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A new approach to the definition of design criteria
for radial collector wells in anoxic settings

MiLaN A. DIMKIC! & MILENKO N. PusSIc¢?

Abstract. The outcomes of a study on groundwater flow from a river to a radial collector well are present-
ed in the paper. The considered well, RB-16, is part of a groundwater source that provides water supply to
Belgrade (Serbia). The source relies on the alluvial aquifer of the Sava River. The groundwater is mildly anox-
ic (Eh ~ 125 mV, Fe2t = 0.46 mg/L, NO; ~ 0.24 mgN/L, O, ~ 0.1 mg/L). The paper is specific in the sense
that it presents a novel approach to the definition of water well susceptibility to iron incrustation in an anox-
ic alluvial setting. Maximum permissible screen entrance velocities, as well as the structural characteristics of
the horizontal screens and the radial collector well itself, are determined based on correlations established
between the rate of well incrustation, redox potential, iron concentration in groundwater, and screen entrance
velocities. One of the criteria is that the hydraulic resistances, caused by the precipitation of iron on the hor-
izontal screens, are being lower than specified. The correlations between maximum permissible screen en-
trance velocities (the velocities that still allow a lower-than-specified increase in local hydraulic resistances
at the entrance to the screens) and biochemical indicators (Eh, Fe?") were taken from previous papers by the
same authors and their associates. Original software was used for hydraulic analysis of the potential capacity
of the location of well RB-16. The software supports 3D analysis, including boundary conditions, and was
adapted for this particular purpose.

Key words: groundwater, anoxic conditions, rate of horizontal screen incrustation, new approach, defini-
tion of well elements, numerical modeling of groundwater, public water supply, Serbia.

AncTpakT. Y pajiy Cy NpUKa3aHH pe3yJITaTH CTyIUje CTpyjarba MOA3EMHUX BOJa 01 peKe Ka OyHapy ca Xo-
PH30OHTAIHUM JpeHoBUMa. Pasmarpanu Oynap Pb-16 ce Hanasn Ha U3BOPHUIITY NO3EMHHX BOJA, KOj€ CITY>KH
3a BojlocHabeBame beorpana (Cpouja). M3BopuinTe 1pnu Boxy 3 anyBujanHor akBugepa pexe Case. Bona
je Gyaro aHOKCHMYHUX Kapakrepuctuka (Eh ~ 125 mV, Fe2t ~ 0.46 mg/L, NO; ~ 0.24 mgN/L, O, ~ 0.1 mg/L).
Pan je ciermuduyan, jep ce mo MpBH MyT NpHKa3yje MPUMeHa HOBE METO/E 3a Ie(hUHUCARmE CKIIOHOCTH OyHapa
Ka MHKPYCTALMjH Talo3uMa IBoxkha y ycIoBHMMa aHOKCHYHE CPEeIMHE alyBHjaHUX cenuMeHara. Ha ocHOBY
yTBpheHe Beze n3Mel)y KMHETHKe KOoJIMUpama OyHapa, peloKC MOTEHIHjala H caapikaja reoxha moa3eMHux
BOJIa, KA0 W yJIa3HUX Op3WHA BoOjE y JpeHOBe OyHapa, yTBpheHe Cy MakCUMAJHO JI03BOJbECHE yila3He Op3uHe,
a 3aTHM M KalanuTeT JPeHoBa, Kao 1 camor OyHapa. [locTaBibeH je 3aXTeB /1a XUApayInIKH OTIIOPH, H3a3BaHH
TaNoKeweM reoxha Ha puinTpuMa ApeHoBa, Oyy MamwH of 3a1aruX. Besa n3mel)y MakcumaiHo 03BOJbEHHX
Op3mHa ynacka MOA3eMHUX BOAA Y IpeHoBe OyHapa (Op3mHE Koje jour yBek oMoryhyjy Ia mopacT JOKaTHUX
XUIPAYITHIKUX OTIIOpa Ha yha3y BOJAC Y ApeH Oyae MamH Of 33/IaTHX BPEIHOCTH) U OMOXEMH]jCKUX WHANKA-
topa (Eh, Fe?"), npey3era je n3 MPEeTXOJHUX PaJoBa ayTopa OBOI WIAHKA ca CapaJHHLUMA. XHIpaylndKa
aHaJIM3a MOTEHIMjATHOT KanauTeTa jJokanuje Oynapa Pb-16 je pahena opurnnamaum corBepoM, Koju oMo-
ryhasa 3] ananuzy, ca rpaHMYHNAM YCJIOBHMA MpHiIarol)eHnM 3a oBy CBpXY.

Kibyune peuu: moj3eMHe Bojie, aHOKCHYHHU YCJIOBH, KHHETHKA KOJIMHUPatha IPEHOBA OyHapa, HOBa METO/1a,
neduHnCcame enemMeHaTa OyHapa, HyMEpHYKO MOJICITHPake MOA3EMHUX BOaa, CHabneBame BogoMm, Cpbuja.
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Introduction

Urban agglomerations generally rely on the nearest
water resource for their water supply. If the agglomer-
ation 1is situated next to a river, it is natural to use
groundwater from the alluvial aquifer. However, the
configuration, development, and maintenance of such
water supply sources are coupled with numerous and
highly complex issues. Some of the drivers are: natu-
ral hydrogeologic conditions, type of abstraction
(wells), required discharge capacity of the wells and
the entire source, biochemical properties, groundwa-
ter regime, configuration of the source, distance from
the urban agglomeration, and specific features related
to well maintenance, water treatment, and transport.
Numerous authors have studied groundwater source
issues, which can be classified into several groups.
Some of them are:

a) Establishment of a groundwater monitoring sys-
tem, to characterize and manage the groundwater
resource (e.g., ALLER et al., 1991; FRETWELL et al.,
20006),

b) Assessment of conditions and selection and de-
sign of wells (ABRAMOV, 1952; JOHNSON, 1972; Ko-
vACS & UlraLupi, 1983; Vukovi¢c & PusSI¢, 1992;
Divki¢ & Pusic, 2008),

¢) Study of well ageing processes, dependency on
the natural setting, and rehabilitation (LANGELIER,
1936; RYZNAR, 1944; MANsuy, 1998; CULLIMORE,
1999; McLAUGHLAN, 2002; HOUBEN & TRESKATIS,
2007),

d) Study and definition of the correlation between
hydraulic resistances due to iron incrustation of wells
in anoxic conditions and biochemical indicators (Eh,
Fe?, ..)), (DIMKIC et al. 2011b, 2011c; DiMKIC &
Pusic, 2014),

e) Assessment of the potential for source capacity
increase by various engineering measures (BORCH et
al., 1993; PyNE, 1995; PUSIC et al., 1997; DIMKIC et al.
1997a, 1997b, 2007),

f) Modeling of groundwater flow to the wells under
characteristic conditions (DIMKIC et al., 2007, 2008,
2009, 2010; VIDOVIC et al., 2014),

g) Regional-scale management of groundwater re-
sources (DIMKIC et al., 2008; SINCLAIR KNIGHT MERZ,
2013),

h) Self-purification potential of aquifers (DIMKIC &
KECKAREVIC, 1990; RAy et al., 2002; SCHMIDT et al.,
2003; DE VET et al., 2010; DivKIC et al., 2011a).

Alluvial formations are frequently characterized by
alternating coarse and fine sediments, such that water-
bearing (gravel, sand) strata are often vertically sepa-
rated by semi-permeable, predominantly clay inter-
beds and lenses.

Analysis of the mechanical conditions of well
screen stability (item b above) has been one of the ini-
tial areas of scientific and technical consideration of
water well operation. Well ageing processes in anoxic
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settings have mostly been studied at the end of the
previous and beginning of the present century (item c
above).

The authors of this paper and their associates have
correlated anoxic aquifer conditions, iron concentra-
tion in groundwater, intensity and kinetics of screen
incrustation and increase in hydraulic resistances at
the screens, and also established functional relations
between them (item d above).

As groundwater becomes anoxic, maximum per-
missible groundwater flow velocities (v,,,,) are
increasingly governed by biochemical parameters of
the aquifer. The relationship

Vperm :f (F 62+) (1)
Voerm =S (ER) 2

has been defined for alluvial sources in Serbia, and
this approach has for the first time on a global scale
been reported by DiMkI¢ & Pusic (2014) and DiMKIC
et al. (2011a, 2011b, 2011c).

The present paper is the first to describe a complex
methodology for determining:

- the abstraction capacity of a certain location and a
particular well; and

- the structural elements of the well (number of hor-
izontal screens, entrancevelocities), taking the charac-
teristic biochemical properties of the anoxic aquifer as
the starting point.

This new design approach has a considerable effect
on the longevity and, in general, the operational eco-
nomics of horizontal collector wells. Basically, the
approach should also be applicable to other types of
tapping structures (e.g. tube wells).

Setting, analyzed processes, and statement
of the problem

Belgrade Groundwater Source (BGS) is situated
along the Sava River, in part within the city fabric.
This renders it vulnerable to urban pressures. Still, at
first glance a multiple-decade time series shows a sur-
prisingly high and stable quality of the abstracted
groundwater.

The alluvial complex tapped by the horizontal scre-
ens (laterals) is characterized by multiple alternations
of coarse (gravel) and fine (sand) sediments. The final
sequences of sedimentation cycles are represented by
fine, predominantly clay, particles which have hydro-
geologically been modeled as semi-permeable inter-
beds (of which there is locally one or more). The hor-
izontal screens have been installed in the lowest co-
arse-grain strata, such that the interbeds, along with
the colmated riverbed, constitute the primary con-
straint of location and well capacities.

The greatest losses of energy (hydraulic resistanc-
es) during the course of groundwater flow occur at the
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riverbed and the interbed, as modeled (Fig. 1). In the
immediate vicinity of the horizontal screens of well
RB-16, where the concentration of groundwater leak-
age through the interbed (interlayer) is the greatest,
the piezometric head difference between the strata
above and below is as large as ten meters. This has
been established by a pair of piezometers near the said
well (Fig. 2). The filtration characteristics and extent
(continuity) of the interlayer directly affect the well
discharge capacity and, as such, it is important to
characterize the interlayer.

MONITORING
WELLS

WATER LEVEL (wl)
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ground. The accuracy of results depends on the num-
ber and locations of the required observation wells. In
reality, more piezometer pairs should be put in place,
which would tap the strata above and below the
interbed. Their screens should not be long (about half
a meter). Unfortunately, it is not possible to install
piezometers where they are most needed: below the
riverbed and along the directions of the horizontal
screens towards the river.

In addition to the discharge capacity of the well and
the location, it is necessary to determine the maximum
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Fig. 1. Schematic representation of groundwater flow from the river to the radial collector well, where there is a semi-permeable interlayer.

Well RB-16 is located on the right bank of the Sava
River, on a river island (Ada Ciganlija) close to down-
town Belgrade. It is surrounded on all sides by other
wells, roughly at a distance of 400 m. It has four rela-
tively new horizontal screens (installed in 2007); the
other screens have been shut-off and decommissioned
(Fig. 2). The screens tap the lowest alluvial water-
bearing stratum, at a depth of some 30 m.

Given its position in space, the recharge zone of
well RB-16 is relatively constricted, primarily by the
operation of neighboring wells. This limits its capaci-
ty even further.

The assessment and quantification of the discharge
capacity of the well and, in hydraulic terms, the part
of the aquifer to which it belongs, are in this case
related to the previously-described conditions on the

screen entrance velocities, which in turn requires the
quantification of the capacity of individual screens.
The conductivity of a horizontal screen is defined via
the coefficient of local hydraulic resistance (LHR),
which may vary both along the length of the screen
and over time.

Here the maximum (permissible) screen entrance
velocities are related to two criteria:

The first criterion ensures filtration stability of the
porous medium in the near-well region and is deter-
mined for site-specific conditions, generally based on
experience.

The second criterion is much more complex and
pertains to well ageing, in the present case study due
to screen incrustation. The well ageing process is a set
of different phenomena that occur simultaneously and
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Fig. 2. Well RB-16 and its environs; map of a part of Belgrade Groundwater Source.

whose intensity differs over space and time. They
depend on the composition of the porous medium
(grain-size distribution, petrology, mineralogy, geo-
chemistry) and of the groundwater (physical, chemi-
cal, biochemical and microbial parameters). Additio-
nally, well ageing may depend on the operating mode
of the well. Well ageing results in increasing LHR
along the horizontal screen and decreasing conductiv-
ity, until the screen ultimately ceases to function.
Long-term research undertaken at BGS has reveal-
ed a distinct correlation between the previously-men-
tioned drivers and the well discharge capacity (or
screen entrance velocities). With regard to two
groundwater parameters: redox potential (E4 (mV))
and dissolved iron concentration (Fe?" (mg/L)), iden-
tified as well ageing indicators, the correlation with
permissible entrance velocities (v,,,,,) has been
empirically quantified as a function of a given ageing
rate (rate of LHR increase) (Dimki¢ & Pusi¢ 2014):

Vyerm = ER, Fe2?) (3)

The second criterion is often more stringent and re-
quires lower screen entrance velocities, resulting in a
lower well discharge capacity, but it ensures longevi-
ty and requires less frequent rehabilitation of horizon-
tal screens.

Groundwater flow is calculated applying the Ri-
chards equation, which describes flow through the
vadose zone. This equation, as a function of the
hydraulic potential, may be written as:

Clh) % V. (kKVA) =g 4)

Geol. an. Balk. poluos., 2018, 79 (1), 31-45.

where: C(/h) % — specific moisture capacity,

K — filtration tensor (hydraulic conductivity),
k, — relative conductivity, and
h — hydraulic potential (piezometric head).
Three approaches were followed to simulate boun-
dary conditions: Neumann’s, Dirichlet’s, and Robin’s.
The Neumann boundary condition applies to the
part of the flow boundary at which the rate of dis-
charge is known:

u-n=gy (5)

where: u — Darcy’s velocity, and n — external unit nor-
mal to the boundary. It is used to model the contour
that represents the boundary streamline (in plan view,
or surface in space, gy = 0), the wells (gy < 0 > gy),
precipitation (g, > 0), and evaporation ((gy < 0).

The part of the boundary at which the hydraulic
potential is known is modeled applying Dirichlet’s
boundary condition:

h=gp (6)

Dirichlet’s condition is applicable to boundaries
that represent water flow (rivers, lakes, channels,
etc.), as well as to wells (without LHR) where the pi-
ezometric head is known.

Robin’s condition is specified in the case of semi-
permeable boundaries through which groundwater
leaks:

w-n="V(h-gg) (7)

where: W=K/d — leakage coefficient, and K — hy-
draulic conductivity of the semi-permeable layer at
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the boundary, and d — its thickness. A colmated river-
bed, a radial well screen, and a tube-well screen are
typical examples of Robin’s condition (DOTLIC,
2015). Colmation is a process through which hydra-
ulic resistances increase due to mechanical, biochem-
ical and microbial processes (DIMKIC et al., 2008,
2011b, 2011¢; DiMKIC & PUSIC, 2014).

Methods

Spatial data related to well RB-16 were analyzed
and organized to produce a hydrogeological model of
the terrain and alluvial sediments, governed by the
principle that a layer is the basic spatial and hydraulic
unit: a hydrogeologic entity, a result of sedimen-
tation, whose filtration characteristics are hmogenous
across the areal extent. Licensed software
RockWorks by RockWare, Inc. was used for analysis
and display.

The initial values of filtration parameters, as the
starting point for the development of the hydrodynam-
ic model, were determined applying a two-fold ap-
proach: based on the grain-size distribution of the ma-
terial sampled at different borehole depths, and based
on interpretation of multiple well pumping tests.

Well test data were entered and groundwater flow
simulation calculations performed using an original
solver —- WODA (Well Outline and Design Aid), deve-
loped at Jaroslav Cerni Institute for the Development
of Water Resources, Numerical Analysis Group,
Belgrade. WODA is a simulator of variably saturated
well-driven groundwater flow in an anisotropic dis-
continuous environment with miscible displacements,
heat transfer, variable density, sorption, degradation,
etc. The mathematical groundwork was prepared and
the solver programmed by VIDOVIC et al. (2014). At
this time, WODA does not have its own graphical user
interface, but it can work with groundwater models
constructed using a Lizza interface.

Lizza was developed in cooperation with the
Bioengineering Research and Development Center -
BiolRC, Kragujevac, Serbia. It supports full 3D rep-
resentation of the results of stationary and non-sta-
tionary modeling of groundwater flow within the
aquifer and the vadose zone, as well as the results of
calculations of mass and heat transport via groundwa-
ter.

Both software programs are open source and avail-
able at:

WODA - http://www.sourceforge.net/projects/
wodasolver/

Lizza —  http://www.bioirc.ac.rs/index.php/
groudwater-flow-software

A special user-friendly feature of the software is
ease of specifying the real cross-section of the river
and radial well screens in the model (DIMKIC et al.,
2009, 2010, 20114d).

Analysis and definition of model input data
(schematization)

The study area was hydrogeologically schematized
using available data: drilling data from 139 wells and
several hundred grain-size distribution analyses of
samples. The schematization was based on an assess-
ment of descriptions of tapped units, grain-size distri-
butions of samples, and photos of borehole cores.

Suitable software was used to generate a 3D hydro-
geologic model of the sediments. The first attempt
produced eight schematized layers.

Figure 3 shows how the layers in the immediate
vicinity of well RB-16 were modeled. The blue rec-
tangles on the left-hand side of the figure represent the
average d;, (mm) of the samples collected from bore-
holes in the near-well region. Brown rectangles de-
note intervals of semi-permeable material, whose
grain-size distribution was generally not analyzed.
The intervals were identified as semi-permeable based
on descriptions and relatively few data. As previously
mentioned, the profile derived in this manner was
compared to the corresponding profiles of neighbor-
ing wells in the study area, arriving at eight schema-
tized layers.

Then, the elevations and lengths of the screens of
available observations wells, and the piezometric head
recorded while the wells were in operation, were ana-
lyzed to obtain an indication of the hydraulic relation-
ships of the layers above and below layer packages 5, 6
and 7. In view of the problem addressed and data avail-
ability, it was concluded that a simpler hydrogeologic
scheme (with fewer layers) could be adopted.

It should be noted that there was a pair of piezome-
ters (RB-16-P-2, RB-16-P-3) with short screens (0.5 m)
in the immediate vicinity of the well, a short-screen
piezometer (RB-16-P-1) in the water-bearing layer,
also in close proximity to the well, and two piezome-
ters (P-ut-16-1, P-ut-16-2) with relatively long
screens (5 m) in the upper layer package, half way to
the neighboring wells. As concluded, the short screens
virtually provided data on a point in space within the
water-bearing layer, while the long screens, which
covered several layers, provided the resulting piezo-
metric head potential of the individual layers.

It should also be kept in mind that groundwater
flow in the near-well region, around the horizontal
screens, is distinctly spatial (3D) and that under such
conditions short-screen observation wells provide a
more realistic picture. As the distance from the well
grew, groundwater flow became increasingly horizon-
tal in nature, such that the screen length ceased to be
of overriding importance for the veracity of the meas-
ured data.

As a simpler alternative, a hydrogeologic model
comprised of three schematized layers was constructed
(Fig. 3). Apart from the knowledge about the study
area, the model in this case was a result of the number
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and locations of available piezometric head data collec-
tion points: observation wells and their screen lengths.

H (m.a.s.l.)
go| CLAY  SAND

< < 8 LAYER 3 LAYER
75 SCHEME SCHEME

Fig. 3. Vertical distribution of grain d10 (synthesized well RB-
16 location data), and switch from 8 to 3 layers.

Even though it is generally deemed that radial well
screens are horizontal, that does not apply to well RB-
16. Two of the four screens had a vertical bend, espe-
cially Lateral 1, whose curvature towards the ground
surface was slightly less than 6 m.

Calibration of the model of the extended area of well
RB-16 was based on well pumping tests. Datasets from
three tests, conducted on 7 October 2007, 24 March
2011, and 22 July 2013, were used in the case study.
The first test was undertaken immediately upon instal-
lation of new screens (the old screens were shut-off).

Groundwater model of well RB-16

Based on the hydrogeologic model, a hydrodynamic
model of the groundwater flow on the location of well
RB-16 was constructed. This model included schema-
tized layers of the alluvial complex of the Sava River.
The dominant directions of groundwater flow are from
the Sava River, Lake Sava, and New Belgrade. The
model output came via the wells within the model.

The model boundaries were defined on the basis of
the analyzed flow pattern in this part of the groundwa-
ter source. The neighboring wells (RB-15, RB-16-1,
RB-35), a segment of the Sava River, and a part of La-
ke Sava were also included in the model. Ground-
water inflow from New Belgrade was the boundary on
the left bank of the Sava River (Fig. 4).

Well RB-16 was modeled using actual data, includ-
ing its (impervious) caisson and horizontal screens,
whereas the other wells were tube wells, of the corre-
sponding equivalent diameter.

The river and the lake were specified in the model
based on their previously measured cross-sections.

Geol. an. Balk. poluos., 2018, 79 (1), 31-45.

Fig. 4. Model contours and boundary conditions.

The software interpolated the intervals between the
cross-sections, to produce a continuous river channel
(whose geometry and filtration properties can vary).

The hydraulic conductivity of the colmated riverbed
was specified at each cross-section inflection point.
This boundary condition is specific in that the program
recognizes the river width between banks, depending
on the specified river stage. The width of the river was
constrained by levees, or the maximum stage contour.

The existing observation wells were used as control
points in groundwater level calculations for model
calibration. The pair of piezometers above and below
the semi-permeable interlayer is very important, in
this specific case also for properly defining the well
discharge capacity. The pair’s piezometric head differ-
ence is a function of well discharge and uniquely de-
termines the filtration parameters of the interlayer,
which were derived from calibration. It would have
been very useful to have piezometers in the water-
bearing layer immediately below the riverbed but,
unfortunately, that was not the case. Otherwise, it
would be possible to come up with much better inputs
for the quantification of riverbed conductivity.

Where there is a semi-permeable interlayer that
constitutes a hydraulic barrier for groundwater flow to
the well, it is extremely important and useful to have
pairs of piezometers both close and at some distance
from the well.

Model calibration — calculation results

Calibration of the model of the well RB-16 location
was a huge and complex task, which involved several
steps.

Datasets from three pumping tests (2007, 2011, and
2013) were used for calibration. The model was cali-
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brated for the simulation of each test. The results were
compared and analyzed. Finally, the 2011 test model
was selected and, after minor boundary condition
adjustments, the calculations were repeated for the
other tests. This procedure was followed for both
hydrogeologic model options: three and eight schema-
tized layers.

At the end, a representative model of the well RB-16
location was adopted.

The simulation of well RB-16 tests provided the
variation in horizontal screen conductivity over time
(Fig. 5a). The conductivity parameter was K/d (K is
the hydraulic conductivity of the clogged layer along
the edge of the screen (m/s), and d is the adopted rep-
resentative (unit) thickness, (m)). Figure 5b shows the
variation in local hydraulic resistance, LHR, of the
screen, based on information on all the tests, using
data on well RB-16 and the so-called “close” piezo-
meter (DIMKIC et al., 2011a, 2011b, 2011c; DIMKIC &
Pusic, 2014).

The calculation results from both procedures yield-
ed qualitatively similar results and corroborated well
ageing due to biochemical incrustation.

1
0.1 - L &

0.01 -

K/d (1/s)

0.001 _ —
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L 2
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parameters. The representative, average values of fil-
tration parameters of the porous medium and riverbed
conductivity in the case of the three-layer model are
shown in Table 1.

Table 1. Model calibration results, average values of filtration
parameters of schematized layers, riverbed, and lakebed.

Ko (/s) | K, (m/s) | S(m™) | Sy(-)
Laycr 1 3.35E-04 | 2.37E-06 | 7.E-05 | 1.5E-01
Laycer2 4.46E-04 | 3.00E-07 | 7.E-05 |7.0E-02
[aycr 3 6.65E-04 | 6.65E-04 | 7.E-05 | 1.2E-01
K/d (17s)
Sava River | 4.00E-07
[Lake Sava | 3.00E-07

Representative characteristics were also obtained
for the Sava River and Lake Sava.

The effect of the interbed on groundwater flow was
manifested through the piezometric head difference

LE+05
£ o ¢
£ LE+4 . .,0 *
z o |
= @
&
1L.E+03

2006 2008 2010 2012 2014 2016

Year

Fig. 5. a) Decrease in conductivity (K/d) of radial well screens, based on model simulation of selected pumping tests; b) increase in local
hydraulic resistance (LHR) of the screens, based on analysis of all available pumping test data, via the so-called “close” piezometer.

Analysis and quantification of the components of
groundwater flow to the well are important for assess-
ing the effect of individual boundary conditions
(recharge zones) on well discharge capacity and, indi-
rectly, well water quality. Model tests revealed that
the discharge capacity of well RB-16 was the sum of
inflows from the Sava River (95%), Lake Sava (4%)),
and New Belgrade (1%). These proportions resulted
from the simulation of the 2011 pumping test (similar
results were obtained for different conditions).

Filtration parameters of the schematized layers we-
re another outcome of model calibration. It was obvi-
ous that the schematized layers were a result of the
synthesis of the geometry and filtration characteristics
of corresponding real sediments, such that there was
certain heterogeneity in plan view and anisotropy of

between the upper and lower water-bearing layers.
The conclusion was that it is extremely important for
the discharge capacity of the well, and the location as
a whole, to determine the hydrogeologic characteris-
tics of the interbed (position, spread, thickness, filtra-
tion parameters). Figure 6 shows the piezometric head
difference between the upper and lower water-bearing
layers, as a result of the presence of the schematized
continuous interbed, under the operating conditions of
well RB-16.

Analysis of the discharge capacity of well RB-16
In order to predict the achievable discharge capaci-

ty of a new or reconstructed wall, the design needs to
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Fig. 6. Piezometric head difference between the lower and upper
layers (interbed floor and roof).

be based on the quantification of discharge under rel-
evant conditions and an analysis of drivers (parame-
ters). Of interest here is the determination of zones
with different intensities of groundwater flow to the
well. Depending on the specific case and as needed,
these zones can be treated differently in terms of pur-
pose.

Figure 7 shows the determined sizes of the zones of
well RB-16. The lines delineate areas that contribute a
certain percentage of the flow to the well. In the pres-
ent case study, the basis was the calculation of unit
vertical fluxes through the semi-permeable interbed.

LEGEND
—— Model boundary

—— Contour 90% (88 L/s)

Contour 75% (66 L/s)
—— Contour 43% (38 L/s)
—— Contour 18% (16 L/s)

Fig. 7. Percent contributions of different zones to well discharge.

The time the groundwater takes to travel through
the interbed can be calculated on the basis of the ver-
tical flow velocity distribution and interbed thickness.
Figure 8 shows the results of such calculations. The

Geol. an. Balk. poluos., 2018, 79 (1), 31-45.

first, roughly estimated average travel time through
the interbed was 12 months (75% contour in Fig. 7,
interbed thickness 4 m). Understandably, the travel
time was much shorter within the zone of the horizon-
tal screens (about 100 days for the 18% contour in
Fig. 7, interbed thickness 3.5 m).

Fig. 8. Time zones of groundwater travel through the semi-perme-
able interbed (in months).

Model tests can also provide unit discharge capaci-
ties of the horizontal screens, as well as the distribu-
tion of entrance velocities along the screens. Figure 9
shows the results of calculations for a specified water
level in the well caisson of 55 m above sea level
(a.s.l.), corresponding to a discharge of 98.5 L/s. It is
apparent that the discharge of Lateral 1 is low; it
bends in the vertical direction (about 6 m). This hori-
zontal screen penetrates the interbed and reaches the
water-bearing layer above it. The low discharge can
be attributed to the fact that this screen is rather
encrusted, according to an underwater video.

The total capacity of a well location can be deter-
mined based on the calibrated model and set criteria
(water level maintained inside and outside the well
caisson). If the groundwater level is specified in the
interval from 52 to 55 m a.s.l. and the water level in
the well caisson at 5 m above the horizontal screens,
the maximum discharge capacity of well RB-16 will
be in the interval from 120 to 150 L/s.

Effect of riverbed conductivity

Riverbed conductivity is a key driver of the dis-
charge capacity of a well and location. The colmating
layer of the river varies over both space and time. It
depends on the river discharge regime and the domi-
nant type of groundwater flow. It is especially impor-
tant where the operation of a bank-filtration type well
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RB-16 (H =55 m.asl, Q. =98.5L/s)
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Fig. 9. Discharge capacities of individual horizontal screens and distribution of entrance velocities along the screens of well RB-16
(water level in the well caisson maintained at 55 m above sea level, Q = 98.5 L/s)

imposes one-way groundwater flow — constantly from Figure 10a shows the results of calculations that

the river to the aquifer. involve the river, from the calibrated model (three-
Figure 10 illustrates to what extend riverbed con- layer scheme, 2011 pumping test).

ductivity can affect the flow pattern and the well dis- In Fig. 10b the hydraulic conductivity of the river-

charge capacity. Black denotes the vadose zone. bed is lower by a factor of 10. The changes are obvi-

Fig. 10. Separation of the water table from the riverbed, at reduced riverbed conductivity. a) Sava=1.5x10-7 m/s; QRB-16 = 98.5 L/s; b)
Sava=1.5x10-8 m/s; QRB-16 = 28 L/s; ¢) Sava=1.5x10"% m/s; QRB-16 =1 L/s.
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ous, in terms of both flow pattern and well discharge
capacity, which is lower by a factor of more than three.

Figure 10c shows the results of calculations for a
riverbed conductivity decreased by a factor of 100. The
outcome is dramatic — the river is virtually detached
from the groundwater hydraulically (“perched” above
it), and infiltration from the river is negligible. The well
is dry! If this should actually occur (though unlikely),
the well would receive water from beyond the left and
right banks of the river, but the quantity would certain-
ly be small.

The above analysis shows that a realistic determi-
nation of riverbed conductivity is of major importance
for the quantification of the discharge capacity of the
location and the well itself.

The travel time from the river to the well under
“normal”, calibrated model conditions differs, de-
pending on the path of travel, but is not shorter than
two years. The travel time through only the upper
water-bearing layer is of the order of 500 days, such
that the shortest travel time through the semi-perme-
able interbed is about 200 days. Inherent in this fact is
the answer to the question why the well water quality
is consistently high, despite the variation in river
water quality over time.

Effect of the semi-permeable interbed

In the case of well RB-16, the semi-permeable
interbed causes vertical groundwater filtration from
the upper to the lower (tapped) water-bearing layer. Its
filtration properties can be so poor as to prevent the
flow of water to the well. On the other hand, the inter-
bed is extremely important for the conservation of
high well-water quality. Slow and prolonged filtration
facilitates complex biochemical processes, which ref-
lect the self-purification potential of the aquifer.

Fig. 11. Piezometric head difference between the lower and upper
layers (interbed floor and roof), at reduced interbed conductivity
(Ko = 1x1072 m/s m/s).
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Figure 11 shows the piezometric head difference
between the interbed floor and roof when the vertical
conductivity is K,,,, = 1x10-2 m/s. The difference in
the near-well region can be even greater than 10 m,
which is about three times more than under real con-
ditions (Fig. 6).

The discharge of the well has dropped to a third of
the realistic discharge (34 L/s vs. 98 L/s), at the mini-
mal water level in the well caisson (H = 55 m a.s.l.).
Under these conditions, the entire amount of the water
in the well comes from the overbank area.

This is another illustration of the need for more
pairs of piezometers, to track hydraulic losses through
the semi-permeable interbed.

Rate of well ageing

In radial well design, sizing of the discharge capac-
ity is not only a matter of initial permissible screen
entrance velocities, but also of sustainable operation,
which implies technically and economically viable
service over a prolonged period of time.

The authors of this paper have for years been study-
ing the conditions and well ageing processes at BGS
(about 100 horizontal collector wells). A correlation
has been established between well ageing and the bio-
chemical properties of the groundwater. Based on
maintenance practices and rehabilitation scheduling,
the design rate of increase in local hydraulic resist-
ance (LHR) is 0.35 m/year. This criterion determines
the maximum permissible screen entrance velocities,
depending on the redox potential (E/) and concentra-
tion of bivalent iron (Fe?") in the groundwater (Fig.
12).

In the specific case, this means that the well dis-
charge capacity that fulfills these criteria, guarantees a
maximum increase in the local drawdown of about 3.5
m over 10 years, which is the preferred maintenance
interval between two well rehabilitations.

The average groundwater parameters of well RB-16
are: Eh ~ 137 mV and Fe?" = 0.6 mg/L, which, accord-
ing to Fig. 20, correspond to a maximum allowable
entrance velocity of v = 3.15x10-4 m/s relative to Eh
and v="7.5x10-4 m/s relative to Fe’". Considering the
total length of the horizontal screens (four, diameter
0.4 m) of 240 m, the resulting discharge capacities of
this well are Q = 94 L/s and Q = 226 L/s. Obviously
the more stringent criterion needs to be fulfilled. If the
well had six screens, it would be reasonable to expect
a sustainable long-term discharge capacity of about
110 L/s.

Taking into account the maximum entrance veloci-
ty criteria and the maximum capacity of the location,
eight horizontal screens would ensure long-term oper-
ation of the well at a capacity of 120 — 130 L/s. Based
on these technical guidelines, the preferred solution
becomes a matter of economics.
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Fig. 12. Permissible horizontal screen entrance velocities as a function of Eh and Fe2*.

Discussion and conclusions

When plans are made to build a well or improve the
capacity of an existing well, there is a series of issues
that need to be addressed in as precise a manner as
possible.

There are several important reasons for using radi-
al collector wells in alluvial aquifers of relatively
large rivers to provide public water supply, generally
for big agglomerations. These reasons are:

— Tapping of the most permeable alluvial strata
(usually lower sediments);

— Utilization of the purification potential of semi-
permeable interbeds; this potential can be harnessed
more effectively by radial collector wells than tube
wells;

— Easier groundwater source management due to
high capacities of individual wells, such that fewer
wells, pumps, etc. are needed.

Biochemical incrustation of wells tends to occur in
anoxic alluvial aquifers, where there are sufficient
amounts of iron. The correlation between the rate of
increase in hydraulic resistance at horizontal screens
and biochemical parameters (incrustation indicators
Eh and Fe?") has already been discussed by the authors
of this paper (in DiMKIC et al., 2011a, 2011b, 2011c,
DivKIC & PuSIC, 2014). The correlation yields a max-
imum permissible horizontal screen entrance velocity
function, depending on the considered indicator:

Voerm =/ (F€2); Vperm = f (Eh). (®)

The procedure presented here generally comprised
four stages:

Stage 1: Monitoring of well-water quality and defini-
tion of biochemical conditions and rate of LHR increase.

Stage 2: Definition of the capacity of well RB-16
(in terms of its groundwater withdrawal potential),
based on monitoring of its operation and changes in
piezometric head in observation wells above and be-
low the semi-permeable interbed. The horizontal scre-
ens of the considered well are below this interbed. The
parameters relevant to the determination of the capa-
city of the location are: permeability of the aquifer
strata, permeability and thickness of the semi-perme-
able interbed, quality of the hydraulic link between
the river and the aquifer, and LHR at horizontal
screens. A minimal but sufficient network of piezome-
ters was available for achieving this objective.

Original software was used to create a 3D hydraulic
model of groundwater flow. Its additional features in-
clude excellent modeling of links between rivers and
aquifers, as well as horizontal screens and aquifers
(Biolrc and Jaroslav Cerni Institute, 2014; DIMKIC et
al., 2007a, 2010; VIDOVIC et al., 2014).

Stage 3: Determination of critical velocities, de-
pending on biochemical parameters. Under anoxic
conditions, these velocities are lower or much lower
than those derived from the aquifer’s filtration charac-
teristics in the region around the horizontal screens.
The determination of critical velocities via biochemi-
cal parameters allows the capacity and number of hor-
izontal screens to be defined in a way that prolongs
their life cycle and reduces maintenance costs.

The confirmation and/or improvement of the pre-
sented relations, and the definition of the roles of indi-
vidual species of iron bacteria in the well incrustation
process, are challenging from a scientific perspective.
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Stage 4: Monitoring of the operation of the well fol-
lowing rehabilitation or reconstruction (emplacement
of new horizontal screens).

BGS is comprised of 99 radial wells and about 50
tube wells. The decline in source capacity, due to iron
incrustation, has been substantial — about 200 L/s per
year. The proposed method, along with appropriate
monitoring, allows considerable well maintenance
cost cuts and the selection of best locations for new
wells. The method is believed to be a significant con-
tributor to the engineering practice and calls for fur-
ther scientific study.

Natural setting

Urban agglomerations around rivers generally rely
on riparian water supply sources (bank filtration).
Well screens are located in the lower part of the water-
bearing complex, which is usually the best to be tap-
ped. The hydraulic contact with the river and the fil-
tration parameters of the aquifer are of primary impor-
tance. Alluvial sediments, from which groundwater is
often abstracted, are characterized by sudden alterna-
tion of coarse- and fine-grain strata. Semi-permeable
interbeds and lenses hinder groundwater flow to a well
and limit its capacity. However, a prolonged ground-
water travel time has a positive effect on groundwater
quality transformation processes and the natural self-
purification potential.

Well RB-16, which is the object of the present case
study, relies on bank filtration. Within the aquifer sys-
tem, above the horizontal screens, there are several
semi-permeable interbeds.

In order to determine the optimal discharge capaci-
ty of a well (from a technoeconomic perspective), the
discharge capacity of both the extended location and
the well itself needs to be analyzed. It should be noted
that well RB-16 is surrounded by other wells of the
same groundwater source. The effect of the extent of
riverbed colmation and the filtration parameters of the
interbed were assessed, using a hydrodynamic model
of the groundwater in the pertinent part of the ground-
water source.

The number and distribution of observation wells
from which data were used to calibrate the model gov-
erned the schematization of the aquifer system as a
three-layer medium, with a single schematized inter-
bed. This was a result of the presence of a pair of
piezometers that registered water levels above and
below the series of semi-permeable interbeds. It was
noted that a suitable (larger) number of pairs of obser-
vation wells would be very useful for this type of
analysis.

Based on the calibrated model, the conclusion was
that the conductivity of the riverbed was of the order
of 1.5x10-7 m/s. Any decrease in conductivity direct-
ly impacted the capacity of the location. A decrease by
a factor of 100 resulted in total hydraulic separation of
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the water table from the riverbed. Groundwater flow
from the river to the aquifer was solely a function of
the river stage and filtration parameters of the aquifer.

The conductivity of the semi-permeable interbed
was analogous. In the case of well RB-16, while in
service, it is not realistic (but in principle possible) for
the piezometric level of the lower water-bearing stra-
tum to drop below its roof and create a vadose zone
near the horizontal screens. This would certainly have
a considerable impact on the discharge capacity of the
well, in particular the biochemical processes that take
place in the groundwater.

Well ageing

Well ageing is a technoeconomic challenge because
it affects well longevity and maintenance costs. Scre-
en entrance velocities, which determine the discharge
capacity of the well, need to also guarantee a pre-
defined rate of well ageing (or the rate of discharge
capacity decline). The initial water level maintained
inside the well caisson, which ensures enough (pre-
set) time before the next rehabilitation of the well, is
defined accordingly.

A maximum permissible screen entrance velocity
of v =3x10-4 m/s was specified for the average age-
ing indicators of well RB-16 (Eh and Fe?"); as the
current number of screens is four, the resulting dis-
charge capacity of the well is Q = 72 L/s. Given such
a design and maintenance concept, any increase in
discharge capacity needs to be sought in a larger num-
ber of screens. If the well had six screens, it would be
reasonable to expect a sustainable long-term capacity
of about 110 L/s.

In closing, the significance of this research lies in
the simultaneous determination of the hydraulic ca-
pacity of the location of a radial collector well and the
critical groundwater flow velocities to the horizontal
screens. The discharge capacities of the location and
the well were determined using a specially developed
and highly sophisticated 3D model. The maximum
permissible screen entrance velocities were estab-
lished on the basis of the relevant biochemical rela-
tionship v,,.,,, = f (Fe**, Eh).

The approach outlined above is highly relevant to
anoxic alluvial water supply sources, such as Belgra-
de Groundwater Source. The way the relationship
Voerm = f (Fe2t, Eh) is included in the analysis is
shown here for the first time.
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Pezume

HoBu npuHuun gepuHucama ejieMeHara
paaujajaHux OyHapa y aHOKCHYHUM
YCJI0BHMA

VY pany ce mo mpBH YT MpHKa3yje IpUMeHa HOBE
MeTozie 3a e(huHUCamke CKIIOHOCTH OyHapa KOJIMHpa-
By Tallo3uMa TBoXkha y W3aHu, aHOKCHYHUX YCIIOBA.
Ha ocHoBy yTBpheHe Besze maMel)y KHHETHKE KOJIMHU-
pama OyHapa, pefloKkC MOTeHIIjallaa, caapikaja TBOXK-
ha y Bomu u yna3Hux Op3uHa y ApeHoBe OyHapa, yTBp-
hene cy MakcMMaHO JT03BOJhEHE Op3WHE, a 3aTHUM H
KamaryreT JpeHoBa 1 OyHapa.

[locraBsbeH je ycioB na XUAPYIUYKA OTHOPH, H3a-
3BaHU TaJIOXKEHEM rBoxkha Ha punrTprMa ApeHoBa, Oy-
Iy MamwH off 3aaaTnx. Besa m3mel)y makcumanHo m0-
3BOJBEHUX Op3WHA yllacKa TOI3EMHHX BOJA Y JIPEHOBE
Oynapa (Op3uHe Koje jorr oMmoryhyjy Aa mopacT JIoKaj-
HUX XUIPAYJTUIKAX OTIIOpa HA yiasy y IpeH Oyiy Mame
01 3aaThX) U OHOXeMHjCKUX MHAnKatopa (Eh, Fe?"),
Mpey3eTa je U3 MPETXOHUX PajIoBa ayTopa OBOT YJIaH-
Ka ca capaJHUIMMA. XUApaylIndKa aHaIn3a TOTEeHIT-
jamHOT Kamarmrera Jokanuje OyHapa Pb-16 je pahena
OpUTHHAIHNAM co(hTBepOoM, Koju omoryhagsa 3/ ananmmzy
ca rpaHAYHAM YCIIOBAMA, TIPHJIArol)eHUM 3a OBY CBPXY.

VY pany cy mpukazaHu pe3yaTaru cTynvje Tekyhe n
MOTEHIMjaJTHe eKCIUToaTalyje MoA3eMHUX Bojia OyHa-
poM ca xopu3oHTaHUM japeHoBuMa Pb-16. Bynap je
JIONIMPaH Ha U3BOPHIITY 32 CHAOJeBamhe BOAOM Ipaja
beorpana, y amyBujanauMm ceamMeHnTuMa peke Case.
Pan je cremuduyan, jep ce mo mpBH MyT MpHKaszyje
MoCTynaxk oxpehuBama OCHOBHUX €lIeMeHaTa 3a Tpo-
IIeHy CTama JPEHOBA W/MIU 0OHOBE OyHapa, YTHCKH-
Bake€M HOBHIX JPEHOBA. Y3WMajy ce y 003up Omoxe-
MHJCKH TTapaMeTpH TOA3EMHHUX BOJA, KOjU yTUYY Ha
Op3uHy KOJIMHUpama TaIo3uMa rBoxkha:

Vdozv = Vdozv (F e2+)
Vdozv = Vdozv (Eh)

MaxkcumaltHO 103BOJbeHE Op3UHE (V4,,, ), KOj€ 00e3-
oelyjy 3amary (03BOJbEHY) KHHETHKY IopacTa Jio-
KaJTHUX XUJIPAYIUYKHX OTIIOpa Ha JPCHOBHMA OyHa-
pa, 1o TIpBH MyT ¢y AeduHHcann pagoBuMa Dimkic et
al. (2011a, 2011b, 2011c), Dimki¢ & Pusi¢ (2014).
[IpukazaHa je mpuUMeHa KOMITJIEKCHE METOIOJIOTH]e
KojoM ce oapehyjy:

- eKCIUIOATAI[OHK KamalUTeT JIOKAIWje U Camor
OyHapa,

- KOHCTPYKTHBHU elleMeHTH OyHapa (0poj ApeHoBa,
yrma3He Op3uHe), mojazehm om KapakTepUCTUIHHX
OMOXEMUjCKUX OJIJTNKA aHOKCUYHE M3/IaHH.
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[TpuMeHa 0BaKBOT, HOBOT TIPUCTYTIA MPOjCKTOBAY
OyHapa UMa 3HaTaH yTHIIA] HA Tpajamke OyHapa ca Xo-
PHU30HTAIUM JPEHOBMMAa M YOIIITE, HA CKOHOMH-
YHOCT BUXOBOT paja. OBaj MPUHIIMI Y OCHOBH Tpeba
Jla BaXXH U 3a ApyTre THUIOBE BOJ03aXBaTHUX O0jexara
(Ha mpumep , 3a 1ieBacTe OyHape).

VY pany cy 1até OKBUPHH MPUHIIMITA HA OCHOBY KO-
jux je m3paheH codTBep 3a pemaBame uU3pasuTo 3/[
mpobiemMa cTpyjarma MoJ3eMHUX BoJia, KAKBO CE jaBJba
y HernocpenHoj Omm3uan OyHapa. Takohe cy mpukasa-
HU pe3ylITaTH BepuuKaIje mpopadyHa cTpyjama Ka
OyHapy. OCHOBHH MapaMeTpH KOju yTU4y Ha Kamallu-
TEeT JIoKarje OyHapa cy: pajl OcTajor jeia U3BOpH-
ITa, MPOMYCHOCT PEYHOT JIHA, XHPOTEOJIONIKE OJTH-

Ke u37aHd. Y TBphEH je KamanuTeT JIoKanuje OyHapa y
n3Hocy on 120 o 150 L/s. Ha ocHOBY OmoxemujcKkux
nmapameTapa, yTBpheHe cy MakCHMallHO JO3BOJbEHE
ynazHe Op3vHe, Kao W KamaluTeTH TI0jeAMHAYHUX
npeHoBa. Pesynrar aHanmm3e ykasyje Ha ONTHMallHE
IJ1aBHE KOHCTPYKTHBHE KapakTeprucTrke OyHapa (6poj
Y KalanuTeT JIPEeHOBAa), KOje Ce MOTY YCKJIaJWUTH ca
TEXHUYKHM ¥ EKOHOMCKHM YCJIOBHMa pellaBamba
W3BOPHINTA Y IIETHHH.

CmarpaMo 1a je TpHWKa3 OBOT paja 3HadajaH 3a
WHXEHkepe U HaydHUKe, KOju ce 0aBe XHIpayTHuKOM H
mporiecumMa Ha OyHapuma, rmocebHO MMajyhu y BUIy
OHE Y aHOKCHYHHM YCJIOBHMa, U3JI0KEHE KOJIMUPAY
Tajmo3uMa rBoxha.
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