ondutivity of the �ve materials measured

with this falling head method. For di�erent materials, depending on the grain

size, metal meshes with di�erent mesh size are used to hold the materials without

inuening the water ow. Experimentally, the measurement was repeated several

times and there was good reproduibility. Therefore, the results shown here will be

ompared with those obtained from inverse modeling in the following hapter.
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3 Materials and Methods

Table 3.2: Some independently measured material properties

Material K

s

a

[m h

�1

℄ pH �

Constrution waste 51 12 16.5%

Coarse sand 362 7.7 31.5%

Fine sand 93 6.4 40.0%

Mixed material 612 7.9 23.5 %

Gravel 1.4�10

4

8.1 -

a

measured by falling head method

3.1.4 pH value

Aording to Flury and Fl�uhler (1995), the properties of Brilliant Blue, the traer

hosen for the transport experiment, depend on the pH value of the porous medium,

whih will be disussed in detail in the following setion. Thereby, a pH meter was

used to measure the pH values of the suspensions prepared with 0.01M CaCl

2

and

the porous media (water:material=5:1). The results are also shown in Table 3.2. As

one an �nd that pH values of all the materials exept the onstrution waste are

between 6 and 8. While the onstrution waste showed an alkali property with a

pH value up to 12, under whih ondition, there might be problems to use Brilliant

Blue as a traer, as will be disussed in the following hapter.
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3.2 Experimental Setup and Measurement Proedure for MSO Experiment

3.2 Experimental Setup and Measurement Proedure for

MSO Experiment

3.2.1 Experimental setup

As mentioned already in hapter 2 (setion 2.3.2), the multi-step outow (MSO)

method whih indues drainage of the soil ore by a sequene of smaller pneumati

pressure inrements or step derease of sution was introdued and onsidered to be

superior to the OSO method (Ehing and Hopmans 1993, Ehing et al. 1994, van

Dam et al. 1994, Cresimanno and Iovino 1995, Zurm�uhl 1996). With an auto-

mated soil water matri head measurement during drainage of soil ores in MSO

measurements, Ehing et al. (1994) and Ehing and Hopmans (1993) found that

the estimation of parameter values of soil hydrauli funtions were improved. In

their experiments, the water saturated sample was mounted on a erami plate and

stepwise inreasing pneumati pressures were applied to the surfae of the olumn

to indue outow. By onneting the bottom of the olumn to a burette, volume of

outow ould be reorded in high temporal resolution.

b
u
re

tt
e

pressure
tank

tensiometer

PVC column

S3

support
reservoir

S2

S1 porous plate

soil

M

 

air−permeable cover

  

Figure 3.2: Experimental setup of MSO measurement

In the experiments arried out in this study, instead of pneumati pressure, step

derease of sution is applied at the lower boundary by onneting the olumn to

a negative pressure tank together with magneti valves to ontrol the pressure. As

shown in Figure 3.2 the experimental setup for an MSO experiment onsists of four

basi elements:

(i) a PVC olumn together with a erami plate and a reservoir below that to
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3 Materials and Methods

hold and support the sample and water,

(ii) the pressure tank in ombination with magneti valve (M) and pressure sensor

S1 to ontrol pressure at the lower boundary,

(iii) the burette to ollet the indued outow and with the sensor S2 onneted

to it to reord the amount of outow, and

(iv) the ontrol program and omputer.

Besides those mentioned above, a erami tensiometer is installed 2 m below the

surfae horizontally and the additional sensor S3 onneted to it an measure the

hange of matri head at that depth.

The PVC olumn is 10 m high and 16.3 m in diameter with a volume of 2060

m

3

. To keep the system air tight under low tension onditions but still water

permeable at the bottom, a membrane is put on the erami plate. Pore size is

about 10 �m for the membrane and about 250 �m for the porous plate. Thikness

of the membrane is about 0.1 mm and that of the porous plate is about 1 m. The

saturated hydrauli ondutivity of the membrane and porous plate system, whih

usually ranges around 20 m h

�1

, was measured before eah experiment as an input

parameter for the inverse simulation. Depending on the saturated water onent of

eah material (roughly estimated from porosity shown in Table 3.2), in order to get

high enough resolution of outow reord, plasti stiks with varied diameters an be

used to raise the water level in the burette.

3.2.2 Measurement proedure

For a typial multi-step outow experiment, �rst, all the sensors are alibrated and

their stability is also tested before eah measurement. The erami plate and the

membrane above it are ompletely saturated and put on the water-�lled reservoir.

The PVC olumn is then �xed on the plate. From the membrane to the plate, it

must be air-tight. Air bubbles below the membrane, in the porous plate or below

it in the reservoir should be removed from the system, e.g., by sution from the

additional outlet at the bottom of the reservoir. After that, the porous media are

�lled into the olumn arefully with slowly inreasing water table onneted to the

bottom of the olumn. The material is moistened by apillary rise. E�orts are taken

to �ll the olumn uniformly. After the olumn is �lled, the external water table is

kept a little higher than the surfae for some time to guarantee that the material is

ompletely saturated. Pieewise sution steps are then applied to the lower bound-

ary. The time interval between subsequent pressure steps is hosen suh that the

system is expeted to get equilibrated and the outow eases within a pressure step.
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3.3 Formulation of the Inverse Problem

Pressure steps, i.e., rates of pressure derease should be also small enough to avoid

disonnetion of ow paths at higher ow rates aording to Wildenshild et al.

(2001). Cumulative outow and water matri head are measured as a funtion of

time. By inversely solving Rihards Equation, the parameters of the models hosen

for hydrauli funtions K(�) and  (�) an be estimated.

3.3 Formulation of the Inverse Problem

As desribed in hapter 2, when applying inverse method to identify hydrauli pa-

rameters, it is taitly assumed that Rihards equation and the formulated onsti-

tutive relationships K{ and �{ in the hosen forms an desribe the physial

behavior of the porous medium in question.

In our ase, the Mualem-van Genuhten models (Eq. 2.12 and Eq. 2.8) are hosen

to parameterize the hydrauli properties of the porous media. Hene the hydrauli

funtions are de�ned by the parameter vetor b = f�

s

; �

r

; �;K

s

; n; �g

T

. If hystere-

sis is to be investigated, an additional parameter �

w

for the imbibition proess is

required.

Deviations between measurements and simulations are expressed by an objetive

funtion O(b), b = fb

1

; :::; b

p

g

T

, where p is the number of parameters. Using an

ordinary weighted least square method, the objetive funtion is given by

O(b) =

N

X

i=1

W

i

(Q

mi

�Q

si

)

2

+

M

X

j=1

W

i

V

j

(h

m

(t

j

)� h

s

(t

j

; b)) ; (3.4)

where the variable Q denotes the umulative outow, h is the matri potential, W

and V are weighting oeÆients, N and M are the numbers of umulative outow

measurements and matri potential measurements respetively. Sine in our ex-

periments, these two variables are measured simultaneously, so that N and M are

equal.

With given starting values of the parameter vetor b = f�

s

; �

r

; �;K

s

; n; �g

T

, the

program (ESHPIM 3.2) (Zurm�uhl, 1996) alulates the objetive funtion iteratively

to �nd the \best set" of parameters whih results in a global minimum of the ob-

jetive funtion.
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3 Materials and Methods

3.4 Experimental Setup and Measurement Proedure for

Transport Experiment

3.4.1 Experimental setup

The experimental setup for the transport experiments is shown in Figure 3.3.

reservoir
pressure

tank

pressure
tank

M1

M4

M5

M2

fraction collector

M3

pump

balance

solution
input

S2

porous plate

sprinkler

S1
soil

Figure 3.3: Experimental setup for transport measurement

It onsists of four basi parts:

(i) the supporting unit similar to that of MSO experimental setup,

(ii) the in�ltration generation unit whih inludes a balane (Preisa XB 10200D),

a reservoir with input solution, a pump (meredos TL) and a plate with needles

installed on it (the sprinkler),

(iii) the pressure regulating unit whih inludes sensor S1, the magneti valves M1,

M2, M4, M5 and two pressure tanks,
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3.5cm

18.0cm

Figure 3.4: Distribution of needles on the sprinkler

(iv) the outow olletion unit inluding the magneti valves M2, M3 and a fration

olletor (RediFra) and

(v) the ontrol program and omputer

The PVC olumn is of the same size as that used in MSO measurement. Porous

plate and a membrane are also used to keep the system below the membrane air-

tight. In the following part, we will have a lose look at the in�ltration generation

and ontrol unit to see how the instruments operate together.

3.4.2 Sprinkler

To generate homogeneous in�ltration in the laboratory is obviously a diÆult task.

In our experimental design (Figure 3.4), 19 needles (needle out-diameter 0.4 mm,

e�etive needle length 20 mm) are distributed uniformly. While apparently, drops

from the needles are far from homogeneous in�ltration. The reason why we still

prefer this design is that at one hand, it is globally uniform and at the other hand,

we know the loal heterogeneity.

3.4.3 Pump and balane{the ux ontrol unit

Before eah experiment, the pump needs to be alibrated to set the right pump

gain. The pump is alibrated in the following way. A beaker with water is put on

the balane. A plasti tube with one end in the beaker under the water surfae

onnets the pump with the other end. The pump runs at a �xed pump speed (50%

of the full speed in our ase) for a �xed time period. The ux during this period

is alulated by deviding weight loss on the balane by time. Deviding the pump

speed by the ux results in the real pump gain.
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3 Materials and Methods

During the experiment, the ontrol program heks the real ux from time to

time and if the error is larger than a permitted value, the pump gain or even the

running mode (ontinuous or interrupted mode) is adjusted to obtain a more preise

in�ltration rate. With this ontrol proedure, the error of in�ltration rate an be

limited within 2%.

For our transport experiments, two distint ow rates are investigated. One is set

at 1 m h

�1

and the other extreme is 0.01 m h

�1

. For the low ow rate, diÆulty

was enountered with ontinuous running mode of the pump. Even with the lowest

pump speed and thinner pipe, the real ux generated was still higher than the

de�ned value. Hene an interruption mode was hosen in suh a way that the pump

is allowed to run at higher pump rate for a ertain period and then it is interrupted

and wait until the average ux for the whole irle is equal to the desired ow rate.

Sine the ux is really low, the ow regime will not be too muh di�erent from the

ontinuous mode at the same ow rate.

3.4.4 Stationary transport experiment with the traer{Brilliant Blue

The ideal traer for water ow should have the following properties,

(i) no retardation,

(ii) no hemial and biologial degradation during the time of interest,

(iii) absene of bakground onentration.

HDO and H

2

18

O satisfy these onditions but it is too expensive to analyse them

(Kasteel et al. 2002). Bromide is also a good andidate and is used very often.

However, large amount of measurements are still restrited beause of the ost.

The food dye Brilliant Blue has been widely used as a traer for visualizing the

ow pathways of water in soils in the last deades (Flury et al. 1994, Perillo et al.

1998). And reently, Brilliant Blue has been used to determine absolute solute

onentration, both in the laboratory and in the �eld (Aeby et al. 1997, Jawitz et al.

1998, Forrer et al. 2000). Compared with these ideal traers, analysis of Brilliant

Blue is apparently ost-e�etive. Espeially when Brilliant Blue is used in �eld

experiments to visualize the ow paths, photographs of the soil pro�le o�er a high

spatial resolution of the onentration distribution. The disadvantage with using

Brilliant Blue as a traer for water ow is that it an be adsorbed by the soil matrix

(Kasteel et al. 2002). However, for small onentration ranges of typially less than

5 mg l

�1

and low pH, linear adsorption of Brilliant Blue was found by Flury and

Fl�uhler (1995) for their soils and Perillo et al. (1998) also found that linearized

Freundlih model �t the adsorption isotherm of Brilliant Blue with a onentration

up to 20 mg l

�1

rather well for their soils. Sine the adsorptive behavior of Brilliant
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3.4 Experimental Setup and Measurement Proedure for Transport Experiment

Blue is highly dependent on the properties of the studied material, one has to hek

this for a ertain ase. For the staining purpose, high onentrations are preferred

to guarantee the visibility of dye against the soil bakground. When used as a

traer for water ow in laboratory breakthrough experiments, onentrations of dye

solution must be hosen suh that it is high enough to enable the detetion of dye

breakthough and it should also be low enough in order to see tailings of the BTCs.

The sorption harateristis of Brilliant Blue to the �ne sand is evaluated over

a range of onentrations lower than 20 mg l

�1

. Bath experiments were arried

out with dye onentrations of 1.0, 2.0, 3.0, 5.0, 10.0, 20.0 mg l

�1

prepared with

0.01 M CaCl

2

solution. Fine sand samples were dried in a oven at 105

o

C for 24

h. 20g sample was equilibrated in inert polyethylene (PE) asks with 30 ml of dye

solution by shaking for 3 hours. Next, the suspension was entrifuged for 10 minutes

and the supernatant was moved to test tubes. Brilliant Blue onentrations were

measured with a spetrometer (Lambda 20 UV-VIS spetrometer, Perkin-Elmer)

at a wavelength of 630 nm. The experiment isotherm data was analyzed with the

linearized Freundlih isotherm model. The nonlinear isotherm is written as

C

a

= KC

1=n

l

(3.5)

where C

a

[mg kg

�1

℄ is the onentration of hemial adsorbed, C

l

[g m

�3

℄ the on-

entration in the aqueous phase at equilibrium, and K [0dm

3

kg

�1

℄ and 1=n are

onstants. The linearized Freundlih isotherm with 1=n set to 1.0 is given by

C

a

= K

d

C

l

(3.6)

whereK

d

is the distribution oeÆient and it an be determined by �tting the model

to the experimental data.

Figure 3.5 shows that the linearized Freundlih model �t measured data reasonably

well. As shown in Table 3.2, the materials we investigated have pH values ranging

from 6 to 8 (exept the onstrution waste). And also beause that for eah exper-

iment, in order to establish steady state in the system, 0.352 mmol l

�1

of CaCl

2

was applied to ush the olumn. Brilliant Blue under suh situation should be in

bivalent anioni form, hene the adsorption to the materials should be minimized.

Before the stationary state is established, 0.352 mmol l

�1

of CaCl

2

was applied and

orresponding to a ertain ow rate, the sution applied to the lower boundary is set

suh that it is equal to the readings of the sensor S2 onneted to the tensiometer

(Figure 3.3). As soon as the stationary state is established, i.e., the ow rate of

the outow is stable and equal to the ow rate of the inow, 20 mg l

�1

of Brilliant

Blue solution is applied and the fration olletor starts to ollet outow samples

at a spei�ed time interval. The samples are overed as soon as possible after

they are released from the reservoir to the glasses on the fration olletor and
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Figure 3.5: Measured adsorption isotherm of the �ne sand with linear sorption

isotherm. C
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℄ is the amount of hemial adsorbed, C

l
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�3

℄

is the equilibrium onentration in the aqueous phase.

are stored in the refrigerator at 7

o

C to avoid evaporation or any degradation if the

immediate measurement an not be arried out. The dye is applied until the outow

onentration is expeted to reah the input onentration. Then again the 0.352

mmol l

�1

CaCl

2

is applied to displae the dye out of the olumn. The experiment

is stopped when the dye onentration beomes very small or the tailing of the

breakthrough urves (BTCs) is learly oriented.

The samples olleted are brought out of the refrigerator and are shaken to mix

the solution. After they reah the room temperature, the dye onentrations are

measured by the spetrometer at a wavelength of 630 nm.

To estimate the transport parameters, TAP (Transport Analysis Pakage) by Roth

(1996b) was used. Details will be given in hapter 5.
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4 Estimation of Hydrauli Parameters

from MSO Experiments by Inversion

Hydrauli parameter estimation for the oarse materials

�

from MSO experiments

using inverse tehnique is disussed in this hapter with respet to the goodness-of-

�t, uniqueness of the problem and di�erent possible auses of model deviation from

the measurements.

4.1 The Coarse Sand

Sine �

s

and �

r

have exatly opposite e�ets on the outow (van Dam et al. 1992),

only one of these parameters an be estimated from outow experiments. In our ase,

the parameter �

r

is not optimized but �xed at a value of 0.001. Saturated hydrauli

ondutivity K

s

was in addition measured with falling head method. Figure 4.1

shows the measured and simulated outow urve and the deviation of the model

from the measurement when all the van Genuhten-Mualem parameters were free for

�tting. It shows that there is good agreement between the measured outow urve

and that alulated from the optimized hydrauli funtions. The maximum model

error is less than 0.02 m. But at the early stage of drainage proess, the deviation

urve ontains some larger values showing that there are both overestimation and

underestimation of the umulative outow by the model. Furthermore, the model

errors instead of a randomly distribution whih is statistially required for a orret

model, orresponding to the pressure steps, they exhibited a wavelike shape. As the

sample gets drier, the deviation generally beomes smaller. As shown in Figure 4.2,

when the saturated hydrauli ondutivity is �xed at the measured value, instead

of approahing towards a better �t, the model showed bigger positive deviations

expeially in the wet stage, i.e., when K

s

is �xed at the measured value, the model

tends to underestimate the outow. Similarly with the �tting in whih K

s

is �tted,

the model errors also show a regular shape orresponding to the ritial points when

�

Drainage from the gravel olumn is too fast to allow the appliation of the inverse simulation

of the MSO data. And the onstrution waste beame hardened when it got wetted due to

unknown hemial omposition. Both results are not shown.

29



4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion
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Figure 4.1: Simulated outow urve with K

s

�tted ompared with the measured

outow urve with the oarse sand. The lower �gure shows the residuals,

i.e., the di�erene between the simulated and measured outow

the pressure steps swith and almost disappears under high tension.

Looking at Table 4.1, the disrepanies in the estimated hydrauli parameters

between the two �ts are quite obvious, even the 95% on�dene interval did not

overlap. The estimated K

s

is �vefold larger than the measured value. Furthermore,

tortuosity � estimated with K

s

�tted almost double that estimated with K

s

�xed

at measurement. Durner et al. (1999a) suggested that K

s

should be measured

Table 4.1: Estimated MvG parameters for the oarse sand with Ks �tted and �xed

95% on�dene interval

Parameter value lower limit upper limit

� K

s

�tted 0.0776 0.0772 0.0780

K

s

�xed 0.0762 0.0759 0.0766

n K

s

�tted 3.12 3.06 3.18

K

s

�xed 3.65 3.59 3.71

�

s

K

s

�tted 0.307 0.303 0.311

K

s

�xed 0.281 0.279 0.284

K

s

�tted 1.8�10

3

1.6�10

2

2.0�10

3

[m h

�1

℄ measured 3.6 �10

2

� K

s

�tted 3.41 3.25 3.57

K

s

�xed 1.81 1.75 1.88
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Figure 4.2: Simulated outow urve with K

s

�xed ompared with the measurement

with the oarse sand. The lower �gure shows the residuals.

independently sine aurate optimization is diÆult beause of low sensitivity of K

s

near saturation. However, the Mualem-van Genuhten (MvG) hydrauli parameters

identi�ed by inverse modeling in ombination with the MSO method have been

reported to be unorrelated with eah other by Zurm�uhl (1996). It was found from

simulation of numerial experiments with pressure at the lower boundary derease

in one-step, linear and multi-step that the MSO method is superior to the other two

beause it yielded independent parameters. It was also pointed out that hydrauli

ondutivity and the Mualem parameter � are relatively insensitive thus diÆult to

be determined if the pressure range is too small. The same method adopted in the

work of Zurm�uhl (1996) had been used earlier by Toorman et al. (1992) when the

uniqueness problem of the one-step method was investigated by alulating response

surfaes for the VG parameters and K

s

. However, both worked with syntheti data.

Here we applied the same method on our experimental data. The aim is to hek

whether the MvG parameters an be identi�ed, how sensitive a ertain parameter

ombination is to the system response and to understand the signi�ant disrepany

between the estimated and measured saturated hydrauli ondutivity.

To examine the uniqueness of the inverse problem, response surfaes for di�erent

parameters are alulated by disturbing two parameters while keeping the others

�xed at their \true" values, i.e., the optimized values. Then, the simulated outow

data with di�erent parameter sets are alulated. Deviations between the simulation

and the measurement are expressed as �

2

,

�

2

=

k

X

i=1

(Q

m

i

�Q

s

i

)

2

(4.1)
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

where Q

m

i

is the measured outow and Q

s

i

is the outow simulated with disturbed

parameters. In our ase, the parameters are disturbed with a range of �3� (the

variane �

2

was determined by the inverse proedure for the optimized parameters).

For eah parameter, 30 perturbations were taken resulting in 900 ombinations for

eah response surfae. Sine the variane of K

s

is as large as 102 m h

�1

, the

perturbation steps were kept in the related ases at 1.5�. The response surfaes are

drawn with the dimensionless parameters instead of the original values.

The two-dimensional surfaes of �

2

as a funtion of pairs of hydrauli parameters

are shown in Figure 4.3. �

2

surfaes for the umulative outow were alulated in

six parameter planes (i.e. n-� , K

s

-� , � -�

s

, �-�

s

, �

s

-n and K

s

-�). All the response

surfaes, with the exeption of the K

s

-� parameter plane, show well de�ned global

minima. For K

s

-� parameter plane, a long valley is found, indiating that many pos-

sible ombinations of these two parameters would result in small deviations between

simulation and the measurement. Hene, it is diÆult to �nd a unique minimum.

With the other parameters �xed at the \true" value, identi�ation of K

s

and �

would depend on the sensitivity of the optimizer and the start values. Also noises

in the data set will greatly inuene the estimation of K

s

.

As shown in Table 4.2, the standard deviation and oeÆient variane of the

parameters are alulated, whih were used to measure the estimation preision as

well as the sensitivity of the parameters in the inverse parameter estimation. Among

the �ve MvG parameters, � is the most sensitive and an be determined preisely.

�

s

and n are also sensitive and an be estimated with high preision, while K

s

and � are insensitive parameters. Note that preision does not neessarily mean

auray as one an �nd from parameter omparison in Table 4.1. Table 4.3 shows

the orrelation matrix for the optimized parameters for the oarse sand with K

s

�tted. High orrelations an be found between �

s

-� , K

s

-� , n-�

s

, n-� . Beause of the

high orrelations, these parameters show high level of unertainty.

Now we an look at Table 4.1 again for a better understanding of the di�erenes in

Table 4.2: Optimized MvG parameters with K

s

�tted for the oarse sand.

Optimized Value Standard deviation CoeÆient of Variation (%)

� 0.0776 0.000179 0.23

[m

�1

℄

n 3.12 0.030985 0.99

�

s

0.307 0.002007 0.65

K

s

1.8�10

3

102.42 5.6

[m h

�1

℄

� 3.41 0.08217 2.4

32
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Figure 4.3: �

2

surfaes for the oarse sand
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

Table 4.3: Correlation matrix for optimized MvG parameters with K

s

�tted for the

oarse sand

� n �

s

K

s

�

� 1:0

n �0:31 1:0

�

s

0:15 �0:98 1:0

K

s

0:45 �0:74 �0:68 1.0

� 0:22 �0:96 0:95 0:86 1:0

the estimated parameters with K

s

�xed at the measured value and those obtained

with K

s

�tted. When K

s

is free for �tting, there is more freedom and in order to

minimize the deviation between simulation and the measurement, the parameters

are adjusted in suh a way that for all the data points, the averaged error is ap-

proahing a minimum. Sine K

s

is insensitive ompared to the other parameters,

large hanges lead to only small dereases of �

2

. At the end, an unreasonably large

K

s

is obtained and sine there is positive orrelation between K

s

and � , a large

� is also obtained. Hene, when K

s

is �xed at the measured value whih is muh

smaller than the estimated value, the other parameters, e.g. a lower �

s

, a larger n

and a smaller � are understandable. In ontrast to the good �t with K

s

�tted, the

simulated outow urve with K

s

�xed at the measured value exhibits large devi-

ations from the observed outow espeially at the shoulder of the seond pressure

step. This indiates that either the independently measured K

s

is inaurate or the

VG parameterization form of water retention funtion is inappropriate assuming

Rihards equation is suÆient to desribe the ow behavior. Using the falling head

method, PVC olumns in di�erent diameters (one is exatly the same with that for

MSO measurement) were employed to test the reproduibility of measurement of

K

s

. Morever, the olumns were �lled in the same way as in the MSO experiment.

It was found that although there was slight variation with the measurement values

the results are generally reproduible. In this sense, it an be onsidered that the

independent measured K

s

is reliable. Therefore, only an inappropriate parameteri-

zation form of the water retention funtion an aount for the large disrepanies

between the model and the measurement, i.e., VG form in this situation may not be

the right model. When �tting all the parameters, the deviations aused by an inap-

propriate parameterization form of the water retention funtion are ompensated by

hoosing|through orrelation|the \best set" of parameters. This e�ort leads to a

�t that appears orret with atually wrong parameters. On the other hand, if the

aim of the parameter estimation is to �nd a set of parameters that an desribe the
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1

.

0

0

�

s

0

.

5

0

1

.

0

0

1

.

5

0

�

0

.

5

0

1

.

0

0

1

.

5

0

K

s

0.2

27.9

55.6

83.3

111.0

Figure 4.4: �

2

surfae for umulative outow in the �

s

-� -K

s

three dimensional spae

for the oarse sand

experimental data, it might be also reasonable to take the \best set" of parameters.

In fat, the di�erent parameter planes given above represent only ross setions of

the full �ve-dimensional parameter spae. The �

2

surfaes for umulative outow in

the parameter planes an only suggest how the objetive funtion might behave in

the �ve dimensional ontinuum. But from the parameter planes it is straightforward

to show whether there is a loal minimum or a global minimum exists or not. The

inverse parameter estimation tehnique is expeted to be unsuessful if the response

surfaes do not display a learly de�ned global minimum in the two-dimensional

parameter planes. Response surfaes in spaes of more than two dimensions are

diÆult to display. But it ontains more information. For example, Figure 4.4 is

the �

2

surfae for umulative outow in the three dimensional parameter spae.
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

4.2 The Fine Sand

For the �ne sand, beause of its light texture and less struture, there is a problem

with keeping the system rigid and stable as required by Rihards equation. All the

olumns are �lled in suh a way that samples are dropped from the top of the olumn

and water moistens them by apillary rising from the bottom in order to establish

an expeted stable system. Exess sand above the surfae was removed and the

surfae hene was attened while it was found that at the end of the imbibition

proess, the �ne sand would oat up and exeed the surfae by 2-3 mm. To prevent

this, either preliminary runs are arried out and redundant sand is removed after

eah run until it stays at, or using a metal sheet with holes on it at the surfae

ating as a pressure on the sand when it oats up without interfering the onnetion

between water and atmosphere. Figure 4.5 shows three onseutive runs with the

metal sheet at the surfae. The sand did not oat up after eah run and one an

�nd that after the �rst run, the system gets stable. Di�erenes in outow urves

beome very small. In this sense, we an still onsider the system as rigid and stable

as required by Rihards equation.

Figure 4.6 shows the estimated water retention urves and unsaturated hydrauli

ondutivity funtion urves for a seond and a fourth run with the same olumn

and under the same experimental onditions. It was found that for the unsaturated
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Figure 4.6: Hydrauli funtions estimated from two MSO repeats with the �ne sand

Table 4.4: Estimated MvG parameters for the �ne sand with K

s

�xed

95% on�dene interval

Parameter value lower limit upper limit SD CV (%)

� [m

�1

℄ 0.0434 0.0434 0.0435 3� 10

�5

0.07

n 6.82 6.74 6.89 3:8� 10

�2

0.56

�

s

0.367 0.366 0.369 6.08�10

�4

0.17

� 0.53 0.51 0.55 0.0106 1.99

hydrauli funtion exept at the near saturation region, where there is little di�erene

in K( ), estimations from the two MSO experiments are generally onsistent with

eah other. While for the water retention urve, at the low saturation of the urve,

the di�erene between the two runs is getting larger up to 2% approximately.

Table 4.4 shows the estimated MvG parameters with K

s

�xed at the measured

value. Similar to the ase of the oarse sand, � is the most sensitive parameter and

an be identi�ed with very small variane. Figure 4.7 shows one of the �tting results

for the �ne sand. Apparently, Rihards equation using hydrauli funtions expressed

in MvG parameterization forms enountered some diÆulty to desribe the ow

behavior of the system espeially in the high saturation stage (e.g. at the �rst 3-4

pressure steps). Although the model errors again are not randomly distributed, they

generally beome smaller under high tension. Compared with Figure 4.2, Figure 4.7

does not exhibit a wavelike shape as that of the oarse sand. But at the early stage

of the drainage proess, the model errors are larger whih is similar to those for the

oarse sand.

As shown in Figure 4.8, the �

2

surfaes for umulative outow in the di�erent

37
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Figure 4.7: Simulated outow urve with K

s

�xed ompared with the measurement

for the �ne sand. The lower �gure shows the residuals

parameter planes (�

s

-�, n-�, �

s

-� , n- � , n- �

s

, � -�

s

) show well-de�ned global minima

for all parameter planes when the saturated hydrauli ondutivity is �xed at the

measured value. � is found again the most sensitive parameter to be identi�ed. n

and �

s

are also found to be able to determine with relatively low unertainty. � is

the most insensitive among the four with the oeÆient of variation of about 2%

(Table 4.4). As shown in Table 4.5, � does not orrelate with n and �

s

, while a

high positive orrelation between �

s

-� parameter pair and high negative orrelations

between n-� and n-�

s

parameter pairs were found.

There is one problem that is neessary to ause attention. Parameter estimation

Table 4.5: Correlation matrix for estimated MvG parameters for the �ne sand with

K

s

�xed

� n �

s

�

� 1.0

n 0.18 1.0

�

s

-0.48 -0.86 1.0

� -0.44 -0.95 0.90 1.0
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surfaes for the �ne sand
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

Table 4.6: E�et of data seletion on the parameter estimation.

uniform-s more-shoulder shoulder-most wall-most

� 0.0431 0.0434 0.0430 0.0435

n 6.47 6.82 6.92 6.43

�

s

0.374 0.368 0.368 0.373

� 0.67 0.53 0.55 0.62

highly depends on the experimental data set to be simulated. For one drainage urve,

di�erent parts of data ontain more or less information of a ertain parameter, hene

are of di�erent sensitivity for the estimation of that parameter (Vrugt et al. 2001,

Vrugt and Bouten 2002). Table 4.6 shows the parameters estimated from drainage

data with di�erent seletion ways. For example, \uniform-s" denotes that the data

used in parameter estimation is seleted uniformly from the drainage urve. While

\shoulder-most" used data mostly from \shoulders" of the drainage urve where

outow hanges gradually and almost eases and \wall-most" used data mostly

from \walls" of the drainage urve where outow hanges dramatially. It was found

that omparing with the "uniform-s" seletion method, using more data from the

\shoulders" leading to larger n value and smaller � , whih are inversely orrelated

with eah other. The values of � and �

s

tend to be larger and smaller respetively

when using more data from the \shoulders". However, the e�et is not so obvious.
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4.3 The Mixed Material

4.3 The Mixed Material

The grain size distribution of the mixed material is muh more ompliated than the

others investigated here (Table 3.1). With not only �ne sand, oarse sand but also

from �ne to oarse gravels onsisting in this material, diÆulties were enountered

when trying to build the olumn with exatly the same portions of grain as listed

in Table 3.1. Before taking the sample out of the ontainer, it was mixed again

manually to eliminate the heterogeneity aused by transportation. Then well-mixed

material was �lled into the PVC olumn, during whih attention was paid to avoid

reating arti�ial strutures. Pressure was dereased at small steps (2 m for the

�rst 6 steps) to avoid losing hydrauli onnetions.

As shown in Figure 4.9, both the unimodal model and the bimodal model of

hydrauli funtions were applied to �t the MSO data. But obviously, the unimodal

model for hydrauli funtions has no hane to desribe the ompliated outow

urve. Exept at the early stage of drainage, the unimodal hydrauli funtion model

failed ompletely. Contrary to the unimodal model, the bimodal hydrauli funtion

model agreed with the measurement quite well exept at the third pressure step

where there is �rst an underestimation later an overestimation of the outow data,

whih was also enountered in the �tting of MSO experimental data with �ne sand

and oarse sand. However, exept this, the deviation urve does not show the

same wavelike struture as the other two materials mentioned above. Model errors

distributed more randomly than other �ttings.

The estimated hydrauli funtion urves are shown in Figure 4.10. As one an see,

both the hydrauli ondutivity funtion urve and water retention urve show a bi-

modal harateristi, orresponding to two di�erent pore systems with di�erent air

entry values (�) and range of grain size distributions (n). These two di�erent pore

systems ontribute to water ow by a weighting fator wi. As shown in Table 4.7,

the pore systems at smaller and larger pore size are almost equally pronouned with

a weight fator of approximately 0.5. The system remains at high saturation until

the matri potential is redued to the air entry value of the larger pore system. The

saturation then dereases dramatially with potential. Later when matri potential

is redued to the air entry value of the smaller pore system, water ontent dereases

again with derease of matri potential. The hydrauli ondutivity funtion urve

shows a similar behavior. As the �rst to reommend bimodal hydrauli funtions,

Zurm�uhl and Durner (1996) and Zurm�uhl and Durner (1998) investigated the pos-

sibility of improving the goodness-of-�t for measured outow data with bimodal

funtions and identi�ability of the parameters of bimodal hydrauli funtions. By

assuming soils with di�erent degrees of bimodality, they reated syntheti multi-step

outow data and inverse modeling was applied to determine hydrauli parameters
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

for bimodal hydrauli funtions. Through both the goodness-of-�t and parameter

sensitivity analysis, they onluded that as long as the bimodality is well de�ned, the

goodness-of-�t an be improved and also the parameters an be identi�ed. Evalua-

tion of optimization runs with di�erent starting values of the parameters onsistently

showed that the inverse problem is unique if the derivative of the water retention

urve, ��=�log(� ), has two distint maxima.

The multimodal funtion proposed by Zurm�uhl and Durner (1996) and Zurm�uhl

and Durner (1998) is onstruted by a linear superposition of weighted suburves of
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Figure 4.9: Simulated outow urves with unimodal and bimodal hydrauli fun-

tions for the mixed material. The lower �gure shows the residuals using

bimodal hydrauli funtions.
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the van Genuhten form:

�( ) =

k

X

i=1

w

i

�

1

1 + (�

i

 )

n

i

�

m

i

: (4.2)

In Eq. 4.2, the integer k denotes the modality of the model (i.e., the number of pore-

size density maxima), w

i

[-℄ are the weighting fators for the suburves, 0 < w

i

< 1

and

P

w

i

=1, n

i

, �

i

, and m

i

are the urve-shape parameters of the sub-urves, as in

the unimodal ase, m

i

= 1� 1=n

i

.

When the retention funtion (Eq. 4.2) was oupled with the Mualemmodel (Eq. 2.8),

the unsaturated hydrauli ondutivity funtion for porous media with multimodal

pore distribution density is given in the following form:

K( ) = K
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(4.3)

For bimodal funtion, modality k = 2.

In our ase, as shown in Figure 4.11, the equivalent pore size distribution has two

distint maxima, hene bimodality of hydrauli funtion is strong in the sense of

appliability of the bimodal model.

Table 4.8 shows the orrelation matrix for the bimodal parameters. Exept the

�

1

-n

1

parameter pair, orrelation between parameter pairs is redued. Statistial

analysis for the estimated parameters shows that the parameters are optimized with

high preision. Compared with the other parameters, unertainty of n

2

is a little
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

Table 4.7: Estimated MvG parameters for the mixed material using the bimodal

model with K

s

�xed

95% on�dene interval

Parameter value lower limit upper limit SD

a

CV

b

(%)

�

1

0.0387 0.0383 0.0391 0.000189 0.489

n

1

3.55 3.53 3.57 0.01047 0.295

�

s

0.1639 0.1633 0.1645 0.00030 0.184

wi 0.51 0.50 0.52 0.00361 0.703

�

2

0.2516 0.2480 0.2553 0.00185 0.736

n

2

2.88 2.80 2.95 0.0385 1.337

a

standard deviation

b

oeÆient of variation

Table 4.8: Correlation matrix for the optimized MvG parameters with K

s

�xed for

the mixed material

�

1

n

1

�

s

wi �

2

n

2

�

1

1:0

n

1

�0:92 1:0

�

s

�0:55 0:47 1:0

wi 0:76 �0:74 �0:08 1:0

�

2

�0:09 �0:02 0:63 0:53 1:0

n

2

0:80 �0:76 �0:59 0:73 �0:02 1:0

higher, whih is onsistent with the �

2

surfaes shown in Figure 4.12. The �

2

ontour

lines on response surfaes in the n

1

-n

2

, n

2

-�

2

parameter planes exhibit a urvature

from small n

2

values to large n

2

values, whih indiates that outow response is

sensitive to the hange in the n

2

value when it is small while it beomes insensitive

when it is getting larger.

Generally speaking, higher exibility of the bimodal hydrauli funtions enables

a muh better �t to the outow data and more reliable parameter estimates whih

annot be ful�lled by using a simple unimodal funtion for the mixed material.

However, the disadvantage of using suh a model is that there are more parameters

need to be optimized, whih redues the parameter sensitivity to some extent.
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2

surfaes for the mixed material
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

4.4 Soures for the Deviation between Simulations and

Measurements

When viewed at the mirosopi sale, subsurfae properties and ows are highly

disontinuously distributed whih results in the nonlinear marosopi hydrauli

properties inluding water retention and hydrauli ondutivity funtions. Flow

behavior in the marosopi ontinuity is based on the representative element volume

(REV) onept and is derived by volume-averaging. The lassial ow onepts and

quantitative analyses used today are based on this kind of volume-averaging. The

empirially obtained Dary's law and Rihards equation dedued from Dary's law

and the mass onservation equation are both the results of this simpli�ation and

averaging. However, in doing so, all unertainties of the mirosopi proesses were

embedded in the marosopi onstitutive funtions. In this setion, the possible

interpretations for the deviation between the simulation based on Rihards equation

using MvG hydrauli funtion models and the measurements are disussed.

As shown already in the setion 4.1 (Figure 4.1, Figure 4.2), setion 4.2 (Figure

4.7) and setion 4.3 (Figure 4.9), with the optimized MvG hydrauli parameters,

umulative outow alulated from Rihards equation deviated from the observed

value expeially in early stage of the drainage proess for all the materials. Here, we

lassify these deviations into three groups whih leads to overestimation or underes-

timation of the umulative outow at di�erent stages of the drainage proess. Note

that, to separate the e�ets of the di�erent soures ompletely needs a thourough

understanding of the ow proess. However, from the mirosopi priniple to the

marosopi phenomena, too many unertainties exist whih allow only an qualita-

tive analysis at the moment.

The following subsetion 4.4.1 traes the marosopial Dary's law bak to the

mirosopial Navier-Stokes equation in order to help us understand that deviations

between Dary's law and the measurement we observe at ontinuum sale might be

the ost of averaging and simpli�ation of the mirosopi uid ow that follows the

Navier-Stokes equation. The dedution in this subsetion is attributed to Prof. K.

Roth (University of Heidelberg) in his leture notes.

4.4.1 From Navier-Stokes equation to Dary's law{the e�et of

simpli�ation

The Navier-Stokes equation for a uniform and inompressible Newtonian uid is

given in the following form (Tritton, 1988):

��

t

v + � [v � r℄ v = �g �rp+ �r

2

v : (4.4)
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4.4 Soures for the Deviation between Simulations and Measurements

The kinemati form of Eq. 4.4 an be obtained by dividing it by the onstant uid

density �, as

�

t

v + [v � r℄ v = g �

1

�

rp+ �r

2

v (4.5)

where � = �=� is the kinemati visosity. The full set of Navier-Stokes equations is

so omplex that it is unrealisti and unrevealing to searh for the general solutions.

Approximations valid for ertian spei� irumstanes are muh more useful. To

make systemati approximations it is neessary to have a proedure that helps us

disern preisely what is small and what is not. A standard proedure is to �nd

the sales relevant to the problem at hand. Normalization by these sales leads to

dimensionless parameters whih represent the relative importane of various parts

of the full equations.

Introduing the dimensionless variables

t

0

=

t

�

; x

0

=

x

l

; v

0

=

v

u

; p

0

=

p

u

2

�

(4.6)

and hene the derivatives �

t

0

= ��

t

and r

0

= lr, transforms Eq. 4.5 into

u

�

�

t

0

v

0

+

u

2

l

h

v

0

� r

0

i

v

0

= g

b

g �

u

2

l

r

0

p

0

+

�u

l

2

r

0

2

v

0

(4.7)

where

b

g = g=g is the unit vetor pointing in the diretion of g. Dividing by u

2

=l

isolates the inertial term and leads to the dimensionless form

1

St

�

t

0

v

0

+

h

v

0

� r

0

i

v

0

=

b

g

Fr

�r

0

p

0

+

1

Re

r

0

2

v

0

(4.8)

where

St :=

u�

l

; F r :=

u

2

lg

; Re :=

�ul

�

=

ul

�

(4.9)

are the Strouhal, the Froude, and the Reynolds number, respetively. Strouhal

number (St) quanti�es the relative importane of loal aeleration with respet to

that of onvetive aeleration. The Froude number (Fr) and the Reynolds number

(Re) quantify the relative importane of inertia with respet to gravity, and visosity

respetively. Now it is easy to deide how to make approximations. For a low laminar

ow, i.e., St�1, Fr�1, Re �1, we get the time dependent Stokes equation

1

St

�

t

0

v

0

=

1

Fr

b

g �r

0

p

0

+

1

Re

r

0

2

v

0

: (4.10)

Additionally, assuming St � max(Fr;Re)), the time independent Stokes equation

is

�r

2

v = rp� �g : (4.11)
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

This time-independent stokes equation is linear. Hene, if fv; pg is a solution then

f�v; �pg is also one. And sine v and �rp are parallel we then an write

v (x; l; �) = �k(x; l; �)rp(x; l; �) (4.12)

where k(x; l; �) is some salar funtion whih is typially of a very ompliated

form. Here we negleted gravity. Extension to gravity as an additional driving fore

is straightforward. We an inlude it by simply replaing �rp with the sum of

pressure gradient and gravity per unit volume. We obtain the the following relation

v (x; l; �) = �k(x; l; �) [rp(x; l; �)� �g℄ : (4.13)

This equation shows a linear relation between the water veloity and the sum of

pressure gradient and gravity per unit volume, whih has the similar form with the

marosopi Dary's law. Based on this equation and invoke averaging over REV,

the marosopi formulation|the Dary's law an be obtained.

As we �nd from the dedution above, from the mirosopi Navier-Stokes equation

to the marosopi Dary's law, we assumed that inertia is negligible and external

foring time is short meaning a small Strouhal number. Whenever we apply Dary's

law or Rihards equation in our ontinuum sale, e.g. a porous medium, we should

be sure that the onditions must be �t exatly, i.e., St�1, Fr�1, Re�1. One there

is one ondition that is not met, the appliation of Dary's law or Rihards equation

will lead to deviation from the reality.

We now look at the spei� ase of the MSO experiment with oarse sand. As

shown in Figure 4.13, the uid veloity is alulated from outow data. We will

estimate the Strouhal number �rst aording to St = u�=l. l = 1:5 mm (estimated

from grain size distribution), u = 22 m h

�1

, the external aeleration time � =

15 � 30 s, whih lead to a St = 0:6 � 1:2. This result indiates that although we

annot say how muh the inertia ontributes to the aeleration of the ow, at least

it is hard to say that it an be ompletely negleted. When the riteria for negleting

the inertial term [v � r℄ v is not satis�ed, we an expet to �nd at least some regions

where the ow is turbulent, i.e.,transient even for stationary external foring. The

diret inuene of negleting the inertia is that we expeted a faster drainage while

the reality is on the ontrary, i.e., the model overestimated the outow. Note that

when we did the rough estimation of the Strouhal number, the harateristi veloity

of the system is hosen to be equal to the highest uid veloity, whih appears very

often at the instanes of the pressure hange. Between two pressure hanges and also

as the sample getting drier and drier, the veloity is getting smaller, hene leads to a

smaller Strouhal number, thereby, in the drier stage of the drainage, the inertia term

an be negligible. This analysis is onsistent with the deviation urve whih shows

that at the early stage of the drainage, overestimation ourred regularly when the

pressure steps hange while it is not obvious later.
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Figure 4.13: Fluid veloity alulated for the oarse sand. Not all data are used.

For the same reason, we note that from the time-dependent Stokes equation to the

time-independent Stokes equation, St is assumed to be muh larger than Re and Fr,

whih means that the external aeleration is negligible in omparison with visosity

and gravity. We again take the spei� experiment for the oarse sand. The uid

veloity shown in Figure 4.13 is used for alulating the Reynolds number. Taking

the highest veloity u = 22 m h

�1

, harateristi length of the material d = 1:5

m, sine dynami visosity �=�

w

of water is about 10

�6

m

2

s

�1

. Then Re an be

roughly estimated, whih is about 0.1. Compared this Re with St, we an �nd that

the di�erene between these two is not so signi�ant, whih atually is required when

deduing time-independent Stokes equation from time-dependent Stokes equation,

while the latter is pre-ondition for the transition from Stokes equation to Dary's

law. Large veloities appear regularly orresponding to the pressure hanges as

disussed above. This implies that when the pressure hanges are sharp, at the

beginning of the hange, external fore is non-negligible ompared to visosity.

Although it is hard to deide preisely the Re and the St from our data, the

estimation above at least should ause attention when suh oarse porous medium is

under investigation. And it is possible that negletion of these fators may ontribute

to at least some of the model errors. Till now, we want to onlude that appliation

of the marosopi hydrauli equation {the Dary's law and Rihards equation whih

neglets the e�ets of the inertia and the external aeleration on water ow in oarse

porous media with high hydrauli ondutivity might result in overestimation of

umulative outow for an MSO experiment with sharp hanges in pressure.

4.4.2 Multiphase phenomena

The traditional Rihards equation applied in the inverse parameter approah as-

sumes that the air-phase is ontinuous everywhere with a pressure equal to the
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

atmospheri pressure and its inuene on dynamis of water ow is negligible whih

means that no pressure gradients will build up in the gas phase. Air-water systems

were then treated as one-phase (water) systems. Whereas more and more evidene

indiate that the e�et of air ow on water ow in many ases annot be negleted

and the ondition that air ontinuity is established everywhere is hard to ahieve.

The loss of gas-phase ontinuity will ause deviations from atmospheri pressure

sine no matter under pressure or sution volumes of the entrapped air bubbles will

be hanged, either smaller or larger than that of ontinuous air-phase. Some exper-

imental results showed that ontinuity of air phase ould not establish until some

amount of water has left the pore system. As found by Fisher et al. (1996), at a sat-

uration above 0.58 during drainage and 0.66 during imbibition, relative permeability

of gas was nonzero whih indiates a non-ontinuous gas-phase.

Hopmans et al. (1992) used X-ray tomography to measure spatial and temporal

hanges in soil water distribution for two soils, a sandy soil and a sandy loam soil in

one-step outow experiments. It was found that the drainage proess was inuened

by the initial water ontent distribution. For the saturated sample, a drying front

develops at the top of the sample and moves downward until air ontinuity is estab-

lished from the top to the bottom of the sample. Only then will desorption ontinue

at the bottom as well and the umulative outow is linear. This result indiated

that at the early stage of drainage, air ontinuity, the ondition needed by Rihards

equation is not developed. Before this ondition is established, Rihards equation

will enounter diÆulty to desribe the ow behavior, in other words, ow behavior

does not follow Rihards equation. In these ases, transient water ow proess in

porous media must be regarded as a two-phase ow problem.

4.4.3 Dynami e�et in the apillary pressure-saturation relationship

For a onventional MSO experiment, no matter the outow is indued by pneumati

pressure (van Dam et al. 1994, Ehing and Hopmans 1993, Ehing et al. 1994) at the

upper boundary or by sution at the lower boundary, it is assumed that the apillary

pressure follows the traditional apillary theory, the Young-Laplae equation,

 



= jP

w

� P

a

j =

2�

wa

r

(4.14)

where  



is apillary potential, P

w

is the pressure in the water phase, P

a

is the

pressure in the air phase, �

wa

is the surfae tension of the water-air phase and r is

the radius of the apillary. Appliation of sution at the lower boundary atually

hanges the apillary potential by reduing the pressure in the water phase, while

applying pneumati pressure hanges the apillary potential by inreasing pressure
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in the gas phase. These two an be put in the following form,

 



?

= jP

a

� P

g;t

j =

2�

wa

r

(4.15)

where P

g

and P

t

are the pneumati pressure and sution (tension) respetively. In

the onventional proedure of inverse simulation of MSO experimental data, it is

assumed that this relationship (Eq. 4.15 ) is true. While the question mark above

the equal sign is suggested by Hassanizadeh et al. (2002). To be preisely speaking, it

was suggested that these two are not equal unless the system is under equilibrium or

steady state ondition. It was demonstrated on the basis of thermodynami theory

that dynami pressure jP

a

� P

g;t

j is larger than the equilibrium apillary pressure

 



. Treating  



equal to jP

a

� P

g;t

j in the inverse simulation will ause deviations

from the measurement, i.e., overestimation of outow.

Notie that although pursued from a di�erent point of view, dynami e�ets might

also result from negleting of inertia sine in the ase of instantaneous or fast equi-

librium, both errors aused by ignoring dynami e�ets and inertia an be very

small.

4.4.4 Heterogeneity

Rihards equation assumes that the porous medium is homogeneous, isotropi,

isothermal, and rigid and the representative elementary volume (REV) ontains

all the mirosopi heterogeneities.

The REV onept was given by Bear (1972). He de�ned \Representative Ele-

mentary Volume" as the smallest volume over whih there is a onstant \e�etive"

proportionality fator between the ux and the total pressure gradient or total head

gradient. This proportionality fator is alled the hydrauli ondutivity of the REV.

By de�nition of the REV, the hydrauli ondutivity does not rapidly hange as the

volume to whih it applies is inreased to sizes larger than the REV. This is based

on the oneptual notion that no heterogeneity is enountered at a sale larger than

the REV.

In our ases, although attention was paid to build the olumn relatively homo-

geneous, existene of loal heterogeneity is unavoidable. When there is loal het-

erogeneity of struture, the hydrauli ondutivity will hange as the volume to

whih it applies is larger than the REV and ontains this loal heterogeneity. As

illustrated in the sketh (Figure 4.15), suh loal heterogeneity will lengthen the

owpaths hene leads to the derease of the hydrauli ondutivity. Reeted from

the umulative outow response of the system, slower inrease of umulative outow

will be expeted than that under the absene of suh loal heterogeneity.

It is diÆult to identify the loal heterogeneity in the struture of the system
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Figure 4.14: REV onept (after Bear(1972))

cba

Figure 4.15: E�et of loal heterogeneity{an example. Flowpaths a and b inuened

by loal heterogeneity are longer than 
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C

B

A

Figure 4.16: Sketh of possible soures for deviation between the model and mea-

surement. A.non-stokes ow; B. heterogeneity, K(�) et. C. parame-

terization of water harateristi

with the outow experiment itself. To visualize the struture of the system, X-ray

tomography is suggested.

4.4.5 Parameterizations of hydrauli properties

As desribed in the theory part already, urrently most of the parameterization

models or forms available for water retention funtions are basially empirial whih

means that no sound physial basis for the onstruted �| relationship. Hene

the orresponding models for the hydrauli ondutivity funtion dedued from om-

bining these water retention models and the Mualem model for the hydrauli on-

dutivity funtion are also lak of sound physial basis. Thereby, almost all the

parameters in the parameterizations of hydrauli properties are purely �tting pa-

rameters. �

s

and �

r

are of physial signi�ane. However, the inversion an only

determine the water available, i.e., �� = �

s

� �

r

. Usually either �

s

is �xed at the

measured value or �

r

is �xed at some arbitrary value. Under this situation, the

requirement that the onstrutive relationship must represent the properties of the

real pore spae when applying these models in an inverse proedure is not guaran-

teed. Inappropriate models for hydrauli funtions an be revealed by extending the

pressure duration until the outow eases to hek whether the deviation is getting

smaller or ontinuously inreasing. The latter indiate a wrong model for hydrauli

properties.

To summarize this setion, the possible soures and their possible ative stage on

one step of outow are plotted, as depited in Figure 4.16.

As in the whole proess, deviations tend to appear in the wet stage of drainage.

Note that, although illustrated here the separated soures, atually when using

inverse tehniques to estimate the hydrauli parameters, the total least square, the
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4 Estimation of Hydrauli Parameters from MSO Experiments by Inversion

estimated parameters, hene the hydrauli funtions and the estimated outow urve

will highly depend on the seletion of data points. The deviation urve will hange

signi�antly. Some fators will be highlighted and the inuene of the other ones

might be weakened. Whereas the proedure aims at a global minimum, it is hard

to separate the inuene of the di�erent fators.

4.5 Summary

This hapter presented the results of applying the inverse method to multi-step

outow experiments to estimate hydrauli parameters in MvG parameterization

forms for the oarse materials.

First, the goodness-of-�t or appliability of the inverse method oupled with MSO

method is evaluated by omparing the simulated and the measured outow data

and studying the struture of the residuals, examining the �

2

surfaes for outow in

di�erent parameter ombination planes and alulating the on�dene interval and

orrelation relationship of the optimized parameters.

The following results were obtained:

(i) The simulations, aording to onventional riteria, an generally reet the

feature of the outow, however, the residual urves revealed insuÆieny of

the model;

(ii) On the one hand, �

2

surfaes generally showed lear global minima whih

enables the identi�ability of the hydrauli parameters. On the other hand,

parameters are still orrelated with eah other to di�erent extents resulting in

unertainties in parameter estimation.

By examining the residual urves, this hapter disusses the possible soures of

the model deviations and lassi�es them into three groups aording to their ative

stages on one step of outow urve. The deviations may stem from negletion of

the e�et of inertia and external aeleration, multiphase inuene, dynami e�et,

heterogeneity, and parameterization of hydrauli properties.
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5 Single Phase Chemial Transport

through Coarse Materials with

Stationary Water Flux

This hapter will present the results of the transport measurements with the oarse

textured materials using Brilliant Blue as a traer. The aims are to hek whether

Brilliant Blue an be used as a ost-e�etive traer to investigate the transport prop-

erties of porous media and whether the traditional onvetion-dispersion (CD) model

and the mobile-immobile (MIM) model are appliable to desribe the breakthrough

urves of these oarse textured porous media.

The whole hapter is organized as follows:

Setion 5.1 desribes the transport models employed in this work. Setion 5.2

presents the results of �tting the breakthrough urves obtained with di�erent models.

These are shown from several small aspets, e.g., the general features of the BTCs

of Brilliant Blue through the oarse material, �tting the breakthrough and elution

limb, performane of di�erent models and goodness-of-�t analysis of these models,

et. At the end, the hapter is summarized.

As already desribed in hapter 3, there are two distint ow rates set for the

transport experiments, 0.01 m h

�1

, referred to as low ow rate in the remainder

of the hapter and 1.0 m h

�1

high ow rate. Transport behavior within this range

an be roughly estimated although they are not linearly hanging with ow rates.

5.1 Transport Models Employed

5.1.1 The onvetion-dispersion model

For solute transport through a homogeneous porous medium, the desription for the

dynamis of solute transport based on mass onservative equation and ux equation

is,

�

�t

[�C

r

w

℄ +

�

�z

�

j

w

C

r

w

�D

e

�

�z

C

r

w

�

= 0 (5.1)
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5 Single Phase Chemial Transport through Coarse Materials with StationaryWater Flux

where C

r

w

is the resident onentration in the water phase. For the simple ase of

stationary ow of water and uniform water onent, Eq. 5.1 beomes

�

�t

C

r

w

+ V

�

�z

C

r

w

�D

�

2

�z

2

C

r

w

= 0 ; (5.2)

where V :=

j

w

�

is the pore water veloity, D the dispersion oeÆient, desribes the

dispersive spreading of a solute plume, i.e., the variation of the veloity and it is

approximated by

D = D

0

+ �jV j (5.3)

where D

0

represents the e�et of moleular di�usion and the parameter �[L℄ is

the dispersivity of the porous medium and is determined by the geometry of the

transport volume. Therefore the dispersion oeÆient D is inuened by three

fators, the moleular di�usion, uid veloity and the harateristis of the transport

volume.

The ux onentration j

s

satis�es the same di�erential equation as the resident

onentration C

r

w

(Jury and Roth 1990).

Note that, the veloity of solute de�ned by the CD and the MIM model in the

following is the average veloity for all ow paths over a representative elementary

volume (REV). Therefore this average veloity does not desribe veloity variation

aused by heterogeneity inside an REV or at a sale smaller than REV.

The CD model is valid only when the transport of a solute has reahed the Fikian

regime in whih the rate of solute spread grows linearly with time and the dispersive

ux beomes linearly proportional to the onentration gradient. This means that a

solute must travel over a large distane, or for a long enough period, to interat with

many small-sale heterogeneities of the porous medium before the CD model an be

applied. In the laboratory experiments, the transport distane, i.e., the length of the

olumn must be larger than the mixing distane. For solute transport in a uniformly

paked sand olumn under ompletely saturated ondition, the transport distane

is muh larger than the mixing distane whih an be estimated from the grain

sizes (Padilla et al. 1999). As a result, the CD model is suÆient in this situation.

However, as the porous medium desaturates, the number of ow paths dereases, and

the veloity variation inreases. A solute plume in an unsaturated sand olumn must

then travel a greater distane to attain a omplete mixing and to reah the Fikian

regime than one in a saturated olumn. In many ases this distane may exeed the

length of the olumn. As a onsequene, the BTCs, in ontrast to those under fully

saturation, exhibit early breakthough and long tailing whih annot be desribed by

the CD model adequately. It is alled pre-Fikian regime (Padilla et al. 1999). Some

empirial models have been developed to desribe solute transport exhibiting suh
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5.1 Transport Models Employed

long tailing in laboratory experiment, among whih the mobile-immobile model is

an inuential one.

5.1.2 The mobile-immobile Model

The CD model assumes that all the water phase ontributes to the transport proess

by onvetion and dispersion. However, experimental evidene and theoretial anal-

ysis prove that not all the water phase takes part in the solute onvetive transport.

Coat and Smith (1964) (ited by Roth (1996a)) developed a mobile-immobile solute

transport model within the �eld of petroleum engineering and later it was expanded

and applied to soil olumns (van Genuhten et al. 1977). In this model, water on-

tent � is separated into mobile water phase �

m

and immobile water phase �

im

. As a

result, solute onentration is also divided into two parts, i.e., C

r

t

= �

m

C

r

m

+�

im

C

r

im

.

In the mobile water phase solute move is due to onvetion and dispersion whereas

in the immobile water phase solute transport results from moleular di�usion alone.

For one-dimensional transport of a onservative solute, the mobile-immobile model

an be written as

�

�t

C

r

m

+

�

im

�

m

�

�t

C

r

im

+ V

�

�z

C

r

m

�D

�

2

�z

2

C

r

m

= 0 : (5.4)

The two domains are onneted by a �rst order rate transfer of hemial at the

boundary of �

im

and �

m

aording to

�

im

�C

r

im

�t

= �(C

r

m

� C

r

im

) (5.5)

where � is the mass transfer oeÆient denoting exhange rate of the solute between

the �

m

and �

im

phases by moleular di�usion. The dimensionless rate parameter

an be de�ned as W := �l=j

w

(l is the measured depth and j

w

water ux). W is

ranged between [0;1℄. When W=0, there is no exhange, whileW !1 means the

exhange is so fast that instantaneous equilibrium an be ahieved. In this ase, the

equilibrium model|the CD model is suÆient to desribe the transport proess.

Usually W > 0 so that the mean veloity of the solute is dereased due to their

residene time in the immobile phase. The residene time is proportional to

�

�

m

whih an be de�ned as a retardation fator

R :=

�

�

m

= 1 +

�

im

�

m

: (5.6)

In this sense, the MIM model is often referred to as a model that aounts for

physial nonequilibrium.
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5 Single Phase Chemial Transport through Coarse Materials with StationaryWater Flux

5.1.3 Solute transport proess with linear kineti interation

The previous subsetion desribes the MIM model in whih the total water phase is

divided into two regions{the mobile region and the immobile region. Water in the

immobile region does not partiipate in the ow. Di�usion between the two regions

is the only proess that the immobile region or immobile water phase is involved

in. Solute moleules whih enter this region by di�usion are entrapped to a ertain

extent beause of the low mobility. This onept is onstruted from a physial

point of view to desribe the pre-Fikian phenomenon. It assumes that the solute is

nonreative.

For solute that is not onservative and interats with the onstituents of the soil

matrix or is subjet to various biologial or hemial proesses, the transport mod-

els are getting more and more ompliated depending on the omplexity of the

interation proesses. The simplest ase is transport of solute with linear adsorp-

tion through homogeneous media with stationary water ux. The transport an be

modeled as the following,

�

t

C

r

w

+

�

b

�

�

t

C

s

+

j

w

�

�

z

C

f

= 0 (5.7)

and

�

t

C

s

� � [K

d

C

r

w

� C

s

℄ = 0; (5.8)

where C

r

w

is the resident onentration in the water phase, C

s

the onentration in

adsorbed phase, C

f

the ux onentration and � the rate parameter, �

b

the soil

bulk density, K

d

the equilibrium distribution oeÆient. R = 1+

�

b

K

d

�

is de�ned as

the retardation fator.

For the onvetion-dispersion proess, j

w

C

f

= j

w

C

r

w

� �D�

z

C

r

w

, and Eq. 5.7 be-

omes now

�

t

C

r

w

+

�

b

�

�

t

C

s

+ V �

z

C

r

w

�D�

zz

C

r

w

= 0 (5.9)

Compared with Eq. 5.4, Eq. 5.9 is found to have the same formula, but from

a hemial point of view. Sine solute adsorbed by the solid matrix is also of low

mobility similar to those entrapped by immobile water in the onept of MIM model,

here in the following, a model desribing solute transport with onvetion-dispersion

and additionally rate limited interation with the matrix is sometimes also referred

to as a MIM model.

5.2 Fitting of Model Funtions

To solve the CD and MIM models for solute transport with stationary water ow

in homogeneous porous media, Transport Analysis Pakage (TAP) by Roth (1996b)
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5.2 Fitting of Model Funtions

C
C

CC

t t

tt

cdftp cdftd

cdfts cdftis

Figure 5.1: CD model with di�erent boundary onditions. dfts: ux onentration

input as a step; dftis: as a inverse step; dftp: as a �nite pulse; dftd:

as a dira pulse

was employed. This pakage enables �tting a BTC with a model whih generally

onsists of two parts|the transport model and the interation model. For the

transport models, analytial solutions are a�orded for di�erent boundary onditions

(Jury and Roth 1990, Roth and Jury 1993), e.g. ux onentration input as a

Dira-pulse (dftd), as a step (dfts), as an inverse step (dftis), and as a �nite

pulse (dftp) (Figure 5.1). Sine Brilliant Blue is hosen as traer in the transport

experiments and under low onentration (<20 mg l

�1

), adsorption is linear as

shown already in hapter 3 and found also by (Flury and Fl�uhler 1995, Perillo et al.

1998), for the interation model, a rate limited model (rl) is generally adopted in

the numerial simulation. In the following, the models employed will be referred

to as the ombination of the transport-interation model, e.g., dfts-rl, when solute

transport is desribed with the CD model with ux onentration input as step and

in addition solute interation with solid matrix is expressed with the rate limited

model, dftp-rl, for a ombination of the CD model with ux onentration input

as a pulse and rate limited model for desribing the solute interation with matrix.

The transport parameters are estimated by minimizing the least squares sum

�

2

(p) =

N

X

i=1

�

C

i

� C

mod

(z

i

; t

i

;p)

�

i

�

2

(5.10)

where C

i

is the measured onentration at (z

i

; t

i

) and C

mod

(z

i

; t

i

;p) is the orre-

sponding modeled onentration for the parameter vetor p. The funtion is mini-

mized with the Levenberg-Marquardt algorithm in the implementation of Press et al.

(1992) (ited by Roth (1996b)).
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5 Single Phase Chemial Transport through Coarse Materials with StationaryWater Flux

5.2.1 Charaterization of BTCs of Brilliant Blue through the oarse

media

Results of the transport experiments show that breakthrough urves of Brilliant

Blue, whih are highly asymmetri, exhibit earlier initial breakthrough than that

of a onventional CD proess, in whih after one pore volume of in�ltration, the

onentration of the e�uent reahes half of the input onentration, and long tailing

for all the four materials (Figure 5.2). For the same material, the BTCs are more

asymmetri under low ow rate than those under high ow rate. Among these

four materials, BTCs of Brilliant Blue through the gravel olumn show the highest

asymmetry, i.e., the earliest breakthough and the longest tailing. BTCs of Brilliant

Blue through the �ne sand olumn are less asymmetri. Those through the oarse

sand and the mixed material olumn are somewhat between the gravel and the

�ne sand. This indiates that for a olumn with a ertain length, the oarser the

material is, the higher the risk for BTCs to skew from a typial onvetion-dispersion

proess is. Di�erenes in the BTCs of Brilliant Blue at the high and low ow rates

investigated in this study also indiate that the transport of Brilliant Blue deviates

more from a typial onvetion-dispersion proess when the ow rate is lower. This

will be disussed in the following setion 5.2.3. It is also interesting to �nd that the

BTC of Brilliant Blue through the gravel olumn with low ow rate showed double

peaks. This might be aused that preferential ow ours during the transport

proess.

The BTC of Brilliant Blue for the onstrution waste was not obtained. After

applying nearly 10 pore volumes of in�ltration on this material, the dye was found

to have traveled only half of the olumn length (by utting the olumn). This is

probably due to strong adsorption of Brilliant Blue to the solid matrix. Depending

on pH, Brilliant Blue is either neutral or dissoiates to a mono- or bivalent anion.

The anioni speies an possibly form ion pairs with ations like Ca

2+

whih will

yield neutral or even positive harge and hange the adsorption properties (Flury

and Fl�uhler 1995). As shown already in the hapter 3, this material shows an alkali

harateristi with a pH value of 12. Although the exat onstituents of this material

are unknown, it is reasonable to suppose that strong adsorption ourred. It is then

not able to use Brilliant Blue as a traer for transport study of this material.
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5 Single Phase Chemial Transport through Coarse Materials with StationaryWater Flux

5.2.2 Performane of the CD model and the MIM model in �tting

BTCs of Brilliant Blue

The MIM model and the CD model are applied to �t the BTC of Brilliant Blue

e�uent from the �ne sand olumn. It was found that the MIM model yielded a

better �t overall than the CD model. Plots of measured versus simulated relative

onentrations, in the way following Padilla et al. (1999), show that MIM-simulated

C=C

0

fall on a 1:1 line (C

0

is the input onentration), whereas those from the CD

model sattered from this line more (Figure 5.3). This is more learly shown in

Figure 5.4 whih plots the model errors versus time. This suggests that the relative

onentration measured an be well desribed or represented by the MIM model

espeially at the early breakthough and the long tailing. For the other materials,

e.g., the mixed material, the results show that this di�erene in the �ts with the

MIM model and the CD model are more obvious (Figure A{9 and A{10). Hene

in the following, only �ts with the mobile-immobile (MIM) model are shown and

disussed.
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Figure 5.3: Measured versus simulated relative onentration of Brilliant Blue e�u-

ent from the �ne sand olumn under high ow rate ondition using the

CD model and the MIM model

5.2.3 E�et of ow rate on the interation between Brilliant Blue and

the porous media

As depited in the previous setion, the traer Brilliant Blue that is transported with

lower ow rate shows an earlier breakthrough but a longer tailing afterwards than

that with higher ow rate. These �ndings from the breakthrough urves (BTCs)

are onsistent with the estimated parameters for the interation model (Table 5.1).

It was found that under the high ow rate, the retardation fator is smaller than

that under the low ow rate, whih indiates that a larger portion of mobile solute
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0 200 400 600 800

-0.020

0

0.020

Time [min]

c
_

m
e

a
s
-c

_
m

o
d

CDE
MIM

Figure 5.4: Deviations of the simulated and the measured Brilliant Blue onentra-

tion in the e�uent from the �ne sand olumn under high ow rate{

omparison of performane of the MIM and CD models

moleules ontributes to the ow at the high ow rate. Meanwhile, rate of exhange

between mobile and immobile moleules inreases dramatially with inreasing ow

rate with an exeption of the gravel. This an be illustrated by the sketh of ow

Table 5.1: Estimated Parameters with dfts-rl model for the rate limited interation

model for the four materials under di�erent ow rates

Gravel Coarse sand Fine sand Mixed material

high 1.66 1.31 1.10 1.22

R

low 1.73 1.71 1.70 1.65

� high 1.18 0.34 0.43 1.41

[h

�1

℄ low 2.87 �10

�2

2.25 �10

�3

3.50 �10

�4

3:30 � 10

�3

W

a

high 11.8 3.4 4.3 14.1

low 28.7 2.25 0.35 3.30

a

dimensionless rate parameter

regions under di�erent ow rate as shown in Figure 5.5. When the ow rate is

high, meaning a higher water ontent under steady state ondition, the ow ours

primarily in relatively large pores. Hene, the ontat area between the solute

ux and the porous media is small resulting in less hane for the adsorption or

retardation. The exhange rate of solute between the adsorption region and ow

region, denoted by the rate parameter �, is high due to more diret ontat, whih

implies a good mixing under high ow rate. In other words, the time needed for

the solute exhanging between the two regions, denoted by �

�1

, is short in suh

ase. In ontrast to the situation under high ow rate, for the low ow rate, when
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5 Single Phase Chemial Transport through Coarse Materials with StationaryWater Flux

Low flowrate region High flowrate region

water film

immobile
region

   

   

      

      

Figure 5.5: Sketh of distint ow regions under di�erent ow rates for steady state

ow. Thiker and longer lines with arrows denoting for solute ux with

high veloity; thinner and longer ones denoting solute ux with low ve-

loity; the shorter lines with arrows direted to the solid matrix denoting

the dispersion and interation proesses.

water ontent dereases, ux of solute takes plae mainly in small pores, where the

owpaths are of higher tortuosity. The ontat area inreases dramatially ompared

with that under high ow rate, thereby adsorption inreases. Sine the geometry

of water phases in these regions is muh more omplex, there are various types of

exhange. The one similar to that under high ow rate is the exhange between

the adsorption surfae and the ux. As water ontent dereases, solute ux may

take the owpaths around the matrix surfae, where a thin water �lm might then

ontribute as a solute deposit pool. One solute di�uses into the water �lm, it will

take long time to get out. Another possibility is that there is immobile water in the

small pores. Solute exhange by di�usion between the immobile water phase, i.e.,

the stagnant region, and the mobile water phase, i.e., the dynami region, takes also

long time. For the gravel, the di�erenes in retardation fator and rate parameter

between di�erent uxes are not as obvious as the other three materials. This is

probably due to low water ontent under both situations.
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5.2 Fitting of Model Funtions

5.2.4 Solute breakthrough and elution

When the solute ux onentration is applied as a �nite pulse, the whole BTC an

be treated as two separate limbs: the solute onentration inreasing limb (referred

to as the breakthough limb in the following) and the dereasing limb (the elution

limb), e.g., Figure 5.6 shows the two limbs of a BTC for Brilliant Blue e�uent from

the oarse sand olumn. The former is in fat a BTC for ux onentration input as

a step. And the latter is the inverse step. Sine the system is assumed to be linear,

for the onveniene of �tting, the data of the elution limb is transformed as follows:

Outomes of the highest onentration subtrated by the real onentrations are

taken as input onentrations for the model �tting, and time is shifted to start from

zero. This gives us a BTC of the similar shape to that obtained from a solute

transport experiment with ux onentration input as a step. Both of the two limbs

are then �tted with the dfts-rl model.
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Figure 5.6: (a) Breakthrough and (b) elution limbs of a BTC for Brilliant Blue ef-

uent from the oarse sand olumn

Similar to the hysteresis phenomenon that ours very often in water ow in the

drainage and imbibition proesses, in the misible experiments, transport parameters

estimated from the breakthough limb and the elution limb of a BTC are also found

di�erent for the four materials investigated here (Table 5.2). To make it lear, the

retardation fator and mass transfer oeÆients shown in Table 5.1 for some �ttings

are listed again in Table 5.2. The orresponding �tting urves are shown in Figure

5.7 for the mixed material, Figure 5.8 for the �ne sand, Figure 5.9 for the oarse sand

and Figure 5.10 for the gravel. Having a lose srutiny of the estimated parameters

shown in Table 5.2, one an �nd that (i) the veloities obtained for the two limbs are

basially the same with eah other and the slight di�erenes are reasonable if noises

in the data, weak orrelation between parameters are taken into aount. This is

atually what one an expet from solute transport under onstant ux. However,

one exeption is the �ne sand for whih the veloities estimated for the two limbs are

obviously di�erent from eah other. The reasonable explanations for this might be

hanges in the ow rates or water ontent for the two limbs or orrelation between
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5 Single Phase Chemial Transport through Coarse Materials with StationaryWater Flux

the pore water veloity V and other parameters, e.g., the retardation fator R. From

the orrelation matrix (will be disussed later), a strong orrelation is found between

V and R with a oeÆient up to 0.97 from �tting of the breakthrough limb for the

�ne sand. This indiates that a larger V an be ompensated with inreasing the

retardation fator. However, for the elution limb, the parameter V has no orrelation

with R revealed by a oeÆient of -0.09. (ii) generally speaking, dispersion oeÆient

of the breakthrough limb is smaller than that of the elution limb. While the latter is

haraterized with a larger retardation fator and a smaller mass transfer oeÆient

than the former.

Table 5.2: Comparison of Parameters estimated with the dfts-rl model for the

breakthrough and elution limbs of BTCs of Brilliant Blue under high ow

rate; \b" denoting the breakthrough limb and \e" denoting the elution

limb)

Coarse sand Mixed material Fine sand Gravel

V b 0.1225 0.1725 0.0426 0.432

[m min

�1

℄

e 0.1236 0.1715 0.0624 0.383

D b 7:28 � 10

�2

5:08 � 10

�2

2:35 � 10

�2

0.55

[m

2

min

�1

℄

e 9:44 � 10

�2

6:54 � 10

�2

4:88 � 10

�2

0.69

b 1.31 1.22 1.10 1.65

R

e 1.47 1.25 1.45 1.64

� b 5:69 � 10

�3

2:32 � 10

�2

7:23 � 10

�3

1:97 � 10

�2

[min

�1

℄

e 3:09 � 10

�3

1:67 � 10

�2

2:07 � 10

�3

1:17 � 10

�2

0 200 400 600

0

1

Time [min]

R
e

la
ti
v
e

 C
o

n
c
e

n
tr

a
ti
o

n

0 200 400 600

-0.010

0

Time [min]
 c
_

m
e

a
s
-c

_
m

o
d

0 200 400 600

0

0.20

0.40

0.60

0.80

Time [min]

R
e
la

ti
v
e
 C

o
n
c
e
n
tr

a
ti
o
n

0 200 400 600

-0.010

0

0.010

Time [min] c
_
m

e
a
s
-c

_
m

o
d

Figure 5.7: Fits of the breakthrough limb (left) and the elution limb (right) of the

BTC for Brilliant Blue e�uent from the mixed material olumn at

high ow rate with the dfts-rl model and the residual urves
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Figure 5.8: Fits of the breakthrough limb (left) and the elution limb (right) of the

BTC for Brilliant Blue e�uent from the �ne sand olumn at high ow

rate with the dfts-rl model �xed
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Figure 5.9: Fits of the breakthrough limb (left) and the elution limb (right) of the

BTC for Brilliant Blue e�uent from the oarse sand olumn at high

ow rate with the dfts-rl model and C
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Figure 5.10: Fits of the breakthrough limb (left) and the elution limb (right) of the

BTC for Brilliant Blue e�uent from the gravel olumn at high ow

rate with the dfts-rl model and initial onentration �xed at C

0
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5 Single Phase Chemial Transport through Coarse Materials with StationaryWater Flux

The di�erenes in these parameters imply di�erenes in the interation between the

solute ux and the solid matrix during the breakthrough and the elution proesses al-

though it is hard to estimate how large the di�erenes are. During the breakthrough

proess, simultaneously with the transport by onvetion, solute moleules also move

towards the surfae of the solid matrix by moleular di�usion. Sine the surfae of

the solid matrix an be highly uneven, as the moleules di�use from the outer to the

inner pores around the solid surfae, the resistane that they enounter will beome

greater, hene leading to a smaller dispersion oeÆient. On the ontrary, during

the elution proess, solute moleules di�use from the inner pores around the solid

surfae to the outer ones. The resistane that the moleules enounter will beome

lower and lower leading to a larger dispersion oeÆient. This reveals a fat that

the dispersion oeÆient at a ertain loation around the solid surfae is hanging

nonlinearly with time. For the onveniene of interpretation, the surfae of the solid

matrix is skethed to be even and ontain two layers with moleule di�usion oeÆ-

ient (Figure 5.11). Sine the moleules are adsorbed mainly in the outlayer during

the breakthrough proess due to lower di�usion, the retardation fator is smaller and

time needed for exhange between the adsorption region and the transport region is

shorter due to short distane and weaker adsorbability of the solid matrix. Solute

transport in the elution limb is a di�erent story. In this ase, water ow is ushing

solute in the owpaths and in the adsorption region. Moleules adsorbed by solid

matrix in the inner layer have the less hane to get into the dynami region due to

longer transport distane and stronger adsorbability whih is revealed by a smaller

rate parameter.

Although some of the optimized parameters by �tting the dfts-rl model to the

breakthrough and elution limbs are di�erent to some extent, for the same material,

the two parts of the BTC in general exhibit similar shapes and also the strutures

of the residual urves are similar (Figures 5.7, 5.8, 5.9, 5.10). This implies that the

primary mehanism dominating the two proesses should be the same despite the

slight di�erenes mentioned above.

5.2.5 Fitting with di�erent models

As mentioned already in setion 5.2.4, one breakthrough experiment with the solute

ux input as a �nite pulse an be treated as two with ux input as a step. Similarly,

by mathematial transformation, suh data an be onverted into two BTCs with

dira-pulse input for the breakthrough proess and the elution proess. For example,

the whole BTC for Brilliant Blue e�uent from the mixed material (Figure 5.12,

upper �gure) is transformed by taking the derivatives of the onentrations into the

data shown in Figure 5.12 (lower �gure). Separating the breakthrough and elution

parts and upturning the latter yield two BTCs with solute ux input as a dira-pulse
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Figure 5.11: Illustration of the di�erenes in solute breakthrough and elution during

appliation of a pulse of solute ux

(Figure 5.15, upper �gures, dots). The so-alled \di�erent models" in this setion

mean only suh di�erenes in solute input boundary onditions.

Figure 5.13 shows the �t with solute input as an �nite pulse and rate-limited

interation of the traer for the gravel at high ow rate. The sensitivity of the out-

ow onentration with respet to an individual parameter is alulated by TAP.

It was found that exept the initial onentration whih exhibits in the whole pro-

ess, a positive impat on the onentration, the other parameters all have two

distint inuene e�ets shown in similar shapes but in the opposition of eah other

orresponding to the breakthrough and elution limbs of the BTC. For instane, in-

reasing the parameter V will ause an inrease of onentration at the beginning

of the breakthrough limb, then the impat dereases but still in a positive diretion

till the onentration approahes towards the input onentration and it stays at

0, i.e., no impat on the onentration. The veloity starts to inuene the on-

entration again when the solute pulse is stopped and displaement of solute by

inoming water, i.e., the elution limb of the BTC starts. It also shows that at both

moments when the solute onentration is approahing the input onentration for

the breakthrough limb and when the solute onentration is approahing 0 for the

elution limb, the outow onentration is only inuened by the retardation fator

R and the rate parameter �. This is atually the reason why the interation model

is employed. The retardation fator and the rate parameter aount for the long

tailing of the BTC.
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Figure 5.12: Generation of input data for the dftd-rl model, mixed material

Compared with the dfts-rl �tted BTC for the breakthrough limb and that for the

elution limb (Figure 5.10), the dftp-rl �tted BTC deviated from the measurement

by more than 2% at the early breathough of Brilliant Blue whih is a little larger

than that of the dfts-rl �tted one whih is 1%. Reall that when the dfts-rl model

is �tted to the two limbs of the BTC respetively, two di�erent sets of parameters

are obtained (Table 5.2) and analysis showed that during the breakthrough and the

elution proesses interation between the solute moleules and the solid matrix are

di�erent to some extent. While �tting the BTC with dftp-rl assumes that the whole

proess an be desribed with a single set of transport parameters, whih will then

results in larger model errors. However, the errors are not that signi�ant as one

an �nd in the following setion that goodness-of-�t analysis shows that the dftp-rl

model in this ase is still a \orret" model from the statistial point of view.

Figure A{7 showed the �ts using the dftd-rl model for the breakthrough and elu-

tion limbs of the BTC of Brilliant Blue through the gravel olumn. The parameters

obtained from the �ttings using di�erent models are plotted in Figure 5.14 whih are

di�erent from eah other. Those obtained using the dftd-rl model show larger dif-

ferene with those obtained from the dfts-rl and the dftp-rl models. Furthermore,

with the same dftd-rl model, parameters obtained by �tting the breakthrough and

elution limbs of the BTC are signi�antly di�erent from eah other whih is more

obvious than using the dfts-rl.

Similar results are found for the mixed material. Figure 5.7 and Figure 5.15 show

the results using dfts-rl and dftd-rl to �t the breakthrough and elution limbs of

BTCs of Brilliant Blue through the olumn with the mixed material respetively.

It shows that the MIM model yielded a good �t to the BTCs. Both the dfts-rl
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Figure 5.14: Parameter obtained using di�erent ux onentration input for the

gravel at high ow rate

and the dftd-rl models an desribe the BTCs in a general sense. For the dfts-rl

model, the estimation errors are limited within 1.2%. The parameters obtained using

di�erent ux onentration input of this mixed material are plotted in Figure 5.16.

Again similar to that found for the gravel, the parameters obtained with di�erent

models are also di�erent for the mixed material. The �tted parameters using the

dfts-rl and dftp-rl models are loser to eah other while �tting with dftd-rl yielded

signi�antly di�erent parameters. Generally speaking, the dfts-rl model agrees with

measured data best and dftp-rl omes the seond with larger deviations espeially

at the breakthough of Brilliant Blue. To summarize the results from the gravel

and the mixed material ases, the CD model with di�erent ux onentration input

onditions and rate-limited interation of the traer yielded di�erent parameters. As

already disussed in setion 5.2.4, the di�erene between the parameters �tted by

applying the dfts-rl model to the breakthrough and elution limbs may be aused

by di�erene in interation between the solute moleules and the solid matrix. This

explains also why the dftp-rl model simulation deviates from the measurement more

than the dfts-rl model does. However, applied to the same data set, the dftd-rl

model was not expeted to yield di�erent parameters with those obtained from the

dfts-rl sine the mathematial transformation should not inuene the estimation

of the parameters. The reasonable interpretation for this disrepany is that taking

derivatives of the onentrations when generating input data for the dftd-rl model

yields more noises in the data set aused by utuation of the original onentration

whih disturbs the model simulation. This is shown learly from the Figures 5.15

and A{2 espeially for the breakthrough proess.

Another phenomenon whih needs to be paid attention to is that the largest devia-
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Figure 5.15: Fits of the breakthrough limb (left) and the elution limb (right) of the

BTC for Brilliant Blue e�uent from the mixed material olumn at high

ow rate with the dftd-rl model and C

0

�xed

tions between the model and measurement our usually at the early breakthough in

both breakthrough and elution limb of the BTC. This indiates that appliation of

onvetion-dispersion theory enounters diÆulties at these points. More intensive

sampling at these periods an improve the model simulation but it annot solve this

problem ompletely.
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Figure 5.16: Parameters obtained using di�erent ux onentration input for the

mixed material at high ow rate
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5.2.6 Dye transport with low ow rate through the �ne sand olumn

Dye transport with low ow rate through the �ne sand olumn is a speial ase.

After nearly 40 days, the outow onentrations neither inreased still obviously

like the ase of the oarse sand (Figure A{3) nor reahed the input onentration.

As shown in Figure 5.17, the onentration of the e�uent almost kept stable at a

relative onentration of about 0.91. Fitting this BTC with the dfts-rl model with

C

0

�xed at the input onentration 1.0 yielded a good �t. But the unertainties of

the estimated parameters are really high, espeially those of the retardation fator

and the rate parameter, whih indiates that interation of the dye with the solid

matrix annot be desribed with a rate-limited adsorption isotherm. While �tting

the BTC with the CD model with C

0

�tted yielded the similar, or even better �t,

and the preision of the parameters are aeptable. This implies the possibility that

the dye during transport proess might be adsorbed by sand irreversibly or there

is deay of the dye inside the olumn sine the input onentration was measured

again after the experiment resulting in a value about 1.0 as the original one.
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Figure 5.17: Dye transport through the �ne sand olumn with low ow rate, �tted

with the dfts model with C

0

�tted and the dfts-rl model with C

0

�xed

5.2.7 Con�dene intervals for estimated parameters and estimation of

goodness-of-�t for the model

The estimated parameters an be used or the model an be onsidered to be appli-

able only when they are statistially signi�ant. The Levenberg-Marquardt algo-

rithm returns the ovariane matrix ov

~p

est

and the matrix of orrelation oeÆients

orr

~p

est

for the estimated parameter vetor ~p

est

. As an example the results of the es-
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timation of ~p

est

= (v;D;R; �) for Brilliant Blue transport through the gravel olumn

with high ow rate as shown in Figure 5.10 are given in Table 5.3

Table 5.3: Statistial information exerpted from output of Levenberg-Marquardt

algorithm on parameters estimated from �t of a BTC of Brilliant Blue

e�uent from the gravel olumn at high ow rate with dfts-rl model

Parameter Value SD CV

V [m min

�1

℄ 4:3� 10

�1

6� 10

�3

0.015

D [m

2

min

�1

℄ 5� 10

�1

2� 10

�2

0.043

R 1.6 2� 10

�2

0.013

� [min

�1

℄ 1:9� 10

�2

1:0� 10

�3

0.054

This gives the preision of the estimated parameters. The matrix of orrelation

oeÆients, given by Table 5.4, shows to what extent the estimated parameters

orrelate with one another. Generally speaking, the preision of the estimated pa-

rameters, although there is orrelation between some parameter ombinations, is

aeptable. However, no information is given by these quantities on whether the

model �tting is suessful or not, i.e., whether the model hosen is orret for de-

sription of the data. There are quite a few methods to evaluate a model �tting.

Usually this is done by alulating the �

2

(Eq. 5.10), whih is the sum of the square

of the di�erene between the model and the measurement divided by the measure-

ment variane. The so-alled goodness-of-�t is then measured by the value of �

2

at the minimum and the number of degrees of freedom (the di�erene between the

number of data points N and the number of the parameters M) � = N �M . The

Table 5.4: Correlation matrix for the optimized parameters from a �t of the BTC

of Brilliant Blue e�uent from the gravel olumn at high ow rate with

dfts-rl model

V D R �

V 1.0 �0:80 0.78 0.73

D �0:80 1 �0:71 �0:51

R 0.78 �0:71 1 0.23

� 0.73 �0:51 0.23 1
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goodness-of-�t is given by the value of the inomplete gamma funtion

P

 

�

2

;

�

2

min

2

!

=

1

�

�

�

2

min

=2

�

Z

�=2

0

e

�t

t

�

2

min

=2�1

dt : (5.11)

Typially the goodness-of-�t is believable for values larger than 0.1 (Press et al.

1992). If the value is too small, then either the model is wrong, or the measurement

error �

i

is not estimated orretly. There is also a possibility that the measurement

error is not normally distributed. On the other hand, if the value is too large, too

near to 1, then it might be that the measurement error is overestimated. If the

measurement error is suh that C

i

is a Gaussian random variable with mean

�

C

i

and

variane �

i

and if the model is orret, then for the orret parameter vetor p

�

,

�

2

(p

�

) is a �

2

-distributed random variable with an expetation




�

2

�

� N �M and

a standard deviation

p

2�. This is a rule of thumb to judge a \typial" value of �

2

for a \moderately" good �t.

In this study, the measurement errors are estimated from either the onentrations

of the �rst several samples, or the utuations of the onentrations on the shoulder

of the BTCs. It was found that using the dfts-rl model generally provided best �ts

for the BTCs. Calulated goodness-of-�ts (Table 5.5) are also onsistent with the

results shown in the previous setions.

Table 5.5: Calulated Goodness-of-Fit for Di�erent Models (\=": onentration data

not available; \y": value is too small)

Material dfts-rl dftp-rl dftd-rl

b

a

e

b

Coarse sand h



0.95 0.79 0.93 y

l

d

0.28 = = =

Gravel h 0.36 0.42 y y

l 0.15 0.97 y y

Mixed material h 0.60 0.32 y 0.30 (e)

l 0.36 y 0.13 y

Fine sand h 0.98 0.78 y y

a

breakthrough

b

elution



high ow rate

d

low ow rate
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5.3 Summary

5.3 Summary

Using Brilliant Blue as a traer, breakthrough experiments with two distint sta-

tionary water uxes were arried out with the oarse textured materials. The BTCs

obtained were simulated with the traditional CD and the MIM model to estimate

transport parameters. The following results are obtained:

(i) Compared with a standard BTC from a onvetion-dispersion proess, the

BTCs of Brilliant Blue e�uent from the oarse textured media are highly asym-

metri whih are featured with earlier breakthrough and long tailing whih was

not expeted for the oarse materials indiating that under the used experi-

mental onditions the solute transport did not reah a Fikian regime, there-

fore the physial non-equilibrium MIM model or the hemial non-equilibrium

model yielded better �ts for the experimental data under suh situation.

(ii) \Hysteresis" phenomenon was found for the solute transport whih was re-

vealed by di�erent parameter values, espeially those of the dispersion oeÆ-

ient and the rate parameter, for the breakthrough and the elution limbs of

the BTCs.

(iii) Goodness-of-�t was alulated for the MIM model with di�erent ux input

onditions as a riterion of a \orret" model to desribe the BTCs. The MIM

model with step input of solute ux generally gave the best �t.

(iv) Flow rate showed an inuential impat on the interation between the Bril-

liant Blue moleules and the solid matrix. For transport with low water ux,

Brilliant Blue is retarded to a larger extent than with high ux and the ex-

hange rate between the mobile phase and the immobile phase is dramatially

redued.
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6 Summary and Outlook

In the present work, the hydrauli properties and transport properties of some oarse

textured materials were studied. A state-of-the-art method, the inverse approah

oupled with laboratory multi-step outow experiments was applied to estimate hy-

drauli parameters of the oarse textured materials. Using the outow experimental

setup and Brilliant Blue as a traer, steady-state transport experiments were on-

duted, and the onventional transport models were �tted to the BTCs to estimate

transport parameters.

6.1 Hydrauli Parameter Estimation with Inversion

The appliation of the inverse tehnique to MSO experimental data to estimate

hydrauli parameters is not as simple as it seems to be. Although the simulated

outow urves seemed to have aptured the feature of the ow behavior, strutures

of the residuals revealed the existene of indistint fators ausing disrepanies

between the model and the measurement. These deviations of the Rihards equation,

the underlying proess model, with the invoked model for the hydrauli funtions,

the MvG models, from the measurement are found mostly at high saturations and

show a global struture related to the pressure hanges. These �ndings lead to the

disussion of the soures of these model errors.

�

2

surfaes for outow showed lear global minima in most of the parameter planes

indiating the identi�ability of the parameters using the inverse method. However,

parameters are found to orrelate with eah other to varied extents whih resulted

in some unertainties in the parameter estimation. Insensitive parameters like sat-

urated hydrauli ondutivity annot be determined well. Optimization of suh

parameters may yield unreliable values as found for the oarse sand.

For materials with ompliated pore systems, simple unimodal hydrauli models

annot desribe the ow behavior. Instead, bimodal or even multimodal hydrauli

models with higher exibility an yield better �t and more randomly distributed

model errors whih are veri�ed by using the bimodal hydrauli models for the mixed

material ase. On the other hand, an obvious disadvantage with using multimodal
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hydrauli models is that with more parameters needed to be optimized, the param-

eter sensitivity may be redued.

By srutinzing the residuals and based on the related reports, we disussed the

possible explanations for the model deviations. One important reason resulting

in the model errors is onsidered to be that the assumptions for appliation of

Rihards equation were not met in the measurements. Rihards equation assumes

that the porous medium is homogeneous, rigid and the air-phase is ontinuous and

the air-phase pressure is equal to the atmospheri pressure anywhere in the system.

Furthermore, Rihards equation is in fat an equilibrium equation. It implies that

the system an reah equilibrium instantaneously when it is subjeted to the external

fore. However, for the oarse materials, loal heterogeneity is hard to avoid. Fast

drainage in the larger pores easily leads to the loss of ontinuous air-phase hene,

instantaneous equilibrium is diÆult and there may be entrapped air bubbles and

pressure inside them may be di�erent from the atmospheri pressure. Obviously,

these onditions in the real measurements do not satisfy the prerequisites of Rihards

equation. In addition, invoking an inappropriate hydrauli parameterization may

also aount for some errors.

6.2 Transport Behavior of Brilliant Blue with Stationary

Water Flux

In hapter 5, results from transport experiments were shown. As a ost-e�etive

traer for water ow, Brilliant Blue was used in the breakthrough experiments to

estimate transport parameters for the oarse textured materials.

Highly asymmetri BTCs were obtained with those for the oarser materials skewed

more than those for the �ner ones.

Fitting the breakthrough and elution limbs of the BTCs, respetively, yielded

di�erent parameter values espeially for those of the dispersion oeÆient and of

the rate parameter. This phenomenon was interpreted as a onsequene of variably

e�etive di�usion whih is generally larger in outer pores around the solid surfae

and smaller in the inner ones.

The interation between Brilliant Blue and the solid matrix was found to be dif-

ferent under high and low uxes for eah material. This was revealed by a larger

retardation fator and a smaller rate parameter under high ux. Sine the experi-

ments were running under steady-state, it is attributed to the less ontat between

the solute moleules and the matrix surfae at higher ux under whih ondition

solute transport is dominated by that in larger pores or ow paths. At a low ux,

water ontent is redued and larger pores are empty. Hene, solute transport takes

plae prevailing in the smaller pores with higher tortuosity therefore larger resis-
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tane, whih is reasonable to �nd a larger retardation fator and smaller exhange

rate.

Finally, the performane of the MIM model with di�erent ux input was evaluated

by the alulated goodness-of-�t. The results showed that generally the physial

nonequilibriumMIM model an desribe the BTCs of Brilliant Blue e�uent through

the oarse materials well espeially with ux input as a step.

However, no onlusion an be drawn from the designed experiments with respet

to whether the transport proess is a onvetion-dispersion proess or not sine

solute onentrations were only measured at one depth. Still for the purpose of

desription of the BTCs, the MIM model seems suÆient.

6.3 Outlook

This work investigated hydrauli and transport properties of several oarse textured

materials. However, the extension of the presented results and problems to other

porous media may be possible. With respet to estimation of hydrauli parameters

using the inverse method oupled with MSO experiments, inonsistenies were found

mostly at high saturations and were attributed to the failure of assumptions of the

proess model, the Rihards equation. Another possible reason is the inappropriate

hydrauli parameterization. Against these problems, future work an be improved

from the following di�erent aspets:

On the experimental side, the sample must be arefully prepared and the ini-

tial ondition, e.g., initial saturation must be aurately determined. The pressure

hanges at the upper or lower boundary must be arefully deided to avoid loss of

air-ontinuity due to sharp hanges in pressure and hene nonequilibrium during the

drainage. In ase of non-negligible e�et of air-phase, a two-phase ow model must

be adopted.

Limited by time, this work did not explore di�erent parametri hydrauli models.

Sine most of the models for soil water harateristi lak physial basis, anyway,

a seleted model may happen to have the exibility to apture the feature of the

water harateristi under investigation and it is also possible that the onstitutive

relationship is too far from the real relationship between water ontent and matri

potential. Examining di�erent models and hoosing the suitable one for a ertain

material an eliminate the model errors aused by inappropriate hydrauli parame-

terization. On the other hand, most hydrauli ondutivity models are oupled with

the water harateristi model. Hene, the parameters that determine the shape

of the water retention urve also determine the shape of the hydrauli ondutivity

urve, whih will apparently redue the �tting apability of the models. Therefore,

using models for hydrauli ondutivity and water harateristi without oupling
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6 Summary and Outlook

them together may improve the �tting.

The last but not the least point is to determine soundly whih parameters to be

optimized and whih part of data ontains most information for a ertain parameter,

i.e., the model is most sensitive to hanges in this parameter. This work only

ompared the parameters estimated using di�erent seleted data sets and found

that using more data from \shoulders" of the outow urve leading to a larger n

and smaller � ompared with using uniformly seleted data. The parameters �

s

and � were not inuened signi�antly. More omprehensive work in this diretion

atually has been arried out by Vrugt et al. (2001) and Vrugt and Bouten (2002).

They developed a sequential optimization methodology to �nd the most informative

subsets for di�erent parameters whih is found e�etive.
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Figure A{1: Fit of the whole BTC for Brilliant Blue e�uent from the oarse sand

olumn at high ow rate with the dftp-rl model, C
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the oarse sand olumn at low ow rate with the dfts-rl model C
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Figure A{5: Fit of the elution limb of the BTC for Brilliant Blue e�uent from the

gravel olumn at low ow rate with the dfts-rl model, C
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Figure A{7: Fit of the breakthrough limb (left) and the elution limb (right) of the

BTC for Brilliant Blue e�uent from the gravel olumn at high ow rate

with the dftd-rl model, C
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0

�tted

0 1

0

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

Measured C=C

0

S

i

m

u

l

a

t

e

d

C

=

C

0

Measured

MIM

0 1

0

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

Measured C=C

0

S

i

m

u

l

a

t

e

d

C

=

C

0

Measured

CDE

Figure A{10: Measured versus simulated relative onentration of Brilliant Blue ef-

uent from the mixed material olumn under high ow rate ondition

using the CD model and the MIM model
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