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Kurzfassung
In dieser Diplomarbeit werden zunächst die grundlegenden Prinzipien der
Trinkwassergewinnung durch Uferfiltration vorgestellt und beschrieben. Es werden
diejenigen Parameter erläutert, die die Prozesse der Uferfiltration beeinflussen und
steuern sowie ein Überblick über die wichtigsten europäischen und weltweiten
Standards für Trinkwasserqualität gegeben.
Der Hauptteil der Arbeit beschäftigt sich mit dem Vergleich verschiedener
Uferfiltrationsanlagen in Österreich und Indien anhand unterschiedlicher Parameter
wie z.B. Durchlässigkeitsbeiwerte und Aufbau der grundwasserleitenden
Bodenschichten sowie den Eigenschaften des Flusses, der zur Filtration
herangezogen wird. Mittels der Modellierungssoftware Visual Modflow™ wurden die
Auswirkungen von Änderungen verschiedener Randbedingungen auf die
Grundwasserströmung bei der Uferfiltratgewinnung simuliert und ausgewertet.
Weiters wurden die Ergebnisse dieser Berechnungen einer linearen
Sensitivitätsanalyse zugeführt, um die Abhängigkeit des Modellverhaltens von der
Größenordnung der untersuchten Parameter darzustellen.
Als interessanter Aspekt stellte sich heraus, dass die Lage des Pumpbrunnens
bezüglich der Flussmorphologie einen erheblichen Einfluss auf den erzielbaren
Filtratanteil hat. Durch die Positionierung in einer Flussinnenkurve liegt der Brunnen
im Bereich einer natürlichen Querströmung von Uferfiltrat. Es ergibt sich daher bei
niedrigen Pumpraten ein konstanter Flusswasseranteil, der bei der Lage des
Brunnens an einem geraden Flussstück oder in einem Außenbogen nicht erreichbar
wäre. Ab einer gewissen Pumprate steigt der Filtratanteil an, da diese hoch genug
ist, um zusätzlich eine direkte Infiltration aus dem nächstgelegenen Uferabschnitt zu
induzieren. Bei Brunnen im Innenbogen weist der Filtratanteil eine wesentlich
stärkere Sensitivität gegenüber Uferabstand bzw. gegenüber Fördermenge auf als im
Außenbogen.

Abstract
In this thesis the fundamental principles of drinking water supply through riverbank
filtration are presented and described. Parameters which affect and control the
processes of bank filtration are highlighted and an overview on the most important
European and global drinking water quality standards is provided.
The main part of the work deals with the comparison of different riverbank filtration
sites in Austria and India regarding certain parameters such as hydraulic
conductivities and stratigraphic sequence of the aquifer as well as the characteristics
of the river which is utilized for filtration. By means of the modelling software Visual
Modflow™ the effects of changes of different boundary conditions on the
groundwater flow during the bank filtrate production were simulated and evaluated.
Further, the results of these computations were incorporated in a linear sensitivity
analysis to outline the model’s dependencies on the magnitude of the examined
parameters.
As an interesting aspect, the siting of the pumping well with respect to the river
morphology turned out to have a substantial influence on the extent of the filtrate
portion. Due to the location on an inner bend there is a natural cross flow of river
filtrate that passes towards the well. Thus, at low pumping rates a constant river
water portion arises which would not be attainable in the case of a positioning on
straight river sections or outside bends. Beginning with a certain pumping rate the
filtrate portion increases since it is high enough to induce a direct infiltration from
adjacent riverbank sections. For wells on inside bends the riverbank portion exhibits
a substantially stronger sensitivity to the distance from the bank and to abstraction
quantity than for outside bend wells.
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1. General
1.1. Definition and processes
In many countries, riverbank filtration (RBF) is a current method for water supply. For
example, groundwater derived from infiltrating river water provides 50% of potable
supplies in the Slovak Republic, 45% in Hungary, 16% in Germany and 5% in The
Netherlands (Hiscock and Grischek, 2002).
RBF is the influx of river water to the aquifer induced by a hydraulic gradient.
Collector wells located on the banks in a certain distance from the river (Fig. 1) create
a pressure head difference between the river and aquifer, which induces the water
from the river to flow downward through the porous media into the pumping wells. By
applying this system of drinking water extraction, two different water resources are
used. On the one hand, surface water from the river percolates towards the well; on
the other hand , groundwater of the surrounding aquifer is utilized.
Abstraction
well
Top Soil

Raw Surface Water

Infiltration

Pumping Water Level
Surface Water mixing
with GW in the Aquifer
Aquifer
Gravel and Sand

Aquitard

Bedrock or Clay

Fig. 1. Generalized schematic of a bank filtration site

As a major consequence, the operation of a RBF system entails the occurrence of
clogging effects in the riverbed. First of all, there are common colmation effects like
the formation of a fine particle layer caused by gravity-driven sedimentation of
suspended solids. Secondly, an additional clogging mechanism is induced by a mass
flux from the river to the aquifer. Due to the water flow towards the abstraction well,
fine sediments intrude into the interstitial spaces and clog the pores. Usually both
clogging mechanisms superpose each other and create a denser layer, which results
in a reduced hydraulic conductivity (Wett et al., 2002). Ingerle et al. (1999) report a
bisection of the infiltration velocity and thus a doubling of the residence time due to
the formation of a colmation layer. In consequence of a simultaneous ly occurring
extension of the riverbed impacted, the amount of infiltrated water remains constant
and the flow paths extend.
The permeability of clogged areas is subject to permanent changes in the river
hydrology and cannot be regarded as constant. During floods with adequate
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hydraulic transport energy, the colmation layer can be eroded and the riverbed gets
reshaped.
The main advantage of RBF is the clear improvement in water quality in comparison
to the direct use of raw water for drinking water. There are two general mechanisms
which are responsible for this improvement: first of all, river water is naturally filtered
as it passes through the riverbed and the aquifer. During the passage dissolved and
suspended contaminants as well as pathogens are reduced or even removed due to
a combination of physical, chemical and biochemical processes. Secondly, the bank
filtrate is diluted by ground water. Thus, the negative impacts of one component are
equalized by the other (Caldwell, 2004). The inflowing groundwater often shows a
high contamination due to intensive agricultural fertilization that adversely affects
many chemical parameters. Whereas many surface waters often provide better
conditions regarding water quality. Depending upon the ultimate use and the degree
of filtering and contamina nt attenuation, additional treatments may be provided to the
pumped water prior to distribution. At a minimum, RBF acts as a pretreatment step in
drinking water production and, in some instances, can serve as the final treatment
just before disinfection (Ray et al., 2002).
The beneficial attenuation processes proceed mainly in two main zones: the
biologically active colmation layer where intensive degradation and adsorption
processes occur within a short residence time; and along the main flowpath between
the river and abstraction borehole where degradation rates and sorption capacities
are lower and mixing processes greater (Hiscock and Grischek, 2002).
Undesirable effects of bank filtration on water quality can include increases in
hardness, ammonium and dissolved iron and manganese concentrations and the
formation of hydrogen sulphide and other malodorous sulphur compounds (Hiscock
and Grischek, 2002).

1.2 Parameters a ffecting yield in RBF systems
Yield in RBF systems is governed by different factors which are partly influenced by
each other. Complex processes that vary from site to site can affect each of these
factors. According to Caldwell (2004), the following section gives a brief review about
characteristics having an impact on yield.
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1.2.1 Aquifer characteristics
Table 1 shows different properties of the aquifer impacting yield in RBF systems.
width
saturated depth
transmissivity
hydraulic conductivity
storage coefficient
porosity
Tab. 1. Aquifer characteristics

The volume of the aquifer determines the quantity of water available for abstraction
and is a function of the saturated thickness, length and width of the aquifer. Since an
alluvial aquifer takes course parallel to the river only the saturated thickness and
width are utilized to evaluate the water quantity.
Since in reality the aquifer conductivity [L/T] would not exhibit an isotropic behavior
and vary over the entire aquifer depth, the so-called transmissivity is used in lieu of
conductivity. The transmissivity [L²/T] is the product of the conductivity and the
saturated thickness of the aquifer. In other words it is the rate of flow per unit width of
aquifer through the entire thickness of the aquifer.
The storage coefficient [L³/L³] is the quantity of water pouring out per unit surface
area of the aquifer for a given drawdown induced by the pumping wells.
The porosity is the ratio of the voids volume to the total volume of the aquifer
material.
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1.2.2 River hydrology
The factors below in Table 2 are used to describe the river hydrology of RBF sites.
bankfull stage/discharge
average discharge
average max. yearly discharge
average min. yearly discharge
river surface slope at average discharge
mean velocity at bankfull discharge
mean velocity of average discharge
cross-sectional area at bankfull discharge
cross-sectional area at average discharge
Tab. 2. River hydrology factors

The ability of a river to recharge an aquifer depends, among other things, on the
prevailing river hydrology since it constantly affects the hydrologic connection
between the river and aquifer.
The flow at bankfull discharge is likely to be responsible for transport of the most
sediment load over time and thus causing a renewal of clogged areas in RBF
systems.
Average parameters like average discharge, average maximum yearly discharge and
average minimum yearly discharge can be utilized to determine the runoff regime of
a river. The runoff regime influences yield in RBF systems by altering the riverbed
through erosion, transport and deposition of sediment. Further, the stage of the river
determines the direction of flow between the river and the aquifer. When the river
water level is less than the elevation of the potentiometric surface in the aquifer,
groundwater will flow from the aquifer into the river. Vice versa, the river will recharge
the aquifer when conditions are the other way round. The relationship between stage
and discharge can be characterized by a stage/discharge function.
A renewal of clogged areas occurs when flow generates a shear stress on the bottom
of the river. Therefore, shear stress is an important factor to yield in RBF systems.
The total energy in a river is the sum of velocity head, pressure head and elevation
head. If head losses caused other than by friction are negligible and assuming a
uniform cross section of the river and that the change in velocity head is small, the
head loss is approximately equal to the difference in elevation of the water surface.
Thus, shear stress can be indicated by the water surface slope.
The shear stress on the river bottom can also be estimated by the velocity of the
river. Since in most cases velocity profiles will not be available, the mean velocity can
be utilized. It can be calculated by dividing the discharge by the cross-sectional area
of the stream and hence depends on discharge.
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1.2.3 Site geometry
The factors relevant to site geometry are summarized below in Table 3.
distance from river to center of well
location relative to river bends
length of river impacted
type and number of wells
total length of wellscreen
depth of river at average discharge
depth of river at bankfull discharge
width of river at average discharge
width of river at bankfull discharge
Tab. 3. Site geometry factors

The perpendicular distance of a wellfield to the river can be used to determine the
location of the wellfield. For a given pumping rate, a close proximity to the river will
cause a higher infiltration rate due to increased recharge. The disadvantage of a
short distance to the river is increased clogging because of higher entrance
velocities.
There are two advantages in locating a wellfield at the inside bend of the river. Firstly,
the clogged area along the inside bend will be easier renewed by flood waves than
along an outside bend. Along an inside bend movable material is deposited due to
lower velocities causing lower shear stress. Large stones along outside bends may
form an armor layer that protects the clogged layers from scouring by flood waves.
Secondly, there is a higher yield along inner bends due to cross flow of natural
groundwater resulting in additional recharge of the aquifer (Fig. 2).

Inside Bend
Movable Sediment and
low shear stress

Outside Bend
High velocity and shear
stress

Natural
cross flow
Fig. 2. River meander (from Caldwell, 2004)

The length of riverbank affected by a RBF system increases with the number of the
applied wells and is expected to significantly influence yield. The more wells are
situated along the riverbank the longer the reach of the river the aquifer gains
recharge from.
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RBF wells can be divided into two major types: vertical wells and radial collector
wells, while the latter have greater capacities. The length of a well is limited by the
depth of the aquifer.
Lost capacity due to clogging is compensated with dependence on river geometry. In
narrow riverbeds the infiltration area extends across the entire length of the river
when clogging occurs. Conversely, in a wide river the width of the infiltration area
grows for equalization. Both, width and length are stage-related magnitudes and
therefore depend on the change in discharge with time.

1.2.4 Riverbed characteristics
The significant riverbed characteristics are included below in Table 4.
vertical hydraulic conductivity
particle distribution of sediment
D10, D50 and D 90 sizes
presence or absence of armor layer
Tab. 4. Riverbed factors

The riverbed acts as interface between river and aquifer and thus determines the
portion of river water flowing towards the aquifer. The amount of water can be
estimated by the hydraulic conductivity of the riverbed.
If a direct measure of the hydraulic conductivity is not available, the grain size
distribution can be utilized for an approximation of the conductivity of the riverbed. It
can be quantified by estimating characteristic grain sizes such as D10, D50 and D90.
The D10 size indicates the size of the fine materials , whereas D50 and D90 indicate the
average and larger size of the particles respectively.
A large D90 size compared to the D10 size indicates the presence of an armor layer.
Further, the sediment size distribution as a function of depth of the first few
decimeters of the riverbed can provide confirmation of an armor coat. If there is an
armor layer, large sediment particles near the top of the riverbed shields fine
sediment below.

General

7

1.2.5 Water quality
The factors summarized below i n Table 5 can be used to describe water quality.
suspended sediment size distribution at average discharge
suspended sediment D 10 ,D 50 and D 90 at average discharge
average total suspended solids
average turbidity
average phosphorous
average dissolved oxygen
average TOC level
average dissolved oxygen in river and in extracted water
chlorophyll concentration
average iron concentration
average nitrate concentration
average ammonium concentration
average hardness
Redox potential of river and extracted water
average pH
Tab. 5. Water quality factors

As mentioned before, one of the major consequences when applying a RBF system
is the occurrence of clogging effects in the riverbed. A distinction is drawn between
three different types of clogging:
§

mechanical clogging

§

biological clogging

§

chemical clogging

Mechanical clogging proceeds when suspended matter intrudes into the riverbed due
to flow towards the well and subsequently clogs the voids of the adjacent soil layers.
An estimation of the capability of mechanical clogging can be derived from size and
amount of suspended sediment. The size of particles in suspension is indicated by
key sizes such as D10, D50 and D90. The amount of suspended sediment can be
inferred from the total suspended solids or the turbidity of the water.
Biological clogging refers to the effect when micro organisms form a biological film
and thereby constrict the voids of the riverbed. In order to quantify the presence and
activity of these micro organisms, the measurement of TOC, chlorophyll and
dissolved oxygen can be employed.
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Chemical clogging describes the effect of a reduced hydraulic conductivity due to
clogging by chemical precipitants. The precipitation of substances can emerge from a
high level of biodegradable matter which causes changes in the redox-potential and
pH of the river water. Further, the potential for chemical clogging can be represented
by iron, ammonia and nitrate concentrations and the hardness of the water.

1.2.6 Operational data
Performance factors of RBF systems are listed below in Table 6.
average flow rate from well
average drawdown in well
specific capacity
available drawdown
maximum capacity
min., average and max. river temperature for a typical year
min., average and max. well temperature for a typical year
temperature lag between river and well
Tab. 6. Performance factors

To evaluate the performance of RBF systems, measurements and analysis of
flowrate, drawdown and temperature are utilized. The specific capacity [L²/T] is equal
to the flo w per unit drawdown in the well and is calculated using flow and drawdown
data. It varies with water temperature and thus, the amount of drawdown needed for
a given flow fluctuates with temperature.
As temperature varies in annual cycles, statistics of mean, minimum and maximum
temperatures can be used for comparisons between systems.

1.2.7 Major factors
Caldwell (2004) analyzed all the factors mentioned above and attempted to identify
those that have a significant influence on yield. This was done by a regression
analysis and revealed that the following three parameters have a strong impact on
the capacity of RBF systems:
§

water temperature in river and aquifer

§

transmissivity

§

length of riverbank impacted
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The specific capacity showed a strong correlation with temperature since the
viscosity of water depends on temperature. It varies in cycles which mirror the annual
temperature variations of the water.
Grischek et al. (in Ray et al., 2002, p. 291-302) remark that the siting and design of
an RBF system is not only a function of hydrogeological factors, but also of technical,
economical, regulatory and land-use factors. Furthermore, the siting of RBF schemes
is an optimization task that needs a balance between the extracted volume of
riverbank filtrate and the preservation of water quality due to attenuation and mixing
processes during RBF.

1.3. Water quality standards
The proceeding section deals with Austrian, European and Indian requirements and
standards on drinking water quality tha t have to be fulfilled.
For human health, drinking water in an adequate quantity and quality is essential.
Water for human consumption can be extracted from groundwater, surface water,
precipitation water and – in the most unfavorable case – even from wastewater
(Ingerle et al.,1999).
One definition for potable water reads as follows: drinking water is water either in
natural or purified condition, which can be consumed without endangering human
health and which is unobjectionable concerning odor, taste and appearance. The
preceding terms are complied if the water does not contain any microorganisms and
other pollutants in a hazardous concentration.
In Austria, drinking water is subject to the Lebensmittelgesetz 1975 [Food Law 1975]
and has to observe the following food-related regulations:
§

Kapitel B1 “Trinkwasser” des Österreichischen Lebensmittelbuches (Codex
Alimentarius Austriacus) – [Chapter B1 „drinking water“ of the Österreichisches
Lebensmittelbuch]

§

Verordnung über die Qualität von Wasser für den menschlichen Gebrauch
(BGBl.Nr.304/2001, Umsetzung der EU-Richtlinie 98/83/EG) – [Regulation on
the quality of water intended for human consumption]

§

Grundwasserschutzverordnung (BGBl. II Nr. 398/2000, Umsetzung der
EU-Richtlinie 80/68/EWG) – [Regulation on the protection of groundwater ]

§

Grundwasserschwellenwertverordnung (BGBl.Nr.502/1991, idF BGBl. II Nr.
147/2002) – [Regulation on groundwater thresholds]

§

Trinkwasser-Nitratverordnung (BGBl.Nr.557/1989, BGBl.Nr.287/1996,
BGBl.Nr.714/1996) – [Drinking water nitrate regulation]
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§

Trinkwasser-Pestizidverordnung (BGBl.Nr.448/1991) – [Drinking water
pesticide regulation]

§

Trinkwasserausnahmeverordnung (BGBl.Nr.384/1993) – [Exceptional regulation
on drinking water]

§

Oberflächen-Trinkwasserverordnung (BGBl.Nr.359/1995) – [Surface drinking
water regulation]

§

Wasserrechtsgesetz 1959 (BGBl.215/1959 idF BGBl. I Nr. 82/2003) – [Law on
water rights]

§

further Austrian standards and guidelines concerning this matter
(e.g. ÖVGW-Richtlinie W72 “Schutz- und Schongebiete” – [Guideline on
groundwater preservation areas ])

In addition, the Food and Agriculture Organisation (FAO) and the World Health
Organisation (WHO) regularly publish guidelines for drinking water quality like the
Codex Alimentarius. It comprises a series of general and specific food safety
standards that have been formulated with the objective of protecting consumer health
and ensuring fair practices in the food trade. Further publications are the Guidelines
for drinking-water quality released by the WHO.
Table 7 provides a comparison of thresholds and guideline values of essential
chemical parameters in drinking water in Austria, in the European Union, in India and
in the WHO Guidelines.
Parameter

Unit

Inida3)

WHO4)

6.5 – 9.5

European
Union2)
6.5 – 9.5

6.5 – 8.5

<8

2500

2500

n/a

n/a

Austria 1)

pH

[-]

Conductivity (20°)

[µS/cm]

Hardness

[°dH]

8.4

n/a

n/a

n/a

Chloride

[mg/l]

200

200

1000

2505)

Sulfate

[mg/l]

250

n/a

400

2505)

Oxygen

[mg/l]

>3

n/a

n/a

n/a

Ammoni um

[mg/l]

0.5

0.5

n/a

n/a

Nitrite

[mg/l]

0.1

0.1

n/a

0.2

Nitrate

[mg/l]

50

50

200

50

Iron

[mg/l]

0.2

0.2

1.0

0.3 5)

Sodium

[mg/l]

200

200

n/a

2005)

Magnesium

[mg/l]

150

n/a

100

n/a

Tab. 7. Thresholds and guideline values of different chemical parameters
1)

Kapitel B1 “Trinkwasser” des Österreichischen Lebensmittelbuches (Codex Alimentarius
Austriacus) – [Chapter B1 „drinking water“ of the Österreiches Lebensmittelbuch]
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2)

Verordnung über die Qualität von Wasser für den menschlichen Gebrauch (BGBl.Nr.304/2001,
Umsetzung der EU-Richtlinie 98/83/EG) – [Regulation on the quality of water intended for human
consumption, implementing of EU Council Directive 98/83/EC]

3)

Inian Standard IS 10500:1991 Drinking Water-Specification

4)

WHO Guidelines for drinking-water quality (2004)

5)

No health-based guideline value has been derived for this parameter; the value stated is only a
subjective taste threshold

Table 7 reveals that additional and partly stricter guideline values have been
established in Austria than in the EU and WHO regulations. They are specified in the
Codex Alimentarius Austriacus, which is part of the Austrian Food Law and
represents a collection of standards and descriptions for a wide variety of foods and
food products. Its definitions are not binding in the sense of a law but the codex has
the legal meaning of an “objectified expert opinion”.
The ÖVGW-Richtlinie W72 “Schutz- und Schongebiete” - [Guideline on groundwater
preservation areas] provides technical guidelines that are strongly recommended for
the construction and operation of existing and projected drinking water extraction
facilities. The guideline provides support in the establishment of groundwater
preservation areas which is required by Austrian law. These areas are divided into
three “zones of protection” of different extent:
§

Zone I:

includes the adjacency of the extraction facility and protects the
groundwater from contamination and other adverse effects

§

Zone II: the residence time within the upstream boundary of zone II and the
extraction facility should amount at least 60 days to ensure a
satisfactory reduction of microbial pollutants. Generally, no drinking
water should be extracted with less than 60 days of residence time.

§

Zone III: exceeds Zone I and II and can include more than one extraction site. It
serves to protect the groundwater from contaminants which are not
subject to biochemical degradation.

Within these zones, law prohibits all kinds of facilities, measures or land use that
could lead to an impairment of groundwater quantity or quality.
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2. Utilized Simulation Software
2.1 General
The objective of this thesis was to compare different RBF sites regarding the array of
stratigraphical units, hydraulic properties, etc. Further, the consequences of
modifying these parameters (e.g. the variation of pumping rates of abstraction wells)
are investigated. Additional, a sensitivity analysis was conducted and evaluated to
show the model’s dependencies on the magnitude of these parameters (see chapter
4). These comparisons are enabled through the utilization of software that allows the
user to create and run numerical models of the given RBF sites. But it must be
pointed out that such groundwater models describe a simplification and
approximation of real and complex groundwater-flow systems and thus can represent
reality only to a certain degree of accuracy.

2.2 Simulation Software Visual Modflow™
To setup these numerical models and visualize the consequences and results of the
above mentioned computations, the software package Visual Modflow™ v.3.1. by
Waterloo Hydrogeologic, Inc. was utilized. Visual Modflow™ (in the following sections
referred to as VM) is a modelling environment for applications in groundwater flow
and contaminant transport simulations.
2.2.1 Basic principles
Numerical groundwater-flow models provide a solution to a governing groundwaterflow equation which is subject to initial and boundary conditions. A general form of
such an equation looks like as follows
∂ 
∂h 
∂ 
∂h 
∂ 
∂h 
∂h
K xx  +
K zz  − W = SS
 K yy
 +


∂x 
∂x 
∂y 
∂y 
∂z 
∂z 
∂t
with
Kxx , Kyy , Kxx......hydraulic conductivity along the x-, y- and z-coordinate axes,
which are assumed to be parallel to the major axes of hydraulic
conductivity [L/T]
h .......................hydraulic head [L]
W......................source/sink term (e.g. pumping, recharge) [1/T]
SS .....................specific storage [1/L]
t ........................time [T]
x,y,z.................space coordinates [L]

Eq. 1
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The solution to Eq. 1 provides a transient prediction of hydraulic head in a threedimensional domain for an anisotropic hydraulic-conductivity field. Among the main
numerical approaches for solving such equations are the finite-difference methods
(FDM) that replace the governing differential equation by a system of algebraic
equations. For that purpose the model domain is subdivided into a three-dimensional
rectangular grid of cells which yields to a system of columns, rows and layers with
cell-centered nodes. These nodes represent the points where the unknown hydraulic
heads are calculated and one algebraic equation is solved for each node in the
model grid.
The finite-difference form of the flow equation can be derived in several different
ways. One method is to directly apply the governing flow equation, expressing the
derivates in difference form. In VM, the numerical approach is based on the equation
of continuity which states that the sum of flows into and out of any cell is equal to the
time rate of storage plus or minus additions of water from sources or sinks. It can be
written as
∆h

∑ Qi = SS ⋅ ∆t ⋅ ∆V

Eq. 2

with
Qi .......................GW-flow into the cell from adjacent cells and through addition or
withdrawal of water (e.g. through pumping, recharge) [L³/T]
SS ......................specific storage [1/L]
∆h......................change in head over a time interval [L]
∆t.......................time interval [T]
∆V .....................volume of the cell [L³]
Qi in Eq. 2 can be expanded using the Darcy equation, written in terms of the
gradients between nodes. Doing this substitution and rearranging terms leads to a
system of equations

[ A ] ⋅ {h} = {q}

Eq. 3

where [A] is the coefficient matrix, {h} is the vector of unknown head values and {q} is
a vector of constant head terms.
VM approaches the solution of this system of equations through iteration which
involves making some initial guess at the unknowns (“initial hydraulic head” in the VM
terminology) and refining these guesses through a series of repeated calculations
until an accurate solution is obtained.
Additionally, in order to solve the system of equations, it is necessary to specify
boundary conditions. Boundary conditions for groundwater-flow problems can be
classified into three types:
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Type

Explanation

Example in Fig. 3

provides a value of hydraulic head at a
boundary, H

Edge 3-4

2nd „Neumann“

provides the water flux at a boundary
(including no-flow), Q

Edge 1-2, 2-3, 1-5

3rd

relates hydraulic head to the water flux,
Q = f(H)

Edge 4-5

1st

„Dirichlet“

„Cauchy“

Tab. 8. Types of boundary conditions

lake

3 streamline
2

4

wellfield

river

mountains
modelled region
5
streamline
1
Fig. 3. Examples of boundary conditions

As it will be revealed in section 2.2.3 , it is necessary to conduct simulations of
contaminant transport with VM when dealing with RBF calculations. The way VM
handles such computations is similar to that which groundwater-flow problems are
treated.
The partial differential equation describing the fate and transport of contaminants of
species k in 3-D, transient groundwater flow systems can be written as follows:
∂( θC k )
∂ 
∂Ck
=
 θDij
∂t
∂x i 
∂xj


∂
θv iCk
 −
∂
x
i


(

)

+ qSCkS +

∑ Rn

Eq. 4
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with

θ ........................porosity of the subsurface medium [-]
Ck ......................dissolved concentration of species k [M/L 3]
t .........................time [T]
xi,j ......................distance along the respective Cartesian coordinate axis [L]
Di,j......................hydrodynamic dispersion coefficient tensor [L2 /T]
vi ........................seepage velocity [L/T]
qS ......................volumetric flow rate per unit volume of aquifer representing fluid
sources (positive) and sinks (negative) [1/T]
CkS.......................concentration of the source or sink flux for species k [M/L3]

∑Rn .................chemical reaction term [M/L3/T]
The first term on the right-hand side of Eq. 4 accounts for dispersion caused by
mechanical dispersion, a result of deviations of actua l velocity on a microscale from
the average groundwater velocity, and by molecular diffusion driven by concentration
gradients.
The advection term of the transport equation, ∂(θ vi Ck )/∂x i , describes the transport of
miscible contaminants at the same velocity as the groundwater.
The fluid sink/source term of the governing equation, qSCSk , represents solute mass
entering the model domain through sources or leaving the model domain through
sinks.
The chemical reaction term in Eq. 4 can be used to include the effect of general
biochemical and geochemical reactions on contaminant fate and transport.
Eq. 4 is essentially a mass balance statement, i.e., the change in the mass storage at
any given time is equal to the difference in the mass inflow and outflow due to
dispersion, advection, sink/source, and chemical reactions (Zheng and Wang, 1999).
VM obtains the solution to Eq. 4 by substituting it by a system of algebraic equations
which is solved iteratively for each node in the model grid:

[ A ] ⋅ {c} = {b}

Eq. 5

where [A] is the coefficient matrix, {c} is the vector of unknown concentration values
and {b} is a vector containing all the known quantities.
Just like for groundwater flow calculations, specification of initial and boundary
conditions is required in order to solve the system of equations . Three general types
of boundary condition are considered in the transport model:
§

concentration known along a boundary (Dirichlet Condition)

§

concentration gradient known across a boundary (Neumann Condition)

§

a combination of both (Cauchy Condition)
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A Dirichlet boundary in a transport model acts as a source providing solute mass to
the model domain or as a sink taking solute mass out of the model domain. A special
case of a Neumann condition is a no -dispersive-mass-flux boundary. For the Cauchy
boundary condition, both the concentration value and the concentration gradient are
specified.

2.2.2 Setup of a numerical model
For constructing and running a numerical groundwater model, a variety of different
tasks have to be done. The main steps include:
§

collection and evaluation of available data and information

§

conceptualization of this hydrogeologic setting in a model framework

§

setup and running of the model

§

model calibration: modification of model parameters until a good match
between measured and calculated values is achieved

§

either re-evaluation and collection of new data or model verification: to check
that the model is a valid representation of the hydrogeologic system by using
the calibrated model to simulate a hydrologic response that is known

Once a model is successfully verified, it can be used as a predictive instrument. This
means that it will be much easier to forecast the consequences of future scenarios
(e.g. changing watertables, pumping rates and schedules) to drinking water supply
through RBF wells.
For model setup and calibration in VM, extensive collection of hydrogeological and
hydraulic data is necessary:
Aquifer properties:
§

hydraulic conductivity: knowledge of soil structure and soil properties for an
adequate number of points within the model domain (preferably with a uniform
distribution of the points throughout the model domain)

§

storage coefficient and specific yield

§

horizontal flow barriers

Aquifer geometry:
§

Model Grid

§

Model perimeter and extent (active and inactive cells)

§

Pumping well and observation well locations and attributes

§

Top elevations of layers: surveyed locations of an adequate number of points
within the model domain
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§

Bottom elevations of layers: knowledge of soil structure for an adequate
number of points within the model domain for determining different
stratigraphical units

§

Water levels: hydrographical and geometrical data for pumping wells,
observation wells, rivers and other surface waterbodies

Boundary conditions and fluxes:
§

Pumping: pumping schedules and pump test data (if available)

§

Surface water interaction: rivers and other surface waterbodies

§

Recharge

§

Groundwater evapotranspiration

§

Top, bottom and lateral boundaries

To take account for the model’s relationship with surrounding systems the user can
assign different boundary conditions. Within VM, boundary conditions are divided into
two sections: flow boundary conditions (e.g. constant head, recharge) and transport
boundary conditions (e.g. constant concentration, point source).
Minimum requirements for setting up a groundwater-model would include:
§

model perimeter and extent (area of interest)

§

pumping well and observation well locations

§

rivers and other surface waterbodies

§

water levels: hydrographical and geometrical data for pumping wells,
observation wells, rivers and other surface waterbodies

§

hydraulic conductivity: at least a coarse clue of soil structure and soil
properties for a few number of points within the model domain; a more
detailed knowledge can be gained through calibration processes

2.2.3. Modeling with respect to RBF
With respect to riverbank filtration, the following questions had to be answered:
§

How to model a river and the subsequent surface water/groundwater
interaction?

§

How to simulate seepage for different aquifer/aquitard systems?
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In VM, a surface waterbody is modeled via the River item from the boundaries menu.
River simulates the surface water/groundwater interaction via a seepage layer
separating the surface water body from the groundwater system.
The River boundary condition requires the following input data (also see Fig. 4):
§

River Stage: the free water surface elevation

§

Riverbed Bottom: the elevation of the bottom of the seepage layer (bedding
material)

§

Riverbed Thickness: thickness of the riverbed (seepage layer)

§

Riverbed kz : vertical hydraulic conductivity of the riverbed material

§

River Width

For calculation VM transforms the entered data via a conductance formula:
C=

K ⋅ L⋅ W
M

Eq. 6

where
C .....conductance [L²/T]
K......vertical hydraulic conductivity of the riverbed material [L/T]
L ......length of a reach cell [L]
W.....width of the river [L]
M .....thickness of the riverbed [L]
Conductance is a numerical parameter representing the resistance to flow between
the surface water body and the groundwater caused by the seepage layer (riverbed).
If desired, the Use default conductance formula option can be turned off and any
value or alternate formula may be entered.
If a River boundary condition is assigned to the model, VM simulates the seepage
flow only through the riverbed bottom and assumes the riverbanks to be
impermeable walls (Fig. 4).

Impermeable Walls L

Head in Cell

W
Riverstage

Riverbed
Riverbed

M
QRiv

QRiv

QRiv

Riverbottom
QRiv

Fig. 4. Schematic of River boundary (modified from VM, 2003)
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In cases where the riverbed width is large compared to the wetted part of the
riverbanks and hence the major portion of water percolates through the riverbed this
circumstance may be negligible. But in cases of
§

a narrow width and/or

§

an aquitard situated directly below the riverbed

the following steps may be taken to account for these problems:
§

assigning a Constant Head boundary condition simulating the river stage
instead of a River boundary condition

§

assigning an additional vertical layer between river and aquifer to simulate the
flow interaction through the riverbank (Fig. 5)

§

assigning an additional horizontal layer between river and aquitard to simulate
the riverbed if necessary

§

defining kz values for the additional layers

additional riverbank layer

River
flow through
riverbank

Aquifer
Aquitard

Fig. 5. Modelling of an additional riverbank layer

For comparability of the properties of different RBF sites which are presented in
chapter 3, it is necessary to compute the portion of water originating from the river
which is abstracted by a pumping well. Within VM it is not possible to calculate that
values directly. To overcome this problem, the following steps were taken:
To every grid cell containing a River boundary condition, a Point Source boundary
condition was assigned. Then, a concentration observation well was defined at the
location of the pumping well. The Point Source boundary condition acts as a
contaminant source providing solute mass entering or leaving the model domain
through a flow boundary condition (River in this case) in the form of a known
concentration. With this value and the calculated concentration at the concentration
observation well it is possible to determine the portion of RBF-water with the
following equations:

Portion RBF =
with

QRiv
QWell

Eq. 7
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Eq. 8

and
CGW = 0 (no concentration is defined for cells other than River-cells)

Eq. 9

Eq. 7 can be rewritten as follows

PortionRBF =

Q ⋅C /C
C
QRiv
= Well Well riv = Well
QWell
CWell
CRiv

where
QRiv ........ abstracted water flow originating from the river [L3/T]
QGW ........ abstracted ground water flow [L3/T]
QWell ....... total water flow abstracted by the pumping well [L3/T]
CRiv......... concentration assigned to River-cells [M/L3 ]
CGW ........ concentration assigned to cells other than River-cells [M/L3 ]
CWell ....... calculated concentration in the concentration observation well [M/L3]

Eq. 10
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3. Overview on RBF sites in Austria and India
3.1 Groundwater Model “Hoettinger Au”, Innsbruck, Austria
3.1.1 Model Area
The area of interest for the Innsbruck model is depicted below in Fig. 6.

University of Innsbruck,
Faculty of Civil Engineering

Innsbruck
Airport Area

Pumping Well
„GVB II“

Pumping Well
„GVB I“

GVB II

Inntalautobahn

GVB I

N
0

300 m

r Inn
Rive

Fig. 6. Area of interest, Innsbruck, Austria

The model area has a size of 2300 x 1700 m. For numerical calculation with VM, it
was divided into a uniform grid network with 170 rows and 230 columns (i.e. a cell
size of 10 by 10 meters).
The following data was used for model setup:
§

co-ordinates of 80 surveyed points for interpolating the ground surface

§

data from 15 core drilling spots and further geoelectrical measurements to
determine the soil composition and the aquifer bottom elevation

§

observation well data (co-ordinates, stage, time) for about 20 points for each
calibration run (see section 3.1.5)
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pumping well data (coordinates, pumping rate, drawdown, pipe layout) for
calibration runs where well abstraction was included (see section 3.1.5 )

All data was kindly provided by Innsbrucker Kommunalbetriebe AG, Innsbruck,
Austria.

3.1.2. Stratigraphic sequence
Evaluation of data material about core drillings and geoelectrical measurements
revealed that the model area consists of two stratigraphical units: one aquifer layer
and an underlying aquitard with a low permeability. The aquifer reaches from ground
surface level to the lower aquitard layer with a thickness ranging from 30 to 50
meters. Its soil is composed of sandy gravel and gravelly sand . The aquitard’s soil
consists of silty medium sands and fine sands.
Thus, two vertical layers were assigned in the VM model. VM uses an interpolation
algorithm to create individual grid cell elevations from the entered punctiform data.
Fig. 7 provides a screenshot from the VM user interface with a cross-sectional view
of the two layers.

Aquifer

Aquitard

Fig. 7. Cross-section view of the model domain
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3.1.3. Hydraulic conductivities
To gain references for initial values and an idea for the approximate bandwidth of the
hydraulic conductivities in the model area, data from pump tests and the analysis of
soil samples was utilized. In the course of several calibration runs (see section 3.1.5),
things were refined and a certain array of kf - values proved to ensure best matches
between observed and calculated head values. Fig. 8 depicts the distribution of
horizontal hydraulic conductivities in the aquifer layer.

kf = 0.003 m/s
kf = 0.0024 m/s

kf = 0.0018 m/s
kf = 0.0012 m/s

kf = 0.004 m/s
kf = 0.0018 m/s
kf = 0.00055 m/s
Fig. 8. Distribution of horizontal hydraulic conductivities in the aquifer layer

In the aquifer layer four zones with different kf - values ranging from 0.0012 to 0.004
m/s can be distinguished. Conductivities are assigned equal in x and y direction, in
the vertical direction lower by one order of magnitude. Gridcells with pumping wells
have conductivities of 0.00055 and 0.0012 m/s for GVB I and GVB II respectively.
One uniform conductivity zone across the entire model region with a value of 1.2E-5
m/s in the x-, y- and z-direction was assigned for the aquitard layer. Thus, it can be
considered as nearly impermeable.
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3.1.4. Boundary conditions
In the model the following boundary conditions were defined:
§

Constant head boundaries:
assigned around the four edges of the model domain with varying heads for
each calibration run

§

Recharge boundaries:
for calibration situation 5 (see section 3.1.5 ) a recharge rate of 240 mm/year
was entered for the entire model area; for all other situations no recharge was
assigned because of marginal precipitation

§

River boundaries:
a linear gradient River boundary condition was assigned to represent the
influence of the Inn river on the system

For each calibration run data for the river stage was entered together with the
riverbed bottom elevation, a riverbed width of 70 m, a riverbed thickness of 1 m and a
riverbed kz -value of 0.0002 m/s. The distances from the riverbed bottom to the
aquitard range from 18 to 25 m. A schematic cross section through the river is given
below in Fig. 9.

Ground surface level

0,0

-6,1 -5,6
-7,1

Stage at Low Water

-18,2

Riverbed

Aquifer

-24,2
Aquitard

Fig. 9. Cross section through Inn river

VM simulates the river water/groundwater interaction via a seepage flow only through
the riverbed bottom and assumes the riverbanks to be impermeable walls (see also
chapter 2.2.3). But this is a negligible issue since the riverbed width (70 m) is
significantly larger than the wetted bank height (about 1 m) and hence the major
portion of water percolates through the riverbed.
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3.1.5. Model calibration
As already mentioned in chapter 2, calibration is a process of modifying model
parameters to achieve a good match between calculated and measured hydraulic
heads. Most commonly, calibration is accomplished by a trial-and-error adjustment of
parameters. This involves the systematic variation of the input variables like hydraulic
conductivities.
The Innsbruck model was calibrated with data for 5 different situations:
§

Low water situation on 03.01.1998

§

Pump test on 22.01.1996
GVB II, pumping rate: 280 l/s

§

Pump test on 24.03.1996
- GVB I, pumping rate: 270 l/s
- GVB II, pumping rate: 280 l/s

§

Pump test on 07.01.1992
GVB I, pumping rate: 240 l/s

§

High water situation on 15.07.1999

All calibration runs were repeated with modified constant head boundaries, kf -values
and kf -array until the calculated heads matched the observed heads with an
acceptable discrepancy. The ultimate model setup features equal conductivity
properties for all five calibration settings. It differs only in the flow boundary
conditions on the model edges to account for the different water situations.
In the calibrated models the overall difference between calculated and observed
heads is below 20 cm for all 5 calibration situations. Moreover, the root mean square
error (RMSE) was used as a calibration criterion and was calculated as follows:

RMSE =

1 n
2
( hc − hm ) i
∑
n i=1

Eq. 11

where
n ............. number of compared points
hc ............ calculated hydraulic head at point i
hm ........... measured hydraulic head at point i
The RMSE for each calibration situation is below 13 cm. As an illustration, Fig. 10
depicts the direct comparison of calculated and observed values for the low water
situation on 03.01.1998. If all data points were situated on the line from the lower left
to the upper right corner of the chart, that would mean a perfect match between
simulated and measured values.
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Calibration 1998

Calculated Heads [m a.s.l.]

578

577

576

575

574
574

575

576

577

578

Observed Heads [m a.s.l.]
Fig. 10. Observed vs. calculated heads for low water situation 1998

After calibration the model for the low water situation on 03.01.1998 with GVB I as a
pumping well was chosen for special calculations and modifications with respect to
RBF (see chapter 4).
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3.2 Groundwater Model “Urfahr”, Linz, Austria
3.2.1 Model Area
Fig. 11 gives an overview for the area of interest for the Linz model.

Lake
„Pleschinger See“

Pumping
Well „Woz“

River Danube
be
nu
Da
er
Riv

N
0

1 km

Linz Harbor

Fig. 11. Area of interest, Linz, Austria

The model area has a size of 5300 x 4300 m. For numerical calculation with VM, it
was divided into a grid network composed of 197 rows and 234 columns with cell
sizes ranging from 2x2 m to 100x100 m.
The following data was used for model setup:
§

co-ordinates of 110 surveyed points for interpolating the ground surface

§

data from 202 core drilling spots to determine the soil composition and the
aquifer bottom elevation

§

observation well data (co-ordinates, stage, time) for about 120 points for each
calibration run (see section 3.2.5)

§

pumping well data (coordinates, pumping rate, drawdown) for calibration runs
where well abstraction was included (see section 3.2.5)

All data was kindly provided by G.U.T Gruppe Umwelt + Technik GmbH, Linz,
Austria.
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3.2.2. Stratigraphic sequence
Evaluation of data material about core drillings revealed that the model area consists
of two stratigraphical units: one aquifer layer and an underlying aquitard with a
negligible permeability. The aquifer reaches from ground surface level to the lower
aquitard layer with a thickness ranging from 4 to 36 meters. The major part of the
aquifer exhibits a span between 10 m and 20 m. Its soil is composed of gravel, sands
and alluvial deposits. The aquitard’s soil consists of clayey and sandy marl.
Due to the assumed impermeability of the aquitard, only one vertical layer was
assigned in the VM model. Fig. 12 provides a screenshot from the VM user interface
with a cross-sectional view of the layer setup.

Fig. 12. Cross-section view of the model domain

3.2.3. Hydraulic conductivities
As already explained in section 3.1.3, again the final distribution and magnitude of
hydraulic conductivities was gained from several calibration runs (see section 3.2.5).
Fig. 13 provides an overview of the layout of horizontal kf -values in the aquifer layer.
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Fig. 13. Distribution of horizontal hydraulic conductivities

In the aquifer layer three zones with different kf -values ranging from 0.005 to 1.0 m/s
can be distinguished. Conductivities are assigned equal in x and y direction, in the
vertical direction the definition of values is dispensable because there is only one
layer assigned. For the sake of saving calculation time, zones which are outside the
area of interest were set inactive for flow (indicated by dark gray shading in Fig. 13).
This means a no-flow boundary condition is assigned and subsequently no heads are
calculated for the concerned cells.

3.2.4. Boundary conditions
In the model the following boundary conditions were defined (Fig. 14):
§

Constant head boundaries:
assigned at the location of one bayou of the Danube river in the southeast

§

General Head boundaries:
defined in the northwestern and northeastern part of the model to account for
groundwater influxes

§

Drain boundaries

§

Recharge boundaries:
a uniform recharge rate of 150 mm/year was entered for the entire model area
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River boundaries:
a River boundary condition was assigned to represent the influence of the
Danube river on the system; at some locations no River is defined because of
sheet pile walls that impede the horizontal flow of groundwater

General
Head

Drain
River

Constant
Head

Fig. 14. Boundary conditions

For each calibration run data for the river stage was entered together with the
riverbed bottom elevation, a riverbed width of 230 m, a riverbed thickness of 10 m
and a riverbed kz -value of 4.27E-07 m/s (eastern part) and 2.42E-06 m/s (western
part) respectively. The distances from the riverbed bottom to the aquitard range from
5 to 22 m.

3.2.5. Model calibration
The Linz model was calibrated with data for 2 different situations:
§

High water situation on 22.05.1997

§

Low water situation on 10.09.1998
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All calibration runs were repeated with modified constant head boundaries, kf -values
and kf -array until the calculated heads matched the observed heads with an
acceptable discrepancy. In the calibrated models the overall difference between
calculated and observed heads is below 55 cm for both calibration situations. The
RMSE for each calibration situation is below 16 cm. As an illustration, Fig. 15 depicts
the direct comparison of calculated and observed values for the low water situation
on 10.09.1998.

Calibration 1998

Calculated Heads [m a.s.l.]

252

251

250

249

248

247

246
246

247

248

249

250

251

252

Observed Heads [m a.s.l.]
Fig. 15. Observed vs. calculated heads for low water situation 1998

After calibration the model for the low water situation on 10.09.1998 with “Woz” as a
pumping well was chosen for special calculations and modifications with respect to
RBF (see chapter 4).

3.3 Groundwater Model “Enns”, Austria
3.3.1 General
The following chapter 4 deals with special calculations and modifications of
groundwater models with different geohydraulic properties. Due to its differing
characte ristics compared to “Innsbruck” and “Linz”, the groundwater model “Enns” is
also included. Contrary to the above mentioned models, for “Enns” the basic data as
well as the results are completely cited from Ingerle et al. (1999) and Ferrari (2001).
Ferrari (2001) conducted simulations with MODFLOW to investigate how parameter
variations affect the groundwater flow. For this purpose a numerical model was
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developed and calibrated. The results and observations obtained in the framework of
the “Forschungsprojekt Uferfiltrat” (for details please refer to Ingerle et al.,1999) were
used as a basis. The following parameter modifications were investigated:
§

different degrees of colmation of the riverbank

§

different pumping rates of the abstraction well

§

determination of the maximum pumping rate at different degrees of colmation

§

variation of the distance between well and river

The results were evaluated and finally summarized in a linear sensitivity analysis.

3.3.2 Model Area
The area of interest for the Enns model is depicted below in Fig. 16.
Enns
River

Hydro Power
Plant Rosenau

HPP Garsten

Pumping
well KHB02

0.75 km

5.0 km

Fig. 16. Area of interest, River Enns, Austria

The modeled area has a size of 600 x 400 m. The investigated bank filtration well is
situated about 50 m from the riverbank, 750 m downstream of a hydropower plant
(HPP Rosenau) and at the beginning of the reservoir of HPP Garsten with a length of
5 km. For numerical calculation with VM, the modeled area was divided into a grid
network with a minimum and maximum cell width of 1 to 10 m respectively.

3.3.3. Stratigraphic sequence
In the area of the considered RBF site the river flows through a gravelly aquifer with a
modeled thickness of 4.50 m. An underlying impermeable flysch layer forms the
riverbed bottom. Thus, the river water infiltrates almost exclusively through the bank
and not through the bottom.
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3.3.4. Hydraulic conductivities and model assumptions
As mentioned in chapter 2.2.3, VM simulates the river water/groundwater interaction
via a seepage flow only through the riverbed bottom and assumes the riverbanks to
be impermeable walls if a River boundary condition is assigned to the model. Since
in this model the aquitard layer is located directly below the riverbed bottom and thus
no flow between riverbed and aquifer can occur, the following steps were taken to fix
this problem:
§

a Constant Head boundary condition simulating the river stage was assigned
instead of a River boundary condition

§

an additional vertical layer with a thickness of 1.0 m between river and aquifer
was assigned to simulate the flow interaction through the riverbank

Fig. 17 shows a schematic cross section through the river with a comparison of the
situation in reality and the idealized model situation:

Reality

Model

additional
riverbank layer

Well

River

Well

River
Aquifer
Aquitard

Aquifer
Aquitard

Fig. 17. Cross section through river

The aquifer layer has a hydraulic conductivity of 0.0038 m/s which is assigned equal
in x and y direction lower by one order of magnitude. The conductivity value in the
additional riverbank layer varies for different calculation runs. The aquitard layer is
assumed to be impermeable. A screenshot from the VM modelling environment is
provided in Fig. 18:
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kf,Aquifer = 3.8E-03 m/s

Pumping well
KHB02
River Enns

Fig. 18. Plan view of the model in VM

3.4 Groundwater Model “Ganga”, Haridwar, India
3.4.1 General
India’s freshwater is under serious threat from contamination due to discharge of
untreated or partially treated municipal sewage and industrial effluents into rivers and
lakes. The river water gets more and more polluted and needs immediate attention
for safe drinking water. Thus, within the EU Economic Cross Cultural Programme the
EU-India River Bank Filtration Network (RBFN) was established. The RBFN project
aims at the establishment of a partnership network between various universities,
water research centres, water companies, local authorities and civil society
associations in the EU and India, for ensuring sustainable and economically
competitive development of drinking water production using bank filtration (for more
detailed information please visit www.eu-india-bankfiltration.net).
A RBF site in the city of Haridwar is one of the main spots within the RBFN project.
Within the two year project time the following tasks and field studies are scheduled in
Haridwar:
§

Installation of two monitoring wells between the abstraction well and the river

§

Collection of cross section, velocity, depth, slope, discharge data

§

Collection of water quality data o f river Ganga at this site and water quality
data of nearby groundwater wells

§

Delineation of land use/land cover map using satellite digital data for different
periods
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Investigations of hydrogeological, hydrogeochemical, chemical and microbial
characteristics using a water quality field test kit and laboratory analyses, one year monthly sampling of surface water, raw water and groundwater

In the framework of the RBFN the author of this thesis was invited for a scientific
research visit to the Indian Institute of Technology, Roorkee, India. The major goal of
this stay was to setup a calibrated groundwater flow computer model of the area of
the Haridwar site similar to the models introduced above.
As mentioned in chapter 2.2.2, a minimum data base for setting up a numerical
groundwater-model is required. Due to the short duration of the stay at IIT Roorkee
and because of the fact that regular measurements of hydrologic parameters by the
Indian project participants have only just begun there, it was not possible to gather
sufficient data for model setup. For the sake of completeness some basic information
of the Haridwar site is introduced below.

3.4.2 Model Area
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Fig. 19 provides a plan view of the area of interest for the Haridwar site.
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The investigated well is situated between the river Ganga (distance about 320 m)
and the Ganga canal (distance about 250 m). It is supposed that the well abstracts
water from both, the river and the canal. For the measurement of water quality two
monitoring wells have been installed directly next to the pumping well. Also, a gage
for water level readings has been put up. For future regular level measurements, 14
additional locations in the vicinity of the well have been specified including the water
levels in the ri ver and the canal.

3.4.3. Stratigraphic sequence
In the course of the drilling works for the observation wells, samples for soil
investigation were taken and evaluated. Mittal and Ojha (2005) report the following
details of the soil investigation program.
The bore log chart (Fig. 20) illustrates the soil strata present at the site. The results
show that strata from groundlevel to 14 m are non-cohesive in nature, whereas
beyond 14m, the strata contain cohesive material. From ground level to 14m depth, it
also contains stray boulders which though diminish in deeper layers.

Fig. 20. Sub-soil characteristics for the Haridwar site (from Mittal and Ojha, 2005)
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4. Model Modifications
4.1 Introduction
In this chapter the consequences of modifying different model parameters are
investigated. The following issues were examined:
§

which portion of the abstracted well water is derived from RBF at different
pumping rates?

§

how do different hydraulic conductivity values of the riverbed affect the RBF
portion?

§

which effects have different distances between river and well?

§

how does the system react on a relocation (straightening) of the riverbed?

Additional, a linear sensitivity analysis was conducted and evaluated to show the
model’s dependencies on the magnitude of these parameters.

4.2 Variation of pumping rates
4.2.1 General
To calculate the portion of water derived from RBF in the wells at different pumping
rates, the method introduced in chapter 2.2.3 was applied. By assigning a Point
Source boundary condition to every grid cell containing a River boundary condition it
was possible to calculate that value. For computation with VM, the Flow-Model
(MODFLOW 2000) was run steady-state and the simulation time in the TransportModel (MT3DMS) was extended to an adequate number of days until the observed
concentration at the well converged towards a constant value. As transport engine
within MT3DMS the Upstream Finite Difference Method, which produced the most
stable results, was utilized. The proceeding sections elaborate this topic on the RBF
sites of Innsbruck, Linz and Enns.

4.2.2 Groundwater Model “Hoettinger Au”, Innsbruck, Austria
All calculations are based on the calibrated model for the low water situation in 1998
(compare chapter 3.1.5). The ratio of kAq,h/kRiv,v amounts to 90, where kAq,h is the
horizontal hydraulic conductivity of the aquiferzone under the riverbed and kRiv,v the
vertical hydraulic conductivity of the riverbed (compare chapter 3.1.3 and Fig. 8). The
conductance (see chapter 2.2.3 , Eq. 6) was assigned to 1710.63 m²/d.
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Beginning from 0.0 l/s, the pumping rate was increased with varying increments to
the maximum rate of 636.6 l/s (55,000 m³/d). When the rate exceeds this value the
well cell is numerically running dry and no further calculations are possible. The
pumping rate of well “GVB I” was plotted versus the portion RBF and versus the
calculated head in the well. Additionally, it is indicated at which rate the 60 days
residence time boundary reaches the river (215 l/s). This graph is shown as Fig. 21.
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Fig. 21. Pumping rate of “GVB I” vs. Portion RBF and Head

As seen in the figure, despite a pumping rate of 0.0 l/s a RBF portion of 6.3 % can be
observed. This is probably due to a natural groundwater flow that conveys river water
from the northwestern part of the model area towards the well. This water is
contaminated with the predefined concentration from the Point Source boundary
condition, which is detected by the assigned concentration observation well and
subsequently produces a value for the RBF portion. At a rate greater-than 90 l/s the
portion of riverwater starts to increase. The maximum portion is approached at a rate
greater-than 600 l/s, as it tends to converge towards a value of 55%. The head
exhibits a nearly linear relationship with pumping rate. As an example, Fig. 22 depicts
the calculated head equipotentials and pathlines with arrows indicating the 60 days
travel time for a pumping rate of 215 l/s. The groundwater flows from the
northwestern to the southeastern corner of the model domain.
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Fig. 22. Head equipotentials and pathlines

4.2.3 Groundwater Model “Urfahr”, Linz, Austria
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Fig. 23. Pumping rate of “Woz” vs. Portion RBF and Head
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In the “Linz” case study, the 1998 low water situation model (compare chapter 3.2.5)
served as a basis. The ratio of kAq,h/kRiv,v amounts to 4132 and the conductance was
defined to 170.0 m²/d. The pumping rate was increased with different intervals from
0.0 l/s to 237.3 l/s (20,500 m³/d). Beyond this value, the well cell is running dry. The
graph presented in Fig. 23 shows the pumping rate of well “Woz” versus the portion
RBF and versus the calculated head in the well.
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Although no pumping takes place, a RBF portion of 43.9% is calculated. Similar to
“Innsbruck” this seems to be due to a natural groundwater flow carrying river water
towards the well. At a rate of 81.0 l /s, the RBF portion reaches a peak value of 79.2
%. After that, it slightly decreases and the trend levels off to a value around 74.0 %.
Again, the calculated head in the well shows a nearly linear relationship with pumping
rate. Fig. 24 exemplifies the calculated head equipotentials and pathlines with arrows
indicating the 60 days travel time for a pumping rate of 110 l/s. The groundwater
flows from the southwestern and western to the southeastern part of the model
domain.
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Fig. 24. Head equipotentials and pathlines

4.2.4 Groundwater Model “Enns”, Austria
As already mentioned in chapter 3.3, Ferrari (2001) conducted different simulations
with the “Enns” model including variations of the pumping rate. He defined a
kAq,h/kRiv,h -ratio of 10, where kRiv,h is the horizontal hydraulic conductivity of the
additional vertical layer that was used to simulate the riverbank . Since there was no
River boundary condition assigned, no conductance value was defined explicitly.
However, with the specified river dimensions and properties it is possible to reference
back to an approximate conductance of 3280.0 m²/d.

Model Modifications

41

100

305

90

304

80

303

70

302

60

301

50

300

40

299

30

298

20

297

Portion RBF

10

Head [m a.s.l.]

Portion RBF [%]

Beginning from 5.0 l/s, the pumping rate was increased up to a maximum rate of
29.14 l/s (2520 m³/d) by increments of 5.0 l/s. The graphs of the pumping rate of the
well versus the portion RBF and versus the calculated head are included below in
Fig. 25.
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Fig. 25. Pumping Rate vs . Portion RBF and Head for the “Enns” model

As displayed in the figure, this model behaves completely different from “Innsbruck”
and “Linz” concerning the RBF portion. Ferrari (2001) found that the portion remains
at a constant value of 79.06 % independent from the pumping rate. Just like noted in
section 4.2.2, he also states that in this case the computed results differ from the
groundwater flow’s behavior in nature since there must be a certain abstraction
quantity to start up the filtration process. The constant RBF portion may be due to the
nature of the model setup. As there are equal heads defined for the river and the
Constant Head boundary condition in the northern part of the model area, no
groundwater flow can be observed. Thus, a flow from the river towards the well is
induced by even very small pumping rates.

4.3 Variation of riverbed conductivities
4.3.1 General
Chapter 4.3 deals with the question how different hydraulic conductivity values of the
riverbed affect the RBF portion abstracted by the wells . For answering this question
the kf - value of the riverbed was varied within certain ranges for the Innsbruck, Linz
and Enns models.
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4.3.2 Groundwater Model “Hoettinger Au”, Innsbruck, Austria
Again, all calculations are based on the calibrated model for the low water situation in
1998 (compare chapter 3.1.5). The investigated values for kRiv,v are ranging from 0.0
to 0.001 m/s with a constant pumping rate of 350 l/s of well “GVB I” . The horizontal
hydraulic conductivity of the aquifer below the riverbed was left at the constant value
of 0.00018 m/s. In Fig. 26a and 26b given below, the RBF portion is drawn versus
kRiv,v /kAq,h, where kAq,h is the horizontal hydraulic conductivity of the aquiferzone
surrounding the river and k Riv,v the vertical hydraulic conductivity of the riverbed.
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Fig. 26a. kRiv,v /kAq,h vs. Portion RBF at “GVB I” (linear scale)
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Fig. 26b. kRiv,v /kAq,h vs. Portion RBF at “GVB I” (semi-logarithmic scale)

For kRiv,v /kAq,h-ratios up to 0.20 the RBF portion increases significantly. At ratios
greater-than 0.20 the riverwater fraction converges towards a value of about 54%.
This means that beginning from a certain conductivity ratio, a peak value of the
riverwater released to the underlying aquifer is approached, which subsequently
determines the maximum attainable RBF portion for a given pumping rate.
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4.3.3 Groundwater Model “Urfahr”, Linz, Austria
For Linz, the calibrated model for the 1998 low water situation was utilized.
Investigated values for kRiv,v are ranging from 0.0 to 2.73E-05 m/s (for the eastern
part of the river) with a constant pumping rate of 11 l/s of well “Woz”. The horizontal
hydraulic conductivity of the aquifer below the riverbed was left at the constant value
of 0.01 m/s. The RBF portion versus kRiv,v /kAq,h is presented in Fig. 27a and 27b. Of
course, when calculating the the RBF portion, the kRiv,v -values for the western part of
the river were changed simultaneously but this is not displayed in the figure.
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Fig. 27a. kRiv,v /kAq,h vs. Portion RBF at “Woz” (linear scale)
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Fig. 27b. kRiv,v /kAq,h vs. Portion RBF at “Woz” (semi-logarithmic scale)

The graph exhibits a curve progression similar to “Innsbruck”. Beginning with a sharp
increase, the RBF portion converges towards a value up to 98% for kRiv,v /kAq,h-ratios
beyond 0.00025.
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4.3.4 Groundwater Model “Enns”, Austria
Ferrari (2001) conducted simulations for different riverbank conductivities with the
“Enns” model. kRiv,h was modified within a bandwidth of 3.80E-03 to 3.80E-07 at a
constant pumping rate of 20 l/s of well “KHB02”. k Riv,h denotes the horizontal
hydraulic conductivity of the additional vertical layer that was utilized to simulate the
riverbank. The horizontal hydraulic conductivity of the aquifer below the riverbed was
left at the constant value of 0.0038 m/s. In Fig. 28a and 28b given below, the RBF
portion is drawn versus k Riv,h/kAq,h.
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Fig. 28a. kRiv,v /kAq,h vs. Portion RBF for “Enns” (linear scale)
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Fig. 28b. kRiv,v /kAq,h vs. Portion RBF for “Enns” (semi-logarithmic scale)

For kRiv,v /kAq,h-ratios up to 0.10 the RBF portion increases significantly. At ratios
greater-than 0.20 the riverwater fraction converges towards a value of about 82%,
which marks the maximum achievable RBF portion for the given pumping rate.
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4.4 Variation of distances
4.4.1 General
In this chapter, the effects of distance variations between river and well on the RBF
portion are investigated. For that purpose, the location of the corresponding well was
relocated along a line roughly perpendicular to the riverbank (displayed exemplarily
for the “Innsbruck” model in Fig. 29).

GVB I

N
0

300 m

Fig. 29. Line for distance variations

4.4.2 Groundwater Model “Hoettinger Au”, Innsbruck, Austria
Once again, the calculations are based on the calibrated model for the low water
situation in 1998. The original position of the well is about 250 m away from the
riverbank. For the modification calculations, it was relocated along the line with
distances ranging from 20.0 m up to 500.0 m with a constant pumping rate of 215 l/s.
This equals the abstraction quantity in the original model whe n the 60-days boundary
reaches the river. With the variation of the distance, the kf – value of the well cell was
relocated as well and the ratio of kAq,h/kRiv,v was set to 90. The results of these
computations are shown graphically below in Fig. 30.
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Fig. 30. Distance vs. Portion RBF for “GVB I”

As expected, the RBF portion decreases with an increasing distance from the river.
The graph exhibits a nearly linear correlation.

4.4.3 Groundwater Model “Urfahr”, Linz, Austria
In the “Linz” case study, again the 1998 low water situation model with a kAq,h/kRiv,v ratio of 4166 served as a basis. The origina l position of the well is about 400 m away
from the riverbank and it was relocated along a line with distances between 20.0 m
and 1000.0 m with a constant pumping rate of 110 l/s. As well as in “Innsbruck”, this
value marks the rate when the 60-days boundary reaches the river. The distance of
well “Woz” from the river was plotted versus the portion RBF below in Fig. 31.
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Similar to “Innsbruck”, the graph shows a roughly linear correlation between RBF
portion and distance from the river.

4.4.4 Groundwater Model “Enns”, Austria
Ferrari (2001) conducted simulations for different distances ranging from 10.0 m up
to 700.0 m with a constant pumping rate of 20 l/s. He defined a kAq,h/kRiv,h -ratio of 10,
where kRiv,h is the horizontal hydraulic conductivity of the additional vertical layer that
was used to simulate the riverbank. For each calculation run the distance between
the well and the Constant Head boundary condition behind the well was kept
constant to account for an unchanging influence from the border areas. The results of
the computations can be found in Fig. 32.
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Fig. 32. Distance vs. Portion RBF for the “Enns” model

As revealed by the graph, the filtrate derived from the river decreases with an
increasing well-river distance but there is no linear relation between both terms.

4.5 Riverbed relocation
In the area of the “Innsbruck” model, planning works for a future extension of the
airport runway are in progress. For that purpose, a straightening of the river would be
necessary. In this chapter the effects on the RBF portion in the well caused by such a
relocation are investigated.
For the computations the same model like in section 4.2.2 was utilized, except for the
straightened river course which is illustrated in Fig. 33. The RBF portion was
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calculated for different pumping rates and compared to the results gained for the
unmodified river. The graph in Fig. 34 provides the RBF portion plotted versus the
pumping rate , beginning from 0.0 l/s to the maximum rate of 636.6 l/s (55,000 m³/d).
As already mentioned in paragraph 4.2.2, the well cell is numerically running dry
when the rate exceeds this value and no further calculations are possible .
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Fig. 33. Model area Innsbruck with relocated river
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As shown in the figure, the graph for the straightened river course exhibits a quite
similar curve progression as the graph for the original course but with a lower RBF
portion. This is because of the alternative course, where no river water from the
northwestern part of the model area is conveyed by the natural groundwater flow
from that direction as it was the case for the original course.
Up to pumping rate of about 115 l/s, no river water is abstracted by the well. At higher
rates, the RBF process is initiated and the portion of riverwater starts to increase.
This proofs the thesis made in section 4.2.2 that the observed RBF portion of 6.3 %
at a pumping rate of 0.0 l/s for the original river course is due the mentioned natural
groundwater flow. The maximum portion is approached at a rate greater-than 600 l/s,
as it tends to converge towards a value of 50%.

4.6 Sensitivity analysis
4.6.1 General
In the proceeding sections the results of a linear sensitivity analysis conducted and
evaluated for the RBF sites of Innsbruck, Linz and Enns are presented. With the help
of such an analysis, it is possible to determine the influence of the parameters
investigated above on riverbank filtration.
To quantify the sensitivity of the model response to a unit change in parameter value,
the linear sensitivity analysis uses the following function:
δ v,p =

dv/v
dp/p

where dv/v is the relative change of the variable v (model response) and
relative change of the investigated parameter. The larger the value of the
the more significant is the specific parameter for model behaviour. But it
pointed out that the applicability of a linear sensitivity analysis is limited
cause-and-effect relationships or small parameter variations.

Eq. 12

dp/p the
function,
must be
to linear

Starting with the original parameter values, they were increased by 10% separately.
Thus, Eq. 12 can be written as follows:
δ v,p =

dv/v
dv
= 10 ⋅
1/10
v

Eq. 13
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4.6.2 Groundwater Model “Hoettinger Au”, Innsbruck, Austria
The investigated model parameters for “Innsbruck” are summarized below in Table 9
together with their basic and modified values.

Basic values
Values + 10%

kAq,h/kRiv,v
[-]
varies for the different
aquifer zones
each zone value is
increased by 10%

kAq,h
[m/s]
varies for the different
aquifer zones
each zone value is
increased by 10%

QWell
[l/s]

d
[m]

215.0

248.6

236.5

273.5

Tab. 9. Modified parameters for „Innsbruck“

where
kAq,h...................horizontal conductivity of the aquifer
kRiv,v ..................vertical conductivity of the riverbed
QWell ..................water quantity abstracted by the well
d ........................distance between river and well
Tab. 10 provides a summary of parameter sensitivities to retention time (RT) between
river and well, RBF portion, maximum infiltration velocity in the river-well direction
(vmax, R-W) and maximum infiltration velocity in the main streamline (vmax, MSL). A “–“
sign for δ p,v indicates a decreasing value of the variable when the parameter is
increased.

k Aq,h/kRiv,v

k Aq,h

QWell

d

Basic
values:

absolute

δp,v

absolute

δp,v

absolute

δp,v

absolute

δp,v

60

60

0.00

64

0.67

52

-1.33

74

2.33

32.5

32

-0.15

29.4

-0.95

35.7

0.98

30.6

-0.58

vmax, R -W [m/d]

0.00095

0.00095

0.00 0.000935 -0.16

0.00105

1.05

0.000906 -0.46

vmax, MSL [m/d]

0.00097

0.00097

0.00 0.000962 -0.08

0.00108

1.13

0.000928 -0.43

RT [d]
RBF portion [%]

Tab. 10. Parameter sensitivities for “Innsbruck”

The results in the table outline the major influence of kAq,h on the filtrate portion and
well distance d on the retention time. The pumping rate Q Well has a considerable
impact on all variables.
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4.6.3 Groundwater Model “Urfahr”, Linz, Austria
Tab. 11 provides the basic and modified values of the investigated model parameters
for “Linz” .

Basic values
Values + 10%

kAq,h/kRiv,v
kAq,h
QWell
[-]
[m/s]
[l/s]
varies for the different varies for the different
110.0
river parts
aquifer zones
each zone value is
each zone value is
121.0
increased by 10%
increased by 10%

d
[m]
400.0
440.0

Tab. 11. Modified parameters for „Linz “

The results in Tab. 12 below slightly differ from the findings for the Innsbruck model.
The kAq,h/kRiv,v ratio as well as the well distance have a large effect on the maximum
infiltration velocity. Additionally, d highly affects the retention time. Again, QWell has a
strong influence on the retention time and the infiltration velocity.

k Aq,h/kRiv,v
Basic
values: absolute δ
p,v
RT [d]

k Aq,h

QWell

d

absolute

δp,v

absolute

δp,v

absolute

δp,v

60

62

0.33

59

-0.17

56

-0.67

72

2.00

77.7

76.7

-0.13

78.9

0.15

77.2

-0.06

76.7

-0.13

vmax, R -W [m/d]

0.0032

0.0036

1.25

0.0032

0.00

0.0036

1.25

0.00187

-4.16

vmax, MSL [m/d]

0.0040

0.0045

1.25

0.004

0.00

0.0046

1.50

0.0021

-4.75

RBF portion [%]

Tab. 12. Parameter sensitivities for “Linz”
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4.6.4 Groundwater Model “Enns”, Austria
A linear sensitivity analysis for the Enns model can be found in Wett (2005). The
results of this study are presented in Tab. 13.

δ p,v

kAq,h/kRiv,h

kAq,h

QWell

d

RT [d]

0.24

0.33

-1.01

1.89

RBF portion [%]

-0.25

-0.15

0.03

-0.18

vmax, R-W [m/d]

-0.44

-0.44

0.89

-0.76

Tab. 13. Parameter sensitivities for “Enns”

Tab. 13 reveals the major influence of riverbed clogging (kAq,h/kRiv,h) on the RBF
portion and well distance d on the migration time and maximum infiltration velocity.
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5. Summary and conclusions
This thesis focuses on the comparison of different riverbank filtration sites regarding
the properties of the aquifer, the siting of the installations as well as the
characteristics of the river which is utilized for filtration.
To find out similarities and differences between the RBF sites, the effects of changes
of different boundary conditions on the groundwater flow during the bank filtrate
production were simulated and evaluated by means of the modelling software Visual
Modflow™. For that purpose the following parameters were analyzed:
§

pumping rate of the abstraction well

§

relocation of the riverbed

§

distance between well and river

§

riverbed conductivities

By comparing the “Innsbruck” and “Linz” models, the siting of the abstraction well
turned out to be the major cause for the differences in the results for the two RBF
sites. The “Innsbruck” well is located on an inner bend of the river whereas the “Linz”
well is situated on an outside bend. In detail, the studies performed lead to the
following conclusions:
Pumping rate of the abstraction well
Due to the different siting of the wells, some significant differences can be observed
when looking at Figures 21 and 23 where the pumping rate is plotted versus the RBF
portion. On the one hand, the graph for “Innsbruck” shows a constant RBF portion for
low pumping rates. For higher rates the portion increases constantly and finally tends
to converge towards a peak value. On the other hand, “Linz” exhibits a quite different
curve progression. Starting from a basic value, the graph immediately experiences a
sharp increase up to a peak value. After that, it slightly decreases and the trend
levels off to a constant RBF portion.
The curve progression for “Innsbruck” can be explained in the following way: due to
the location of the well on an inside bend and a cross flow of natural groundwater
along this inner bend that conveys river water from the northwestern to the
southwestern part of the model area (see Fig. 22), a low but constant RBF portion
can be observed. At rates greater-than 90 l/s the portion of river water constantly
increases as the well’s cone of depression reaches the riverbank and starts to
abstract water from there.
The “Linz” graph starts out from a RBF portion of 43.9% with a steep slope for
increasing pumping rates between 0.0 and 25 l/s. For very low rates the well
abstracts water only from the western part of the river (see Fig. 14) that is carried by
a natural groundwater flow from the south-western direction. With increasing
pumping rates water from the eastern part of the river gets also abstracted and hence
heightens the RBF portion. After reaching a peak value, the portion gets slightly
diminished as the pumping rate is high enough to catch groundwater which
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previously flows from the northern/north-western to the south-eastern part of the
model domain. At a certain pumping rate, the cone of depression encounters a
maximum number of reachable riverbank sections due to the location on an outside
bend and the RBF portion levels off to a constant value.
Relocation of the riverbed
The results for the relocated Inn River (Fig. 34) in the “Innsbruck” model confirm the
theory stated above. Unlike for the original position of the river, there is no RBF
portion for low pumping rates below 100 l/s. Because of the straightened river course
the well is not located on an inner bend anymore and subsequently no cross flow of
groundwater takes place the well could abstract river water from. At higher rates both
situations exhibit a quite similar curve progression for the RBF portion. The graph for
the relocated river course runs roughly parallel to the one for the original course but
with a lower RBF portion due to the lacking river water from the cross flow mentioned
above.
Distance between well and river
The results of the distance variations (Fig. 30 and 31) exhibit differences in the model
behavior which probably stem from their siting on the inner and outer bend
respectively. As one could expect, both models show a decreasing RBF portion with
an increasing distance of the well apart from the riverbank. While the “Innsbruck”
model shows an approximately uniform curve progression, the “Linz” model
undergoes a gradient change at distances greater-than 400 m which roughly marks
the original position of the well (i.e. the curve slope becomes steeper). In addition to
the decreasing RBF portion due to increasing distance, there is no cross flow of
natural groundwater the well could abstract river water from as it would be the case
with inside bend locations. Besides that, the well starts to catch groundwater which
previously flows from the northern/north-western to the south-eastern part of the
model domain and the RBF portion gets diminished.
Riverbed conductivities
When varying the riverbed conductivity, both models exhibit a quite similar behavior
and no differences originating from the siting of the well can be determined (compare
Fig. 26 and 27). As one could expect, both graphs show a RBF portion of 0.0 %
when k Riv,v /kAq,h = 0 which indicates an impermeable riverbed. When the k Riv,v /kAq,h ratio is raised the river water fraction increases significantly. Beginning from a certain
rate the RBF portion converges towards a constant value. This is the case when kRiv,v
is that high that the riverbed can be considered as completely permeable and hence
all the river water is released to the underlying aquifer. Due to the fact that the
kRiv,v /kAq,h -ratios differ by two orders of magnitude, a direct comparison of both
models would not be reasonable. In addition, the riverbanks in “Linz” are partly
sealed by sheet pile walls and it is not possible to abstract water from the entire
riverbank length.
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