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The motivation of the research

Groundwaters can traditionally be divided into two main groups

based on the storage material. The �rst group is the groundwater in

porous rocks and the second is the groundwater in fractured rocks in-

cluding karsti�ed ones.

The study of �uid �ow in fractured and karstifed rocks was �rst

started by geologists working in petroleum mining in the middle of the

last century. The methods and equations described by them are used

in the �eld of hydrogeology because these rocks might contain water,

whose exploitation is as important as the petroleum mining. Carbonate

rocks cover approximately 13% of the surface of the Earth and 22% of

Europe (Williams, Fong 2011). 20-25% of the world's population de-

pend on karsti�ed aquifers (Ford, Williams 2013). Nevertheless, water

stored in crystalline and volcanic rocks might become important factors

in some underground constructions, radioactive waste deposits (Rempe

2008), geothermic energy supply and hydrocarbon storages; this is why

it is important to pay attention to these water bodies during the re-

search.

Hungary's situation in terms of groundwater is unique. The area

of the country is mainly covered by porous rocks which contain high

amount of water, however, its utilization is limited. Only around 20%

of the surface of the land is covered by carbonate rocks which provide

25% of the water supply. Fractured rock aquifers are also present but a

little less important in Hungary.

The scienti�c study of water �ow and storage in fractured and kars-

ti�ed rocks is made important also in our country by communal water

supply, the market for mineral water, spa culture and the demands of

civil engineering. These groundwaters were paid a bigger attention dur-

ing the intensive mining period in the last century. After the mines

were closed, the researches lost their �nancial sources but the former
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collected data and the development of computer technology made it

possible to study these fractured and karsti�ed aquifers. The use of nu-

merical methods helps to answer general questions about these water

storages which is in the public interest. My thesis wants to be a part of

this.

Objectives

The primary aim of this thesis is the study of the water �ow in

fractured and karsti�ed rocks with new methods. This required the

exploration of technical literature, the use of new softwares and the

collection of �eld data. I set the following tasks:

� The exploration of modelling methods of complex fractured and

karsti�ed rock-geometries, the learning and application of soft-

wares,

� The study of the e�ect of non-linear �ow in fractured and karsti-

�ed aquifers,

� The evaluation of �eld data,

� Drawing up recommendations for the study of groundwater �ow

in fractured and karsti�ed aquifers.

Research methods

My research stands highly against numerical modelling and com-

puter technologies. During my work I used the MODFLOW software

based on the �nite-di�erence method and its two packages: Conduit

Flow Process and Non-Linear Flow Process to analyse theoretical and

real aquifers. For the pumping tests evaluations I worked with Thiem-,

Theis-, Jacob-, Kazemi-, Moench-methods, and Aqtesolv software; the
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data sets resulted from �eld tests, mine dewatering timelines and the-

oretical aquifer studies. I also used the Matlab software.

New scienti�c results

During my PhD-study I prepared two numerical hybrid models, the

�rst based on the laboratory model of Öll®s and Németh, the second

based on the Molnár János Cave. Furthermore, I analysed the e�ect

of non-linear �ow in karsti�ed and fractured rocks with the help of

pumping test data. I establish these new scienti�c results:

Thesis 1: The application of the MODFLOW CFP in lab-

oratory and �eld scales

I proved with own modelling results that the MODFLOW

CFP Mode 1 Package is suitable for solving problems of com-

plex and diversi�ed pipe- and cave networks in laboratory and

subregional scales.

Thesis 1.1: The application of the CFP in laboratory scale

I rebuilt an originally laboratory pipe-network model in Conduit

Flow Process package, which was calibrated and validated (Fig. 1.).

The results show that the numerical pipe-network model is

applicable for complex pipe-network systems which include

junctions, di�erent water inlet and outlet points. The de�ec-

tions occurring because of the assumption of hydraulically

long pipes can be compensated for by increasing the pipe wall

roughness (Karay, Hajnal 2015a, 2015b, 2016).
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Figure 1: Numerical version of Öll®s-Németh's modell. Green lines: lab-
oratory model results, blue lines: numerical model results. Labels show
potential in cm.

Thesis 1.2: The application of the CFP in the modelling of a

water-�lled cave system

I created the hybrid model of the known sections of the

Molnár János Cave with the help of Conduit Flow Process,

which provided the �rst hybrid model results in the history

of the cave research (Fig. 2.). The prepared model might be a

convenient method for the support of the cave research and the

determination of research directions. Furthermore, the model

shows that the CFP is an applicable tool of modelling and

analysing �eld scale and complex cave systems (Karay, Hajnal

2016).

I created a theoretically correct model which is able to return the

known spring discharge and the maximum �ow velocity in the cave in

correct magnitude. I assumed, with the help of the model, that the

water supply of the conduits is ensured by direct �ow from the deeper,

uncharted parts of the cave and by di�use �ow form the rock matrix.
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Figure 2: The numerical model of The Molnár János cave.

Thesis 2: The detection of non-linear �ow on the timelines

of the pumping test

During pumping tests in fractured and karsti�ed aquifers

non-linear �ow might occur close to the pumping well. I con-

ducted a half-empirical equation to support the detection of

the e�ect of non-linear �ow and I also developed two graphical

curve-�tting methods.

Thesis 2.1: Half-empirical equation to detect non-linear �ow

I established, with results of numerical modelling and anal-

ysis of �eld measurement data, that the non-linear �ow in�u-

ences the pressure decrease induced by the pumping test when

the following condition is met:

0,04 ≤ b

a
v (1)

Based on it the e�ective range of the non-linear �ow close to

the pumping well is:

R =
b

a

Q

0,08πH
(2)

Where R is the distance, where the decrease in pressure
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level is at least 1% higher than in linear �ow case. I checked the

equation of the e�ective range with �nite di�erence-models

(Farkas-Karay et al. 2018).

Parameters: b/a is the ratio of Forchheimer Parameters [s/m], v is

water �ux [m/s], Q is the pumped discharge [m3/s], H is the thickness

of the aquifer [m].

Thesis 2.2 Detection of non-linear �ow with curve �tting

I proved with numerically generated and �eld measurement

datasets that the appearance of the non-linear �ow during

pumping tests can be detected in two ways during graphi-

cal analysis. In the case of constant discharge rate and one-

well analysis the non-linear e�ect can be invisible, so more

pumping rates or data sets from more than one observation

wells are necessary. The e�ect of non-linearity is shown when

curves which were calculated with the non-linear �ow taken

into consideration, derive in less degree from measured results

than the traditional Theis-curve which excluded non-linearity

(Farkas-Karay et al. 2017, Farkas-Karay et al. 2018).

In this thesis it means that the use of the Jacob- or Forchheimer-

method result better �tting than the Theis-curve (Fig. 3.). The signif-

icant di�erence between measured data and Theis-curve is a necessary

but not su�cient condition of the detection of the non-linear �ow. The

su�cient condition is the better �tting with methods which take non-

linearity into account.

Thesis 2.3: The application of the NLFP in the analysis of

pumping tests in�uenced by non-linear �ow

I proved that the Non-Linear Flow Process is also well ap-

plicable for evaluation of pumping tests a�ected by non-linear

�ow. I used numerically generated and �eld measurement data

sets (Farkas-Karay et al. 2017, Farkas-Karay et al. 2018).
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Figure 3: Fitted curves on G1 dataset with Theis- and Jacob-method.

My calculations with software based on the �nite di�erence method

and Forchheimer-equation inline with data of other authors and meth-

ods. I used the NLFP package for evaluating pumping tests for �rst

in Hungary. Based on my results the NLFP is applicable to evaluate

pumping test datasets a�ected by non-linear �ow.

Thesis 3: The extensibility of the Jacob-method in case

of non-linear �ow in the aquifer

I proved with numerical modelling results and calculations

with �eld data that the Jacob-method is well-usable for the

evaluation of pumping tests conducted in aquifers in which the

e�ect of non-linear �ow is remarkable. The well-loss coe�cient

B in the equation of the Jacob-method can be nonzero even

if there is no well-loss; in this case B describes the non-linear

formation-loss (Farkas-Karay et al. 2017, Farkas-Karay et al. 2018).

The Jacob-method was originally developed for evaluating data from

the pumping well of step-drawdown tests in homogeneous and isotropic

aquifers, but I successfully used it for pumping tests with constant

pumping rate and for �eld test data where the homogeneity and isotropy

7



might not be guaranteed and with the help of the Jacob-method I

showed the appearance of the non-linear �ow in the aquifer. I presented;

with the Mathias-equation, which describes the connection between the

B parameter and the ratio of the Forchheimer-parameters (b/a); that

in a pumping test case the Jacob-and Forchheimer-methods lead to the

same result with the appropriate choice of the well radius.

Thesis 4: The application of the Theis-method in the eval-

uation of pumping tests in karsti�ed aquifers

I presented; with �eld measurement data and numerical

models; that the Theis-method can be used to evaluate pump-

ing tests in karsti�ed rocks, as long as the aquifer can be

viewed as homogeneous and isotropic because of the high de-

gree of fractures. With graphical evaluation of �eld data I

showed that the Theis-method results as accurate for curve-

�tting as the Moench-method developed for pumping tests in

fractured aquifers when the above mentioned conditions exist,

(Fig. 4.), but the Theis-method leads to a smaller standard de-

viation and needs less parameters, so its use is easier and faster

than that of the Moench-method (Karay et al. 2016, Farkas-Karay

et al. 2017, Farkas-Karay et al. 2018).

Figure 4: Fitted curves on HGN22 dataset with Theis- and Moench-
method.

The Theis-method is also applicable during the detection of non-
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linear �ow as it is described in Thesis 2.2

Thesis 5: The reliability of aquifer parameters estimated

from pumping test data

I presented; with the evaluation of �eld measurement data;

that the transmissivity of a fractured and karsti�ed aquifer

can be determined by a smaller standard deviation than the

storativity or other parameters (e.g. skin-e�ect) (Karay et al.

2016, Farkas-Karay et al. 2018).

In the case of the evaluation of numerically generated aquifers with

known parameters with Theis- and Jacob-method the transmissivity

deviates by at least 40% from the original value when the numerical

and shape di�erence between measured and �tted curves is 10%. When

the �tting was proper the deviation was lower than 10%. In the case

of the evaluation of �eld test data, the value of the transmissivity is

determined by less than 15% standard deviation by di�erent authors

and methods (Theis, Jacob, Moench, Forchheimer) which is acceptable

in pumping test evaluations. The transmissivity estimation gave a result

more precise than any other parameters
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