T'EOIOKN AHANU BAJIKAHCKOTA TTOJTYOCTPBA 77 3342 Beorrafn, nenem6ap 2016
ANNALES GEOLOGIQUES DE LA PENINSULE BALKANIQUE BELGRADE, December 2016

DOI: 10.2298/GABP1677033P

Hydraulic characterization of laterals as applied to selected
radial collector wells at Belgrade Groundwater Source
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Abstract: The paper examines the possibility of hydraulic characterization of radial well laterals in a man-
ner that does not require prior hydrodynamic analysis by simulating groundwater extraction conditions on a
numerical model. The first step of the proposed approach is to assess the groundwater level regime formed in
the capture zone when the well is operating, which is indicative of the functional condition of the laterals and
the aquifer potential in terms of groundwater availability. Then the efficiency of the laterals is examined
through the hydraulic function of the skin zone, depending on its filtration properties. An expression for
groundwater flow from the aquifer to the laterals (commonly used to simulate laterals on a hydrodynamic
model) is employed to define representative values of the conductance coefficient of the skin zone (as an indi-
cator of colmation), and then applied to several wells at Belgrade Groundwater Source. The present research
shows that a conductance coefficient of [K/d]=1.0x10-4 s~ can be considered as the threshold value in rela-
tion to which the effects of colmation of well laterals are exhibited, which is consistent with the results report-
ed by researchers who studied the effect of skin zone conductance on the occurrence and nature of the
so—called early drawdown at radial collector wells. In addition to gaining insight into the present condition of
the laterals, the proposed approach can be used to study the progress of colmation at different points in time
and to quantify the effectiveness of regeneration of laterals.
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AncrpakT: Linis paza je canenaBambe MOryhHOCTH e(HHHCaRma XUIPAYTHIKUX KapaKTepHCTHKA IPEHOBA
Ha HauMH KOjHU He MMoApa3yMeBa MPETXOAHY U3paay XUIPOANHAMHYKE aHAJIN3e CHMYIIAINjOM YCIOBa EKCILI0a-
Talldje MOA3EMHUX BOJa Ha HyMEPHYKOM Mozery. [IpBu Kopak y MpemioKeHOM MPUCTYIY Hpe/cTaBiba aHa-
JM3a peKMMa HUBOA TTOJ36MHHX BOJIa KOjU ce (popMHUpa Y HEIOCPEIHOj 30HH U MO yTHIajeM paja OyHapa, a
KOjH yKa3yje Ha ()YHKIIMOHAJHO CTame IPSHOBA U IIOTEHIM]al BOMOHOCHE CPEIUHE Y TIOIVIEAY PACIIOIOKUBUX
KOJIMYMHA ITOA3EMHHX BOJa. Y HACTaBKy Ce aHaJIM3Upa e(hUKACHOCT JIPEHOBA NPEKO XUApayIndke (yHKIHje
npuduiITepcKe 30He, Y 3aBUCHOCTH O]l HheHHX (PHIITPAlMOHHX cBojcTaBa. [Ipeko m3pasa 3a J0THIAj BOJE U3
W3aHU Y IpeHOBe (KOjUM ce Hajuermhe CHMYITHpajy APSHOBH HA XUAPOANHAMUYKIM MOJCTNMA), TehuHICaHe
CY penpe3eHTaTHBHE BPESAHOCTH KOS(HUIMjEHTa MPOITYCHOCTH MpU(UITEpCKe 30He (Kao MoKa3aTeba BIXOBE
KOJIMAPAHOCTH) Ha MPUMEPY BUIIE aHAJIM3UpaHUX OyHapa OSorpaJCcKor M3BOPHINTA MOA3EMHHUX Boxa. Cripo-
BEJIEHO NCTPAKNBARE yKasyje Jia Ce BPEAHOCT Koe(pHIMjeHTa POy cHOCTH ApeHoBa of [K,,+/d]=1,0x10-4 57!
MOXKE CMaTpaTé TPaHHYHOM BpeqHomhy y OIHOCY Ha KOjy Ce HCI0JbaBajy e(heKTH KOIMHUPAHOCTH JPEHOBA,
IITO je Y CAaIaCHOCTH Ca Pe3yATaTuMa HCTPaKHBamba ayTopa KOjH Cy HCIUTUBAIN YTHIA] IPOITYCHOCTH TIPH-
(unTepcke 30He Ha MOjaBy M KapakTep T3B. PAHOT CHIDKEHa KOJI XOPU30HTAIHHX OyHapa. OCHM yro3HaBama
AKTYeJTHOT CTamba JPCHOBA, MPEICTAB/BEHHM IIPHCTYIIOM CE€ MOXKE MPAaTUTH HalpeJoBame Mporeca KO-
MHpamba JPEHOBA Yy Pa3IMYUTAM BPEMEHCKUM TPEHYIMMA, Ka0 M KBaHTH(HUKOBATH e(EeKTH pereHeparuje
JIPEHOBA.

Kibyuyne peun: OyHap ca XOPH3OHTAJIHUM JPEHOBUMA, PEXKHM HHBOA MOIA3EMHHX BOZa, NMPHUPHITEPCKaA
30Ha, KOSQHIHjEHT TPOITyCHOCTH JIPEHa.
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Introduction (present condition of the
wells and current extraction rate)

Belgrade Groundwater Source (BGWS, Fig. 1) is
currently comprised of 99 radial collector wells and
47 tube wells. The radial collector wells contribute
more than 90% to the BGWS output.

Well ageing is a process that has accompanied
groundwater extraction since the very beginning,
from the early 1950s (DIMKIC et al. 2011a, DIMKIC et
al. 2011b, PoLomcIcC 2000). Over time, the condition
of the laterals of the radial collector wells has deterio-
rated and reduced well discharge. The needed amount
of drinking water has been provided by continuous
lowering of the water level inside the well caissons
(i.e. by intensifying production). Occasional mechan-
ical regenerations of the laterals were undertaken in
an attempt to decelerate the discharge decline. In the
past decade, despite regenerations, a sustained down-
ward trend has been about 100 1/s per year.

BELGRADE
GROUNDWATER
SOURCE

~

SERBIA

Fig. 1. Geographic location of Belgrade Groundwater Source.

During a period of low flows of the Sava River
(from mid-July to mid-August 2015), the river stages
were generally below an elevation of 70 m above sea
level (at a Belgrade gauging station near the conflu-

ence of the Sava and the Danube), which is a stage of
95% exceedance probability. These hydrologic condi-
tions resulted in a record low rate of groundwater ex-
traction by the radial collector wells — only about 3 m3/s.
Consequently, the water levels inside the caissons
were extremely low and in the 96 active wells they
were 4.75 m above the laterals, on average. The great-
est drawdown was recorded in the caisson of well
RB-28, where the water column was only 1.0 m abo-
ve the laterals.

During the period of low flows of the Sava River,
the average discharge of the wells was about 30 I/s.
The discharge of 20% of the wells was less than 10 I/s
and that of another 20% greater than 60 1/s. The dis-
charge of only three wells was above 100 I/s.

The condition of the laterals is such that out of
about 800 laterals in place, one—third had been out of
commission for a relatively long time due to major
damage to the screen pipes and loss of the water cap-
ture function. One third of the laterals had been short-

Legend:
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ened, damaged, filled with material from the near-
screen zone and vertically displaced. As a result, the
length of only one third of all the laterals is close to
the initial length. The condition of these laterals was
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considered good, despite the fact that some of them
were colmated (i.e. clogged). The lowered capture ca-
pability had been addressed by regeneration.

The condition of the wells and the rate of ground-
water extraction, as described above, necessitate sys-
tematic rehabilitation of the BGWS wells, which
would need to include nearly half of the wells in the
immediate future. Objectively, 45 wells can be revi-
talized per year, such that rehabilitation would take an
entire decade. In the meantime, the condition of a
number of wells whose current discharge capacity is
above average would deteriorate and they, too, would
require replacement of laterals. As such, similar to
past regenerations, replacement of laterals might be-
come an ongoing activity in the future, to ensure a
consistent water supply.

Criteria for selecting wells
to be rehabilitated

The selection and ranking of “candidate” wells for
rehabilitation cannot be based solely on the current
condition of their laterals. The conclusion that the lat-
erals of a well are not functioning and that there is a
dramatic loss of discharge does not constitute a suffi-
cient basis for undertaking the design of the installa-
tion of new laterals and procuring the needed funding.

In addition to knowing the condition of a well, it is
essential to understand the main natural features and
aquifer recharge conditions in the capture zone. Only
such an approach is warranted for addressing the pres-
ent state of affairs at BGWS and selecting wells where
it would be justifiable, in technical and economic
terms, to emplace new laterals and ranking the wells
based on the expected increase in discharge capacity.

Even when a well is properly designed and built, if
the potential of the well site is modest, new laterals
will not bring about significant improvement in terms
of capacity increase (AQ in the design). Another well
will have to be revitalized to ensure a sufficient
amount of drinking water. In other words, even though
the money spent will only partially justify the out-
come, spending will have to be repeated (i.e. doubled).

Past rehabilitations of laterals at BGWS (six wells
in 2005-2009 and one well in early 2016) have shown
that this activity requires considerable funding and
that the spending per well is generally the same. In
view of the fact that the BGWS aquifer is highly het-
erogeneous in terms of groundwater availability at
different well sites, the outcomes of laterals replace-
ment can result in diverse well discharges (as corrob-
orated by experience).

BGWS well rehabilitation priority needs to be
given to the wells and sites with a high potential for
achieving significant discharge capacities. The appro-
ach is based on two objectives: (i) to first halt the
downward production trend (already quite alarming),

and (ii) to then increase and maintain the rate of
groundwater extraction at the needed level.

The most important information needed for well
rehabilitation design is as follows:

— Well: elevation of emplacement, number and con-
dition of active laterals; operational history and effec-
tiveness; operating water levels; and effects of any
past rehabilitations;

— Geologic framework and hydrogeological featu-
res: lithostratigraphic composition and grain—size dis-
tribution of the deposited clastic sediments; ground-
water flow characteristics; and geometry of riverbed
incision into the aquifer;

— Hydrodynamic conditions: quality of hydraulic
contact between the river and the aquifer; rates of re-
charge from the river and the hinterland; aquifer regi-
me; and local hydraulic losses at the lateral screens (ac-
cording to DIMKIC et al. 2011b, DIMKIC & PUSIC 2014);

— Hydrochemical and microbial composition of the
groundwater: iron and dissolved oxygen concentrations;
redox potential; and activity of certain bacterial species.

Such information is collected by means of various
types of investigations and analyses.

The amount of groundwater captured by a well is a
function of the permeability of the sediments (all li-
thostratigraphic layers in the vertical section of Qua-
ternary sediments, not only that or those in which the
laterals are installed), recharge conditions of the medi-
um through which groundwater flows under the influ-
ence of the operating well, technical characteristics,
the condition of the water—capturing parts of the well,
the operating mode, and the like.

Regardless of the current capacity of a radial col-
lector well, production causes the formation of a cer-
tain dynamic groundwater level in the zone of influ-
ence. The surface of the groundwater level in the cap-
ture zone is typically three-dimensional. Given the
present number and condition of the laterals, the
groundwater levels in the vicinity of BGWS wells
exhibit a distinct spatial irregularity.

Gauging of well discharge and water levels in the
caisson, ascertaining of the current condition of the la-
terals (by underwater video recording, including de-
termination of vertical displacement), analyses of the
chemical and microbial composition of a number of
parameters, and installation of 2-3 suitably located
piezometers, along with regular groundwater level mo-
nitoring, constitute an adequate scope of investigations
for gaining insight into the status of each well and the
potential of the well site. Once wells are selected in this
manner for the rehabilitation of laterals, subsequent
investigations (hydrodynamic simulation of regime
conditions monitored over a longer period of time) will
provide more detailed insight into pertinent conditions.

The approach outlined above improves the efficien-
cy of the investigations, as well as cost—effectiveness,
given that each activity of this type requires funding
which, in reality, is not always easy to procure. Uni-
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form BGWS coverage by these investigations is equ-
ally important, in view of the fact that the information
required for the rehabilitation design for some wells
has been available for years, while for others the litho-
logical composition of the setting or the piezometric
head is still unknown.

Assessment of the groundwater level
regime as a criterion for prioritizing well
rehabilitation

Assessment of the groundwater level regime pro-
vides needed information, for example, whether the
potential capacity of the well site is modest or consid-
erable and if the filtration characteristics of the wa-
ter—bearing medium are relatively unfavorable, sound
or very good. For a preliminary selection of wells, it
is not necessary to know whether a modest potential is
a result of the lithologic stratification, presence of se-
mi-permeable interbeds, anisotropy, reduced recharge
from the direction of the river, influence of neighbor-
ing wells, or the like. These details are explored
through subsequent investigations, in the well rehabil-
itation design phase (and after all the wells that have
a greater potential for achieving high discharge rates
have been revitalized). Or, to select the wells to be
rehabilitated, it is enough to know whether the laterals
are incrusted and, of so, to what extent. Subsequent
activities will determine whether the encrustations are
largely mechanical or biochemical in nature.

An integrated functional analysis of the radial col-
lector well and the water—bearing medium will consti-
tute a basis for:

— decision-making regarding the activities that need
to be undertaken to improve the condition of the well
and the entire groundwater source,

— ensuring that the selection allows for the consid-
erable funding needed to first be spent on wells where
high discharge rates are achievable, to halt the down-
ward production trend and provide proper water sup-
ply for Belgrade, and then tackle the other wells
where satisfactory and consistent discharges can be
achieved (in other words, reduce the risk of limited or
negative results),

— a preliminary but objective assessment of the
site/groundwater resource, and prediction of the effec-
tiveness of new laterals (post—rehabilitation discharge
capacity, assuming that the work is done properly), and

— defining local hydraulic resistances at the laterals,
as well as hydraulic characteristics of existing laterals
(skin zone).

Hydraulic characterization of laterals

The conductance coefficient of a lateral, or its resi-
stance coefficient, [K/d], is an extremely important

parameter for assessing operating conditions of a radi-
al collector well. It indicates the effectiveness of the
lateral and the extent of its hydraulic function (which
enables groundwater extraction), or if it is closed due
to colmation, improper emplacement or development,
or the characteristics of the screen pipe and gravel
pack (which actively hinder its function). In this
regard, the hydraulic role of the skin zone, or the
so—called skin effect (FENG & ZHAN 2016, YEH &
CHANG 2013, PAsANDI et al. 2008, YEH & YANG 2006,
BARRASH et al. 2006, Kawecki 2000), can either be
negative or positive.

The conductance coefficient of a lateral is obtained
by defining the filtration characteristics of the skin
zone (representative hydraulic conductivity), even
though it in essence reflects the extent of the hydraulic
resistances at the lateral screen and its skin zone.
Quantification of this parameter over time demon-
strates the progress of well ageing.

A precondition for defining the conductance coeffi-
cient of a lateral, as an indicator of its efficiency, is the
presence of a piezometer (with a short screen, up to 1
m, installed at the same depth as the lateral), which
should be located as close as possible to the lateral (at
a distance of up to 1 m). Clearly, piezometer bores
need to be drilled very carefully, so as not to damage
the lateral (as a rule, the horizontal displacement of a
lateral is unknown but reasonably assumed to exist).

It is desirable to perform measurements to determine
the capacities of individual laterals in operation (by
placing a current meter at the beginning of the lateral),
as this method can be used to determine the conduc-
tance coefficient for each of the active laterals of a radi-
al collector well. Otherwise, approximate capacities of
the laterals can be derived from the correlation between
well discharge and the number of functional laterals,
along with an analysis of the groundwater level as an
indicator of the rate of groundwater extraction.

If an adequate observation well is in place, the con-
ductance coefficient of a lateral can be determined
from the expression used for simulating the boundary
condition “radial well lateral” in contemporary hydro-
dynamic analyses, or by mathematical modeling of
groundwater flow under the influence of a radial col-
lector well (BozoviC et al. 2015, DIMKIC ef al. 2011c,
LEE et al. 2010, MOHAMED & RUSHTON 2006, BAKKER
et al. 2005, PARK & ZHAN 2002):

q = 2L [Ky/dgJ(Hyp — Hrw) [1]
where:
2rTCL =M and [KS/dS](HNP — HRW) =V

and where:

q is the flow to a single lateral (m3/s);

r is the flow to a single lateral (m3/s);

L is the actual or assumed length of the lateral (m);
Ky is the hydraulic conductivity of the skin zone (m/s);
d, is the thickness of the skin (colmated) zone (m);
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Hyp is the groundwater level at the neighboring piezo-
meter (m.a.s.l.);

Hgy is the water level in the caisson (m.a.s.l.);

o is the surface area of the screen pipe (m?); and

v entrance velocity to the lateral (or approach veloc-
ity; occurs at the contact/contour between the skin
zone and the screen (m/s)

Note: The approach velocity is Darcy’s velocity,
not the actual groundwater flow velocity in the ana-
lyzed zone adjacent to the screen. The actual ground-
water flow velocity in the skin zone (generally
assumed and calculated as the mean linear velocity),
is obtained from the relation of inflow rate into the lat-
eral and the porosity of the skin.

It is evident that hydraulic characterization of a lat-
eral involves defining of the hydrogeological function
of the skin zone, or the measure in which it acts as a

Radial Collector Well RB-7Tm

RB-7m/P-3

55.0 60.0 65.0 70.0

50.0

45.0

RB-7Tm/P-2

on account of infiltration of surface water, and whose
filtration properties are poorer than those of the aqui-
fer sediments with which they are in physical contact
(LEE et al 2010, SUN & ZHAN 2006, PoLoMmcCIC 2001).
As a result, the formation of a skin zone around the
laterals, whose filtration properties are poorer, as a
rule, has an adverse effect on the operation of the well.

Presented below is the definition of the conduc-
tance coefficients of the laterals of the representative
wells selected for analysis of characteristic groundwa-
ter level regimes in the BGWS well region, as well as
a comparison of the results to the outputs of detailed
hydrodynamic models (BoZovic et al. 2016).

The first example is well RB—7m (hydrogeological
cross-section in the vicinity of the well is presented in
figure 2), which has four open laterals whose condition
is rather poor (damaged screens filled with aquifer
material). They are also colmated, as evidenced by a

RB-7m/P-1

filter

Fig. 2. Hydrogeological cross-section in the vicinity of the well RB-7m.

barrier to the infiltration of groundwater from the aqu-
ifer into the lateral. According to Darcy’s law, the
intensity of groundwater exchange between the aqui-
fer and a lateral (of certain length and diameter), con-
trary to the difference in piezometric head between
the inside and the immediate outside of the lateral, is
a function of skin zone conductance. The piezometric
head difference along the way through the skin zone
can be defined as local drawdown, or local hydraulic
resistance (DIMKIC & Pusic 2014).

The hydraulic “origin” and function of the skin
zone sediments are analogous to those of the riverbed
deposits, which determine the rate of aquifer recharge

low discharge capacity, low/reduced operating water
level in the caisson and high groundwater level in the
zone of the laterals. The lateral which is practically fil-
led—up over its entire cross-section at the caisson wall
can be assumed not to take part in groundwater extrac-
tion. Based on groundwater level regime analysis, a
uniform drawdown at the piezometers in the well zone
suggests that the individual capacities of the laterals are
nearly the same. Their common feature — poor condi-
tion — supports the assumption of equivalent capacity.
Applying Eq. [1] to the regime conditions that exist-
ed on 27 February 2014, for example, when the gauged
capacity of the well was Q=20 /s (q=6.65 U/s), the
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water level in the caisson Hyy=55.88 m.a.s.l. and the
groundwater level at piezometer RB-7m/P-3 (located
between active laterals 1 and 2) at Hyp=68.15 m.a.s.1.,
assuming that the laterals had retained most of their
initial length, the resulting hydraulic conductance was
[K/d]=2.6x10-5 s~1. The value obtained in this man-
ner was similar to that derived by simulating ground-
water extraction conditions on a detailed hydrodynam-
ic model (Bozovic et al. 2016): [K/d]=2.5x10-3 s~1.

Given that in many cases it is not possible to deter-
mine the length of the laterals, their hydraulical-
ly—active lengths need to be assumed. This means that
calculations are based not only on an assumed capac-
ity of the lateral, but also its assumed length, which
increases the error of the results. In such a case it is
more reasonable to follow a different approach and
define the representative value of all active laterals via
the known capacity of the well, rather than for each of
the laterals. This approach is applicable only if the
piezometers record roughly equal dynamic groundwa-
ter levels of the aquifer. Therefore, Eq. [1] acquires
the form:

Q = 2rﬂ:Ltot [Kr.s/ ds](HNP - HRW) [2]

where ® becomes:  2rnL,, =

and where:

Q is the discharge capacity of the well (m3/s);

L, 1s the total length of active laterals (m);

K, , is the representative hydraulic conductivity of the
skin zone of the active laterals (m/s); and

Oy 1 the total capture surface of the active laterals
(m?).

The second example is well RB-42, which has been
exhibiting the effects of colmation in the past dozen
years, since the last rehabilitation of its laterals in
2004. Unfavorable hydrochemical conditions and the
production and maintenance history of this well indi-
cate that its capacity has steadily declined since it was
placed online. Given that the laterals were exposed to
incrustation, the effects of this phenomenon in terms of
a declining conductance coefficient of the skin zone
were analyzed at two points in time, three years apart.

At the beginning of November 2011, the water
level in the caisson was at Hpy=53.80 m.a.s.l., which
resulted in a discharge capacity of Q=21.6 I/s. Due to
operation in this mode, the groundwater level at
piezometer Prb-42-1 was at Hyp=62.23 m.a.s.l. The
total length of three laterals, which had retained most
of their initial lengths, was L, =125 m. Under such
conditions, the conductance coefficient of the laterals
(conductance of the skin or the coefficient of colma-
tion of the laterals), was [K, /d]=3.25x10-5 s~1.

Three years later, at the end of October 2014, the fol-
lowing was established: well discharge capacity
Q=13.6 l/s, water level in the caisson Hpy=55.49

m.a.s.l.,, groundwater level at piezometer Prb-42-1
Hyp=07.06 m.a.s.l., and the length of the laterals un-
changed. The capture capability of the laterals during
the analyzed period dropped to [K, /d]=1.50x10-> s~1.
As such, the change in the conductance coefficient of
the laterals corroborated that the discharge capacity of
the well declined as a result of colmation and, conse-
quently, the groundwater levels in the well zone rose.

This approach of comparing calculated values at two
points in time is also applicable to assessments of the
effectiveness of mechanical rehabilitation of laterals.

Hydraulic losses at the laterals are only one (time-
variable) part of the total losses during groundwater
flow influenced by the operation of a well (from the
contour at a certain distance from the well, where the
impact of production ceases, to the point of entry into
the screen pipe). Analyses of the groundwater level
regime in the zone of the BGWS well laterals showed
that if the filtration characteristics of the lateral skin
zone did not differ considerably from the representa-
tive hydraulic conductivity of the lithostratigraphic
layer in which the laterals were emplaced, the losses
in the skin zone had no major effect on the occurrence
of additional resistances and, as such, they had no
substantial effect on the operating conditions of the
well. This meant that the skin zone, as a thin layer
which hydraulically separates the lateral from the
water-bearing layer and whose conductance coeffi-
cient is lower, according to PARK & ZHAN (2002),
essentially did not exist. Such conditions are present
initially, after a successful mechanical regeneration of
old laterals, when the characteristics of the new later-
als are well suited to the porous medium, as well as in
the case of existing laterals with no visible signs of
incrustation.

PARK & ZHAN (2002) proposed a certain threshold
value, based on a sensitivity analysis of drawdown
(so—called early drawdown, immediately after the
well is placed online), depending on the conductance
coefficient of the skin zone on a hypothetical model.
Their research showed that at a hydraulic conductivi-
ty of the skin zone greater than [K/d ]=1,0x10-4 s71,
the skin effect may be disregarded.

To assess the performance of wells under real
BGWS conditions, it is important to determine
whether the said value is appropriate and if Eqgs. [1]
and [2] can be used to establish the hydraulic conduc-
tivity of the porous, water-bearing medium. Hydraulic
characterization of the laterals that are not (or not con-
siderably) exposed to colmation is presented using
wells RB-46 and RB-8m as examples.

The analysis of hydraulic characteristics of well
RB-46 was conducted under the conditions that exist-
ed in April 2012. The conditions were: well discharge
capacity Q=21.0 1/s, water level in the caisson
Hpw=55.22 m.a.s.l., groundwater level at piezometer
RB-46/P-1 (which registers the lowest levels) at
Hyp=59.94 m.a.s.l., and assumed length of the screen
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section of lateral No. 8 L=20 m. In these conditions, the
conductance coefficient of the studied lateral was
[K/d J=1.35x 104 s~1. It is similar to the value obtained
from hydrodynamic model tests: [K/d ]=1.25x 104 -1
(Bozovic et al. 2015). The representative hydraulic
conductivity of the layer in which the laterals are
emplaced in the zone of well RB-46 was calibrated on
the model to K=1.0x10-4 m/s.

The last example is well RB-8m. The water level in
the caisson has for years been maintained at about
53.20 m.a.s.l. (Fig. 3), meaning 4 m above the later-
als. It was evident that the operating water level in the
caisson was very low and that the well was under
stress. As a result, the achieved well discharge has
been 3540 /s (Fig. 4). After regeneration in January
2012, four open laterals remained. Underwater film-
ing revealed that the length of the screen pipes was
165 m (i.e. that the original length was retained). The
condition of the screens was found to be rather poor.

When the water level in the caisson was low, the
groundwater levels in the vicinity of the well, moni-
tored by three piezometers, were at different depths
(Fig. 3). Of course, the registered groundwater levels
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are a function of the distance between the piezometers
and the laterals, as are the capture rates of the laterals.

Figure 3 shows that at the end of 2012, as the stages
of the Sava River increased, the conditions were such
that the structural properties of the laterals were
affected to the extent that they could not withstand
them and collapsed. As expected, this reduced the dis-
charge capacity of the well, which has since been on
the decline. This was the reason for selecting October
2012 for the conductance coefficient analysis, given
that it was the last time the conditions were represen-
tative before the regime changed.

The piezometric head at observation well RB-
8m/P-1, which registered the lowest levels and which
was located adjacent to lateral No. 3, had fluctuated
over a long period of time between 55 and 56 m.a.s.1.
As a result of the ultimate phase of degradation of the
lateral, which began at the end of 2012, the groundwa-
ter level steadily rose (up to 62.5 m.a.s.L.).

Under the October 2012 conditions, the 2 m diffe-
rence between the water level at piezometer RB-8m/P-
1 and that in the caisson indicated that the lateral was
hydraulically open (i.e. not very colmated). Otherwise,
it would not have been able to
achieve such a large drawdown
relative to the quasi-static level
(about 12 m), and could not
have been a notable contributor
to the summary discharge of
the well. That the lateral was
not colmated was corroborated
by the fact that the piezometric
head at the well site had not
substantially changed (< 1 m),
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Fig. 3. Groundwater levels in the zone of well RB-8m.
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RB-8m/P-1 Hyp=55.30 m.a.s.l.,
length of screen section of lat-
eral #3 L=45.6 m, and dischar-
ge capacity of the lateral un-
known and therefore assumed.

The status at the other piezo-
meters was analyzed to esti-
mate the discharge capacity of
the lateral. The groundwater
level at piezometer RB-8m/P-
2, which is located adjacent to
the very edge of the river and
between open laterals #1 and
#2, indicated that their post-
regeneration discharge capaci-
ty had not considerably altered.
The groundwater level at pie-
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zometer RB-8m/P-3, located immediately beyond the
well caisson, indicated that it was the least affected by
production (recorded the highest levels).

For hydraulic characterization of lateral #3, it was
assumed that its contribution to the overall gauged
well discharge was q=15 1/s. The conductance coeffi-
cient of this lateral was therefore [K/d ]=2.6x 104 s71.

In view of the supposed discharge capacity of the lat-
eral, it was assumed that the representative hydraulic
conductivity of the medium in the well zone was not
greater than K=4.0x10-4 m/s. Otherwise, there could
not have been considerable lowering of the groundwa-
ter level, which was present on the contour of the later-
al as a result of groundwater filtration through the po-
rous medium of modest filtration characteristics.

Conclusions

The actual condition of the wells at Belgrade Gro-
undwater Source is such that the discharge capacity of
half of the radial collector wells can only be recovered
by installing new laterals and it is therefore extremely
important to prioritize the order of rehabilitation.

The groundwater level regime in the zone of the
well is an indicator of the functional condition of the
laterals and the potential of the water-bearing medium
in terms of groundwater resources. Analysis of the
regime is a prerequisite for gaining insight into the
condition of the laterals, by defining the hydraulic
function of the skin zone.

The results obtained using the proposed approach,
compared to the results of previous research on detail-
ed hydrodynamic models, indicate that the hydraulic
characteristics of the laterals can be quantified with a
degree of reliability sufficient to analyze and monitor
the actual condition to the wells, as well as to make a
preliminary selection of wells to be rehabilitated.

It was established that by defining the conductance
coefficients of the laterals at different points in time, it
is possible to monitor the progress of colmation, which
is a basis for predicting any further decline in capacity
or estimating conditions that will require maintenance
(e.g. regeneration of laterals). In addition, the value of
this parameter before and after regeneration can serve
as a suitable indicator for a quantitative assessment of
the effectiveness of regeneration.

The results showed that there was a good match
between the threshold value of the horizontal well
skin conductance of [K/d]=1.0x10 s~1, proposed
by PARK and ZHAN (2002), and coefficient of colma-
tion of laterals of the BGWS radial wells, and that it
can therefore be accepted. In cases where the conduc-
tance coefficient of the skin zone was less than the
declared value (e.g. wells RB-7m and RB-42), the
effects of incrustation were evident. Where the filtra-
tion properties of the skin zone were better than pro-
posed (e.g. wells RB-46 and RB-8m), their impact on

the operation of the wells and groundwater extraction
were practically negligible. In that case, the hydraulic
conductivity of the water-bearing medium (the lithos-
tratigraphic layer in which the laterals are emplaced)
can in principle be considered equivalent to the
hydraulic conductivity of the skin zone.

The obtained values need to be verified and the hy-
draulic efficiency of the laterals analyzed further in the
design of an optimal solution for the rehabilitation of the
laterals of the selected wells. This will be accompli-
shed by developing a detailed hydrodynamic model, to
verify or additionally calibrate the initial hydraulic con-
ductivity of the medium, estimated on a preliminary
basis via the hydraulic characteristics of non-colmated
laterals.
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Pe3nme

Jedpunucame XuapayanaKux
KAPAKTEPUCTHKA IPEHOBA HA PUMEPUMA
OyHapa 0eorpajackor Uu3BOpPHUINTA
MOA3eMHHUX BOJA

DYHKIIMOHAITHO CTakbe JIPEHOBA JaHAC UMa JIOMU-
HaHTaH YTHIA] Ha KamanmuteT OyHapa Oeorpaickor
W3BOPHUINTA MOA3eMHUX Boja. CTame PUITePCKUX Iie-
BU WM XHJPAyJHUKe KApPaKTEPHCTHKE NpUPUITEPCKE

30HE Cy OCHOBHH Pa3JIOr 3Ha4ajHOT CHIDKEH-a HUBOA Y
maxToBuMa OyHapa W CKpOMHHUX KaranuTeTa OyHapa.
Y3poK 0BaKBOT CTama je MPOIeC CTapema, KOju mpe/l-
CTaBJba I10jaBy KOja IMpaTy eKCIUIOATAIN]Y TIOA3EMHIX
BOZIa HA U3BOPHUILTY OJ] CAMOT TIOYETKA U3TPaIhe OBOT
TUTIA BOJO3aXBaTHUX 00jeKara, TOYeTKOM MeIeCceThX
TOJIMHA TIPOIILIOT BEKa.

ToxoMm BpeMeHa eKcIuioaTalyje, Ha Behnan OyHapa
ce, y Mamoj win Behoj Mepw, ofBHjalio MpoMaaame
IPEHOBa ycieq Kopo3uje (QUITepCKuX IeBH U Ono-
XEMHjCKOT KOJMHUpama JpeHoBa. [Ipom3Bomma Imo-
TpeOHMX KoMMYMHa MHjahnx Boma ce u Jake 00e30e-
hyje 3HauajHUM CHIKEFHeM HHUBOA BOJIE Y IIaXTOBHMA
(Tj. CBe WHTEH3UBHHUjUM PEKHMOM EKCIUIOATAIIH]e),
IITO TIO[pa3yMeBa yCIIOBE KOjU JOIPHHOCE Jajboj Je-
rpajalyji U UCKJbYYCHY JAPEHOBA U3 eKCIIoaTalje.

VY TmpoTekIioj NeneHHju, CMambemhe eKCIUIoaTalunje
MO/I3EMHHX BOJIA je MMAJIO KOHCTaHTaH TPEHJT OJ OKO
100 I/s romumime, ynpkoc Mepama perereparmje. Tpe-
HYTHO CTame je TaKBO Jia je MpocedaH KanamuTeT Oy-
Hapa ca XOpHU30HTAIHUM JIpeHoBuMa oko 30 /s, mox je
YKyIHa eKcIloaTanuja mpeko 96 akTuBHUX OyHapa
cBera oko 3 m3/s (Ha HUBOYy Ha KoM je Owmia mpe 45
TOIMHA).

OBakBoO cTame objeKkara W eKCIUIoaTaIyje moa3eM-
HHUX BOJA yKa3yje J1a jeé HEOIXOJHO NPHUCTYIUTH CH-
CTeMAaTCKOj caHallju OyHapa Ha OEOTrpajickoM H3BO-
pumry, kojom Ou Beh cama O6mia oOyxBaheHa TOTOBO
MIOJIOBMHA Off yKymHOT Opoja m3rpahenux OyHapa.
AnexBataH W300p W paHTHUpame OyHapa KOju Cy
KaHJUIaTH 33 CaHAIlMjy TPeICTaB/ba HajBAKHUJU yC-
JIOB 3a YCHEUIHO PEIlaBam-e MUTamka CTaba BOJ03axX-
BaTHHX o0Ojexara Ha WM3BOPUINTY W 00e30ehema cra-
OmIHOT BogmoCHabOMeBama beorpana.

be3 o03mpa Ha akTyenHM KamamureT OyHapa, eKc-
mioatanuja ce mManudecryje dopmupameMm onpehe-
HOT' JMHAMHYKOT HUBOA MTOA3EMHHX BOJA Y 30HH YTH-
naja. [loBpmmHa HUBOA MOM3EMHHMX BOAA Y 30HH
OyHapa ca XOpPH30HTAJHHM JIPEHOBUMA MMa IO TIpa-
BIWITy KapaKTepUCTHYaH TPOJMMEH3HOHAIAH H3IJIE.
W3 paznora akryenHor Opoja u cTama APEHOBA, Kao
XETEepPOTeHOT JINTOJIOMIKOT cacTaBa M (hUITparMOHUX
OJITMKA CeJMMEHaTa BOAOHOCHE CpPEeIVHE, HUBOU H3-
JaHU Y OKPYXKemy OyHapa 0eorpaicKor M3BOPHINTA
MMajy U3pa3nuTo MPOCTOPHO HENPABHIHE TOBPIINHE.

VYpaBo je pexuM HUBOA HM3IaHU y HETOCPEIHO]
30HU OyHapa WHAWKATUBAH IMOKa3aTesb MOTEHITHjana
BOZIOHOCHE CPEJIMHE Yy MOy PACIIONOKUBHUX KOJIH-
YHHA O/I3€MHUX BO/Ia. AHAJIM3a peKUMa HUBOA Yjel-
HO TIpEe[CTaBjba NPETXOTHH KOPaK Y YIO3HAaBambY
(hyHKIIMOHATHOT CTama JAPEHOBA, MPEKO JeGuHICcamba
KOe(UIIMjeHTa F’UXOBE MPOITYCHOCTH.

JeduHucameM BpeTHOCTH KOEDUIMjEHTa MPOITY-
CHOCTH C€ MOXKE carieaTH e(UKacHOCT APEHOBA, O1I-
HOCHO YTBPAUTH y KOjOj MEpPH Cy OHU XHIPAyTHYKH
(yHKIIMOHATHN (YrMe oMoryhaBajy eKcCILToaTarujy
MO/I3EMHHX BOJa) WIJIM 3aTBOPEHU ITIPOIIECOM KOJIMH-
pama, Hea/IeKBaTHUM H3BolhemeM pasoBa Ha YTHCKHU-
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Balby W pa3paad ApEeHOBa, KapakTepUCTHKama (Hui-
TEPCKHUX IEBU M 3acHma (YMMe je aKTUBHO CIipeya-
Bajy). EBuenTHO je ma ce y ciydyajy nedpuHHCama
XUAPAYIHYKNX KapaKTepHUCTHKa JIPEHOBa 3ampaBo
paau o nepuHKCAKY XUAPOTEOIOMNIKE PYHKITHjEe TPH-
(unrepcke 30HE, OJHOCHO Mepe y KOjoj OHa Tpes-
cTaBJba Oapujepy MHPHUITPANNjH MTOI3EMHNAX BOJA U3
W3JaHH Y JPEHOBE.

VY cnyyajy na HENMOCpemaHO y3 ApPeH IMOCTOjU H3-
rpalleH afeKBaTaH OCMAaTpayKd oOOjexar, BPETHOCT
OBOT' XHJIPAYIWYKOT TapaMeTpa Ceé MOXe OIPEANTH
rpeMa u3pas3y KOju Ce KOPHUCTH 3a CHUMYIAIHjy Tpa-
HUYHOT yCJIOBa ,,JIPEH" Yy CaBpPEMEHO] XHUIPOINHAMHU-
YKOj aHAJIW3H, Tj. MaTeMAaTHYKOM MOJIEIHpamy Kpe-
Tamka TOJ3EMHUX BOAA IO yTHIajeM OyHapa ca
XOpU30HTAIHUM JpeHoBuMa. M3pa3 je 3acHOBaH Ha
HapcujeBoM 3aKoHY, IpeMa KOM WHTEH3UTET pa3MeHe
MTOJI3EMHUX BOJIa M3Mel)y BOIOHOCHE CpelMHE U JIpeHa
(ompehene myxuHe W TIPEYHUKA), 32 PA3NIUKY Y TIHje-
30MeTapCcKUM HHBOMMA YHYTap JpeHa W HETOCPEIHO
ca HETOBe CITOJBhAIIHE CTPaHE TPEACTaBIba (PYHKITH]Y
BOJIOTIPOITYCHOCTH TIpH(HUITEPCKE 30HE.

Ksaatudukanujom u nmopehemeM BpeqHOCTH Koe-
(urMjerTa mpoIryCcHOCTH APEHOBA 32 Pa3IMUUTE Bpe-
MEHCKE TIpeceKe, MOXKEe C€ TPaTHTH HalperoBame
polieca KoJIMHpama Ha HeKoM OyHapy, IITO MpeJcTa-
BJba OCHOBY 32 M3HOIICHE IPOTHO3a Y TIOTIIENY JaJber
raja KarmanuTeTa WM TPOIeHe yclioBa Kana he Ha
OyHapy OWTH TIOTpEeOHO NMPUMEHUTH Mepe OIprKaBa-
Ba, OMHOCHO pereHepaiyje apeHosa. JlomatHo, ne-
(mHUCamEe BPEIHOCTH OBOT MapaMeTpa Ipe | IMocie
CIPOBENIEHE pereHepaliyje, MoKe CIYKHUTHA Kao KBaH-

TUTATUBAH NOKa3aTelb PeaHe OlleHe IheHnX edekara.

Pesynraru cipoBe/iIeHUX MpopadyHa yKasyjy aa rpa-
HUYHA BPEJIHOCT TMPOMYCHOCTH NPHOUITEPCKE 30HE
XOPU30HTAIHOT OyHapa MPeyIoxKeHa O CTPaHE ayTo-
pa PARK & ZHAN (2002) on [K,;/d]=1,0x10-4 s71,
MmoKaszyje 1o0py carmacHOCT ca KOe(HIIMjeHTOM KOJ-
MHUPAaHOCTH APEHOBA Y CITy4ajy aHAJIM3UPAHUX OyHapa
OeorpaicKoT H3BOPHINTA, 300T Uera ce Kao TakBa Mo-
e MPUXBATHUTH.

VY ycnoBuMa kaga npuduiaTepcka 30Ha nMa koedu-
[IUjEHT TPOIYCHOCTU MarU Off HABEICHE BPEITHOCTH
(mpumepu Oynapa Pb-7m u Pb-42), edexrn xommm-
pama cy cacBuM eBujieHTHU. Kana npudunrepcka 30-
Ha “Ma TOBOJhHH]ja (UITPALMOHA CBOjCTBA OJT JIeKJIa-
pucane BpegHocTH (npumepu 6yHapa Pb-46 u Pb-8m),
WBeHU edeKTH Ha paa OyHapa W eKCIDIoaTalHjy TOA-
3eMHHMX BOJIa Cy MPAKTHYHO 3aHEMapJbUBH. Y TOM
ciy4ajy ce koedunumjeHT GuiaTpaiije BOIOHOCHE cpe-
JuHE (JTUTOCTPaTUTPadCKOT ClI0ja y KOM Cy YTHCHYTH
JIPEHOBH) HAUYEIHO MOXE CMATPaTH EKBUBAJICHTHUM
ca BpemHomhy koedunujeHta Gunrpamnuje npudui-
TepCKe 30HE.

[IpoBepy moOWjeHNX BPETHOCTH U Jajby aHAIH3Y
XUIpayInIKe e(PUKACHOCTH JIPeHOBA Tpeda BPIIUTH Yy
(a3u TMpojeKToBama ONTUMAIHOT peIleHha CaHalldje
IpeHoBa Ha omabpanuM OyHapmma. OHa Tpeba OutH
pean30BaHa M3pajioM JCTAJBHOT XUIAPOANHAMUYKOT
Mozena. Ha oBaj HaunH Ouhe BepuduKoBaHa Wi J10-
JTAaTHO KaJuOpHcaHa IMOYeTHa BPEAHOCT KOe(PHIIjeHTa
¢unTpanyje npuduUATEpCKe 30HE, MPETXOIHO OPHjeH-
TaroHo ofpeleHa mpeacTaB/FEHIM H3pa3oM 3a Tedu-
HUCAhE XUIPAYIMUKUX KapaKTePHCTHKA IPCHOBA.





