
introduction
Wells are operated in different hydrogeological
conditions. They can be used for mine dewatering
and water supply utility. Aging is the natural
process in wells. Due to the different use of the
wells, they have different operating time. Aging
causes a drop in wells’ productivity and an in-
crease in the well loss. This results in an increase
in pumping energy consumption, and thus the
costs of the intake functioning. Effective working
time is influenced by the drilling method, selec-
tion of the filter and gravel, the effectiveness of
well activation. Method of filtering the well also
depends on its usage, type of aquifer (permeabil-
ity, porosity of the medium, fracturing, the nature
of water table), the desired yield, the type of pump-
ing equipment, as well as the requirements of the
operator (Dąbrowski et al. 2004). Extension of the
operating time of a deep water intake is possible
by the proper exploitation and monitoring of
working conditions. In the case of a decrease in
the efficiency, an examination of well technical
condition is carried out. For this purpose, one may
use macroscopic methods and hydraulic tests.

Monitoring the technical condition of wells is
done using video techniques. TV Inspections
allow to evaluate construction errors or changes
caused during the exploitation of the intake and

allow for the identification of damaged wells
(Jodłowski & Piąstka 2008).

Hydraulic tests are a parametric method and
rely on pumping research tests carried out in the
well. Interpretation of results allows to determine
both the hydrogeological parameters of the
aquifer and hydraulic parameters of the well. Ac-
cording to Dąbrowski et al. (2005) pumping test al-
lows to:

• identify the characteristics of the interaction:
the well - the aquifer,

• examine the well in terms of its rational ex-
ploitation,

• quantitatively evaluate of the characteristics of
the layer like: the infiltration of water from ad-
jacent layers, a test of its boundary conditions,
etc.

Results of macroscopic examination and test-
ing of hydraulic wells are used for the selection of
methods for restoration of the well.

The most common cause of decrease in per-
formance is clogging of the filter screen (Pólik
1991). The prevalent well problem occurring in var-
ious types of aquifer have been described in the
work of Driscroll (1995), Treskatis et al. (1998), Wój-
cik (1986), Houben et al. (1999), Houben &
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Treskatis (2007). Review of the aforementioned lit-
erature allows for distinguishing different types
of well screen clogging:

• chemical induced by chemicals (e.g. carbonates,
iron minerals),

• biochemical that occurs with the help of bacte-
ria that cause the transformation of chemical
reactions,

• electrochemical, which occurs in connection
with the formation of an electrostatic potential
difference in the flow of water on the surface
of the filter,

• mechanical, which occurs as a result of deposi-
tion of rock particles on well screen.

Precipitation and deposition of particulate or-
ganic and inorganic matter on the filter and in the
borehole zone increases the hydraulic resistance
which impede the flow of water into the filter
(Wójcik 1986). It is important therefore to main-
tain such a state of the filters to avoid reduction
in operating efficiency.

Well hydraulics
Due to the interaction between the well and the
aquifer, three characteristic zones can be distin-
guished:

• the outer zone of the well covering aquifer (I),
• borehole zone (II),
• zone inside the well (III).

In the aquifer the movement of underground-
water is laminar, and shall be in accordance with
Dupuit’s assumptions. The size of drawdown of
water surface (S) is a function of well productivity
(Q), the conductivity of the aquifer, specific yield,
the distance of a given point from the axis of the
well and time of pumping. In fissure and fissure-
karst aquifers, the presence of turbulent flow con-
ditions is possible (Atkinson at al. 2010).

In borehole zone the nature of the flow de-
pends on the effective diameter of the filtering
gravel. With significant yields of wells and a small
effective diameter of particles, flow can be turbu-
lent. As the distance from the hole grows, the ap-
parent seepage velocity decreases and the flow
becomes laminar. Turbulences contribute to the
clogging of the filter. The result of this process is
the increase of the hydraulic resistance and the
emergence of a significant well loss. A drop in unit
yield of the well is the consequence.

Groundwater accumulates inside the well and
is then pumped with the pump unit. A character-
istic feature is auto-regulation of drawdown and
performance of wells as a result of overlap be-
tween the characteristics of the pumping system,
the aquifer and the filter of the well (Klich et al.

1998).
Hydraulic resistance, caused by laminar and/or

turbulent flow in the aquifer and in the borehole
zone cause drawdown (Fig. 1). Jacob gave the equa-
tion for the drawdown in pumped well (Kasenow
2007):

S = BQ + CQ² (1)

where:
B = B₁ + B₂
B₁ – linear aquifer-loss coefficient
B₂ – linear well-loss coefficient
C – non-linear well-loss coefficient
Q – the yield of well,
BQ – drawdown in the well,
CQ² – the well-loss [m].

In practice, only the influence of the non-linear
well losses on the efficiency can be established, be-
cause it is seldom possible to take B₁ and B₂ into
account separately (Kruseman and Riddel).

This issue was described by Bierschenk
(Kasenow 2001). Rorabaugh gave the Jacob’s for-
mula, in which he permitted the existence of a
tide when power exponent in the expression CQ
is different from 2 (Siwek, 1978 and 1979). The re-
lationship takes the form of the equation:
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Figure 1 Components of drawdown in well (Atkin-
son at. al. 2010); S – total drawdown in the well, Sl

– the drawdown at relatively low velocity in the
laminar (Darcian) flow, Sn – the drawdown at rel-
atively high velocity in the turbulent flow (non-

Darcian), Se – entrance losses odue to „screen
effect” and turbulent flow through the screen or

gravel pack, R – radius of influence, rw – the radius
of the borehole, Q – pumping rate, B – laminar

flow coefficient, C – non-laminar flow coefficient
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S = BQ + CRQⁿ (2)

In Poland, Sozański later proposed an algebraic
method to determine the resistance coefficient of
wells (1985). Implementation of methodology for
conducting pumping tests and interpretation of
their results for wells was proposed by Klich
(1998). General issues relating to the evaluation of
the technical conditions of observation wells was
also raised in the work of Marciniak (1999), which
is devoted to the methodology of identification of
hydrogeological parameters, as well as in the work
of Dąbrowski (2005), devoted to documenting the
exploitation of resources of undergroundwater in-
takes.

The above-mentioned works describe methods
of describing the well loss, which is the difference
between the level of water surface in the borehole
area and the water level in the well itself. The hy-
draulic loss is determined by the state of filter
clogging. A measure of the well loss is the value of
the turbulent flow resistance coefficient in the
well and in the borehole area - C. The lower the
value of the coefficient, the higher the well effi-
ciency factor. According to Walton classification,
the coefficient should not exceed 0.0003 h²/m⁵
(Dąbrowski & Przybyłek 2005)

interpretation of multi-stage hydraulics test
The steps-drawdown test was first performed by
Jacob in 1947. From that time methodology of per-
forming these test has developed. Nowadays the
step-drawdown test is a single-well test in which
the well is pumped at a low constant discharge
rate until the drawdown within the well stabilizes.
The pumping rate is then increased to a higher
constant-discharge rate and the well is pumped
until the drawdown stabilizes once more. This
process is repeated through at least three steps,
which should all be of equal duration, say from 30
minutes to 2 hours each (Kruseman & Riddel
1994).

In theory the drawdown tests constant dis-
charge rate should be maintained. However, in
practice maintaining constant pumping rate is im-
possible. Drawdown increment changes the
pumping head. As a result, pump’s efficiency is re-
duced. This affects the stability of the drawdown.
Pumping rate and pumping head are therefore in
close mutual autoregulative relationship and fluc-
tuate during the test. Regulation of the pumping
rate and the location of the water table are de-
pendent on pump’s characteristic H=f(Q), but also
on aquifer resistance coefficient and well resist-
ance coefficient.

Maintaining constant discharge rate requires
the use of expensive devices that regulate pump’s
power. Because of that, a new method of perform-
ing pumping tests has been developed. The

method is based on the assumption of discharge
rate fluctuations in step-drawdown test. Step-
drawdown test does not require breaks necessary
for the water table to stabilize as well (Klich et al.
1998). It responds to auto-regulating nature of the
flow rate-drawdown parameters. The pumping at
a given level should last until steady-state flow
conditions occur. When step-drawdown is per-
formed, all data is monitored and recorded on-
line. This allows for accurate monitoring of the
pumping, the statistical analysis of data and cal-
culation of the asymptotic values for each time se-
ries. Yields of well in subsequent stages should
increase from the values close to zero to the max-
imum pumping rate with the maximum possible
number of stages.

During small flow efficiencies, water flow may
be laminar in both the aquifer and in the well.
Well-loss may occur at higher pumping stages. Ac-
cording to this assumption, the calculations are
performed using different equations.

When velocity of flow is laminar in well screen
relationship between drawdown and pumping
rate is linear. It could be described by following
equation:

S = BQ + C’Q = (B+C’)Q = DQ (3)

where:
S – total drawdown in the well, [m];
Q – yield of well, [m³/h];
B – linear aquifer-loss coefficient [s/m²];
C’ – linear well-loss coefficient, [s/m²];
D – substitute resistance coefficient for lami-

nar flow through the aquifer and the well, [s/m²].

When velocity of flow is turbulent in the well
is described by Jacob equation (1).

Verification of these assumptions was con-
ducted basing on the results of pumping tests.
These were conducted in a laboratory research
well and in a lignite mine.

Multiple hydraulic lab-test
Research station is the property of AGH-UST and
is located in Krakow city center. The well has a
depth of 16 m. The aquifer consists of Neogene lay-
ers, composed mainly of gravel and sand lying on
Miocene clays. Water-bearing capacity of these de-
posits is very high. Flow to the well hole is radial.
The border of the water supply area is set by the
natural banks of the Vistula river valley. Filtering
gravel was carried along the active part of the fil-
ter. Diameter of the well screen is 225 mm.

The test of the well was conducted through a
10-stage pumping. Measurements were carried
out from zero to maximum flow rate Qmax = 35.64
m³/h. A ten-stage pumping which lasted 40 min-
utes was conducted. Figure 2 depicts the sequence
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of pumping while in Figure 3 graphical interpreta-
tion of pumping test results is shown.

The statistical analysis of the results of meas-
urements on subsequent stages of the pumping
shows that under the values of Q = 19.35 m³/h and
S = 0.37 m there is a linear relationship between Q
and S. This indicates a laminar flow through the
aquifer medium. Once these values are exceeded,
the nature of the graph changes from linear to ex-
ponential. This means turbulent character of the
water flow in the borehole area.

For laminar flow (Q < 19.35 m³/h) the resistance
coefficient D is 68,4 s/m². While for turbulent flow
(Q > 19.35 m³/h) zone on filter coefficients take the
values: B = 64,8 s/m² and C = 1231,2 s²/m⁵. The test
shows that the well reaches its optimal hydraulic
parameters if the yield is 19.37 m³/h. Pumping of
water with greater efficiency will lead to acceler-
ated aging of the well.

Multiple hydraulic field test
Multi-stage pumping test was carried out for

well 29-ZE. It is a dewatering well located in a lig-
nite mine. The mine is located in the central part
of Poland. Well includes Quaternary and Tertiary
layers, and its depth is 100 m. The measurements
were carried out from Q = 0 m³/h to Q = 48 m³/h.
Short five-stage pumping was conducted. Data
was recorded at a frequency of 1 s. Saved time se-
ries data were used to calculate the asymptotic val-
ues for the functions Q = f(t) and S = f(t). The
searched values were obtained using a logarith-
mic extrapolation of the measured data. The re-
sults describe the flow parameters for steady flow
conditions. Figure 4 presents the course of pump-
ing for 29-ZE well, while in Figure 5 hydraulic in-
terpretation of test results is shown.

Analysis of results for a well-ZE 29 indicates
that during the entire pumping laminar flow oc-

curred in both the aquifer and in the well. For a de-
watering well the substitute resistance coefficient
for laminar flow in the well and the aquifer was D
= 1656 s/m².

conclusions
Multi-stage research pumpings allow for conduct-
ing hydraulic tests of wells throughout the entire
field of work of the water intake. They can be used
for intake wells and dewatering wells used in min-
ing. The conducted research revealed that for
small velocity of flow, there is a linear relationship
between performance and drawdown in the well,
in accordance with Darcy law. The increase in flow
velocity creates turbulence zone in the borehole
area. This increases the hydraulic resistance.
These conditions may cause an increase in the
costs of water pumping, as well as accelerated
aging of the well filter. Multistage pumping test
method allows to determine the maximum
pumping rate at which the accelerated aging does
not occur.

The study was conducted for a well pumping
the water from porous media. In the next phase
of research carried out in the AGH-UST it is
planned to conduct multi-stage test pumping of
wells working in fissure media.

The research was supported by AGH-UST grant
No. 11.11.100.597.
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Figure 3 AGH-1 well hydraulic test interpretation

Proceedings_Theme_03_Proceedings IMWA 2011  22/08/2011  12:53 AM  Page 156



podziemnych. Poradnik metodyczny. Borgis
Wydawnictwo Medyczne, Warszawa, 101, 108 pp

Dąbrowski S, Przybyłek J (2005) Metodyka próbnych
pompowań w dokumentowaniu zasobów wód
podziemnych. Bogucki Wydawnictwo Naukowe,
Warszawa, 76 pp

Driscoll FG (1995) Groundwater and Wells. Johnson
Screens, St. Paul, Minesota, 1089 pp

Houben G, Treskatis C (2007) Water Well Rehabilita-
tion and Reconstruction. McGraw Hill, New York,
391 pp

Jodłowski A, Piąstka W (2008) Wykorzystanie technik
diagnostycznych w eksploatacji studni głębino -
wych łódzkiego systemu wodociągowego. Ochro -
na Środowiska, Vol. 30(1), 41 pp

Kasenow M (2001) Applied Groundwater Hydrology
and Well Hydraulics. LLC Water Resource Publ. 2ⁿd

Edition, p 579—586
Kruseman GP, de Ridder NA (1994) Analysis and Eval-

uation of Pumping Test Data, Wageningen. Inter-
national Institute for Land Reclamation and
Improvement, p. 200—205

Klich J, Polak K, Sobczyński E (1998) Opis metody
oceny jakości wykonania i stanu studzien
ujęciowych i odwadniających. Międzynarodowa
Konferencja Naukowo-Techniczna pn. „Zaopatrze-
nie w wodę wsi i miast”, Zeszyt 1-III, Poznań, p
162—176

Marciniak M (1999) Identyfikacja parametrów hydro-
geologicznych na podstawie skokowej zmiany
potencjału hydraulicznego. Metoda PARAMEX,
Wydawnictwo Naukowe UAM Poznań, pp 199.

Pólik A (1991) Nowa metoda badania i regeneracji
studni głębinowych. Ochrona Środowiska, Vol.
3(44), 35 pp

Siwek Z (1978, 1979) Amerykańskie mierniki us-
prawnienia ujęcia wód podziemnych. część I i II,
Technika Poszukiwań Geologicznych nr 1, p 22—
31

Sozański J (1985) Badanie sprawności studzien. Gór-
nictwo Odkrywkowe nr 4—6, p 5—14

Treskatis Ch, Volgnandt P, Wessollek H, Puronpää-
Schäfer P, Gerbl-Rieger S, Blank KH (1998) An-
forderungsprofile an den wirtschaftlichen Bau
und Betrieb von Bohrbrunnen. Grundwasser –
Zeitschrift der Fachsektion Hydrogeologie 3/98, p
117—128

Wójcik W (1986) Przyczyny spadku wydajności studni
wierconych. Gaz, Woda i Technika Sanitarna nr 4,
p 82—84

Aachen, Germany IMWA 2011“Mine Water – Managing the Challenges”

Rüde, Freund & Wolkersdorfer (Editors) 157

Figure 4 Course of multi-stage pumping test in 29-
ZE well

Figure 5 29-ZE well hydraulic test interpretation
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