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11 Historical Review

Historical Review

More than 80 years have passed since in 1919 the University Ljubljana in Slovenia was
founded. Technical fields were joint in the School of Engineering that included the Geo-
logic and Mining Division while the Metallurgy Division was established in 1939 only.
Today the Departments of Geology, Mining and Geotechnology, Materials and Metallurgy
are part of the Faculty of Natural Sciences and Engineering, University of Ljubljana.

Before War II the members of the Mining Section together with the Association of Yugoslav
Mining and Metallurgy Engineers began to publish the summaries of their research and
studies in their technical periodical Rudarski zbornik (Mining Proceedings). Three volumes
of Rudarski zbornik (1937, 1938 and 1939) were published. The War interrupted the publi-
cation and not untill 1952 the first number of the new journal Rudarsko-metalurski zbornik
- RMZ (Mining and Metallurgy Quarterly) has been published by the Division of Mining
and Metallurgy, University of Ljubljana. Later the journal has been regularly published
quarterly by the Departments of Geology, Mining and Geotechnology, Materials and Metal-
lurgy, and the Institute for Mining, Geotechnology and Environment.

On the meeting of the Advisory and the Editorial Board on May 22" 1998 Rudarsko-
metalurski zbornik has been renamed into “RMZ - Materials and Geoenvironment (RMZ -
Materiali in Geookolje)” or shortly RMZ - M&G.

RMZ - M&G is managed by an international advisory and editorial board and is exchanged
with other world-known periodicals. All the papers are reviewed by the corresponding pro-
fessionals and experts.

RMZ - M&G is the only scientific and professional periodical in Slovenia, which is pub-
lished in the same form nearly 50 years. It incorporates the scientific and professional topics
in geology, mining, and geotechnology, in materials and in metallurgy.

The wide range of topics inside the geosciences are wellcome to be published in the RMZ -
Materials and Geoenvironment. Research results in geology, hydrogeology, mining,
geotechnology, materials, metallurgy, natural and antropogenic pollution of environment,
biogeochemistry are proposed fields of work which the journal will handle. RMZ - M&G is
co-issued and co-financed by the Faculty of Natural Sciences and Engineering Ljubljana,
and the Institute for Mining, Geotechnology and Environment Ljubljana. In addition it
is financially suported also by the Ministry of Education Science and Sport of Slovenian
Government.

Editor in chief
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Simulation of microbiological pollution
in the unsaturated zone of karstified limestone aquifers
— tracing with bacteriophages
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Abstract: The purpose of the research was to study the infiltration and migration of health-
hazardous human viruses, such as enteroviruses, in the unsaturated zone of fractured
and karstified rock, since these rocks present important aquifers in Slovenia. As a pos-
sible model for behavior of health-hazardous viruses, we used the salmonella bacte-
riophage P22H5. After injection, bacteriophages remain in the fractures (channels) and
microfracture systems of the unsaturated zone and are rinsed by subsequent larger pre-
cipitation events even up to several months after the injection. The field experiments
have shown different flow patterns depending on the fractured rock structure. In the
research area some fast conduits (large fractures or faults) exist where water runs faster
than in the total conductive part of the rock. On the other hand the tracer delay in

microfracture system areas was observed.

Key words: pollutant transport, fractured and karstified rocks, bacteriophage, experimental

field site, Sinji Vrh (Slovenia)

INTRODUCTION

The purpose of the research was to study
the infiltration and migration of health-
hazardous human viruses, such as entero-
viruses, in the unsaturated zone of fractured
and karstified rock, since these rocks present
important aquifers in Slovenia. As a possible
model for the behavior of health-hazardous
viruses, salmonella bacteriophage P22H5
was used. Phages have served as useful
models for the behavior of human enteric
viruses in water treatment processes,
groundwater viral transport, inactivation and
attachment studies on various subsurfaces,
because of their similarity to enteric viruses

Scientific paper

in structure, size, and resistance to inacti-
vation (HEDBERG & OSTERHOLM, 1993;
Harvey & Ryan, 2004). Better knowledge
of the pollutant transport and persistence of
tracer in environment enables us to determine
vulnerability and define protected areas for
drinking water resources.

The bacteriophage P22HS5 is a virulent
mutant that propagates in mouse typhoid
fever bacteria Salmonella typhimurium and
rarely occurs in waters (SEELEY, 1982). From
previous tracing experiments (BRICELJ, 1986)
it is well known that coliphages are a
common constituent of faecally polluted
waters and for this reason are not a suitable
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tracer, especially in the case of very high
dilutions of the tracer, when a high or low
background of coliphages may interfere with
the tracer curve. The phage tracer P22HS5 was
injected at ten locations in 14 tracer
experiments in running water and into the
unsaturated zone in a karstic area where no
background of phages for its host bacteria
were present (BriceLs, 2003).

The tracer experiment was carried out in the
subsurface zone, since microbial activity is
assumed to be most active in the upper parts
of the unsaturated zone.

EXPERIMENTAL FIELD SITE SINJI VRH

A tracer experiment with bacteriophages was
performed on the experimental field site Sinji
Vrh (Cencur Curk, 1997), Slovenia. It is
located in the unsaturated zone of fractured
and karstified Jurassic limestone at the edge
of the Trnovski Gozd plateau (mean altitude
900 m a.s.l.), which is an overthrust of
carbonate rock over Eocene flysch (Fig. 1).
The subvertical Avce fault with a Dinaric
direction NW-SE and several parallel faults
cross this territory. These faults are
interwoven with numerous connecting faults
extending in the general direction N-S.

Their intensity varies from open wide
fractured zones to crushed and broken zones
(Janez, 1997). The groundwater horizon lies
extremely deep and appears on the surface
at the lowest point of the impermeable flysh
border (Fig. 1) at altitudes between 219 and
235 m as the karstic Hubelj spring. Its
catchment area is estimated to about 50 km?
with an average annual precipitation of
2450 mm (Tr¢Eek, 2003).

The experimental field site Sinji Vrh presents
a 340 m long artificial research tunnel, 5 to
25 m below the surface (Fig. 1). An agro-
meteorological station has been installed on
the surface near the tunnel entrance, where
precipitation, evaporation, air temperature,
air moisture, solar radiation, wind speed and
direction (both at two levels) are conti-
nuously measured. A tracer experiment area
(Fig. 1) was chosen close to the tunnel
entrance on the north-western part. The main
dip direction of fractures is NNE-SSW with
subvertical dip because of the location of the
area within a crushed zone of Avce fault. In
the broken zone the tunnel is supported by
concrete (Fig. 1). The Jurassic limestone of
the tracer experiment area is composed of
99 % calcite and has a south-westerly dip
direction and a gentle dip (of 5° to 30°). The
unsaturated fractured and karstified
limestone has a negligible matrix porosity
and very high fracture density with some
greater conduits (VESELIC & CENCUR CURK,
2001).

The injection hole was drilled through the
soil cover in order to avoid tracer retardation
because of sorption. A special construction
for collecting water penetrating through the
rock was developed. The water seeping from
the ceiling of the research tunnel is gathered
in 1.5 m long segments (MP1 - MP10;
Fig. 1) with a gathering surface of 2.2 m?.

MATERIAL AND METHODS

Bacteriophage P22HS5 and salmonella mouse
typhoid fever bacteria NIB22 (LT2 w.t. strain)
were obtained from Dr. Miklavz Grabnar,
Department of Molecular Biology,
Biotechnical Faculty, University of Ljubljana.

RMZ-M&G 2005, 52
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Figure 1. Location of the experimental field site Sinji Vrh (EFS Sinji Vrh) with geological
cross section of Trnovo plateau (JANEZ, 1997; VESELIC ET AL., 2001). Below: Longitudinal
section of the EFS Sinji Vrh with tracer tests area and tracer test sampling points in the
research tunnel: MP1 — MP10 (after VeseLic and Cencur CUrk, 2001).

The propagation of phages to obtain crude
bacteriophage lysates was done by the method
described in dissertation thesis of BRICELJ
(1994). The nutrient media Brain Heart
Infusion Broth and Nutrient Agar were from
Biolife, Milano. Water samples and phage
suspensions were tested for viable phages
(plaque forming units - pfu) according to the
agar layer method of Apawms (1966), using
host bacteria as the indicator strains.

RMZ-M&G 2005, 52

On 29th September 2003 10.4 liters of tracing
solution, composed of 11 tracers (salts,
fluorescent dyes, deuterium, micro spheres
and bacteriophage), was poured in 10
minutes into the new drilled borehole to the
depth of 0.9 m. There were 1.2E+15 plaque
forming units (pfu) of bacteriophage P22H5
as a part of tracer cocktail. It should be
pointed out, that the phage concentration in
injected tracing solution was calculated to
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predicted concentration at measuring points
from the microfracture system, since there
is slower flow with higher dispersion of the
tracer. Because of that an overdose is reached
in fast pathways such as MP4 and MP5 (see
structure on Figure 1 below).

REsuLTS

The phage tracer appeared first at sampling
point five (MP5) after 4.1 days with the peak
value of 3.1 E+09 pfu/ml (Fig. 2, Table 1
and Table 2). One day later a positive result
was obtained at MP4, the phage appeared
with the peak value of 1.1 E+08 pfu/ml.

The tracer appeared at all sampling points
within 22 days. Peak values occurred at the
time of appearance at MP2 and MPS. At MP3
the tracer appeared after 8 days, but the peak

value was not reached until 50 days. At the
furthest sampling points from the injection
hole (MP1, MP2 and MP9, MP10) the peak
values were within the lowest pfu values

(Fig. 2).

The first sampling campaign was completed
in September 2004, after about one year
(Fig. 2): at MP4 after 324 days and at
MPS5 after 347 days. At that time, there were
still 4.2E+02 pfu/ml in MP4 and
9.8E+02 pfu/ml in MP5 in ml of water
sample. Unfortunately the samples were not
taken in October and November 2004, since
at that time were some significant
precipitation events. In winter there were no
samples due to freezing of the ground and
snow cover. The first water, seeping through
the system, was obtained after snow melting
at the end of March 2005. After 591 days
(May 2005) of collecting the samples there

90 T — 1,0E+12
] W precipitation —o— MPI ——MP2 .
80 + : —o— MP3 —8—MP4 —o— MP5
—o—MP6 ——MP7 —o—MP8
70 - ' [ —— MP9 —o—MPI10 - = injection
£ 60 —
E B
—
£ 50 £
g : - 1,0E+06 =
240 + r &
B2 s o
g | . g
= o =
& 30 +
20 by [ Yok | i
1118 L] | i
10 a|| | o e | \
-_ i I f | | | f " I | l g:
o bl gy : : : el ——+- 1.0E+00
o) -+ o+ T T T T TR T R ST B T
£€888333333332z2322888¢s¢
2@ S dd o o f S £ QS = =5 g
i e oy S S IR BN B B e S i TREC I
— — — — — - — — — - — — - ] - p— — — — — —

Figure 2. The presence of bacteriophage P22HS5 at sampling points MP1- MP10. The con-
centrations in MP1 — M3 and MP6 — MP10 are grouped below and marked alike. They are
depicted only for comparison with MP4 and MP5.
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were positive results at MP4, MP5 and MP6
with the following concentrations: 9.5E+01,
6.2E+02 and 2.0E+00 pfu/ml, respectively
(Fig. 2). The sampling of water is still going
on, but with lower frequency. The recovery
value was calculated only for MP4 and MP5
and was 0.95 % of the injected quantity at
both sampling points (0.04 % for MP4 and
0.91 % for MP5).

The results of appearance of the phage tracer,
the appearance of peak values and time of the
last sample containing phage tracer at different
sampling points are summarized in Table 1.
Table 2 presents time sequence of the phage
tracer appearance at sampling points.

Discussion

After the injection of bacteriophages, they
remain in the fractures (channels) and

microfracture systems of the unsaturated
zone and are rinsed by subsequent larger
precipitation events even up to year and a
half after the injection. Some authors refer
that the edges in subsurface structures could
be one of the principal causes of charge
heterogeneity. Such conditions could permit
that negatively charged bacteriophages
attach to otherwise repulsive surfaces,
especially if the edges of crystals are
oppositely charged (BICKMORE ET AL., 2002;
FLYNN ET AL., 2004).

The results from Sinji Vrh have shown that
the unsaturated zone in the fractured and
karstified rocks plays an important role in
pollution retardation and storage. The rinsing
of pollutants to deeper parts of the karst aquifer
depends on the saturation rate of the soil and
the unsaturated zone (precipitation events). The
field experiments have shown different flow
patterns depending on the fractured rock

Table 1. Appearance and presence of the phage tracer at MP1 to MP10. The time is in days and quantity of

phages in plaque forming units (pfu) in ml of sample.

appearance peak appearance Last sample containing phages
sampling point | of tracer value of peak value (last positive result)

days pfu/ml days days
MPI 7 2.1E+03 11 63
MP 2 7 2.9E+02 7 63
MP 3 22 5.7E+02 50 550
MP 4 5 1.1E+08 5 591
MP 5 4 3.1E+09 4 591
MP 6 8 4.3E+04 11 591
MP 7 13 1.4E+04 31 550
MP 8 7 6.5E+04 7 550
MP 9 22 1.7E+03 25 214
MP 10 8 4.9E+03 40 177

RMZ-M&G 2005, 52
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Table 2. Time sequence of the phage tracer appear-
ance at measuring points.

days measuring point
4 MP 5
5 MP 4
7 MP 2
7 MP 8
11 MP1
11 MP 6
25 MP 9
31 MP 7
40 MP 10
50 MP 3

structure. In the research area some fast
conduits (large fractures or faults) exist where
water runs faster than in the total conductive
part of the rock, as in the case of MP4 and MP5.
Tracer delay in microfracture system areas was
also observed, especially at MP3, MP7, MP9
and MP10 (see Fig. 1 and 2). At these points
the appearance of the peak value was delayed

for 50, 31, 25 and 40 days respectively. A very
low recovery rate is due to the dispersion of
the tracer in directions where it could not be
sampled and the decay of tracer, dependent
upon removal mechanisms such as filtration,
sedimentation and irreversible adsorption
(SINTON ET AL., 1997).

Recent research with bacteriophages MS2
(ZHUANG ET AL., 2003), PRD1 (BLANFORD ET
AL., 2005) and T7 (FLynN ET AL., 2004) is
much more concerned with breakthrough
percentage, recovery calculations of peak
values of tracer curve, Kkinetics of virus
surface inactivation and analytical models
than with the longevity of phages in
environment. Some notions on persistence
of phages in the environment are referred by
DEBORDE ET AL., 2003, for the phages MS2
and PRD1 in floodplain aquifer. The
breakthrough curves of phages contained

The appearance of phage P22H5
12 WRL - 14
1 WLL -9
10*_! MP10 - 177
9 § MP9-214
£ sf ] MP8-550
% 7 j ] MP7-550
£ 6* I MP6- 565
§ 5 §  MP5 - 585
4t J  MP4-585
3 ] MP3-550
2 MP2 - 63
1 MP1 - 63
6 160 2‘00 3(‘)0 4(;0 5(‘)0 6(‘]0
days

Figure 3. The presence of bacteriophage P22H5 at the sampling points MP1 — MP10 in Sinji
Vrh. The sampling points WRL and WLD, represent the percolation of phage tracer through
right (WRL) and left (WLL) soil lysimeter at Wagna experimental field near Graz.
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long tails, so the slow releases of phages have
been observed over a period of more than
six months. There is need for further research
of mechanisms of phage persistence in the
environment and health-related significance
of the mechanisms of such processes.

The results were compared (Fig. 2) with the
results from tracer tests in soil and gravel at
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Abstract: Several aquifer tests were performed during hydrogeological investigations on
mill tailings Borst of uranium mine Zirovski vrh and large data set was generated. These
results were used for comparative study of several analytical models for hydraulic test
evaluation and for comparison of the results provided by them. In the present paper,
methods of Jacob (CoopEr & JacoB, 1967), PapapopuLos ET AL. (1967), THEls (1935),
HvorsLEv (1951) and CooPeR ET AL. (1967) are compared. In most cases the highest
values are obtained by Papadopulos method. In some cases results of Hvorslev and
Cooper method are up to two and a half decades lower than results of other three meth-
ods. This is mostly due to long duration of pumping. The critical values of pumping
times, where results of different slug test and pumping test methods coincide, were also
defined.

Izvlecek: Med hidrogeoloskimi raziskavami na odlagalis¢u hidrometalurske jalovine Borst
rudnika urana Zirovski vrh je bilo izvedenih ve¢ hidravli¢nih poizkusov, na podlagi
katerih smo dobili velik nabor podatkov. Le-te smo uporabili za primerjalno analizo ve¢
analiti¢nih modelov za obdelavo hidravli¢nih testov. Med seboj smo primerjali metode
Jacoba (CooPeR & JacoB, 1967), PapaporuLos-a ET AL. (1967), THEIs-a (1935), HVORSLEV-
a (1951) in CoopPer-ja ET AL. (1967). V vecini primerov smo najvisje rezultate dobili s
Papadopulosovo metodo. V nekaterih primerih so bili rezultati Hvorsleva in Cooperja
za dve in pol dekade nizji od rezultatov ostalih metod, kar je v glavnem posledica trajanja
¢rpanja. Opredelili smo tudi t.i. “kriti¢ne Case”, torej tiste Case trajanja ¢rpanja, ob katerih
se rezultati razli¢nih metod Se razmeroma skladajo.

Keywords: comparative analysis, slug test, pumping test, single well test
Kljuéne besede: primerjalna analiza, impulzni poizkus, ¢rpalni poizkus, poizkus na ¢rpanem
vodnjaku

Scientific paper



670

RATE], J., BRICEL], M.

INTRODUCTION

During in-situ hydrogeological tests, a large
number of factors affect the final outcome
and only the obvious ones can be included
in analytical models in order to ensure its
relative simplicity. With comparative
analysis one tries to assess analytical models
with respect to their behavior in certain
conditions, their resilience toward
unexpected factor influences, and their
ability to obtain representative results.
Potential sources of error are usually related
to local variation in permeability, leakage
through pipe fittings and between pipe and
adjacent soil, undetected impervious
boundary close to the test, hydraulic
fracturing by excessive differences in water
heads, soil remolding or clogging or uprising
during the test, and time lag in the
piezometric responses (CHaruis, 1990). In
addition, errors can arise from the selection
of analytical model.

During hydrogeological investigations on
mill tailings Borst of uranium mine Zirovski
vrh (50 km W of Ljubljana) several pumping
and slug tests were performed and large data
set was generated. The characterization by
hydraulic tests was made with the aim to
define hydraulic permeability of the mill
tailings and bedrock. These results were later
used for hydrological balance calculations
and groundwater numerical modeling of the
mill tailings, which is positioned on large
landslide.

The large data set gives us opportunity to
study several analytical tests for hydraulic
test evaluation and to compare the results
provided by them. In the present paper,
methods of Jacob (CoopEr & Jacos, 1967),

PapapopruLos ET AL. (1967), THEis (1935),
HvorsLev (1951) and CoopPER ET AL. (1967)
are compared.

Previous studies on the subject of
comparative analysis of aquifer test methods
have mostly discussed relations between
different slug test methods, since they are the
cheapest and therefore the most widely used
methods for field evaluation of hydraulic
conductivity. HErzoc & MorsE (1994) and
HEerzoG (1994) compared methods of
HvorsLev (1951), Cooper (1967) and
NGUYEN & PINDER (1984), and pointed out
the importance of using several methods for
calculating hydraulic conductivity, since no
method can be applied at all times and
employing of other methods is needed. Mack
(1999) compared methods of HERBERT &
KitcHING (1981), BARKER & HERBERT (1989),
HvorsLEv (1951), Bouwer & Rick (1976) and
CoopER (1967) method for slug tests in large-
diameter, hand-dug wells. He suggests that
due to substantial well storage considerable
pumping time may be required to lower the
water level to the desired position. However,
this shouldn’t affect the calculation result
provided that recovery time is considerably
longer than pumping time.

The relations between HvorLEV’s (1951) and
CoopPer’s (1967) model has been discussed
by CHIRLIN (1989), who provides a rather
assertive statement that for slug-tests the
method of Cooper gives correct values of
hydraulic conductivity, and Hvorslev’s result
deviate from the these real values due to
neglecting aquifer storativity. In contrast,
CHAPUIS ET AL. (1990), CHapuis (1998) and
CHapuis & CHENAF (2002) provides several
independent proofs (mathematical, physical,
numerical and experimental), that the theory
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of CoopPER ET AL. (1967) does not adequately
represent slug-test conditions and thus can
not give values of T and S.

KARANTH & PrakasH (1988) studied the rela-
tions between slug tests and pump tests. They
indicate that transmissivity values obtained
by those two methods vary mostly within a
factor of three, except for pump-test trans-
missivity values less than 1.16 x 10* m?/s.

METHODS
Construction of boreholes

On the mill tailing site BorSt and its
surroundings 21 new boreholes have been
installed between May and October 2003.
They were organized in two groups to
determine the values of hydraulic
conductivity of hydrometallurgical tailing as
well as the bedrock that forms the base of
tailings. The depths of piezometers ranged
from 5 to 25 m and from 26 to 105 m,
respectively.

After the drilling, every well was rinsed with
clean water and then activated with the air-
lift method. Activation took place until clean
water flew out of the well, which was hard
to achieve because in most cases dirtiness of
water was a consequence of mud rinsing of
hydrometallurgical tailings instead of drilling
residue removal. No filter packs were
installed in any of the piezometers.

Shallow piezometers are equipped with
cemented ¢168 mm wide surface casing and
have plastic inner casing PVC-U DN 100,
slot 0.75 mm. Usually this casing goes up to
3 m in the base of the aquifer, where a plug
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and a sink are installed as well. Deep
piezometers are installed in the same manner
as the shallow ones with the exception of
piezometers number 3, 4 and 5 (Table 1),
which have one additional inner casing and
piezometer number 12, which has two
additional cemented inner casings due to its
greater depth.

Pumping well performance

In all 20 piezometers, hydraulic tests were
performed between 4" of September and 4™
of November 2003 and were interrupted by
heavy rain in the mean time.

In all wells saturated thickness wasn’t big
enough to create a sufficient pressure head
drop to develop test correctly. In addition, a
large part of the material deposited in Borst
has relatively low permeability and
consequently wells have very low yield (less
than 0,1 I/s). Therefore, regular pumping tests
weren’t feasible in most of the wells, since
the pump’s lower limit of operation is
approximately at discharges 1-2 dcl/s.
Improvised slug tests were performed
instead. Wells were pumped at a middle rate,
which was defined on the basis of previous
hydrogeological interpretation. So, basic
condition for slug tests, water being removed
from the well nearly instantaneously, was
satisfied and drawdown response wasn’t
damaged. Such tests enabled the use of slug
test methods as well as pumping test
methods, since they satisfied all conditions
for the two methods.

Prior to testing pressure probes connected to
automatic data loggers were inserted in the
pumping well plus in other boreholes in its
vicinity. Selection of probes with sensitivities
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that ranged from 1 to 3 bars depended on
expected maximal drawdown (10-30 m).
Time intervals between measurements were
constant throughout the test but they varied
between the tests from 1 to 24 seconds and
were adjusted according to the duration of
measurement and the expected rate of water
level lowering. After a couple of tests it
proved that there were no water level changes
detected in the adjacent wells, therefore, we
continued with testing with only one probe.

Due to absence of water level change in the
wells adjacent to the pumping well we had
to limit our selection of analytical methods
to those that describe single-well tests (i.e.
tests that don’t use any other piezometer for
water level changes observation except the
pumping well itself). Some of those methods
were primarily developed for ordinary
pumping tests with one or more piezometers
(Jacor’s (1967) and THEIs’s (1935) methods),
but can also be used for single-well tests
provided that certain additional assumptions
and conditions are met.

Analytical methods

All methods discussed can not be applied to
all performed tests in the same degree of
reliance, since each method has different
underlying assumption. Therefore,
differences in basic conditions and
assumptions that have to be satisfied for
models to be successfully applied are
presented in the following section as well as
the governing equations.

Models

In this paper, methods of Jacob (Cooprer &
Jacos, 1967), Paraboruros (1967), Theis
(1935), HvorsLEv (1951) and Cooper (1967)

are compared. These methods were selected
while they are the most used in engineering
practice. They assume boundary conditions
that in most cases can reasonably be met in
the field. Methods differ from one another
in the given solution to the partial differential
equation of groundwater flow as well as in
their underlying assumptions. The later are
incorporated, since field conditions in real
world are way too complicated to be
described with relatively simple analytical
equations, therefore, certain assumptions and
conditions have to be met to reduce the
practical problem to mathematical
constraints. Only some of them underlie all
discussed methods, what leads to differences
in results arising from the very fundaments
of the application.

Methods of Jacob, Papadopulos and Theis
presume that (a) the well is pumped at a
constant rate, whereas Hvorslev’s and
Cooper’s methods suppose that (b) the water
is added into or removed from the well
instantaneously. In order to satisfy both
conditions, improvised tests were performed
where the wells were pumped at a constant
rate (a) for a short time (b). If the pumping
times are too long (longer than some critical
time) empirical data doesn’t coincide with
the slug test model. According to MACE
(1999), pumping times shorter than one day
do not affect the performance of slug tests.
However, in case of Bors$t, these critical times
were proved to be much shorter, about 30 —
90 minutes.

All five methods count for the storage in the
well either by using only late time data in
calculations or by incorporating this
consideration directly in the type curves. On
the other hand, Hvorslev method assumes

RMZ-M&G 2005, 52



Comparative Analysis of Single Well Aquifer Test Methods on the Mill Tailing Site... 673

incompressible water and soil, which in other words means that it does not count for storage
in the aquifer as oppose to other methods discussed. As a consequence of this assumption
flow toward the well is to be quasi-stationary by the Hvorslev theory, while in other methods
flow is described as non-stationary. In addition, Hvorslev’s model doesn’t presume the
penetration of entire aquifer and is in all less rigorous than other methods.

Governing equations
The general equation of groundwater flow

&5 1as_sos

p-—=22 1
o’ ror Tot M

was among the presented authors first solved by THeis (1935), who produced the following
equation, derived from analogy between groundwater flow and conduction of heat:

0 Teydy: 2

S =
AnKDy y AnKD 2)
where
2 3 4 5
W) =—-0.5772—Inu+u -+ _ % here u=—> 5
22! 331 44 4KDt

This equation was derived for fully penetrating pumping wells in homogeneous and isotropic
non-leaky confined aquifers. An approximation u < 0.01 by Jacob is then applied to this
equation, so that the terms beyond In # in equation (3) become so small that they can be
neglected. The equation for recovery data is then rewritten as:

2,300
K=——= 4
4nDAs' @
and
257
tt'>——— 5)
KD

where t is the time since pumping started and t’ is the time since cessation of pumping, As’
is change of head per one log cycle of time on semi-log plot s vs. t/t’ (t/t” on the logarithmic
scale).
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The most frequently used method for pumping tests, namely the Jacob (CooPEr & JAcoB,
1946) method is also based on the presented approximation of Theis’s formula (2), except
that it’s applicable to drawdown data. The later can be simplified to give the following
equation for calculating hydraulic conductivity from pumping test data:

o 2300

4nDAs (©)

where As is change of head per one log cycle of time on semi-log plot s vs. t (t on the
logarithmic scale). An additional assumption for single well test should be satisfied:

2517
KD

t>

(7

The most widely used method for slug tests has to be that of HvorsLev (1951), and is based on
the following equation, derived for fully penetrating well in a confined aquifer, where a quasi-
stationary flow and incompressible water and soil (i.e. zero aquifer storage) are assumed:

A h

K="m™
AF b, ()

where A is the cross-sectional area of the well, 1 is the length of the tested portion, h, and h,
are two values of water elevation in the well at the end and at the beginning of time interval
At, and F is the shape factor that equals:

2nl

F=—
In(-—) ©9)
rW

Hvorslev presented numerous such factors for different geometries. Among those, the shape
factor for cased hole and uncased or perforated extension into aquifer of finite thickness
was selected and used in our calculations.

ParapoPULOS ET AL. (1967) suggested a solution developed directly for single well pumping
tests. It is based on a large-diameter wells method, where well storage cannot be neglected.
The governing equation for this method is:

0
K= 4nDs Fo.p) (1o
where
8o C(B)
F O, = — —d
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C(m{l—exp(— 2Z—uﬂ[Jo(Bp)A(B)—YO(BP)B(B)] (12)

APB) =BYy(P)—2aY,(B) (13)
B(B)=BJy(B)—20,(B) (14)

D) =[4B)] +[B®T (15)

r2S “ r.S and r
u, = , , =—
" 4KDt r P r, (16)

vV

K represents hydraulic conductivity, Q is pumping rate, D is aquifer thickness, s _ is drawdown
in the well, r_ is effective radius of screened part of the well, r_ is radius of the unscreened
part of the well, where the water is changing, t is time since pumping started, and F is well
function, which is represented by the type curves and J, (and Y ) and Y, are zero-order and
first-order Bessel functions of the first and second kind, respectively.

CooPER ET AL. (1967) presented also another overlapping graphs solution for slug tests. It is
based on the following equation:

ht
—=F(,p) (17)
hO
where
r2S KDt v
a = rcz p= rcz hy :E (18)

h, is the initial water elevation in the well, h _is the water elevation at time t, b is the
dimensionless time, V is the volume of water added to the well, and F(a,b) is the well
function which is represented with a set of type curves (Figure 1, left) and is described by
the equation.

8au T exp(—Pu’/
Fla,py =5 [0 S (19)

0
where

f(u,00) = [ul (u) = 20d,(W)]* + [uY (u) - 20Y,(W)]? (20)

and J (u), J (u), Y, (u), Y,(u) — are zero-order and first-order Bessel functions of the first and
second kind.
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Data processing

In general, there are two types of numerical
data processing, that both base on regression
principle (methods will further be addressed
only by the leading author). Curve fitting
methods Papadopulos and Cooper try to find
best possible fit between empirical data
and type curves. They read four parameters
(two in each graph) that enable the
calculation of hydraulic conductivity of the
aquifer (Figure 1, left). Straight-line methods
Jacob, Theis and Hvorslev derive the
drawdown equation with certain operations
and/or simplifications to the form that yields
a straight-line graph (Figure 1, right). The
slope of the line and its intersection with the
ordinate axis facilitate the computation of
aquifer parameters.

To define the subjective factor which is
always present when applying different
methods to aquifer test data, a short
description of data segment selection criteria

i

(-1}

| 10Ew0
i

— | =

AR

02

is given here. For drawdown data, the early
time data doesn’t coincide with the Jacob
model, which is a consequence of the well-
bore storage. Therefore, only late time data
(later than approximately 2 — 5 minutes after
the start of the pumping) was used for
calculation. Similarly, first part of the
recovery data was excluded from the
calculation as well. Results obtained from
this part of recovery data are erroneous
because water rises faster than normally due
to water coming back from the pipe to the
well after the cessation of pumping. After
this water returns, the recovery data should
correspond to the Theis, Hvorslev and
Cooper models.

However, the subjective factor remains, since
curve-matching as well as straight line
matching processes were done solely by
visually estimating the position of the best
fit, and it was not quantified by the least-
squares error function.
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Figure 1. Data processing - left: Curve-fitting Cooper method; right: Straight-line Hvorslev

method (Batu, 1998)

Slika 1. Obdelava podatkov - levo: Prilagajanje tipskim krivuljam pri Cooperjevi metodi;
desno: Metoda Hvorsleva s premico (Batu; 1998)

RMZ-M&G 2005, 52



Comparative Analysis of Single Well Aquifer Test Methods on the Mill Tailing Site...

677

RESULTS AND DISCUSSION
Field results

The calculation of hydraulic conductivity
values from aquifer tests on Borst site gave
the following results as presented in Table 1.
As can bee seen from this table not all the
methods could be applied to all tests. In cases
number 15 and 17 to 20, slug tests with
addition of water were performed, so the first
three methods were inapplicable.
Nevertheless, these cases were included in the
analysis because of the study of the
relationship between Hvorslev and Cooper
method. In case number 14 the experimental
data couldn’t be fitted with sufficient certainty
to type curves in Papadopulos method.

Since no “real” values of hydraulic
conductivity are available, we can only
compare these results relatively towards one
another and thus their rank numbers are given
in the brackets for each test.

Ranks of the hydraulic conductivity values
for several cases show some typical
arrangements (Figure 3). It is evident that in
almost all cases the highest or at least second
highest values are obtained by Papadopulos
method. Moreover, cases number 1, 3, 4, 6,
8, 11 and 16 exhibit additional similarities.
Results of Hvorslev and Cooper method are
up to two and a half decades lower than results
of other three methods. Among those two,
Hvorslev’s method results are usually
somewhat higher than those of Cooper’s

Table 1. Hydraulic conductivity values and their ranks for 20 aquifer tests in Borit, Zirovski vrh
(1 — 12: deep piezometers; 13 — 20: shallow piezometers)

Tabela 1. Vrednosti koeficientov prepustnosti in njihovi rangi za 20 hidravli¢nih testov na Borstu
(1 — 12: globoki piezometri; 13 — 20: plitvi piezometri)

Well No. KJacob KPapadopulos KTheis KHvorslev KCooper
1 6.38E-06 (1) | 4.41E-06 (2) | 1.84E-06 (3) | 3.64E-07 (5) | 4.30E-07 (4)
2 8.11E-07 (4) | 1.75E-06(2) | 2.58E-06 (1) | 7.06E-07 (5) | 1.02E-06 (3)
3 6.46E-08 (4) | 2.70E-07 (1) | 2.15E-07 (2) | 1.25E-07 (3) | 2.58E-08 (5)
4 5.65E-07 (2) | 8.11E-07 (1) | 5.35E-07 (3) | 1.40E-08 (4) | 1.03E-09 (5)
5 6.62E-08 (5) | 1.85E-07 (1) | 8.28E-08 (3) | 7.77E-08 (4) | 1.63E-07 (2)
6 2.25E-06 (2) | 3.66E-06 (1) | 5.03E-07 (3) | 6.51E-08 (5) | 7.58E-08 (4)
7 4.82E-08 (3) | 2.04E-08 (5) | 4.42E-08 (4) | 9.75E-08 (2) | 1.42E-07 (1)
8 3.62E-07 (2) | 3.72E-07 (1) | 1.72E-07 (3) | 1.31E-07 (4) | 4.37E-08 (5)
9 1.43E-07 (5) | 3.74E-07 (2) | 1.76E-07 (4) | 2.21E-07 (3) | 5.09E-07 (1)
10 4.06E-07 (4) | 5.55E-07 (2) | 3.40E-07 (5) | 4.12E-07 (3) | 7.27E-07 (1)
11 7.63E-08 (2) | 9.11E-08 (1) | 2.79E-08 (3) | 2.75E-09 (4) | 1.23E-09 (5)
12 8.32E-07 (3) | 2.90E-06 (1) | 6.59E-07 (4) | 3.69E-07 (5) | 1.20E-06 (2)
13 8.42E-06 (4) | 3.01E-06(5) | 5.46E-05(2) | 1.18E-04 (1) | 5.10E-05 (3)
14 4.67B-05 (1) 1.30E-05 (4) | 2.27E-05(3) | 4.50E-05 (2)
15 5.85E-07 (2) | 7.41E-07 (1)
16 1.22E-05 (3) | 5.14E-05(1) | 4.91E-05(2) | 4.02E-06 (4) | 1.52E-06 (5)
17 4.43E-05(2) | 7.44E-05 (1)
18 6.72E-05 (2) | 1.45E-04 (1)
19 1.49E-05 (2) | 7.09E-05 (1)
20 1.23E-07 (2) | 1.71E-07 (1)
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method. Results of Theis and Jacob methods
are in between Hvorslev and Cooper method
results of one side and Papadopulos method
values on the other. In addition, Jacob method
gives a bit higher values than Theis model.

Differences between tests can also be noticed
on the scatter point graphs, where pumping
test method is plotted against slug test
method. They are most evident in the
relationship between Jacob and Hvorslev
method, which are believed to be the most
resilient and straight forward solutions
among pumping and slug test methods,
respectively. Most of the cases coincide with

the equal values line, except in some cases,
which fall on a line parallel to the equal
values line and where results of Jacob are
greater than values of Hvorslev.

Differences in results also occur between
method that use drawdown data (Jacob,
Papadopulos) and those that use recovery data
(Theis, Hvorslev, Cooper). Nevertheless, they
can only be observed where pumping times
were short, otherwise they are blurred by the
differences between the pumping and slug
test. Overall, the recovery results show greater
variability in values than those calculated
from drawdown data.

Ranges of hydraulic conductivity values

5E-04
A Eiid
iz iz
5E-05 oo o g
AN
o 0 e
o o
5E-06 | - -
o o O O
<& O i
0 & o 5
b= Q & # ®
E 5E-07 |4 24 -
4 g . | 2
A fﬁ gl 8 : Y
i
5E-08 © 8 P —
G O ©
A o KJacob
O KPapadopulos
5E-09 & Koneis ]
o o KHvorsIev
i Eiid + KCooper
5E-10 [ [ 1
o 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20
Piezometer

Figure 2. Ranges of results obtained by methods of JacoB ET AL. (1946), PAPADOPULOS ET AL.
(1967), Tuers (1935), HvorsLev (1951) and CooPER ET AL. (1967)

Slika 2. Razponi dobljenih vrednosti po metodah Jacosa ET AL. (1946), PAPADOPULOSA ET AL.
(1967), THEisA (1935), HvorsLEVA (1951) in CooPERIA ET AL. (1967)
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Figure 3. Relation between hydraulic conductivity values of Jacob and Hvorslev method
Slika 3. Razmerje med koeficienti prepustnosti po Jacobovi metodi in metodi Hvorsleva

In Table 2 correlations between results from
different analitical models are presented. The
most profound relation among the pairs of
five discussed methods in case of Borst is
that of the two slug test methods — Hvorslev
and Cooper. Somewhat lower are the
correlations between the three pumping test
methods. In general, pumping test methods
do not correlate with slug test methods at
such high degree.

Discussion

Results obtained by using different methods
for calculation of hydraulic conductivity

from aquifer tests showed a clear separation
between tests with longer pumping times and
those with shorter pumping timer. A term of
“critical time” was introduced to distinguish
between the two types of tests which
describes the longest time of pumping at
which slug tests methods can be employed
and the results of these methods don’t diverge
significantly from those of pumping test
methods. Critical time was only determined
approximately. MAct (1999) showed that the
instant addition/removal of water condition
is quite flexible and can be extended to one
whole day of pumping. However, this doesn’t
prove to be the case in aquifer tests on mill

Table 2. Correlations between results from different analitical models

Tabela 2. Korelacije med rezultati razli¢énih metod

R K.Iacob KPQMMOS K Theis KH vorsley K Cooper
KJacob 1
KPapadopu]os 0.92 1
Korheis 0.90 0.86 1
I<I-Ivorslev 0.66 0.57 0.84 1
KCooper 054 047* 068 093 1

*statistically insignificant
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tailing of Borst. Differences in results start
to appear in tests with pumping times longer
than half an hour, and the longer the pumping
time, the greater the distinction between
pumping and slug test method results. To be
precise, in such cases slug test methods
underestimate hydraulic conductivity values
by as much as two orders of magnitude.

Differences between “pumping” and “slug”
tests can be seen in typical arrangements of
ranks of the hydraulic conductivity values
as described in previous section. Such typical
arrangement is associated largely to those
cases that resemble pumping tests more than
slug tests, namely cases number 1, 3,4, 6, 8,
11 and 16. Moreover, cases of pumping times
longer than “critical time” can be further
distinguished from other cases as can be seen
in Figure 5. “Pumping” test cases (number
1,4, 6, 11) are the ones that diverge from the
line of equal hydraulic conductivity towards
the pumping test method axis, whereas
“slug” test cases coincide well with this line.
This shows that the results of these five
methods can only be compared when a slug
test was performed, and that the instant
addition/removal of water condition is the
most rigorous and thus the key condition to
be satisfied in this matter.

Furthermore, systematic differences seem to
appear between Theis’s recovery method for
pumping tests and Hvorslev’s method for
slug-tests. Since both are straight-line
methods a clear separation between straight
and non-straight line portion of the recovery
data can be defined (i.e. the point where
experimental data start to concur with the
model) in data processing procedure. It is
apparent, that in cases when our improvised
aquifer test resembles slug test in higher

degree than pumping test, the experimental
data coincides with Hvorslev’s model earlier
than with Theis’s model. On the other hand,
field data falls in Theis’s model earlier, in
cases with longer pumping times when
performed test resembles pumping test.

As a remark, KARANTH & PrakasH (1988)
showed that with decreasing values of
hydraulic conductivity the transmissivity
values of slug tests exceed values of pumping
test. Since similar trends, but less extent,
have been noted in this study using different
methods on the same set of aquifer test data,
we can conclude that a part of the slug-
pumping test relationship arises solely from
model structure.

Discrepancies between method that use
drawdown data (Jacob, Papadopulos) and
those that use recovery data (Theis, Hvorslev,
Cooper) are a consequence of a couple
technical facts. Firstly, not fully developed
wells where activation of the well took place
during the pumping resulted in lower values
from drawdown data, and secondly, presence
of well clogging with the fine-grained
hydrometallurgical tailing which resulted in
lower values from recovery data. Although
these differences are small compared to the
pumping/slug test differences, they add to
the importance of model selection. The
greater variability in results from recovery
data also implies that well development is in
fact an important factor.

Somewhat higher results can also be obtained
by Papadopulos method as can be seen in
Table 1. This is due to many cases when
experimental values coincide with the
straight portion of the type curves, where
ambiguous results are usually gathered. This
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portion of type curves represent the water
being pumped from wellbore storage and is
employed in cases of small well diameter
and/or short pumping times as it was the case
in Borst. Nothing similar can be observed
with the other curve-fitting method — Jacob
method doesn’t account for the wellbore
storage and thus doesn’t have such straight
portions of type curves and the experimental
and theoretic graphs can only be adjusted
toward one another on x-axis.

Since results of Hvorslev’s method are as rule
lower than those of any other method a
reason for this was sought as well. Lower
values could be a consequence of the
difference between pumping and slug test
conditions with respect to Jacob’s,
Papadopulos’s and Theis’s method on one
hand, and the fact that it does not account
for the aquifer storage with respect to
Cooper’s model on the other. Namely, after
the depression due to pumping is formed, the

Hvorslev model assumes that the water must
fill the gaps between the soil particles in the
drained portion of the aquifer, whereas
storage accounting Cooper model requires
additional water to compensate for the
aquifer storage. Consequently, water in
Cooper’s model should flow to the well
slower than in Hvorslev’s model, resulting
in higher values of hydraulic conductivity
using the Cooper’s model given that the
actual flow to the well used for calculation
is in fact unique and therefore the same for
both cases.

In addition, the difference between the
Cooper and Hvorslev results in case of Borst
varies with the order of magnitude of the
hydraulic conductivity. Since those methods
could be applied to most performed tests and
thus produced more results, we get a more
thorough insight in their correlation. Figure
6 shows that in more permeable materials,
results of Cooper exceed those of Hvorsleyv,
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Figure 4. Relation between hydraulic conductivity values of Hvorslev and Cooper method
Slika 4. Razmerje med koeficienti prepustnosti po metodi Hvorsleva in Cooperjevi metodi
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whereas in low permeability sediments
Hvorslev’s model gives higher values. The
similar phenomenon was noted by HyDer &
BuTLER (1995), who noted that results of
Bouwer and Rice, which can at this point be
addressed as adequate to the Hvorslev
method, overestimate hydraulic conductivity
in clay-rich formations. The best agreement
between the two models can be found in the
interval 1x107 and 1x10° m/s. This confirms
the systematic difference between the two
methods. Hvorslev’s method is quasi 3-
dimensional because of incorporation of
shape factor, while Cooper’s method is 2-
dimensional. For coarse-grained sediments
one must therefore estimate the importance
of vertical flow to select the correct analysis
method (HErRzOG, 1994).

CONCLUSIONS

The comparative analysis of single well
aquifer test methods in Bordt Zirovski vrh
showed, that methods of JacoB ET AL. (1946),
PArAaDOPULOS ET AL. (1967) and THEIs (1935)
for pumping tests give significantly different
results than methods of HvorsLEv (1951) and
CoOPER ET AL. (1967) in cases when aquifer
tests resembled pumping tests in higher
degree than slug tests. Values were
comparable in cases when times of pumping
were shorter than “critical times”, which
were ascertained at about 30 minutes in case
of Borst. That shows that time of pumping is
the key factor in this matter and that this is
the most rigorous condition in case of Borst,
which is also the most easily removable one
from technical point of view.

The present comparative analysis shows that
the question of determination of hydraulic

conductivity isn’t trivial in the interpretative
sense, because the final result highly depends
on the analytical model selection. Despite
unique properties of existing aquifers,
differences between models lead to
ambiguous result, which implies that
thorough knowledge of models and their
boundary conditions is needed in aquifer
permeability characterization.

PovVZETEK

Primerjalna analiza metod obdelave
hidravli¢nih poizkusov v ¢rpanem
vodnjaku na odlagali§¢u hidrometalurske
jalovine Borst, Zirovski vrh, Slovenija

Med hidrogeoloSkimi raziskavami na
odlagalis¢u hidrometalurske jalovine Borst
Rudnika urana Zirovski vrh je bilo izvedenih
ve¢ Crpalnih in nalivalnih poizkusov, na
podlagi katerih je bil pridobljen velik nabor
podatkov. Raziskave so bile opravljene za
potrebe opredelitve koeficientov prepustnosti
hidrometalurske jalovine in podlage.
Opazovalne vrtine so bile izvrtane med majem
in oktobrom leta 2003. Globine vrtin, ki so
izvedene v hidrometalurski jalovini znasajo
med 5 in 25 m, vrtine izvedene v karnijski
podlagi, sestavljeni iz cordevolskih apnencev
in dolomita ter julsko-tuvalskih klasti¢nih
kamnin, pa so globoke med 26 in 105 m.

Debelina omocenega sloja se od vrtine do
vrtine spreminja. Zaradi relativno slabe
prepustnosti testiranih obmocij, debelina
omocenega dela ni bila dovolj velika, da bi
lahko s ¢rpanjem ustvarili zadostno tla¢no
razliko med vodonosnikom in nivojem vode
v Crpalni vrtini, kar bi omogocilo ustrezen
potek poizkusa. Ob tem sta dolocene
prilagoditve terjali tudi slaba prepustnost in
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posledi¢no nizka izdatnost ¢rpalnih vrtin.
Vrtine smo tako na podlagi predhodne
hidrogeoloske interpretacije ¢rpali z majhno
koli¢ino. S tem smo dobili uporabne podatke
0 zniZanju nivoja podzemne vode v vodnjaku
kakor tudi uporabne podatke o dvigu nivoja
za obdelavo z metodami za impulzne poizkuse.

Pridobljene podatke smo uporabili za
primerjalno analizo ve¢ analiti¢nih modelov
za obdelavo hidravli¢nih testov. Med seboj
smo primerjali tiste metode, ki obravnavajo
poizkuse na ¢rpalnih vodnjakih (t.i. single-
well testi). Tako smo primerjali metode
Jacoba (Cooper & JacoB, 1967),
PArADOPULOSA ET AL. (1967), THEIsA (1935),
HvorsLEvA (1951) in CoOPERJA ET AL. (1967).

Vsaka od metod ima lastne robne pogoje, kar
zahteva izpolnitev dolo¢enih predpostavk.
Ujemanje oz. neujemanje teoreti¢nih
modelov z dejanskim stanjem na terenu ima
za posledico razlike v rezultatih med
metodami. Obravnavane metode se med
seboj loc¢ijo tudi po nacinu obdelave
podatkov. Tako poznamo dva postopka
numeri¢ne obdelave podatkov, ki se oba
naslanjata na izradun regresije — (1) s
prekrivanjem teoreti¢nih in empiri¢nih
podatkov ter (2) s pomoc¢jo trendne premice.

Na podlagi obdelave smo dobili rezultate, ki
jih prikazuje Tabela 1. Ker “dejanski”
podatki o prepustnosti niso na voljo, smo
pridobljene koeficiente prepustnosti lahko
primerjali le relativno. Posamezne koefici-
ente prepustnosti smo razvrstili glede na
ostale vrednosti, ki so bile zabeleZene v isti
opazovalni vrtini in jim pripisali rang. Ti
kazejo, da v vec¢ini primerov dobimo najvisje
koeficiente prepustnosti s Papadopulosovo
metodo.

RMZ-M&G 2005, 52

V nekaterih primerih so koeficienti prepustnosti
izraCunani z metodami po Hvorslevu in
Cooperju za dve in pol dekadi nizji od
rezultatov ostalih metod, kar je v glavnem
posledica trajanja ¢rpanja. Opredelili smo tudi
t.i. “kriticne Case”, torej tiste Case trajanja
¢rpanja, ob katerih se rezultati razli¢nih metod
$e razmeroma skladajo. Ti so v primeru Borsta
med 30 in 90 minutami in so specifi¢ni za to
obmocje. Za primerjavo lahko podamo primer
s severnega Teksasa, ki ga navaja Mack (1999),
v katerem Crpalni Casi, krajsi od enega dneva
naj ne bi vplivali na kvaliteto impulznega
poizkusa. Efekt predolgega Crpanja prikazuje
Slika 3, kjer so v tockastem diagramu prikazani
koeficienti prepustnosti po Jacobu proti
koeficientom prepustnosti Hvorsleva. Vecina
rezultatov (krogi) se razporedi vzdolz premice
z naklonom 1 in presecis¢em 0, nekatere
vrednosti (kvadrati) pa padejo na premico z
enakim naklonom, ki je zamaknjena proti osi
Hvorsleva. S krogi so ponazorjeni tisti
poizkusi, ki so po dolZini ¢rpanja bolj podobni
impulznim poizkusom, s kvadrati pa tisti
poizkusi, ki so bolj podobni ¢rpalnim
poizkusom.

Primerjalna analiza med rezultati je
pokazala, da je ¢as ¢rpanja kljucni dejavnik
in da lahko primerljive rezultate na obmocju
Borsta dobimo pri ¢rpalnih poizkusih, ki niso
daljsi od 30 minut. Hkrati se je izkazalo, da
vprasanje opredelitve koeficienta
prepustnosti v interpretativnem smislu ni
trivialno, saj je kon¢ni rezultat v veliki meri
odvisen od izbrane metode obdelave. Tako
kljub enozna¢nemu stanju v naravi razlike
med robnimi pogoji posameznih metod
vodijo do dvoumnih rezultatov, zaradi ¢esar
je za pravilno karakterizacijo hidravli¢ne
prepustnosti potrebno temeljito poznavanje
modelov in pogojev njihove uporabe.
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lysimeter at Union Brewery, Ljubljana, Slovenia

Proucevanje tokovnega sistema in prenosa snovi v urbanem
lizimetru Pivovarne Union, Ljubljana, Slovenija

BRrANKA TRCEK

Geological Survey of Slovenia, Dimiceva 14, SI-1000 Ljubljana, Slovenia
E-mail: branka.trcek@geo-zs.si

Received: April 15,2005  Accepted: November 24, 2005

Abstract: Investigations of flow system and solute transport have been undertaken at an
urban lysimeter at Union Brewery, near the centre of Ljubljana, with the intention of
monitoring and controlling the environmental impacts of industry and traffic on ground-
water within a Pleistocene alluvial gravel aquifer. The physico-chemical and isotopic
properties of sampled groundwater have already produced general information on the
hydrodynamic functioning of the study area and on solute transport - the main flow
components, the flow hierarchy and the environmental response to the flow system have
been indicated. Two important flow types are identified - lateral and vertical flow. The
former has an important role in groundwater protection, whilst the latter is the main
influence on contaminant transport towards the aquifer saturated zone.

Izvle€ek: V urbanem lizimetru Pivovarne Union, v blizini centra Ljubljane, potekajo raziskave
tokovnega sistema in prenosa snovi. Njihov glavni namen je, da se proucijo vplivi
industrije in prometa na podzemno vodo pleistocenskega prodnega vodonosnika.
Fizikalno-kemic¢ne in izotopske lastnosti vzorcene vode so opisale osnovne
hidrodinamicne lastnosti opazovanega sistema. Opozorile so na hierarhijo toka v
nezasic¢eni coni vodonosnika in odziv okolja nanjo. Identificirani sta bili dve pomembni
vrsti tokov - lateralni in hitri vertikalni tok. Lateralni tok ima veliko vlogo pri zas¢iti
vodnih virov pleistocenskega prodnega vodonosnika. Vloga hitrega vertikalnega toka je
povsem nasprotna, saj je le-ta glavni faktor za prenos in $irjenje onesnazenja proti zasiceni
coni vodonosnika.

Key words: urban lysimeter, Pleistocene alluvial gravel aquifer, environmental impacts, flow
and solute transport

Kljuéne besede: urbani lizimeter, pleistocenski aluvialni prodni vodonosnik, vplivi okolja,
tok in prenos snovi
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INTRODUCTION

Groundwater from a Pleistocene alluvial
gravel aquifer is becoming an increasingly
important drinking water source for the
Ljubljana area. It is also an invaluable water
source for Union Brewery, which is located
within an urbanised and industrialised area
near the centre of Ljubljana and supplies
quality groundwater from four production
wells (Fig. 1). The managers of the brewery
are aware that this water should be protected.
Therefore, investigation of the environmental
impacts of industry and traffic on

groundwater of the Pleistocene alluvial
gravel aquifer, have been undertaken. Flow
and solute transport monitoring was
conducted in numerous piezometers within
the brewery and in its vicinity (some of them
are illustrated in Figure 1), as well as at the
lysimeter, which is a topic of this paper. The
main goal of the piezometric monitoring is
to investigate groundwater quality, whereas
the main goal of the lysimeter monitoring is
to study possible contamination in the
vicinity of the brewery and with that to
evaluate the role of the unsaturated zone in
groundwater protection.

AUSTRIA

iy 'SLOVENIA
M Ljubljiana

CROATIA

HUNGARY

Figure 1. Study site (OP-x piezometer, V-x production well)
Slika 1. Raziskovalno obmocje (OP-x piezometer, V-x vodnjak)

RMZ-M&G 2005, 52



Investigations of flow system and solute transport at an urban lysimeter...

687

DESCRIPTION OF THE STUDY AREA

The urban lysimeter at Union Brewery was
constructed (JUREN ET AL., 2003) adjacent to
the brewery (Fig. 1). It contains 42 boreholes
—36 on its right side, under industrial railway
tracks and 6 on its left side, beneath the
asphalt surface (Fig. 2). On the right side of
the lysimeter the boreholes are up to 9.5 long
and they are distributed in six columns (1-6)
and six levels (I-VI) at depths of 0.3-4.0 m
(Figs 2 and 3). On the left side of the
lysimeter the boreholes are up to 2.5 m long
and distributed in six columns (1-6) and three
levels (I-11T) at depths of 0.60-1.80 m.

8442 mm
Left wall

Right wall

The boreholes penetrate four layers: sandy
gravel, silt-sandy gravel, clayey silt-sandy
silt with gravel grains and gravel with sand
and silt. The upper three layers are artificial,
whereas the fourth layer consists of river
deposits. A detailed geological cross-section
of the ends of the boreholes on the right wall
of the lysimeter is presented in Figure 3.

The lysimeter was equipped with a UMS
recording and sampling system (JUREN ET AL.,
2003). Tensiometers, TDR probes and
suction cups were installed at the ends of
boreholes.

Figure 2. Lysimeter construction with the projection of the upper right level boreholes

(modified after JUREN ET AL., 2003)

Slika 2. Kostrukcija lizimetra z na¢rtom vrtin na zgornjem desnem nivoju

(prirejeno po JUREN ET AL., 2003)
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METHODS AND TECHNIQUES

Monitoring of flow and solute transport
processes in the lysimeter commenced in
June 2003. During the first year of research,
continuous measurement of water balance
and of physico-chemical water parameters
(pH and electroconductivity) were carried
out to obtain basic information on the study
area. In addition, monthly water sampling for
analysis of the 8'80 and &°H isotopic
composition was undertaken to obtain
additional information about mixing
processes and groundwater residence times
in the unsaturated zone.

Groundwater was sampled with suction cups.
A total of 18 sampling points were
established on the right side of the lyimeter:
RI-1 to RI-3, RII-1 to RII-3, etc. (Fig. 3),

column

~nw  column

300,00

column

whereas on the left side of the lysimeter only
3 sampling points were established: LI-4,
LII-5 and LIII-6. In addition, precipitation
was sampled near the entrance to the
lysimeter.

Groundwater was sampled and preserved
based upon the method described by CLARK
& Fritz (1997). The characteristics of the
isotopic composition of natural substances
are described in numerous publications
(e.g. Crark & Fritz, 1997; KEnDALL &
McDoNNELL, 1998; Pezpic, 1999).

The 6'80 composition is expressed relative
to the standard SMOW (Standard Mean
Ocean Water), conventionally reported in
terms of a relative value 9, expressed with
equation

8 (%0)=(R /R, — 1)1000 (1)

SE

AN, Nl

299,50

B DR

299,00

L =

~level

—R1

208,50

Rl

298,00

207,50

R 11l

RV

297,00

296,50
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208,00 |

205,50

RVI

295,00 |
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284,00

0 1 H 3 4 5
LEGEND:

E SANDY GRAVEL (ARTIFICIAL)

SILTY SANDY GRAVEL (ARTIFICIAL)
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8 7 8 9 1om

E CLAYEY SILT-SANDY SILT WITH GRAVEL GRAINS (ARTIFICIAL)

./ ]
GRAVEL WITH SAND AND SILT (RIVER DEPOSITS)

7~ ~— BORDER BETWEEN TWO LAYERS

Figure 3. Geological cross-section of the right side of the lysimeter at the end of boreholes,
with sampling points indicated (modified after JUREN ET AL., 2003)
Slika 3. Geoloski prerez s konca vrtin na desni strani lizimetra z oznacenimi vzorénimi mesti

(prirejeno po JUREN IN soD., 2003)
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where R is the isotope ratio (e.g. '*0/'°0) in
the substance X, R is the isotope ratio in
the corresponding international standard
substance, and J is expressed in parts per
thousand.

Water samples were analysed for 830 in the
isotope laboratory at the GSF-Institute of
Groundwater Ecology in Neuherberg
(Germany), with a standard analytical error
of £ 0.05 %o.

REsuLTS

The water balance for the lysimeter sampling
points during the first phase of the research is
presented in Table 1. There is an absence of
data for sampling points RIII-2 and RIII-3 for
the first part of the monitoring period, because
a proper measuring system was only
established in April 2004. Nevertheless, it can
be observed in Table 1 that these two sampling
points discharged the highest volumes, and

Table 1. Water balance of lysimeter sampling points
Tabela 1. Vodna bilanca vzor¢nih mest v lizimetru

that on both, the right and left side of the
lysimeter, the bulk of the water is discharged
to sampling points on level I11. It is important
to note that a low discharge occurs under the
asphalt surface (LIII-6, since none of the other
sampling points did yield any drainage water
at that period).

Figure 3 illustrates that the sampling points
on level III are located near the contact
between two structurally different layers:
silty-sandy gravel and underlying clayey
silty-sandy silt with gravel grains. The
hydraulic conductivity of the upper layer is
higher than that of the lower layer. Therefore
it is presumed that the greater volumes
discharged from level III result from the
development of a lateral flow component.
Figures 4 and 5 demonstrate that the
discharges of level I1I are strongly dependent
on precipitation levels and intensity. Figure
5 also indicates the occurrence of vertical
flow from level 111, which results in increased
volume of discharge from sampling points

Volume (ml) Vol.(mm)
RIT RV RI RI RIII RIV  RVI RI RIIT RIV. RV RVl LIl  Precipi-
1 1 2 2 2 2 2 3 3 3 3 3 6 tation
10.7.03 280 340 86 41 70 19 455 110 45 160 5 57.7
27.8.03 385 490 38 45 95 38 370 45 65 38 71.6
17.9.03 175 175 21 20 50 220 40 38 445
16.10.03 380 200 110 24 890 29 190 100 24 40 37 110.7
12.11.03 190 180 100 20 60 55 180 20 30 121.4
9.12.03 190 60 20 60 120 20 73.8
20.1.04 280 20 80 90 150.3
17.2.04 180 10 35 20 48 25 27 7 7 10 12.7
253.04 230 30 190 50 40 35 20 122.5
15.4.04 420 110 49936 620 75580 40 25 94.3
12.5.04 190 23 25 27 79590 40 20 92550 20 35 5 64.8
15.6.04 520 10 30 20 76880 510 110 136210 50 20 30 25 83.1
13.7.04 210 40 100 20 81140 50 150 125330 30 30 15 133.0
11.8.04 220 25 80 22 89320 70 132530 70 50 20 89.2
V:)?;?Ille 3420 1485 825 237 2573 141 1820 372 241 375 185 1007.4
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at the lower levels, particularly from RIV-2
(Oct. 2003, Apr. and Jun. 2004).

Statistical characteristics of the electro-
conductivity of sampled water are presented
in the form of boxplots range from 180 to
615 pS/cm (Fig. 6).

Significantly higher values were recorded
on the left side of the lysimeter - up to
4000 pS/cm. These most probably result
from winter contamination.

Lowest electroconductivity values in the
lysimeter are connected with levels I and II
(Fig. 6 and 7), whereas highest values are
connected with level III (Fig. 6 and 7), not
with lower levels, which reflects the important
role of the lateral flow component near this
level. On the other hand, Figure 7 also
illustrates when and where the vertical flow
component dominated. Vertical breakthrough
of water from level Il into level IV is
particularly highlighted for April 04.

Boxplots of the 8'30 isotopic composition of
sampled water (precipitation and ground-
water) are presented in Figure 8. Precipitation
values range between -4.1 and -15.2 %o with
amean value of -8.9 %o. Groundwater values
vary between -4.5 and -14.7 %o, whilst the
means of single sampling points are between
-8 and -10.7 %o. The means that as well as the
spread of 8"O for the various lysimeter
sampling points differ significantly. These
differences most probably reflect different
residence times of the seepage water.
Comparison with precipitation indicates that
the ranges of groundwater for the upper two
levels (I, II and III) are highest, reflecting the
intensive groundwater dynamics and short
residence times. On the other hand, the range
of groundwater values for the lower levels (IV,
V and VI) are relatively small, which reflects
less intensive dynamics and longer residence
times.

The 8'30 characteristics of the sampled water
are also illustrated in Figures 9 and 10, which
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Figure 4. Daily discharge collected at lysimeter sampling points RIII-2 and RIII-3
Slika 4. Dnevni pritoki, zbrani v vzor¢nih mestih RIII-2 in RIII-3
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Figure 5. Monthly water volumes collected at lysimeter sampling points.
Slika 5. Mesec¢na koli¢ina vode, zbrana v vzorénih mestih lizimetra

present the parameter time-trends for
groundwater of the upper and lower lysimeter
levels, respectively.

Comparison of 8O trends in precipitation
and groundwater in Figures 9 and 10
demonstrates that variations in this parameter
are much more attenuated in the lysimeter

RMZ-M&G 2005, 52

lower levels, which probably reflects longer
groundwater average residence time. Peak
values in both figures indicate vertical flow
and solute transport in the aquifer during the
main hydrological events, i.e. October 2003
and April 2004. For example, in April 2004,
precipitation pushed low 8'*O water into the
lower lysimeter levels (Fig. 10). It is
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presumed that these values may have resulted
from snowmelt. The influences of snowmelt
may be observed in the lysimeter upper levels
one month earlier (Fig. 9).

DISCUSSION AND CONCLUSIONS
Results of the first phase of the research at

the Union Brewery lysimeter has produced
general information on the hydrodynamic

700

functioning of the study area and on solute
transport. Synthesis of one-year of
monitoring data has revealed the basic
characteristics of flow and solute/
contaminant transport, since the main flow
components, the flow hierarchy and the
environmental response to the flow system
are all indicated. Two important flow types
were identified - lateral and vertical flow.
Lateral flow has an important role in the
protection of groundwater of the Pleistocene
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Figure 6. Boxplots of electroconductivity values for water sampled on the right and left side
of the lysimeter beneath the industrial railway tracks and the asphalt surface respectively
Slika 6. Skatlasti diagrami elektri¢ne prevodnosti v vodi, vzor¢eni na levi in desni strani
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Figure 7. Time-trend plot of electroconductivity values for water sampled on the right side

of the lysimeter beneath the industrial railway tracks

Slika 7. Casovno nihanje elektricne prevodnosti v vodi, vzor¢eni na desni strani lizimetra
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alluvial gravel aquifer. However, the role of
vertical flow is quite the opposite, because it
is the main factor controlling contaminant
transport towards the aquifer saturated zone.
Hence, investigation of the occurrence and
frequency of rapid recharge events represents

one of the main themes of the next research
phase. With this regard, the monitoring of
chlorides, of heavy metals and of herbicides
has been established at the beginning of 2005
and the first tracing test was undertaken at
the end of March 2005.
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Figure 8. Box plots of &

180 values in sampled water

Slika 8. Skatlasti diagram §'30 vzor&ene vode
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Figure 9. Time-trend plot of 8'°0 values in water sampled from the lysimeter upper levels

Slika 9. Casovno nihanje 8'%0 v vodi, vzor¢
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Figure 10. Time-trend plot of 8'%0 values in water sampled from the lysimeter lower levels

Slika 10. Casovno nihanje 8'*0 v vodi, vzoréeni v spodnjih nivojih lizimetra

POVZETEK

Proucevanje tokovnega sistema in prenosa
snovi v urbanem lizimetru Pivovarne
Union, Ljubljana, Slovenija

V urbanem lizimetru Pivovarne Union (sl. 1
in 2) potekajo raziskave toka in prenosa snovi
v nezasiceni coni pleistocenskega prodnega
vodonosnika (sl. 3), ki je vse pomembnejsi
vir pitne vode, ne le za Pivovarno Union,
ampak tudi za mesto Ljubljana. Glavni cilj
raziskav je Studij vplivov industrije in
prometa na omenjen vodonosnik, ki
omogoca, da se prouci moznost onesnazenja
virov podzemne vode na obmocju Pivovarne
Union ter oceni vlogo nezasicene cone pri
njihovi zas¢iti.

V prvi raziskovalni fazi so se izvajale tedenske
meritve vodne bilance in osnovnih fizikalno-
kemi¢nih parametrov vode, poleg tega pa je
potekalo tudi mese¢no vzorcenje vode za
analizo izotopske sestave kisika (5'%0).

V lizimetru se je vzorcila voda s pomocjo
kerami¢nih sveck. 18 sveck je vgrajenih na
koncu vrtin, na desni strani lizimetra (RI-1
do RI-6, RII-1 do RII-6 itd.), ki lezi pod
industrijskimi zelezniskimi tiri, 3 pa so
vgrajene v vrtine na levi strani lizimetra
(LI-4, LII-5 in LIII-6), ki lezi pod asfaltnim
obmocjem (sl. 2 in 3). Geoloski prerez na
sliki 3 kaze, da vrtine predirajo Stiri razli¢ne
plasti, vzor¢na mesta pa so razporejena v 3
kolone in 6 nivojev na globinah 0,3-4 m.

Zaprvo raziskovalno leto je prikazana vodna
bilanca vzor¢nih mest lizimetra v tabeli 1 ter
na slikah 4 in 5. Pretoki vzor¢nih mest so
mocno odvisni od koli¢ine in intenzivnosti
padavin (sl. 4 in 5), iz tabele pa je mogoce
razbrati, da najvecja koli¢ina vode priteka v
vzoréna mesta na nivoju IIl. Predvideva se,
da je to posledica razvoja lateralne
komponente toka v blizini kontakta med
dvema plastema z razli¢no strukturo ter,
posledi¢no, razlicno hidravlicno prevod-
nostjo (sl. 3). Na sliki 5 je mogoce opaziti
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tudi pojavljanje vertikalnega toka iz nivoja
I v nizja obmocja — povecana koli¢ina vode
v vzor¢nih mestih nizjih nivojev, zlasti na
nivoju IV (oktober 2003, april in junij 2004).

Lastnosti elektri¢ne prevodnosti vzoréenih
vod so prikazene na slikah 6 in 7. V lizimetru
so najnizje vrednosti parametra vezane na
nivoja I in I, medtem ko so najvisje vrednosti
vezane na nivo Il in ne na nizje nivoje, kar
odseva pomembno vlogo lateralne
komponente toka v blizini nivoja I11. Po drugi
strani pa slika 7, ki prikazuje casovno nihanje
elektri¢ne prevodnosti v vzoréenih vodah,
kaze, kdaj in kje je bilo izrazito vertikalno
napajanja spodnjih nivojih lizimetra (oktobra
2003 in aprila 2004).

Lastnosti 6'%0 so ilustrirane na slikah 8, 9 in
10. Glede na padavine imajo vode zgornjih
nivojev lizimetra (I, I in III) najvecje
razpone vrednosti, kar odseva intenzivno
dinamiko in s tem kratek zadrzevalni cas.
Nihanje parametra je veliko bolj duseno v
spodnjem delu lizimetra ( IV, V in VI), kar
odseva manj intenzivno dinamiko in daljsi
zadrZevalni Cas. Na slikah 9 in 10 je treba
pozornost nameniti odstopanjem od
obic¢ajnih trendov. Le-ta opozarjajo na
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Izvle€ek: Dolocali smo vpliv mineralne sestave nekaterih vrst slovenskih apnencev na njihovo

uporabno vrednost. Vzorci so bili izbrani iz nekaterih aktivnih in ob¢asno delujocih
kamnolomov apnenca: iz Hotavelj, Lesnega Brda, Drenovega Gri¢a in Lipice. Odvzeti
so bili vzorci sveze kamnine in Ze prepereli vzorci iz opuscenih delov kamnoloma, ki so
bili okoli trideset let izpostavljeni vremenskim pogojem in delovanju razli¢nih
organizmov. Mineralna sestava je bila dolo¢ena s pomocjo rentgenske difrakcije in
vrsticnega elektronskega mikroskopa. S primerjavo povrsin svezih in ze nekoliko
preperelih vzorcev smo opazovali u€inke preperevanja; predvsem gre za raztapljanje
kamnine, vpliv insolacije in delovanja organizmov. Pogosto se razli¢ni nacini preperevanja
prepletajo in so medsebojno odvisni, tako da njihovih u¢inkov ne moremo razlikovati.
Obstojnost kamnine je odvisna predvsem od strukture apnenca, ki jo pogojujeta nacin
nastanka in vrsta diagenetskih procesov, in ne toliko od same mineralne sestave.

Abstract: The influence of the mineral composition on weathering durability of some

Slovenian building limestones has been investigated. Samples were taken from some
active or occasionally active quarries: Hotavlje, Lesno Brdo, Drenov Gri¢ and Lipica.
The comparison between fresh limestone samples and about 30 years weathered samples
was made. The mineral composition was determined by X-ray diffraction and scanning
electron microscope. The combine effects of weathering, such as dissolution, insolation
and biological activity, have been documented. The weathering durability is above all
the result of limestone texture, therefore the origin and diagenetic processes play more
important role than mineral composition itself.

Vpliv mineralne sestave in strukture na obstojnost apnencev

Kljuéne besede: apnenec, mineralna sestava, vrsti¢ni elektronski mikroskop (SEM),

preperevanje

Key words: limestone, mineral composition, scanning electron microscope (SEM), weathering

Uvob

Kalcitne in dolomitne kamnine predstavljajo
dobro desetino vseh sedimentnh kamnin
(MoRse & MACKENZIE, 1990), v Sloveniji pa
zavzemajo karbonatne kamnine skoraj

Scientific paper

polovico ozemlja, samo apnenci okoli 35 %
(Gawms, 1974). Z apnenci se srecujemo
prakti¢no na vsakem koraku. Opazujemo jih
v njihovem naravnem okolju ali pa kot
gradbene in okrasne elemente, tu pa se nujno
pojavi vprasanje njihove obstojnosti. Glavni



698

Jarc, S., MIRTIC. B.

dejavnik obstojnosti kamnine je njena
sestava. Apnenci imajo enostavno kemicno
in mineralno sestavo, kljub temu pa obstajajo
med njimi velike razlike v obstojnosti in
uporabni vrednosti. Izbrani slovenski
apnenci so razmeroma Cisti; vsebujejo preko
91 mas.% CaCo,.

Z elektronskim mikroskopom opazujemo
obliko mineralov, strukturo, vezivo v kamni-
nah veliko bolj natan¢no kot z opti¢nim
mikroskopom. Omenjene lastnosti mocno
vplivajo na obstojnost kamnine. Elektronski
mikroskop se zelo veliko uporablja prav za
opazovanje preperelih povrsin kamnin (VILES
& Mosks, 1998).

PREISKOVANE VRSTE APNENCEV

Apnenec iz Hotavelj je cordevolske starosti,
izrazito pisan in mineralno nehomogen.
Kamnino po Folku imenujemo intrabio-
mikrosparit (BiLBua & GRIMSICAR, 1987,
Ramovs, 1987). Obarvanost hotaveljskega
apnenca je posledica dolocenih primesi, to
pomeni, da se kemi¢na in mineralna sestava
nekoliko spreminjata, zato smo poskusali
dobiti ¢cimbolj enakomerno obarvane vzorce
apnenca. Locili smo tri barvne razlicke:
sivega (v nadaljevanju ga oznacujemo kot
HS, roznatega (HR) in rdecega (HRd). Zaradi
pogostih lec ali plasti nekarbonatnega materi-
ala v hotaveljskem apnencu smo le-te posku-
Sali analizirati kot samostojni vzorec (HV).

Pisani apnenec z Lesnega Brda je po
nastanku, starosti, sestavi in lastnostih skoraj
enak hotaveljskemu (MIRTIC ET AL, 1999).
Tudi lesnobrdski apnenec je zelo pisan, od
sive do roznate barve, sivega razlicka je
relativno manj, zato smo v preiskavah

uporabili samo roznati razli¢ek (LBRd). Crni
karnijski apnenec z Drenovega Grica (vzorec
DGC) je nekoliko mlajsi od pisanega
cordevolskega apnenca z Lesnega Brda.

V Lipici lo¢imo glede na velikost skeletnega
drobirja dve vrsti apnenca, enotni in rozasti.
V obeh primerih gre za rekristalizirana
biomikritna apnenca zgornjekredne starosti,
ki se razlikujeta v teksturi. To razlikovanje,
ki ga uporabljajo v kamnarski industriji, smo
ohranili: vzorec enotnega apnenca ozna-
cujemo kot LiU, vzorec roznatega apnenca
kot LiF (Jarc, 1996, Jarc, 2000).

METODE DELA

Kemicno analizo preiskovanih apnencev so
opravili v laboratoriju ACME v Kanadi.
Dolo¢ili so koli¢ino SiO,, Al,O,, Fe,O

273 273
MgO, Ca0, Na O, KO, TiO,, P,O,, MnO,
Cr,0,, Sr, zarilno izgubo (LOI — loss of

ignition) z metodo induktivno vezane plazme
emisijske spektrometrije (ICP-ES), celotni
ogljik in Zveplo pa z Leco (ACME, 1999).
Za silikatno analizo so 0,2 g vzorca talili z
l,2 g LiBO, in raztopili v 100 ml 5 % HNO.,.
Zarilno izgubo (LOI) so dolocili glede na
spremembo mase vzorca po 1 uri Zganja pri
temperaturi 1000 °C. Rezultati kemicne
analize so v tabeli 1.

Difraktogrami vseh vzorcev so bili posneti
na rentgenskem difraktometru Philips, na
Oddelku za geologijo. Pogoji snemanja so
bili naslednji: sevanje Cu,a, Ni filter,
napetost 40 kV, tok 20 mA, hitrost snemanja
2,5°/minuto, obmocje snemanja 2q od 2° do
70°. Z metodo rentgenske difrakcije so bili
v vzorcih doloceni slede¢i minerali:
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Tabela 1. Kemicna sestava vzorcev. Koli¢ine oksidov, zarilne izgube (LOI), ogljika in zvepla so v masnih

odstotkih, stroncija v ppm.

Table 1. Chemical composition of investigated samples. All oxides, carbon, sulfur and loss of ignition content

are in %, strontium in ppm.

Si0, ALO; | Fe,03 | MgO | CaO Na,O K,O TiO, | P,Os | MnO | Cr0; Sr LOI | C/TOT | S/TOT
HS1 021 0,17 0,05 091 54,91 0,03 <0,04 0,01 0,04 0,02 0,004 101 43,6 11,8 0,01
HS1p 0,38 0,15 0,05 094 | 54,56 | <0,01 | <0,04 | <0,01 | 0,02 0,02 0,004 100 | 43,7 114 0,01
HS2 0,31 0,17 0,07 0,69 | 5542 0,02 0,04 0,01 0,03 0,02 0,003 98 432 11,7 0,01
HR1 1,12 0,48 0,21 0,67 53,85 0,04 0,12 0,01 0,05 0,03 0,002 96 43,4 11,6 0,01
HR2 1,33 0,64 0,24 0,62 54,03 0,02 0,19 0,02 0,04 0,03 0,001 95 43 114 0,01
HRd1 0,58 0,31 0,59 0,52 54,24 | <0,01 0,06 0,01 0,04 0,05 0,006 99 43,6 11,3 0,01
HRd2 0,84 0,42 0,75 0,45 54,08 0,04 0,12 0,01 0,03 0,05 0,006 94 43,1 11,5 0,01
HRd2p 0,95 0,42 0,72 0,46 | 54,16 | <0,01 0,12 <0,01 0,02 0,05 0,003 95 43,1 11,5 0,01
HRd3 0,83 0,42 0,79 0,47 54,49 0,01 0,1 0,01 0,01 0,05 0,001 96 42,9 11,8 0,01
HV1 17,29 8,36 591 5,09 | 29,75 0,03 3,07 0,18 0,05 0,08 0,01 59 30,2 7,61 0,01
HV2 18,44 8,77 6,09 4,78 | 28,96 0,01 3,26 0,19 0,07 0,08 0,01 55 29,4 7,07 0,03
LBRd1 1,26 0,77 0,29 0,42 54,00 0,03 0,12 0,04 0,08 0,01 0,003 133 | 429 11,2 0,01
LBRd2 1,66 0,99 0,34 0,44 | 53,82 0,02 0,18 0,04 0,01 0,01 0,005 110 | 42,5 114 0,01
DGCl 1,47 0,77 0,51 0,83 51,75 0,03 0,12 0,03 0,02 0,01 0,004 972 | 444 13,1 0,23
DGC2 1,73 0,88 0,82 0,77 | 51,00 0,05 0,11 0,04 0,01 0,01 0,002 | 1055 | 44,5 14,2 0,37
LiU1L <0,02 0,12 0,07 0,35 55,63 0,02 <0,04 0,01 0,01 | <0,01 | 0,001 189 | 43,7 11,7 0,01
LiU2 0,02 0,1 0,1 0,3 55,96 0,01 0,04 0,02 0,03 | <0,01 0,01 188 | 434 11,7 0,03
LiF1 <0,02 0,09 0,07 0,31 55,76 0,03 <0,04 0,01 0,03 | <0,01 0,004 261 43,6 11,6 0,01
LiF2 <0,02 0,08 0,09 0,28 56,03 0,02 <0,04 | <0,01 0,02 | <0,01 0,006 220 | 434 11,7 0,04

* Hotavlje sivi (HS1, HS2): kalcit,
dolomit, vermikulit, muskovit.

*  Hotavlje roznati (HR1, HR2): kalcit,
muskovit.

*  Hotavlje rde¢i (HRd1, HRd2, HRd3):
kalcit, muskovit, pirit, vermikulit.

*  Hotavlje vlozki (HV1, HV2): kalcit,
klorit, hematit, dolomit, muskovit.

e Lesno Brdo (LBRdI, LBRd2): kalcit,
klorit, muskovit.

. Drenov Gri¢ (DGC1, DGC2): kalcit,
klorit, kremen.

*  Lipicaenotni (LiU1, LiU2): kalcit, klorit.

*  Lipicarozasti (LiF1, LiF2): kalcit, klorit.

Pripravo vzorcev in samo mikroskopiranje
na vrstiénem elektronskem mikroskopu
(SEM) smo opravili na Institutu Jozef Stefan.
Vzorce smo spolirali z diamantno pasto
granulacije 0,25 mm in jih naparili z
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grafitom. Na posameznih mestih smo s
pomocjo odbitih elektronov skusali ugotoviti
elementno sestavo.

Povrsine svezih in preperelih vzorcev smo
opazovali s pomoc¢jo sekundarnih elektronov.
Prepereli vzorci so bili odvzeti na povrsini
opuscenih delov kamnolomov, kjer so bili
okoli 30 let izpostavljeni naravnim procesom
preperevanja. Vzorcev nismo spolirali,
predhodno smo jih samo ultrazvo¢no ocistili,
zvakumirali in naparili z grafitom in zlatom.

REZULTATI IN RAZPRAVA

V apnencu iz Hotavelj prevladujejo
euhedralna romboedrska zrna kalcita z
gladkimi ploskvami, velikosti okoli 10 mm.
Na posameznih mestih jih sekajo vecje zile
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in lece drobnozrnatega kalcita, glinenih
mineralov, glinencev (ortoklaz in albit) ter
pirita. Te minerale smo potrdili tudi z
elementno analizo.

Sivi razlicek hotaveljskega apnenca ima
najve¢ MgO, ki pa kljub vsemu ne presega
1 mas.%, kar ustreza priblizno 0,6 mas.%
magnezija (tabela 1). Z rentgensko difrakcijo
smo zasledili tudi dolomit. Velikost kalcitnih
sparitnih kristalov je v povprecju okoli
20 mm. Gre za zelo Cist CaCO,, ki vsebuje
le okoli 0,36 mas.% magnezija. Koli¢ina
magnezija je tako majhna, da ne moremo
ugotoviti, ali je enakomerno razporejen v
kalcitni resetki ali je koncentriran na
posamezna podroc¢ja. Na redkih mestih
opazimo ve¢ kot 100 mm velika sparitna
zrna, ki niso homogena, vsebujejo nekoliko
ve¢ magnezija (okoli 0,73 mas.%). Razpo-
reditev z magnezijem bogatejSih delov je
popolnoma naklju¢na ¢ez celoten presek
preiskovanega vzorca in jo lahko opazujemo
le, ¢e je sparitni kristal dovolj velik. Pri
kristalih manjSih dimenzij pa dobimo le
povprecno koli¢ino magnezija (0,36 mas.%).
Apnenec je malo porozen, gre za zaprto
poroznost, pore pa dobimo na mejah
posameznih sparitnih polj. Vzorec je zelo
nehomogen. Takoj, ko je poroznost nekoliko
vecja, so v apnencu tudi glineni minerali.
Z uporabljenimi metodami ne moremo
ugotoviti nac¢ina nastanka glinenih mine-
ralov: lahko predstavljajo netopne ostanke,
nastale pri raztapljanju apnenca zaradi
delovanja pornih in meteornih vod, ali so
sekundarnega nastanka. Oblika por pa kaze,
da litifikacija kamnine Se ni popolna.
Elementarna analiza glinenih mineralov
pokaze natrij, magnezij, aluminij in silicij ter
kisik (glinene minerale vermikulitove
skupine je pokazala tudi rentgenska

difrakcija); natancnejSa kvalitativna analiza
glinenega minerala je nemogoca, ker so
kristali premajhni in okolica moti.

Analiza povrSine rdecega hotaveljskega
razlicka pokaze, da je koli¢ina magnezija v
celotnem vzorcu priblizno enaka (priblizno
0,27 mas.% Mg). Apnenec je, kljub majhni
koli¢ini zeleza (0,33 mas.%), intenzivno
obarvan. Rdeci razlicek hotaveljskega
apnenca ima med vsemi vzorci najvec Fe,O,
(tabela 1). Z rentgensko analizo smo
ugotovili prisotnost pirita, vendar ga pod
elektronskim mikroskopom nismo zasledili.
Prav tako nismo opazili glinenih mineralov.
Poleg karbonatnih mineralov pa so v vzorcu
tudi nepravilno oblikovana, priblizno 70 mm
velika kremenova zrna.

Glede na rezultate rentgenske difrakcije ima
roznati razlicek hotaveljskega apnenca
najmanj pestro sestavo. Sparitni deli se
menjavajo z bolj poroznimi in z magnezijem
nekoliko bogatejSimi mikritnimi deli.
Mikritni deli vzorca imajo tudi ve¢ drobnih
glinenih mineralov (sestave magnezij, kalij,
aluminij, silicij in kisik) in podolgovate kris-
tale muskovita. Poleg omenjenih elementov
je v vzorcu tudi Zelezo, ki povzroca znacilno
obarvanost tega hotaveljskega razlicka.
Sparitni deli pripadajo ¢istemu CaCO,,
magnezija ne zaznamo. Poleg kalcita in
muskovita pa smo pod elektronskim
mikroskopom opazili majhna, nekaj 10 mm
velika, nepravilna kremenova zra in vecja,
do 150 mm velika zrna kalijevega glinenca.

Opazovanje vzorca HV pod opti¢nim
mikroskopom pokaze vecja sparitna polja
(800 mm) relativno Cistega kalcita, ki so med
seboj locena z velikimi razpokami. Te so
zapolnjene z glinenimi minerali, sekun-

RMZ-M&G 2005, 52



Vpliv mineralne sestave in strukture na obstojnost apnencev kot naravnega kamna 701

darnim karbonatom in Zelezovimi minerali.
V sparitu dobimo nepravilno oblikovana zrna
kremena (80 mm), podolgovata zrna
muskovita in pirit. V vezivu prevladujejo
glineni minerali, muskovit, veliko je tudi
zeleza. Ce elementarno analizo primerjamo
z rezultati rentgenske difrakcije, je zelezo
vezano na hematit, ki to vezivo znacilno
obarva. Poleg kalcitnih kristalov so v vzorcu
tudi lepi kristali 900 mm velikega conarnega
dolomita. Verjetno gre za poznodiagenetski
dolomit. Conarnost ni rezultat razlicne
sestave; razmerje magnezija in kalcija je
povsod priblizno enako, 1:3. Razlika je torej
v opti¢ni orientaciji dolomita. Sklepamo, da
gre za sintaksialni dolomitni cement, ki je
precipitiral v okolni prazni prostor, ki je
nastal s predhodnim raztapljanjem CaCO,
(KRINSLEY ET AL., 1998).

Opazovanje obrusov pokaze, da barvnih
razlickov hotaveljskega apnenca med seboj
ne moremo lociti. [zstopa le razlicek HV, kar

pa je razumljivo, saj je tudi kemicno in
mineralosko popolnoma drugacen. Povrsina
preperelega apnenca ima popolnoma
drugacen videz (slika 1). Ze pri majhni
povecavi lahko opazimo pore, ki jih pri
svezem vzorcu apnenca $e nismo opazili.
Nekatere pore imajo obliko kalcitnih zrn. V
tak$nih primerih so nastale pore lahko
rezultat fizikalnega preperevanja: tempera-
turne razlike in zmrzali so razrahljale vezi
med kristali, zrno pa je izpadlo. Mocno je
tudi biogeno preperevanje. Izrazito okrogle
pore so nastale z vrtanjem organizmov
v substrat. Gre torej za kombinacijo
kemic¢nega, fizikalnega in biogenega
preperevanja (SUMMERFIELD, 1994).

Naravne vode imajo navadno rahlo kisel do
rahlo alkalen pH (Forb & WiLLiams, 1994,
DREVER, 1997). V tem obmocju je raz-
tapljanje omejeno predvsem s hitrostjo
reakcij na povrsini trdne faze in ne toliko s
hitrostjo izmenjave ionov med trdno fazo in

Slika 1. Preperela povrSina vzorca apnenca iz Hotavelj (HR). Izrazito okrogle pore so rezultat

vrtanja organizmov.

Figure 1. Weathered surface of the Hotavlje limestone (HS). Rounded pores are the result of

biogenic activity.
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raztopino (Morsg, 1983). Kadar je
raztapljanje odvisno predvsem od reakcij na
povrsini, je rezultat povecan relief trdne faze.
Raztapljanje v tem primeru poteka namrec
samo na nekaterih mestih na povrsini. Na
vecjih kalcitnih kristalih lahko opazujemo
primer takSnega raztapljanja vzdolz
razkolnih ploskev (slika 2), ki predstavljajo
mesta povecane reaktivnosti. Ce pa je hitrost
raztapljanja omejena s hitrostjo transporta
izmenjave ionov med trdno fazo in okolno
raztopino, torej z difuzijo, je navadno
raztapljanje na povrsini bistveno hitrejse in
enakomernejSe, posledica je obljenje
povrsine (BERNER, 1981, MorsE, 1983).

Primer selektivnega raztapljanja prikazuje
slika 3. PovrSina vecjega kalcitnega kristala
ni ravna, temvec¢ ima luskast videz. Tudi meje
med posameznimi zrni so vse bolj izrazite,
razpoke se $irijo, obenem je mocnejsi vpliv
fizikalnega preperevanja in kon¢ni ucinek je
izpad celega kalcitnega kristala, nastala pora
ima obliko karbonatnega zrna. Elementna

analiza je pokazala, da je v kalcitu tudi manjsi
delez magnezija. Kvantitativne analize
sestave na nepoliranih vzorcih niso pravilne,
saj so odboji elektronov tudi posledica reliefa
in ne le elementne sestave. V obravna-
vanem primeru lahko govorimo le o kalcitu
z manjS$im delezem magnezija. Obenem z
raztapljanjem prihaja tudi do obarjanja; na
povrsini vecjih kalcitnih zrn opazujemo
drobne, pod 5 mm velike kristale kalcita.

Se vedji je vpliv preperevanja na bolj
mikritnem delu hotaveljskega apnenca;
zaobljenost kristalov je vecja, topografija je
Se izrazitejSa. Mikrit ima vecjo specificno
povrsino kot sparit in je zato tudi bolj
reaktiven. Topnost minerala naraSca
eksponencialno z njegovo specifi¢no
povrsino (Morse & MACKENZIE, 1990).
Drobni delci se raztapljajo drugace kot veliki,
manjsa zrna se lahko adhezivno vezejo na
vecja in tako preprecujejo njihovo
raztapljanje (MACKENZIE ET AL., 1983). Zelo
pomembna je tudi heterogenost velikosti

1158 2Z8kU 180um

Slika 2. Raztapljanje vzdolz razkolnih ploskev (vzorec HV).
Figure 2. Dissolution on cleavage planes (sample HV).
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Slika 3. Vecje kalcitno zrno ima luskast videz, ki je posledica selektivnega raztapljanja.
Mikritni deli so bolj prizadeti in gradijo nizje dele povrsine (vzorec HS).

Figure 3. As a result of selective dissolution the surface of bigger calcitic grain is rough.
Micrite is even more weathered and is found on concave parts of the sample (sample HS).

mineralnih zrn. Cim vegje so razlike velikosti
zrn v strukturi, hitreje poteka raztapljanje.
Tako je biomikrit bolj topen kot ¢isti mikrit.
Najbolj topni so biomikritni apnenci, hitrost
raztapljanja pa se bistveno zmanjsa, Ce jih
sestavlja ve¢ kot 40 do 50 % sparita (Forp
& WiLLiams, 1994).

Obnasanje kamnine v vlaznem okolju je v
splosnem doloc¢eno z mikrostrukturo, Se
posebej s strukturo por (MENG, 1992). Pri
Studiju preperevanja kamnin je pomembna t.i.
efektivna velikost por (to so tiste pore, ki so
pomembne za transport vode v kamnini).
Voda povzroca tako kemijsko kot fizikalno
razpadanje (AMOROSO & Fassina, 1983).
Kamnina, izpostavljena fizikalnemu
razpadanju, je bolj podvrzena tudi vecjim
kemi¢nim in bioloSkim spremembam, ker
povecana povrsina in olajsan dostop zraku,
vodi in drugim snovem, pomeni intenzivnejse
kemic¢ne reakcije. Velika razpokanost
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kamnine torej mo¢no pospesi preperevanje in
tako zmanjSuje njeno obstojnost.

V lesnobrdskem apnencu opazujemo polja
sparita, ki jih sekajo Stevilne Zilice in Zile,
zapolnjene z glinenimi minerali (klorit) in
muskovitom ter kremenom, elementarna
analiza je pokazala, da je poleg kalija, mag-
nezija, aluminja, silicija in kisika tudi zelezo,
ki daje kamnini barvo, z elementno analizo
pa smo ugotovili tudi malo fosforja. Lahko
je detriti¢nega ali organskega izvora. Tudi
kemicna analiza vzorca LBRd pokaze neko-
liko povecano koli¢ino P O, (0,08 mas.%)
glede na ostale vzorce. Na posameznih
mestih najdemo lepe kristale apatita,
velikosti 10 mm, ki je najverjetnejsi vzrok
za povecano koli¢ino fosforja v vzorcu. Tudi
v tem vzorcu je koli¢ina magnezija v sparitu
premajhna, da bi lahko loc¢ili mesta s
povecano koncentracijo magnezija od mest
Cistega CaCO.,.
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Povrsine subhedralnih kalcitnih zrn, velikosti
5 mm, so gladke, ravne, poroznost je zelo
majhna. Na posameznih mestih v
lesnobrdskem apnencu opazimo zelo velike
(celo vec kot 500 mm) kristale kalcita, ki so
prakti¢no neposkodovani (slika 4), mikritni
deli so bolj prizadeti in gradijo nizje dele
povrsine. Najbolj intenzivno je raztapljanje
na mejah zrn, velja: ¢im manjsi so delci,
vecja je specificna povrSina, vecje je
raztapljanje. Raztapljanju so mocno
izpostavljene razkolne razpoke in razpoke
nastale zaradi tektonskih procesov (slika 5).
Okrogle pore (nimajo oblike kalcitnih
kristalov) so rezultat vrtanja organizmov v
substrat. Raztapljanje je bolj intenzivno
vzdolz ze obstojecih razpok kot vzdolz
razkolnih ploskev.

Relief apnenca je posledica razli¢ne velikosti
kalcitnih zrn; dvignjeni deli so bolj
debelozrnati in so manj prizadeti kot

Y @401

Tl

konkavni deli na povrsini vzorca. Le-ti so
zgrajeni iz drobnih, navadno z necistocami
bolj bogatih kalcitnih kristalov. Nepravilnosti
in primesi v kalcitni reSetki povzrocajo
napetosti v strukturi, kar povzroca vecjo
nestabilnost mineralne faze. Sistem tezi k
zmanjs$anju te energije (WENK ET AL., 1983),
torej so ta mesta bolj dovzetna za
raztapljanje. Procesi raztapljanja se
izmenjujejo z vimesnimi fazami precipitacije
mineralov. Novonastali minerali so navadno
zelo drobnozrnati, njihovi kristali so slabo
razviti, saj je rast hitra, substrat pa jim
predstavljajo starejSa mineralna zrna
(sliki 4 in 5).

Glede na velikost zrn in fosilnih ostankov
lo¢imo dva tipa lipiSkega apnenca: enotni in
rozasti, ki pa se po kemijski in mineralni
sestavi prakti¢no ne razlikujeta med seboj.
Apnenec iz Lipice je med vsemi preiskovanci
najbolj Cist. Vsebuje preko 99 mas.% CaCO,,

15kU SO aum
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Slika 4. Na povrsini kalcitnih romboedrov opazujemo selektivno raztapljenje in precipitacijo

sekundarnega kalcita (Vzorec LBRd).

Figure 4. The effect of selective dissolution on calcite rombohedra and the precipitation of

secondary calcite at the same time.
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torej je delez primesnih mineralov zelo
majhen. Kljub temu smo z rentgensko
difrakcijo ugotovili prisotnost glinenih
mineralov iz kloritove skupine. Koli¢ina MgO
je, glede na kemicno analizo, v obeh struktur-
nih razlickih okoli 0,3 mas.%, sparitni deli
skoraj nimajo magnezija (pod mejo detekcije),
v mikritnih delih pa je magnezija nekoliko
ve¢; vcasih tudi do 0,5 mas.%.

Enotni apnenec je bolj enakomernozrnat.
Poleg kalcita so posamezna zrna glinenceyv,
gre za kalijeve in natrijeve glinence velikosti
okoli 30 mm, ki se vc¢asih tudi medsebojno
prerascajo. Ugotovili smo tudi apatit, ki
vsebuje malo Zvepla. Redke Zilice
zapolnjujejo drobni kristal¢ki glinenih
mineralov - klorita. Pore imajo obliko
izpadlih kalcitnih kristalov; verjetno so
nastale pri pripravi vzorca.

Mineralna sestava rozastega razlicka je enaka
kot pri enotnem. Bistvena razlika med
apnencema je v zrnavosti. Rozasti apnenec
je zelo nehomogen, v njem se menjavajo
veliki sparitni kristali z mikritnimi obmo¢ji
(5 mm). Pore so bolj pogoste kot pri enotnem
razlicku; gre za zaprto poroznost. Majhen del
por je tudi tu nastal pri pripravi vzorca.

Apnenec z Drenovega Grica je po sestavi
zelo pester. S kemi¢no analizo smo ugotovili
zelo veliko primesi: baker, magnezij,
aluminij, silicij, zveplo, Zelezo... Reliefna
preperela povrsina ni rezultat razlike v
sestavi, pac pa je nastali relief posledica
razlicne velikosti delcev. Mehansko in
kemic¢no preperevanje pospesujejo Se
organizmi.

Slika 5. Moc¢no preperela povrsina apnenca. Lo¢imo lahko tri vrste razpok: - najbolj intenzivno
je raztapljanje v podolzni smeri, vzdolz Ze obstojecih razpok, nastalih zaradi tektonskih
procesov; - razpoke vzdolz razkolnih ploskev; - okrogle pore so rezultat delovanja organizmov

(vzorec LBRd).

Figure 5. Highly weathered limestone surface. Three types of fissures can be distinguished:
- the dissolution along tectonic fissures is the most intensive; - fissures on the cleavage planes;
- rounded fissures of biogenic origin (sample LBRd).
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Pri vecji povecavi opazimo, da so kristali
kalcita nepravilnih oblik; gre za anhedralna
zrna, velika okoli 5 mm. PovrSine kristalov
niso ravne, nekateri robovi zrn so deloma Ze
zaobljeni. Povrsine kristalov na konveksnem
delu povrsine so bolj reliefne, njihovi robovi
pa so ravni in do zaobljevanja $e ni prislo
(tu je izrazitejSe selektivno raztapljanje).
Medtem ko so kalcitni kristali na konkavnih
mestih na povr§ini vzorca bolj zaobljeni,
njihove povrsine pa so manj poskodovane.

Primer mocno prizadetih kristalov kalcita je
na sliki 6. Po sestavi gre za kalcit z malo
magnezija. Na povrsini so Ze nastale manjse
razpoke, ob katerih je raztapljanje
intenzivnejSe. Stiki med zrni so lepo vidni,
zrna so tudi Ze dobro zaobljena. Kristalni
defekti predstavljajo tocke zacetka

raztapljanja. Kjer so kristalne ploskve
pravilne, so njihove povrsine gladke, robovi
so ostri, v nasprotju s tistimi mesti, kjer so
kristalne ploskve slabse razvite ali so bile
nepravilnosti v kristalni strukturi in sestavi.
Kemicna analiza je pokazala, da je v kristalih
kalcita na tak$nih mestih $e magnezij, kalij,
Zelezo, titan, aluminij in silicij. Izvora teh
elementov z omenjenimi metodami nismo
mogli dolociti, verjetno pa je bil vsaj del teh
elementov vneSen v kamnino kasneje.
Mozno pa je, da je del kristala, ki je bolj
poskodovan, imel poviSano koli¢ino
magnezija in zeleza, ki sta pospeSila
raztapljanje. Idealni, stehiometrijski kristal
brez defektov je najbolj stabilna oblika
minerala. Zaradi substitucije kationov in
anionov ter mreznih defektov se obstojnost
mineralov zmanjsuje (BLarT & TrACY, 1995).

Slika 6.Mocno preperel kalcit s pove¢ano vsebnostjo magnezija (Vzorec DGC).
Figure 6. Weathered calcite with increased magnesium content (Sample DGC).
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Obstojnost in s tem uporabna vrednost
apnencev, ki se uporabljajo kot naravni
kamen, je odvisna od kemic¢ne in mineralne
sestave ter njihovih strukturnih znacilnosti.
Preiskovani slovenski apnenci, z izjemo
vzorca glinenih vlozkov v hotaveljskem
apnencu, so kemicno relativno €isti CaCO..
Z izjemo apnenca z Drenovega Grica (91
mas.% CaCO,) imajo preko 95 mas.%
CaCO,. Po sestavi so si zelo podobni, delez
primesnih prvin je relativno majhen.

Z elektronskim mikroskopom lahko zelo
uc¢inkovito lo¢imo nekarbonatne minerale v
karbonatnih kamninah. Nekarbonatni
minerali nastopajo kot detriti¢na zrna
(kremen, glinenci, sljude, apatit...) ali kot
kasneje nastali, diagenetski minerali
(kremen, pirit, hematit, apatit, barit, anhidrit).
Koli¢ina magnezija v kalcitu je premajhna,
da bi lahko s pomocjo elektronskega
mikroskopa to¢no dolo¢ili lego primesi v
kalcitni resetki. Na splosno vecji sparitni
kristali vsebujejo manj magnezija kot
mikrosparitni ali mikritni deli in tudi
poroznost je v sparitnem delu bistveno
manj$a kot v mikritnem delu.

Predvsem velikost in habitus kristala
dolocata njegovo odpornost. Konveksne dele
preperele povrsine gradijo v glavnem sparitni
kristali z lepo razvitimi ploskvami, kjer je
navadno tudi manj magnezija v strukturi kot
v mikritu, ki je raztapljanju in fizikalnim
uc¢inkom povrSinskega spreminjanja bolj
podvrzen. To ugotovitev smo lahko potrdili
pri vseh preiskovanih vrstah apnenca.

Iz oblikovanosti por lahko sklepamo na
njihov nastanek. Okrogle pore so biogenega
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nastanka, pore, nastale zaradi izpadanja
kristalov, imajo obliko le-teh, pore z
nepravilnimi zaobljenimi robovi pa so
nastale zaradi raztapljanja mineralnih zrn. Na
povrsini kalcitnih kristalov pa lahko lo¢imo
tri vrste sekundarnih razpok: razpoke, ki so
posledica naklju¢nega raztapljanja, razpoke
vzdolz razkolnih ploskev (z znacilno
usmerjenostjo) in razpoke, ki nastanejo
zaradi lomljenja in drobljenja mineralnih zrn.
Le-to povzroca raztapljanje in fizikalno
preperevanje.

Tudi rezultati rentgenske difrakcije ne
pokazejo vecjih razlik med apnenci.
Mineralna sestava apnencev ne more
povzrociti tako velikih razlik v reaktivnosti
oziroma obstojnosti kamnine. Obstojnost
kamnine zaradi procesov preperevanja je
odvisna predvsem od strukture apnenca, ki
jo pogojuje nacin nastanka in vrsta
diagenetskih procesov.

SUMMARY

The weathering durability of limestones
as a function of their mineral composition
and texture

The effects of atmospheric weathering on
some limestones from Slovenia were
investigated by electron microscope.
Samples were chosen from several active or
temporary active limestone quarries:
Hotavlje, Lesno Brdo, Drenov Gri¢ and
Lipica. Samples of fresh rock and weathered
rock from abandoned parts of the quarries
were taken as well. The weathered rock
samples have been exposed to atmospheric
conditions and effects of different organisms
for about thirty years.
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Investigated limestone samples are very
homogenous; they are chemically relatively
pure CaCO,. The samples HV represent the
clay layer within the Hotavlje quarry.
Limestones consist of more than 95 % of
CaCO,. The only exception is the limestone
from Drenov Gri¢ with the 91 % CaCO..
Being so alike, they are very hard to be
distinguished. Some rare noncarbonate
minerals represent the detritic grains (quartz,
feldspars, mica, apatite...) and/or younger
diagenetic minerals (quartz, pyrite, hematite,
apatite, mica, anhydrite). Magnesium content
in calcitic grains is also detectable. The
bigger the sparite crystal is the smaller is the
magnesium content. Therefore, the micritic
parts have more variable chemical
composition and the porosity is higher, too.
The weathered surfaces display the influence
of crystal size and habit on the limestone
durability. The convex parts of the weathered
sample consist of well shaped bigger sparitic
crystals with fine developed crystal planes,
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Izvleéek: Preiskani slovenski apnenci imajo enostavno kemic¢no in mineralno sestavo, so

razmeroma Cisti; vsebujejo preko 91 mas.% CaCO,. Kljub majhnim razlikam v kemicni
sestavi in majhni vsebnosti magnezija v kalcitni reSetki (manj kot 0,6 mas.%), pa lahko
apnence z natanéno kemi¢no analizo med seboj razlikujemo. Glede na rezultate t-testa
in clusterske analize se preiskovani apnenci najbolj razlikujejo glede vsebnosti SiO,,
ALO,, MgO in Sr. Na osnovi detajlne kemicne analize in uporabe ustreznih statisti¢nih
metod bi tako apnencem lahko celo dolo¢ili njihov izvor.

Abstract: The analysed Slovenian limestones have relatively simple chemical and mineral

composition. They contain above 91 wt.% CaCO,, respectively. However, these small
differences in composition and the very small amount of magnesium in calcite lattice
(less than 0°6 wt.%) may aid in differentiating the limestone. The results of t-test and
cluster analysis are in good agreement. The content of SiO,, Al,O,, MgO and Sr have the
largest influence in distinction of investigated limestones. Therefore, the use of statisti-

cal methods is very helpful in their identification.

Key words: limestone, chemical composition, t-test, cluster analysis
Kljuéne besede: apnenec, kemicna sestava, t-test, clusterska analiza

Uvobp

Statisti¢ne metode nam lahko pomagajo pri
identifikaciji kamnin in dolo¢anju njihovega
izvora. Provenienco apnenca sem skusala
doloditi na osnovi njegove detajlne kemicne
analize in uporabo t-testa enakosti
populacijskih povprecij ter clusterske
analize. Vzorci so bili izbrani iz nekaterih
aktivnih in ob¢asno delujoc¢ih kamnolomov
apnenca: iz Lipice (LiU1, LiU2, LiFI in
LiF2), Hotavelj (H1 do H7), Lesnega Brda
(LB in LB2) in Drenovega Gri¢a (DG1 in

Scientific paper

DG2). Mineralna sestava preiskovanih
apnencev je opisana v JARC & MIRTIC
(v tisku). Za primerjavo sem analizirala Se
dva vzorca glinenih primesi v hotaveljskem
apnencu (HV1 in HV2).

ANALITIKA

Kemic¢na analiza je bila opravljena v
laboratoriju ACME v Kanadi. Vsebnosti
oksidov in prvin ter Zarilne izgube (LOI —
loss of ignition) so bile dolocene z metodo
induktivno vezane plazme emisijske spektro-
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Tabela 1. Kemicna sestava vzorcev. Koli¢ine oksidov, zarilne izgube (LOI), ogljika in zvepla so v masnih
odstotkih, ostalih prvin v ppm.

Table 1. Chemical composition of investigated samples. All oxides, carbon, sulfur and loss of ignition content
are in weight %, other elements are in ppm.

Si0, | ALO; | Fe,0, | Mgo | ca0 | Na,0 | K,0 | TiO, | P,O5 | MnO | Cr,0,
LiUl | <0,02 | 0,12 | 0,07 | 0,35 [ 5563 ] 0,02 | <0,04 | 0,01 [ 0,01 | <0,01] 0,001
Liu2 | 002 | o1 0,1 03 | 5596 0,01 | 004 | 002 [ 003 | <001] 0,01
LiF1 | <0,02 | 0,09 | 0,07 | 031 | 5576 | 0,03 | <0,04] 0,01 | 0,03 | <0,01 | 0,004
LiF2 | <0,02| 0,08 | 0,09 | 0,28 [ 56,03 ] 0,02 | <0,04 | <0,01 [ 0,02 | <0,01] 0,006
LBl | 1,26 | 077 | 029 | 042 | 5400 0,03 | 0,12 | 0,04 | 008 | 001 [ 0,003
LB2 | 1,66 | 099 | 034 | 044 | 5382 | 002 [ 0,18 | 0,04 | 0,01 | 001 | 0,005
H1 [ 021 | 0,17 | 005 | 091 [ 5491 ] 0,03 | <0,04| 001 [ 0,04 | 0,02 | 0,004
Hip | 038 [ 0,15 | 0,05 | 094 | 54,56 | <0,01 [ <0,04 | <001 | 0,02 | 0,02 [ 0,004
H2 | 031 ] 0,17 ] 007 | 069 [ 5542 0,02 | 0,04 | 001 [ 0,03 | 0,02 | 0,003
H3 [ 1,12 ] 048 | 021 | 067 [ 53,85 0,04 | 0,12 | 0,01 | 0,05 | 0,03 | 0,002
H4 | 133 ] 064 | 024 | 062 [ 5403 ] 0,02 | 0,09 | 002 [ 0,04 | 0,03 | 0,001
H5 | 0,58 | 031 | 059 | 0,52 [ 5424 <001 0,06 | 001 [ 0,04 | 0,05 | 0,006
H6 | 084 | 042 | 0,75 | 045 [ 5408 ] 0,04 | 0,12 | 0,01 | 0,03 | 0,05 | 0,006
Hep | 095 | 042 | 0,72 | 046 | 54,16 | <0,01 | 0,12 | <001 | 0,02 | 0,05 | 0,003
H7 | 083 ] 042 ] 0,79 | 047 [ 5449 ] 0,01 | o1 | 001 [ 001 | 0,05 | 0001
Hvl | 1729 836 | 591 | 509 [ 29,75 0,03 | 3,07 | 0,18 | 005 [ 0,08 | 0,01
av2 | 1844 877 | 6,00 | 478 | 2896 | 0,01 | 326 | 0,19 | 007 | 0,08 | 0,01
DGl | 1,47 | 077 | 051 | 0,83 [ 51,75] 0,03 | 0,12 | 0,03 [ 0,02 | 0,01 | 0,004
DG2 | 1,73 ] 088 | 082 | 0,77 [ 51,00 0,05 | 0,11 | 0,04 | 0,01 | 0,01 | 0,002

Ba Ni Sr Zr Y Nb Sc LOI |C/TOT| S/TOT
LiU1 <5 <20 189 <10 <10 <10 <10 43,7 11,7 0,01
LiU2 <5 <20 188 100 <10 <10 <10 43,4 11,7 0,03
LiF1 <5 <20 261 <10 <10 <10 <10 43,6 11,6 0,01
LiF2 <5 <20 220 <10 <10 <10 <10 43,4 11,7 0,04
LBl 5 <20 133 139 <10 <10 <10 42,9 11,2 0,01
LB2 9 <20 110 <10 <10 <10 <10 42,5 11,4 | 0,01
Hl 5 <20 101 <10 <10 <10 <10 43,6 11,8 0,01
Hlp <5 <20 100 13 <10 <10 <10 43,7 11,4 | 0,01
H2 <5 <20 98 <10 <10 <10 <10 43,2 11,7 0,01
H3 <5 <20 96 125 <10 <10 <10 43,4 11,6 0,01
H4 5 <20 95 <10 <10 <10 <10 43 11,4 | 0,01
HS 8 <20 99 <10 <10 <10 <10 43,6 11,3 0,01
H6 5 <20 94 10 <10 <10 <10 43,1 11,5 0,01

7

7

Hép <20 95 <10 <10 <10 <10 43,1 11,5 0,01
H7 <20 96 <10 <10 <10 <10 42,9 11,8 0,01
HV1 69 25 59 77 <10 <10 <10 30,2 | 7,61 0,01
HV2 71 24 55 95 10 <10 <10 294 | 7,07 | 0,03
DG1 13 <20 972 12 <10 <10 <10 44,4 13,1 0,23
DG2 13 <20 1055 29 <10 <10 <10 44,5 142 | 0,37
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metrije (ICP-ES), celotni ogljik in Zveplo pa
z Leco (ACME, 1999). Za silikatno analizo
$00,2 gvzorcataliliz 1,2 g LiBO, in raztopili
v 100 ml 5 % HNO,. Zarilno izgubo so
dolocili glede na spremembo mase vzorca
po 1 uri Zganja pri temperaturi 1000 °C.
Rezultati kemicne analize so v tabeli 1.

Rezultati kemicne analize kazejo, da so koli-
¢ine niklja, cirkonija, itrija, niobija in skan-
dija v vseh vzorcih pod mejo detekcije, zato
ti rezultati v nadaljevanju niso upostevani.

Pravilnost analitike je bila ugotovljena s
pomocjo standardov SO-15 in CSA,
natan¢nost ali ponovljivost izbrane metode

so analitske nekoliko nizje od priporo¢enih
vrednosti, prav tako je natancnost metode
zadovoljiva (Jarc, 2000). Slabso natan¢nost
zasledimo le pri tistih oksidih in prvinah,
katerih koli¢ine so zelo majhne, Se posebe;j,
¢e je koli¢ina na meji detekcije. Pri visjih
koli¢inah (npr. CaO) je natanc¢nost dane
metode dolocanja kemicne sestave dobra
(JArc, 2000).

OSNOVNE STATISTIKE, NORMALNOST
PORAZDELITVE IN KORELACIJE

Osnovne statistike koli¢in oksidov in prvin
19 vzorcev (N) so podane v tabeli 2. Srednje
vrednosti so podane z aritmeti¢no sredino

pa z veckratnimi analizami (vzorci oznaceni
S p) istega vzorca (SWAN & SANDILANDS,
1995, Zurancic, 1994). Pravilnost metode
dolocanja kemicne sestave je zelo dobra, saj
odstopanja analitskih in priporocenih
vrednosti niso vecje od 6 %, v splosnem pa

(x), mediano (Me), geometri¢no sredino (x,,),
razprsenost podatkov pa z razponom (razlika
med najvi§jo (max) in najnizjo (min)
vrednostjo) ter z aritmeti¢nim (s) in
geometrijskim (s;;) standardnim odklonom
ter z aritmeti¢no (s*) in geometricno (s

Tabela 2. Osnovne statistike: aritmeti¢na (x) in geometri¢na (x;) sredina, mediana (Me), razpon vrednosti
(min-max), kvartilni razpon (Q,.-Q.;), aritmeticni (s) in geometri¢ni (s ) standardni odklon, aritmeti¢na (s*) in
geometri¢na (s_?) varianca, asimetri¢nost W b)) in sploS¢enost (b,) naravnih vrednosti ter asimetri¢nost (\/blL) in
sploScenost (b, ) logaritmiranih vrednosti. Stevilo vzorcev (N) je 19.

Table 2. Basic statistics: arithmetic (x) and geometric (x) mean, median (Me), range (min-max), quartiles
(QZS-Q\F), arithmetic (s) and geometric (s ) standard deviation, arithmetic (s*) in geometric (s ’) variance, skew-
peiz b)), kurtosis (b,) and skewness W b,,) and kurtosis (b,, ) of logaritmic values. The number of samples (N)
is 19.

X Xg Me min-max OO s s 56 sg ?2b, b, by bar
SiO, 2,550 0,465 0,840 | 0,01-18,44 | 021-1,47 5431 29,49 9,399 | 88,340 | 2,746 6,353 0,299 1,376
Al O; 1,269 0,428 0,420 0,08-8,77 0,15-0,77 2,588 6,70 3,788 | 14,347 | 2,739 6,309 | 10,469 10,222
Fe,0; | 0935 | 0304 | 0290 | 0,05-6,09 | 0,07-0,75 1,807 | 326 | 4265 | 18,187 | 2,679 | 6,075 | 4,560 1,132
MgO 1,016 0,655 0,520 0,28-5,09 0,42-0,83 1,397 1,95 2,228 4,964 2,697 6,172 56,535 952,899
CaO 51,705 50,911 54,160 | 28,96-56,03 | 53,82-55,42 7,980 63,69 1,216 1,479 -2,669 6,030 0,002 1766453
Na,O 0,022 0,018 0,020 0,005-0,05 0,01-0,03 0,013 0,00 2,079 4,321 0,358 0,538 0,208 4,571
K,0 0,408 0,094 0,110 0,02-3,26 0,02-0,12 0,974 0,95 4,408 | 19,430 | 2,788 6,499 | 19,854 | 67,504
TiO, | 0,035 | 0017 | 0010 | 0,0050,19 | 001-004 | 0054 | 000 | 2923 | 8543 | 2561 | 5624 | 12,139 | 4807
P05 | 0032 | 0027 | 0030 | 001008 | 002-004 | 0020 | 000 1,920 | 3,685 | 1,002 | 0,689 | 0,641 6,499
MnO 0,028 0,012 0,020 | 0,0005-0,08 0,01-0,05 0,026 0,00 6,050 36,601 0,861 0,221 0,095 2,083
Cr,04 0,005 0,004 0,004 0,001-0,01 | 0,002-0,006 0,003 0,00 2,090 4,367 0,865 0,065 0,374 3,189
Ba 12,526 | 6,624 5,000 3,0-71,0 3,0-9,0 20,500 | 42026 | 2,633 6,933 2,680 6,066 | 39271 | 148,143
Sr 216,632 | 141,791 | 100,000 | 55,0-1055,0| 95,0-189,0 | 286,255 | 81942 2,223 4,943 2,634 5,939 | 44,475 | 294,868
LOI 41,979 | 41,723 | 43,400 | 29,4-445 42,9-43,6 4321 18,67 1,127 1269 | -2,736 | 6,317 0,002 | 2570946
C 11,331 | 11,207 | 11,600 | 7,07-14,2 11,4-11,7 1,574 2,48 1,173 1,377 | -1,580 | 4,004 0,008 | 79428.6
S 0,044 0,017 0,010 0,01-0,37 0,01-0,03 0,094 0,01 2,990 8,938 3,068 9,080 | 133,374 | 5490,109
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varianco. Zaradi t.i. “outlierjev”’ (nenormalno
visoke ali nizke vrednosti) je podan Se
kvartilni razpon (Q,,-Q.,), kjer zanemarimo
25 % najvi§jih in 25 % najnizjih vrednosti
(SwaN & SANDILANDs, 1995), ki daje realnejso
sliko razprSenosti podatkov. Metode
parametri¢ne statistike lahko uporabimo
samo, ¢e so podatki porazdeljeni normalno.
Ce porazdelitev podatkov ne ustreza
normalni, jih moramo =z ustrezno
transformacijo prilagoditi temu pogoju
(Kocn & Link, 1970). Normalnost
porazdelitve naravnih in logaritmiranih
vrednosti sem ugotavljala s testi splos¢enosti
(b,, b,,) in asimetri¢nosti (\/bl, \/blL). Za
normalno porazdeljene podatke se vrednost
asimetri¢nosti priblizije 3, vrednost
sploscenosti pa 0. Iz rezultatov je razvidno,
da normalni porazdelitvi bolj ustrezajo
naravne vrednosti. Vsi parametri so
izraCunani s pomoc¢jo racunalniskega
programa CSS Statistica.

Zaradi primerljivosti rezultatov (podatki so
v razlicnih enotah) sem pri izracunu
korelacijskih koeficientov uporabila
logaritmirane vrednosti. S tem sem tudi
zmanjSa napaka zaprtega niza podatkov
(vrednosti so podane v odstotkih), kjer so
vrednosti Ze same po sebi medsebojno
odvisne (SwaN & SANDILANDS, 1995).
Izra¢unane koeficiente korelacije sem
primerjala s kriti¢no (tabelirano) vrednostjo
koeficienta na 95 % ravni zaupanja,
Lo osma — 0456 (PETZ, 1985). Korelacijska
matrika (tabela 3) kaze, da je CaO z vecino
oksidov drugih elementov negativno
koreliran. CaO je vezan predvsem na mineral
kalcit, ki je kemicno relativno ¢ist. Ostale
prvine so torej vezane na druge minerale,
predvsem glinene minerale. To potrjuje tudi
dobra korelacija SiO,, MgO, AL O, in Fe,O,
ter K O, ki so vezani na minerale smektitove
in kloritove skupine ter na muskovit
(Jarc & MirTIC, V tisku). V nekaterih

Tabela 3. Matrika korelacijskih koeficientov logaritmiranih vrednosti (N=19). * — prvini sta znac¢ilno medsebojno

odvisni na 95 % ravni zaupanja.

Table 3. Matrice of correlation coefficients of logaritmic values (N=19). * — correlations are significant on

95 % confidence interval.

Si0,
Sio, 1| ALO,
ALO; | 091* 1 | Fe,04
Fe,0; | 0,80% | 0,90% 1 MgO
MgO | 0,75* | 0,81* | 0,66 1 Ca0
Ca0 | -0.64 | -085* | -0,78* | -091*| 1 [ Na,0
Na,0 | 0,03 | 0,13 | -0,01 | 002 | -0,01 1 K,O
K,0 | 0,85* [ 0,97% | 0,92 | 0,78* | -0,87* [ 0,07 1 TiO,
TiO, | 0,66* [ 0.87% | 0,71* | 0,72% | -0,82% | 0,28 | 0,84* 1 P,05
P05 | 031 [ 032 ] 020 | 041 | 041 | 007 | 038 | 033 1 MnO
MnO | 0.88* | 0,66* | 0,63* | 0,61% | -0.43 | -0,16 | 0,62 | 028 | 0,31 1| cro,
Cr0s | 014 | 024 | 028 | 036 |-047¢| -013 [ 030 | 036 | 041 | 002 1 Ba
Ba | 0.77% | 0,92* | 0,90% | 0.84% | -0.90% | 0,01 [ 0.90% | 0.84* | 022 | 054% | 040 1 Sr
St | -029 | -024 | 0,19 -032 | 034 | 039 | -034 | -0,05 | -0,46* | -0,49% | -0,17 | -0,14 1 LOI
LOI | -0,58% | -0.80% | -0,73* | -0,87% | 0,98* | 0,05 [ -0,85%]-0,77%| -045 | -0,39 | -0,49% | -0.84* | 047+ 1 C
C | -049%]-068%| -061%| -0,77¢ | 0,90 | 0,18 [ -0,76* ] -0,64* | -0,55* | -0,37 | -0,50* | -0,70* | 0.66* | 0.96* 1
S 0,08 | 0,15 | 020 | 009 | -008 | 028 | 007 | 028 | -028 | -0,19 ] 009 | 027 [ 0,84 | 006 | 030
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primerih (n.pr. korelacija koeficienta med TEST ENAKOSTI POPULACIJSKIH
CaO.ah MgO n ].33). je korela.clj ski koeﬁmept POVPRECI]
relativno visok in je posledica posameznih

nenormalno visokih ali nizkih vrednosti. S t-testom enakosti populacijskih povpredij

sem poskusala ugotoviti, ali lahko preiskovane
apnence med seboj statisticno razlikujemo.

Tabela 4. t-test enakosti populacijskih povprecij. F_ — rezultat testa populacijskih varianc posameznih skupin,
t  — rezultat testa enakosti populacijskih povpredij posameznih skupin, * — skupini se na 95 % ravni zaupanja
statisti¢no razlikujeta.

Table 4. t test of equality of population means. F_ — population variance result of individual groups, t _ — t-test
of equality of population means result of individual groups, * — the groups are statistically different on 95 %
confidence interval.

Fi, tio Fis 3 Fis t4 Fis t.s F,; .3

SiO, 3200,0 | -11,813*| 5871,78 | -3,643* | 26450,0 | -50,698* | 1352,0 | -19,919* 1,835 2,509*
Al Oy 82,971 | -11,412%] 95,143 | -2,991* | 288,170 | -67,102* | 20,743 | -20,189* 1,147 4,073*
Fe,04 5,556 | -12,238*| 459,346 | -1,839 72,000 [-105,200* 213,556 | -6,094* | 82,682 -0,298
MgO 4,333 -5,237* | 40,154 | -3,401* | 55,440 | -47,459*| 2,077 |-17,060*| 174,000 | -1,503
CaO 2,076 13,059* 7,273 5,500* 9,280 95,199* 8,362 16,699* | 15,101 -1,381

Na,O 1,333 -0,730 3,135 0,071 3,000 0 3,000 -2,309 4,181 0,514
K,0 18,000 | -6,299* | 32,444 -2,138 180,500 | -53,532*| 2,000 |-11,110* 1,803 1,433
TiO, 0,000 -6,093* 2,111 0,421 1,260 | -30,889* 1,263 -4,222% 0,000 9,400*
P,0O5 26,727 -0,995 1,758 -1,202 2,180 -3,974* 1,833 0,961 15,207 0,872
MnO - - 0,000 -4,804* - - - - 0,000 -2,435*
Cr,04 7,125 0,432 4,071 1,258 - -1,678 7,125 0,777 1,750 0,467
Ba 0,000 -3,266* 0,000 -2,168 - -109,411%* - - 2,215 1,193
Sr 4,468 3,480* | 193,394 | 10,807* | 147,710 | 6,102* 2,915 | -22,071*| 43,282 5,287*
LOI 3,556 4961* 3,827 1,498 14,220 | 50,919* 4,500 -7,934%* 1,076 -2,577*
C 8,000 5,222%* 13,111 1,269 58,320 | 25,569* | 242,000 | -5,828* 1,639 -1,846
S 0,000 1,111 0,000 2,655% 1,130 0,195 43,556 | -6,262* - -
Faoy ty Fos ts Fsy 4 Fis s Fys tys

Si0, 8,266 | -26,947*| 2,367 -0,587 4,505 | -48,541*| 4,343 3,045% | 19,564 | -27,591*
AlLO; 3,473 | -33,033*| 4,000 0,447 3,029 | -56,963*| 4,587 3,790*% | 13,893 | -36,467*
Fe, 05 12,960 | -60,862*| 38,440 | -2,229 6,380 | -23,467*| 2,151 1,147 2,966 | -29,766*
MgO | 240,250 | -29,004*| 9,000 |-11,700*| 1,381 | -28,870*[ 19,333 1,184 26,694 | -26,191*
CaO 19,262 | 60,611* | 17,361 6,573* 1,276 | 63,845* 1,150 -7,799* 1,110 | 40,430*
Na,O 4,000 0,447 4,000 -1,342 1,045 -0,049 1,045 1,823 1,000 1,414

K,0 10,028 | -30,263* | 36,000 1,151 5,563 | -56,295*%| 64,889 0,648 | 361,000 | -32,061*
TiO, 0,000 | -29,000%] 0,000 1,000 2,667 | -47,488*| 2,667 6,784* 1,000 |-21,213%*
P,05 12,250 | -0,412 | 49,000 0,849 1,241 -2,873*% | 3,222 -1,690 4,000 -4,025

MnO - - - - 0,000 | -4,235% | 0,000 -2,435% - -
Cr,05 0,000 | -6,000* 1,000 0,707 0,000 | -4,835*% 1,750 -0,233 0,000 | -7,000*
Ba 4,000 [-28,175*] 0,000 -3,000 1,806 | -44,805*] 0,000 5,632* 0,000 | -57,000%*

Sr 33,063 | 5,526* | 13,023 | -20,713*| 1,309 | 20,409* | 563,646 | 59,500* | 430,563 | 23,022*
LOI 4,000 [ 28,845* | 16,000 | -8,489* 3,716 | 51,537* | 17,222 | 5,349* | 64,000 | 36,342*

C 7,290 | 13,754* | 30,250 | -4,204 4,448 | 25,326% | 18,458 | 8,631* 4,150 | 10,299*

S 0,000 -1,000 0,000 -4,143 0,000 | -2,714* | 0,000 11,242* | 49,000 3,960
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Vzorce sem razporedila v pet skupin glede na
posamezna nahajalisca. V prvi skupini so
vzorci iz Lipice (LiU1, LiU2, LiF1 in LiF2),
v drugi skupini je lesnobrdski apnenec (LB1
in LB2), sledi skupina hotaveljskega apnenca
(H1 — H7). Vzorec HV predstavlja svojo
(Cetrto) skupino, ker se ze po sestavi mocno
razlikuje od vseh ostalih; gre za glinene
primesi v hotaveljskem apnencu. V peto
skupino sem uvrstila ¢rni apnenec z Dreno-
vega Gric¢a (DG1 in DG2). Dvostranski t-test
sem izvajala z racunalnisSkim programom CSS
z naravnimi vrednostmi. Vrednosti t so
izraCunane na podlagi izidov testa F, ki
ugotavlja podobnost populacijskih varianc.

Rezultati (tabela 4) so pokazali, da se skupine
med seboj statisti¢no razlikujejo po koli¢ini
vecine oksidov in prvin na ravni zaupanja
95 %. Torej bi lahko Ze z geokemicno analizo
apnenca dolocili njegov izvor oz. nahajalisce.
Seveda bi bilo potrebno narediti bistveno
vecje Stevilo kemicnih analiz vseh apnencev
iz razli¢nih nahajali$¢, da bi lahko postavili
statisticne meje koli¢in posameznih oskidov
in prvin, na osnovi katerih bi ugotavljali izvor
apnenca. Nekatere vrednosti F so zelo visoke
in nam pri tako majhnem Stevilu vzorcev
kazejo na “nestabilnost” podatkov; varianca
znotraj posamezne skupine je ob tako
majhnem vzorcu prevelika, zato so vrednosti
nezanesljive; primer apnenca iz Hotavelj, ki
ima pri vecini analiziranih prvin zelo §irok
vrednosti (slika 1). V naSem primeru je bilo

*

vzorcev apnencev vsekakor premalo, da bi
lahko to¢no definirali kemi¢no sestavo
apnencev iz posameznih nahajalis¢. Kljub
temu pa je test enakosti populacijskih
povprecij pokazal, da se vzorec HV, ki
predstavlja glinene primesi v hotaveljskem
apnencu, popolnoma razlikuje od vseh
ostalih (vrednosti t so zelo visoke). Glede
na izracunane vrednosti t za vse prvine v dani
skupini se statisticno najmanj razlikujeta
apnenca z Lesnega Brda in iz Hotavelj
(vrednosti t so malo visje od kriti¢ne
vrednosti t na ravni zaupanja 95 %), kar je
tudi razumljivo, saj sta genetsko podobna
(Jarc, 2000). Apnenec z Drenovega Grica
se od ostalih apnencev razlikuje predvsem
po povecani koli¢ini organske snovi.
Posamezna nahajalis¢a se razlikujejo
predvsem po vsebnosti SiO,, ALLO,, MgO in
Sr, medtem ko se vrednosti Fe O, (kljub
visokim vrednostim t), CaO, K 0, P,O,,
Na,O lahko prekrivajo in jih ne moremo
uporabili za identifikacijo apnencev (slika 1).
Za locCevanje razli¢nih tipov apnencev so
vsekakor zanesljivejsi tisti oksidi in prvine,
ki nastopajo v vecjih koli¢inah, medtem ko
oksidi in prvine v manj$ih koli¢inah pokazejo
tudi manjse statisticne razlike. Kot primer
lahko navedemo Na,O, katerega vsebnost je
v vseh vzorcih na meji detekcije, t-test pa ne
da nobenih statisticno znacilnih razlik med
izbranimi skupinami glede na njegovo
koli¢ino.

Slika 1. Prikaz srednjih vrednosti, standardnih odklonov ter maksimalnih in minimalnih vrednosti

Figure 1. Box-Whiskers diagrams of means, standard deviations and ranges (max-min) of some analysed
oxides and elements in investigated limestone quarries. Logarithmic scale.
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CLUSTERSKA ANALIZA

Cilj clusterske analize je zdruZzevanje
posameznih objektov v skupine glede na
podobnost med njimi. Uporabila sem
clustersko analizo tipa k-mean, ki se od
obicajne lo¢i po tem, da vnaprej doloc¢imo
Stevilo skupin (k). Osnova izracuna te
metode je “obrnjena” analiza variance.
Racunalniski program CSS razdeli vzorce v
vnaprej doloc¢eno stevilo skupin (k) tako, da
je varianca znotraj skupine ¢im manjsa,
varianca med skupinami pa ¢im vecja.
Statisti¢no znacilnost rezultatov doloci s
testom F. Vi§ja kot je vrednost F, bolj
ucinkovito spremenljivka vpliva na loce-
vanje vzorcev v skupine. Uporabljeni podatki
pa morajo biti standardizirani tako, da je
povprecna vrednost posamezne spre-
menljivke 0, standardni odklon pa 1
(Zupancic, 1994).

Ker sem poskusala ugotoviti, ali se apnenci
iz posameznih nahajali§¢ statisti¢no
razlikujejo, sem tudi clustersko analizo tipa
k-mean izvedla s petimi skupinami. Rezultati
so podani v tabeli 5. Cim vegja je vrednost
F, vedji je vpliv spremenljivke na uvrstitev
vzorca v doloCeno skupino. Na uvrstitev v
posamezne skupine najbolj vplivajo
spremenljivke CaO, K O, Sr ter SiO, in
Al O, kar je pricakovano, saj so to oksidi in
prvine, ki so vezani na karbonate in glinene
minerale. Medtem ko koli¢ine Na,O, Cr,O,
in P,O; na uvrstitev v skupine ne vplivajo.
Podobne rezultate dobimo s t-testom
enakosti populacijskih povpredij, kjer so
vrednosti Si0,, AL,O,, MgO in Sr tiste, ki so
najbolj znacilne za posamezne apnence.
Rezultati obeh statisticnih metod tako
potrjujejo, da na obilnost prvine vpliva
predvsem prisotnost minerala v kamnini oz.

vsebnost “necisto¢” v kalcitni reSetki.

Tabela 5. Rezultati analize variance clusterske analize
tipa k-mean za 5 skupin.
Table 5. k-mean cluster analysis results for 5 groups.

varianca
med skupinami | znotraj skupine 17
SiO, 528,0 2,7 697,2
ALO; 120,0 0,7 618,9
Fe,0; 58,0 0,9 226,6
MgO 35,0 0,4 332,6
CaO 1143,0 3,0 1347,2
Na,0O 0,0 0,0 1,2
K,0 17,0 0,1 11447
TiO, 0,0 0,0 154,7
P,0s 0,0 0,0 7,7
MnO 0,0 0,0 15,3
Cr,0, 0,0 0,0 3,7
Ba 7520,0 44,5 591,5
Sr 1467763,0 7195,9 713,9
LOI 334,0 1,6 713,1
C 44,0 1,0 146,2
S 0,0 0,0 48,1

V prvo skupino so uvrsceni vsi vzorci iz
Lipice (LiU1, LiU2, LiF1 in LiF2), v drugo
oba vzorca z Drenovega Gri¢a (DGI in
DQG2), sledi samostojen vzorec iz Lesnega
Brda (LB1), c¢etrta skupina je najbolj
Steviléna in zdruzuje en vzorec iz Lesnega
Brda in vse vzorce apnenca iz Hotavelj (LB2,
H1, Hlp, H2, H3, H4, H5, H6, H6p, H7),
svojo skupino pa predstavljata tudi vzorca
glinenih vlozkov iz Hotavelj (HV1 in HV2).
Rezultati clusterske analize se ujemajo z
rezulati t-testa enakosti populacijskih
povprecij, kjer sem skupine definirala sama.
Izjema je le vzorec lesnobrdskega apnenca
(LB2), ki ga je clusterska analiza uvrstila v
skupino apnencev iz Hotavelj. Oba tipa
apnenca (iz Hotavelj in z Lesnega Brda) sta
genetsko podobna (Jarc, 2000) in torej glede
na kemicno sestavo podobna. Tudi rezultati
t-testa enakosti populacijskih povprecij
pokazejo najmanjSo statisticno razliko med
tema razredoma apnencev.
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REZULTATI IN RAZPRAVA

Stevilo vzorcev je za statistiéno obdelavo
majhno, kljub temu pa sem poskusala dobiti
ocene koli¢in oksidov in prvin, ki bi mi
pomagale pri identifikaciji apnencev. Pri
dolo¢anju provenience apnenca sem
uporabila dve neodvisni statisticni metodi:
clustersko analizo in t-test enakosti
populacijskih povprecij.

Preiskovani slovenski apnenci, z izjemo
vzorca glinenih primesi v hotaveljskem
apnencu, so kemicno relativno €isti CaCO.,.
Z izjemo apnenca z Drenovega Grica (91
mas.% CaCO,) vsebujejo preko 95 mas.%
CaCO,. Po sestavi so si zelo podobni, delez
primesnih prvin je relativno majhen. Kljub
majhnim razlikam v sestavi, pa apnence z
natan¢no kemic¢no analizo in statisti¢no
obdelavo podatkov med seboj lahko
razlikujemo, predvsem po vsebnosti SiO,,
AlL,O,, MgO in Sr. Korelacija med
analiziranimi oksidi in prvinami pokaze, da
je CaO vezan predvsem na mineral kalcit, ki
je kemicno relativno ¢ist (negativna
korelacija z ostalimi oksidi in prvinami).
Ostale prvine so vezane predvsem na druge
minerale, gre za minerale smektitove in
kloritove skupine ter na muskovit (JARc &
MIRTIC, V tisku).

S pomocjo t-testa enakosti populacijskih
povprecij sem preverila uvr§c¢anje vzorcev v
“geokemicne” skupine, glede na posamezna
nahajalisc¢a: Lipica, Lesno Brdo, Hotavlje -
apnenci, Hotavlje - glinene primesi, Drenov
Gri¢. Rezultati t-testa so pokazali, da se
skupine med seboj statisti¢no razlikujejo
glede na koli¢ine vecine analiziranih oksidov
in prvin na 95 % ravni zaupanja. Glede na
izracunane vrednosti t za vse prvine v dani
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skupini se statisticno najmanj razlikujeta
apnenca z Lesnega Brda in iz Hotavelj, ki
sta tudi genetsko podobna. Vzorec glinenih
vklju¢kov iz Hotavelj pa se, po
pricakovanjih, popolnoma razlikuje od vseh
ostalih. Apnenec z Drenovega Grica se od
ostalih apnencev razlikuje predvsem po
povecani koli¢ini organske snovi; ta mu daje
tudi znacilno, ¢rno barvo. Tudi clustersko
analizo sem izvedla s petimi skupinami. V
tem primeru se na podlagi uporabljenega
racunalniSkega programa vzorci razporedijo
v skupine na osnovi podobnosti med njimi.
Rezultati clusterske analize se dobro ujemajo
z rezultati t-testa enakosti populacijskih
povprecij.

Apnenci se, kljub majhnim razlikam v
kemicni sestavi, statisti¢no razlikujejo.
Nahajalisce apnenca bi torej lahko dolocali
z detajlno kemic¢no analizo.

SKLEPI

Preiskovani apnenci so razmeroma Cisti,
vsebujejo preko 91 mas.% CaCO,, izjema je
le vzorec glinenih primesi iz Hotavelj, kjer
vsebnost karbonata znatno nizja (priblizno
52 mas.% CaCQ,). CaO je z vecino oksidov
in prvin negativnho koreliran, kar kaze na
relativno Cist kalcit. Dobra korelacija med
Si0,, ALO,, MgO, Fe O, in K O torej kaZe
na prisotnost drugih mineralov, predvsem gre
za glinene minerale.

Rezultati t-testa enakosti populacijskih
povprecij apnencev iz 4 nahajalis¢ so
pokazali, da se apnenci med seboj statisticno
razlikujejo na 95 % ravni zaupanja. Najvecje
razlike so v vsebnosti SiO,, ALO,, MgO in
Sr, torej tistih prvin, ki so vezane na
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prisotnost glinenih mineralov, sljud in ¢istost
kalcita. Statisticno se najmanj razlikujeta
apnenca iz Hotavelj in Lesnega Brda, ki sta
tudi genetsko podobna. Vzorec glinenih
primesi iz Hotavelj pa se, po pric¢akovanjih,
popolnoma razlikuje od vseh ostalih.

Clusterska analiza je potrdila rezultate t-testa.
Najvecja je podobnost med apnencema
iz Hotavelj in Lesnega Brda. Kljub temu da
so preiskovani apnenci zelo Cisti (preko
95 mas.% CaCO,, apnenec z Drenovega
Grica pa vsebuje le 91 mas.% CaCO,) in tudi
po sestavi zelo podobni, bi jih z natan¢no
kemicno analizo lahko locevali. V tem
primeru gre le za pilotske vzorce, s pomocjo
katerih sem poskusala samo pokazati, da se
apnenci, kljub majhnim razlikam v kemicni
sestavi, statisticno razlikujejo.

Seveda bi bilo potrebno narediti bistveno
vecje Stevilo kemicnih analiz vseh apnencev
iz razli¢nih nahajalis¢, da bi lahko postavili
statisti¢ne meje koli¢in posameznih oksidov
in prvin, na osnovi katerih bi ugotavljali
provenienco apnenca.

SUMMARY

The distinction of limestone
by statistical methods

The identification of limestone by two
independent statistical analysis, t-test and
cluster analysis was tested on some
Slovenian samples from Lipica, Hotavlje,
Lesno Brdo and Drenov Gri¢. The results of
detailed chemical analysis are in Table 1. The
accuracy and precision of the analytical
technique are satisfactory (Jarc, 2000). The

mineral composition of investigated samples
is described in JARC & MIRTIC (in press).

The composition of the investigated
limestones is very similar. The limestone
from Drenov Gri¢ contains the lowest
amount of CaCO, —above 91 wt.%, whereas
the others contain above 95 wt.% of CaCO,.
The analysis of clay layer in Hotavlje
limestone (sample HV) was made for the
comparison. Mineral calcite is relatively
pure, as seen in the negative correlations
between CaO and other oxides (Table 3).
Therefore, the other elements are due to
minerals like smectite or chlorite and
muscovite (JARC & MIRTIC, in press).

The t-test is used in testing the difference
between two population means based on
differences found between sample means and
considering variance and number of
observations. The tested groups were
determined accordingly to the limestone
quarry: in first group are samples from Lipica
quarry (LiU1, LiU2, LiF1 and LiF2), in
second group are samples from Lesno Brdo
(LB1 and LB2), in third group is limestone
from Hotavlje (H1 — H7), the claylayer from
Hotavlje quarry (HV1 and HV2) represents
the fourth group and in fifth group are
samples from Drenov Gri¢ (DG1 and DG2).
Two-way t test was calculated by programme
CSS Statistica. The results are in Table 4.
The defined groups are statistically different
as to almost all analysed oxides and elements
on 95 % confidence interval, but the greatest
differences are in content of SiO,, ALO,,
MgO and Sr. Therefore, t-test is very helpful
in the identification of the limestone
regardless of their very similar chemical
compositions.
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Cluster analysis is a useful technique for
grouping objects into unknown groups. The
k-mean cluster analysis was used, where the
characteristics of the groups are to be derived
from the data on the basis of the smallest
variance in the same group and the largest
variance between the groups. For the
cooperation with t-test the cluster analysis
with five groups were performed. The largest
influence on the classification of investigated
samples (Table 5) have SiO,, Al O,, CaO,
K,O and Sr, whereas the content of Na,O,
Cr,0O, and P, O, have no influence on
grouping. First group represent the samples
from Lipica (LiU1, LiU2, LiF1 and LiF2),
in second group are samples from Drenov
Gri¢ (DG1 and DG2), in third group is the
sample LB1, fourth group represent samples
from Hotavlje (H1 — H2) and sample LB2
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Izvlecek: Kljub dejstvu, da so nekatere metode ¢rpalnih poizkusov v razpoklinskih
vodonosnikih ze uveljavljene, se v Sloveniji za analizo razpoklinskih kamnin $e vedno
uporabljajo neustrezne metode, razvite za medzrnske vodonosnike. Namen prispevka je
opozoriti na uporabo ustreznih postopkov, podati kratek pregled uveljavljenih metod ter
na nekaj primerih analizirati rezultate ¢rpalnih poizkusov v dolomitih predvsem z modeli

dvojne poroznosti.

Abstract: Despite the fact that methods for analyzing pumping test data in fractured aquifers
are at the present time developed to the practical level of use, in Slovenia they are still
not used correctly. Even for the fractured aquifers the preferable analysis methods are
Theis and Cooper-Jacob equations, which are applicable only to single-porosity homog-
enous aquifers. The purpose of this paper is to warn against erroneous applications of
inappropriate methods and to give a brief summary of suitable methods. Finally few
examples of pumping tests in dolomites are analyzed and interpreted with methods based

on double porosity model.

Kljucne besede: ¢rpalni poizkusi, vodonosnik, razpoklinska poroznost, model dvojne

poroznosti, dolomit

Key words: pumping tests, aquifer, fracture porosity, double porosity model, dolomite.

Uvobp

Karbonatni vodonosniki pripadajo
razpoklinskemu ali krasko-razpoklinskemu
tipu. Tako pri nas kot drugod so ti
vodonosniki ¢edalje bolj zanimivi zaradi
izkori§¢anja pitne vode, v tujini pa so
pomembni tudi kot naftni rezervoarji.
Trenutni svetovni trendi kazejo, da se

Scientific paper

raziskave razpoklinskih vodonosnikov Sele
zacenjajo (NEUMAN, 2005).

Najbolj zanesljive podatke o vodonosnikih,
t.j. hidravli¢ne parametre pridobimo s
pomocjo ¢rpalnih poizkusov. Tudi za
kamnine z razpoklinsko poroznostjo se
uporabljajo metode ¢rpalnih poizkusov,
razvite za medzrnske vodonosnike;
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predvsem Theisova in Cooper-Jacobova. Te
metode za razpoklinske kamnine ve¢inoma
niso primerne, zato so z njimi doloceni
rezultati pogosto napacni in tudi nelogicni.

Namen prispevka je opozoriti na ustrezno
uporabo metod v razpoklinskih vodonosnikih
ter podati njihov pregled, prav tako pa na
izbranih primerih podati obdelave in
komentarje nekaterih metod za razpoklinske
vodonosnike.

METODE

V strokovni literaturi je v primerjavi z
metodami ¢rpalnih poizkusov, razvitimi za
kamnine z medzrnsko poroznostjo, metod za
razpoklinske kamnine bistveno manj oz. jih
nekateri celo v celoti izpuscajo (Batu, 1998).
Pri prvih je namre¢ mogoce uposStevati
popolnost vodnjakov, stacionarnost toka,
anizotropnost,  razlicno  debelino
vodonosnika, vecplastni sistem, odprtost
vodonosnikov itd. Za razpoklinske kamnine
pa se uporablja precej manj metod, saj so te
mlajse in e ne dovolj uveljavljene, predvsem
zaradi:

* tezko doloc¢ljivih lastnosti razpok
(terensko kartiranje, geofizikalne
raziskave),

»  zapletenih izracunov, ki zahtevajo
precej parametrov,

* uporabe posebne tehnologije pri
¢rpalnih poizkusih (npr. tesnil oz.
‘packerjev’),

*  dejstva, da so modeli dvojne poroznosti
racunalnisko podprti Sele malo casa.

Stevilni ra¢unalniki programi za obdelavo
¢rpalnih poizkusov podpirajo predvsem

najenostavnejSe metode za medzrnske
vodonosnike, le redki pa tudi za razpok-
linske, npr. Aquifer Test (Waterloo
Hydrogeologic Inc., 2001), AQTESOLV
(HydroSOLVE, Inc., 2003) in AquiferWin32
(RumBAUGH & RumBAUGH, 2003).

V prispevku je poudarek na metodah v
razpoklinskih vodonosnikih in ne tudi na
krasko-razpoklinskih, ker ti zahtevajo
poseben pristop. Kraski vodonosniki so
izredno heterogeni, saj je bilo ugotovljeno,
da se lahko transmisivnost blokov matriksa
kamnine in razpok razlikuje tudi za faktor
100.000 (Krrvic, 1983).

Modeli razpoklinskih vodonosnikov

Stanje v naravi opiSemo z modelom, ki
predstavlja poenostavitev realnega sistema.
Za razpoklinske kamnine je razvitih prece;j
modelov, v glavnem pa jih lahko lo¢imo na
diskretne modele, na modele kontinuuma in
multikontinuuma ter na kombinirane
hibridne modele (Cencur Curk, 2002). Pri
diskretnih modelih moramo poznati
geometrijo ter razli¢ne lastnosti razpok
(polozaj v prostoru, gostoto, povezanost,
odprtost, hrapavost ipd.), razpoke pa nato
obravnavamo deterministi¢no, stohasti¢no
ali s fraktalnimi metodami. Pri diskretnih
modelih je geometrijo razpok ponavadi zelo
tezko opisati, zato uporabljamo modele
kontinuuma. Pri teh obravnavamo prostor kot
ekvivalenten izotropen homogen prostor na
makroskopskem nivoju tako, da upostevamo
povprecne vrednosti merjenih parametrov.
Podoben pristop velja za modele
multikontinuuma, kjer je prostor razdeljen na
dva ali ve¢ prekrivajo¢ih se homogenih
podsistemov kontinuuma. Najbolj znan

RMZ-M&G 2005, 52



Ustrezne analize ¢rpalnih poizkusov v razpoklinskih vodonosnikih

725

model iz te skupine je model dvojne
poroznosti, in je zaradi Siroke uporabe
natan¢neje opisan v nadaljevanju. Hibridni
modeli zdruzujejo modele kontinuuma ter
diskretne modele.

Model dvojne poroznosti

Pri tem modelu upostevamo koncept dvojne
poroznosti (BARENBLATT ET AL., 1960). Zanj
je znacilno, da prostor lo¢imo na dva
prekrivajoca se dela, na razpoke in na vimesne
bloke matriksa, tako da tok v njih
obravnavamo loceno. Geometrija razpok je
odvisna od modela, v vsakem primeru pa je
zelo poenostavljena. Najveckrat se upo-
rabljata tridimenzionalni model ortogonalnih
razpok, katere razdelijo prostor v kocke
enakih dimenzij (WARREN & RooT, 1963) ali
pa model med seboj vzporednih hori-
zontalnih razpok, ki razdelijo prostor v
ploscate bloke (slab-shaped blocks). Redkeje

se uporabljajo tudi modeli dveh sistemov
razpok. Ti locijo prostor na bloke v obliki
navpicnih stolpcev (npr. pri modeliranju
razpok v bazaltih; AGUILERA, 1987).

Za bloke matriksa je znacilno, da imajo
primarno poroznost ter veliko sposobnost
vskladi$cenja, tok v njih pa je majhen. Za
razpoke velja nasprotno. Imajo namrec
majhno sposobnost vskladis¢enja, tok skozi
vodonosnik pa te¢e vecinoma po njih.
Dodatni predpostavki sta, da je tok vode iz
blokov matriksa mozen le v razpoke, ter da
je tok v vodnjak mogo¢ le iz razpok in ne iz
matriksa zaradi bistveno vecje prepustnosti
razpok. Lo¢imo lahko dva rezima toka. Pri
psevdo-stacionarnem toku je prisoten tok iz
matriksa v razpoke in se nivo gladine v
matriksu ne spreminja. Pri nestacionarnem
toku gladina v blokih matriksa ni stalna in se
spreminja s ¢asom. Kvantitativno opiSemo
tok v obeh sistemih z modificirano difuzijsko

matrix

fracture

vugs

(.

matrix

|

fracture

fracture

matrix

Slika 1. Razpoklinska poroznost v realni kamnini (A) ter poenostavitev z modelom dvojne
poroznosti s sistemom treh pravokotnih sistemov (B) in vzporednim sistemom razpok (C)

KRUSEMAN & DERIDDER, 1991)

Figure 1. Fractured rock formations. (A) A naturally fractured rock formation, (B) Warren-
Root’s idealized three-dimensional, orthogonal fracture system, (C) Idealized horizontal frac-

ture system (KRuseMaN & DERIDDER, 1991)
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enacbo (MoENcH, 1984; DoMmENICO &
ScHwarTz, 1998):

oh
Tok v razpokah: KV*h= S, E +q (1)

1

oh
Tok v matriksu: K'V’h = SS'E —-q (2)

q predstavlja tok iz blokov matriksa v
razpoke, ki ga za psevdostacionarne razmere
opisemo kot:

q =—aK'(h'-h) 3)

h’= prostorska povpre¢na vrednost hidravli¢nega
nivoja v blokih matriksa
a= geometrijski faktor [dolzina?]

K predstavlja koeficient prepustnosti sistema
razpok (K = K - V), K’ pa analogno
koeficient prepustnosti sistema blokov
matriksa (K’=K -V ). 4)

K= koeficient prepustnosti razpok

V.= razmerje med prostornino razpok ter prostornino
celotnega volumna

K = koeficient prepustnosti matriksa

V= razmerje med prostornino matriksa
ter prostornino celotnega volumna

Podobno sta definirana koeficient
specificnega elasti¢nega vskladiScenja za
sistemrazpok S =S - V. ter za sistem blokov
matriksa S’ =S_ -V . (5)

Metode ¢rpalnih poizkusov

Pri analizi rezultatov ¢rpalnih poizkusov v
razpoklinskih kamninah moramo izbrati
enega od nastetih modelov razpoklinskih
vodonosnikov, nato pa upostevati Se lastnosti
¢rpalnih in opazovalnih vodnjakov ter toka
v vodonosniku (popolnost vodnjaka, stevilo
opazovalnih vodnjakov, rezim toka, odprtost

vodonosnika itd.). Metode glede na izbrane
lastnosti lo¢imo v ve¢ skupin:

1. Modeli z eno razpoko (horizontalna ali
vertikalna razpoka). Ti primeri so v naravi
precej redki, izjeme so le umetno povzrocene
razpoke, ki nastanejo zaradi namernega
povecanja izdatnosti vodnjaka s hidravli¢nim
razpokanjem (hydraulic fracturing). Tok je
sprva pravokoten na ploskev razpoke, pozneje
pa se spremeni v psevdoradialnega. Med
metodami obdelav ¢rpalnih poizkusov so
najbolj znane (KrusemaN & DE RIDDER, 1991):
* metoda GRINGARTEN-WITHERSPOON
(1972) za opazovalne vodnjake v
homogenih izotropnih zaprtih
vodonosnikih,

. metoda GRINGARTEN & RaMEY (1974)
za Crpalni vodnjak v homogenih
izotropnih zaprtih vodonosnikih,

*  metoda RAMEY-GRINGARTEN (1976) za
¢rpalni vodnjak v homogenih
izotropnih zaprtih vodonosnikih z
upostevanjem neplanarne razpoke s
sposobnostjo uskladis¢enja.

2. Modeli dvojne poroznosti. Med vsemi
modeli za razpoklinske vodonosnike so te
metode najbolj razsirjene. Pri vecini metod
predpostavimo, da je vodonosnik izotropen,
homogen, zaprt, enake debeline ter se razsirja
neskon¢no dale¢. Bistvenega pomena je tudi,
da je Crpani pretok ves crpalni poizkus
konstanten. Najbolj uveljavljene metode
slonijo na nastetih predpostavkah, razlikujejo
pa se predvsem v rezimu toka in v Stevilu
opazovalnih vodnjakov:

*  WAaRREN-Root (1963): psevdostacio-
naren tok (nivo gladine v matriksu se
ne spreminja), velja za crpalni vodnjak,

. BoUrRDET & GRINGARTEN (1980):
psevdostacionaren tok iz matriksa v
razpoke, velja za opazovalne vodnjake,
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*  KazeMIET AL. (1969): nestacionaren tok
(nivo gladine se v matriksu spreminja),
velja za opazovalne vodnjake,

*  Bourton & STRELTSOVA (1977): Crpalni
vodnjak, vodonosnik razdeljen na
porozne horizontalne bloke, locene z
razpokami,

*  MoencH (1984): psevdostacionaren in
nestacionaren tok, uvedba koncepta
tanke mineralne plasti.

Prve tri metode so si med seboj dokaj
podobne, saj za vse veljajo naslednje
matemati¢ne predpostavke. Znizanje v
vodnjakih opiSemo z enacbo, analogno
Theisovi (KRUSEMAN & DE RIDDER, 1991):

S:LF(H*,X,(D) (6)

41IT ;

Theisovo funkcijo vodnjaka torej nadomesca
funkcija F(u*, A, ), ki je odvisna od treh
parametrov. Prvi, u* predstavlja modificirano
vrednost Theisovega parametra u in je podan
kot

. T
(S, +BS, ) ()

Y}.predstavlja transmisivnost razpok, S % in§
koeficienta elasticnega vskladiScenja v
razpokah ter v blokih matriksa in 3
koeficient, ki je pri zgodnjih ¢asih ¢rpanja
enak 0, pri poznih pa enak 1/3 (ortogonalni
bloki) ali 1 (plasti). Dodatna parametra, s
katerima opiSemo tok v vodonosniku z
dvojno poroznostjo, sta koeficient
interporoznega toka A, odvisen od oblike,
velikosti in prepustnosti blokov matriksa, ter
o, razmerje med vskladi§¢enjem v razpokah

RMZ-M&G 2005, 52

ter vskladiS¢enjem v celotnem sistemu (oba
parametra sta brez dimenzije):

K
_ 2 m
A=ar Kf (8)
S,
O=—
S, +BS, ©)

o = geometrijski faktor, odvisen od odnosa med
razpokami in matriksom [povrSina']

Tipicen primer odziva zniZanja v vodnjaku

0z. v piezometrih v odvisnosti od logaritma

Casa je prikazan na sliki 2. Krivuljo lahko v

idealnem primeru lo¢imo na tri dele:

*  Pri zgodnjih casih ¢rpanja (zacetni del
krivulje) je odvisnost s — log t linearna,
saj je f=0 in takrat se enacba poenostavi
v Theisovo enacbo, za katero lahko
uporabimo Cooper-Jacobovo poenosta-
vitev. Tok v vodnjak prihaja tedaj le iz

razpok:
230, 225Tt
s = lo :
4T, C S, (19)

*  Podoloc¢enem casu ¢rpanja (srednji del
krivulje) se ustvari prehodno obdobje,
ko za¢ne zaradi ustvarjenega gradienta
voda teci iz blokov matriksa v razpoke.
Znizanje poteka tedaj pocasneje, kar se
odraza v manjSem naklonu krivulje oz.
tudi horizontalnem poteku pri vecjih
prepustnostih matriksa.

* V zadnjem delu krivulje pri poznih
casih ¢rpanja priteka voda tako iz
matriksa kot tudi iz razpok, krivulja se
podobno poenostavi v Theisovo, le da
je faktor f=1/3 oz. 1 in znizanje enako

2,25T t
= 2,30 log / 5
4nT, (S, +BS,)r

S

(11)
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Moenchova metoda (1984) predstavlja
nadgradnjo metod WARREN-RoOT (1963) za
psevdostacionaren tok in KazemI ET AL.
(1969) za nestacionaren tok. Z uvedbo
koncepta tanke plasti na povrsini razpok
(angl. fracture skin) je Moench razlozil, zakaj
prihaja tako do psevdostacionarnega kot tudi
nestacionarnega toka. Ta plast predstavlja
delno prepusten material, ki zavira tok iz
matriksa v razpoke. Ce je plast zelo slabo
prepustna, je najvecji gradient hidravli¢énega
nivoja med matriksom in razpokami prisoten
na povrsini plasti in nestacionarni tok se
poenostavi v psevdostacionarnega. Vsi
raCunalniski programi, ki podpirajo obdelavo
¢rpalnih poizkusov v vodonosnikih z dvojno
poroznostjo, podpirajo le Moenchovo
metodo, saj ta zdruzuje koncepte vseh pre;j
omenjenih metod. Za racunalnisko resevanje
metode je potrebno imeti podatke o
opazovalnih vodnjakih.

—= log t

Slika 2. Odvisnost s — log t pri modelu dvojne
poroznosti KRUSEMAN & DERIDDER, 1991)

Figure 2. Semi-log time-drawdown plot in a fractured
rock formation of the double porosity type (KRUSEMAN
& DERIDDER, 1991)

3. Diskretni oz. stohasticni modeli. Za analizo
¢rpalnih poizkusov se precej manj kot zgoraj
opisani modeli uporabljajo diskretni modeli,
ki temeljijo na modeliranju realne geometrije
razpok z vsemi izmerjenimi razpokami
(naklon, vpad, odprtost, raztezanje itd.).
Hidravlicne lastnosti razpoklinskega sistema
se nato izracunajo s statisti¢nimi oz.
stohasti¢nimi metodami (National Research
Council, 1996). Metode temeljijo na
povezavi posameznih razpok v modele
mreze razpok (DFN, Discrete Fracture
Network) in prav tako kot fraktalne Se niso
Sirse uveljavljene.

4. Fraktalni modeli. Predvsem v zadnjih letih
so za analizo c¢rpalnih poizkusov v
razpoklinskih kamninah priceli razvijati
fraktalne metode (Acuna & YORTsos, 1995;
Hamm & Bipaux, 1996; LEvVEINEN, 2000).
Metodam je skupna predpostavka, da se nek
pojav pojavlja v enaki obliki v razli¢nih
merilih. Tako lahko npr. na bloku kamnin
doloc¢en vzorec razpok pricakujemo v
regionalnem merilu. Vecina teh metod je
razvitih za nestacionaren tok, resitve pa
podobno kot pri Theisovi in ostalih metodah
omogoci prilagajanje podatkov tipskim
krivuljam.

Pri fraktalnih metodah je lahko dimenzija
toka tudi realno Stevilo », ki ima vrednosti
med 1 (enodimenzijski tok), 2 (cilindri¢ni
dvodimentionalni tok) ali 3 (radialni sferni
tok v prostoru). Splosno difuzijsko enacbo,
ki opisuje nestacionaren tok za te primere,
je doloc¢il Barker (1988) v svojem
Generalized Radial Flow (GRF) modelu:

ﬁg[;ﬂn_l%J—S %4_ 12
" or or v ot ¢ (12
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Podatki iz literature kazejo, da taki primeri
v naravi obstajajo, saj so rezultate ¢rpalnih
poizkusov v razlicnih kamninah prilagodili
krivuljam z razli¢no dimenzijo », npr. n=1,8
v granitih, 1,7 v gabrih (Lops & Gouzk,
2004). Za n=2 se Barkerjeve enacbe
poenostavijo v znani formuli Theisa in
Cooper-Jacoba za nestacionaren tok ter v
Thiemovo formulo za stacionaren tok.

REZULTATI IN RAZPRAVA

V nadaljevanju je podanih nekaj znacilnih
primerov rezultatov in analiz ¢rpalnih
poizkusov v dolomitih. Podobne grafe bi
lahko analizirali tudi v nekaterih drugih
kamninah, za katere veljajo predpostavke
modela dvojne poroznosti (npr. razpokani
pescenjaki, razpokane magmatske kamnine
itd.). Za dolomite je znacilno, da spadajo med
zelo razpokane kamnine, saj so razpoke v
njih precej bolj pogoste kot v pescenjakih in
apnencih (AGUILERA, 1980). To potrjujejo

tudi opazovanja dolomitnih plasti v Sloveniji.
Poroznost matriksa lahko v dolomitih niha v
precej Sirokem razponu, od skoraj ni¢ do
nekaj odstotkov in pripada vecinoma
medkristalni poroznosti, nastali pri
dolomitizaciji, redkeje pa poroznosti, nastali
z raztapljanjem (vugs), ter fenestralni
poroznosti, znacilni za medplimske dolomite
(Moorg, 2001).

Na sliki 3 je prikazan graf znizanja v
odvisnosti od Casa pri ¢rpalnem poizkusu v
dolomitu cordevolske starosti pri
konstantnem pretoku Q = 15 1/s (VERBOVSEK,
2003). Nanjem je prikazana tridelna krivulja,
znacilna za model dvojne poroznosti. V
zacetnem delu krivulje (prvih nekaj minut)
je opaznih nekaj odstopanj od premice, nato
sledi polozni del in kasneje (od 1000 minut
dalje) spet poCasno nara$canje znizanja.
Podatki veljajo za ¢rpalni vodnjak, zato je
bila za analizo primerna obdelava po metodi
WARREN-RoOTA (1963), ki je dala naslednje
rezultate: Tf= 4,43-103 m?/s, Sf= 1,85-10‘2’

t (min)

100 1000 10000

Slika 3. Diagram znizanja s v odvisnosti od ¢asa (Crpalni poizkus v dolomitu cordevolske

starosti, Q=15 1/s) (VERBOVSEK, 2003)

Figure 3. Semi-log plot for pumping test data in dolomite (Cordevolian age, discharge

Q =15 I/s) (VERBOVSEK, 2003).
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S = 0,34 in koeficienta A = 1,35:10° ter
o = 0,05. Primerljive vrednosti smo dobili
tudi pri analizi Moenchovih podatkov za
¢rpalni vodnjak po metodi Warren-Roota
(KruseMaN & DE RIDDER, 1991). Trans-
misivnosti blokov matriksa po tej metodi ni
mogoce dolociti. Obnasanje po modelu
dvojne poroznosti je posledica dejstva, da
ima dolomit cordevolske starosti veliko
medkristalno poroznost, saj je nastal s pozno
diagenezo.

Na drugem diagramu (sl. 4) je vidno zniZanje
v dolomitu zgornjetriasne starosti pri ¢rpanju
Q = 0,1 I/s (VErBOVSEK, 2003). Crpanje je
trajalo bistveno manj ¢asa kot pri prej$njem
primeru, zato iz oblike krivulje ni jasno,
kaksen bi bil nadaljni potek podatkov na
grafu. Mogoce je namrec, da so meritve
zajele le zacetni del krivulje, ko je prisoten
tok le iz razpok, saj lezi vecina podatkov na
linearnem delu. To potrjuje nekaj zadnjih
meritev, kjer se znizanje pocasi izravnava v
bolj polozno krivuljo, ki je tipi¢na za model

dvojne poroznosti. Druga moznost pa je, da
ima dolomit zelo majhno poroznost matriksa
in sta tako tok kot vskladiscenje prisotna le
v razpokah in ne tudi v matriksu. V tem
primeru velja izracunani koeficient
elasticnega vskladis¢enja S = 0,31 tako za
bloke matriksa kot tudi za razpoke (S, + 3S ),
zadnjih nekaj meritev pa lahko predstavlja
vpliv slabse prepustne bariere ali pa manjse
merske napake. Za analizo linearnega dela
je lahko tedaj primerna Cooper-Jacobova
metoda, kateri izracunani podatek
T'=6,54-10° m?/s predstavlja transmisivnost
razpok 7 in ne transmisivnosti kamnine z
medzrnsko poroznostjo 7 .

Na sliki 5 (VErRBOVSEK, 2003) je prikazan
primer Crpalnega poizkusa, kjer modela
dvojne poroznosti zal zaradi prevelikih nihanj
pretoka ne moremo direktno uporabiti na s-t
diagramu. Zato moramo v ta namen uporabiti
za pretok normirani s/Q-t diagram, na kar se
cesto pozablja. Takih situacij je precej, saj se
pogosto uporabljajo t.i. step testi, s katerimi
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Slika 4. Diagram znizanja s v odvisnosti od ¢asa (¢rpalni poizkus v dolomitu zgornjetriasne

starosti, Q=0,1 1/s)

Figure 4. Semi-log plot for pumping test data in dolomite (Norian-Rhaetian age, discharge Q

= 0.1 I/s) (Verbovsek, 2003)
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Slika 5. Diagram znizanja s v odvisnosti od ¢asa (¢rpalni poizkus v “glavnem dolomitu”
norijsko-retijske starosti), variabilen pretok (VERBOVSEK, 2003)
Figure 5. Semi-log plot for pumping test data in dolomite (upper Triassic age), variable

discharge (VERBOVSEK, 2003)

dolocujejo ucinkovitosti delovanja vodnja-
kov. Kadar sta v takem obravnavanem
sistemu prisotni obe vrsti poroznosti, so efekti
dvojne poroznosti zaradi nihanja pretokov
zabrisani.

ZAKLIUCKI

Temeljna razlika med analizami ¢rpalnih
poizkusov v medzrnskih in v razpoklinskih
vodonosnikih je v izra¢unu hidravli¢nih
parametrov, saj dobimo v prvem primeru
podatka o transmisivnosti (T) in specifi¢nem
elasticnem vskladis¢enju vodonosnika (S ), v
drugem pa loCene rezultate transmisivnosti
(T, in specifinega elasticnega vskladiSCenja
razpok (S) ter transmisivnosti (T ) in
specificnega elasti¢nega vskladis¢enja blokov
matriksa (S_ ). Razlika je opazna tudi na grafu
odvisnosti znizanja od ¢asa (s — log 1), kjer je
za medzrnske kamnine odvisnost linearna, za
razpoklinske pa se kaze v obliki tridelne
krivulje v obliki ¢rke S (sl. 2 in sl. 3). Za prvi
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del krivulje je znadilen tok le iz razpok
(T, >> T, ), nato pride do upocasnitve
naras¢anja znizanja zaradi toka iz matriksa v
razpoke, na koncu pa se blazilni u¢inek dotoka
vode iz matriksa izgubi.

V zacetnem delu so zaradi kratkih merskih
¢asovnih intervalov na krivulji mogoc¢e manjse
napake pri meritvah, prav tako pa na ta del
krivulje vplivajo efekti vskladis¢enja vode v
vodnjaku ter “kozni” oz. skin efekti, zato
premici (sl. 2) skoraj nikoli nista vzporedni.
Tridelna krivulja je lahko zabrisana tudi, kadar
je parameter A izredno majhen, saj je tedaj
transmisivnost blokov matriksa zanemarljiva
in tok je v celotnem ¢rpalnem poizkusu
prisoten le v razpokah. Kamnina se tedaj
obnasa podobno kot homogen vodonosnik z
medzrnsko poroznostjo.

Analiza izbranih ¢rpalnih poizkusov v
dolomitnih vodonosnikih kaze, da nekatere
krivulje sledijo modelu dvojne poroznosti in
jih je zato potrebno tako tudi razlagati.
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Rezultati samodejnega racunalniskega
prilagajanja rezultatov krivulj za medzrnsko
poroznost skozi vse tocke na sliki 3 so
nelogi¢ni, dobljene vrednosti pa so napacne,
saj naj bi parametre v razpokah in v matriksu
obravnavali loc¢eno (RUMBAUGH AND
RumBAUGH, 2003).

Nekateri ¢rpalni poizkusi v dolomitih na
grafu s — log t vseeno ne prikazujejo
omenjene krivulje v treh delih, temvec le v
linearni odvisnosti, podobno kot pri
medzrnskih kamninah (sl. 4). Vzrokov je vec.
Ce je &rpanje prekratko, pridobimo podatke
le za prvi del krivulje, saj tedaj Se ne prihaja
do izcejanja vode iz matriksa v razpoke.
Crpalni poizkusi bi v takih primerih torej
morali biti daljii (primer na sliki 2). Ce so
razpoke drobne in je kamnina z njimi gosto
prezeta ter ¢e zanjo veljajo pogoji
laminarnega toka oz. Darcyjev zakon, potem
lahko za razpoklinske vodonosnike
uporabimo tudi metode, razvite za
medzrnske vodonosnike (VAsvaRl & KRIEGL,
2003). Model dvojne poroznosti tedaj
namre¢ izgubi pomen in se poenostavi v
model z enojno poroznostjo, za katerega
veljajo metode Theisa in Cooper-Jacoba.
Seveda moramo upostevati, da predstavlja
izraCunani podatek 7 transmisivnost razpok
T, hkrati pa podatek o elasti¢nem koeficientu
vskladiscenja S velja za razpoke (S f). Tretja
razlaga za linearen potek krivulje je mogoca
pri analizi podatkov iz opazovalnih
vodnjakov. Tridelna krivulja je namrec
znacilna le za bliznjo okolico ¢rpalnega
vodnjaka, saj je na doloceni oddaljenosti od
vodnjaka prisoten le zdruzen tok iz matriksa
in iz razpok (KAzemi ET AL., 1969).

Ce je iz podatkov ¢rpalnega poizkusa
razvidno, da ima vodonosnik dvojno

poroznost, lahko zaradi metode samodejnega
racunalniSkega prilagajanja krivulj za
medzrnsko poroznost nastanejo temeljne
napake. Namesto realnih vrednosti
hidravli¢nih parametrov dobimo prevelike ali
premajhne vrednosti, kar je odvisno od
nacina samodejnega prilagajanja. Tako lahko
npr. izraCunamo vecjo transmisivnost ali
specificno elasti¢no vskladis¢enje vodo-
nosnika, kot je dejanska, s tem pa precenimo
sposobnost izkoris¢anja vode iz vodo-
nosnika. Napacni so lahko tudi izracuni
hitrosti pretakanja vode v vodonosnikih,
dejansko Sirjenje polutantov je lahko npr.
mnogo hitrejSe, kot smo izracunali, ker se
polutanti v razpokah in v matriksu gibljejo s
precej razlicno hitrostjo.

Ceprav so obdelave &rpalnih poizkusov v
razpoklinskih vodonosnikih bolj zapletene in
manj razsirjene kot metode za medzrnske
kamnine, jih je vsekakor potrebno uporabljati,
ko analiziramo ¢rpalne poizkuse v razpok-
linskih kamninah. Ker moramo vcasih
potrebne parametre dolociti ze med Crpanjem,
je za pravilne rezultate kljucnega pomena
predhodno poznavanje ustreznih metod.

Zahvale

Hvala izr. prof. dr. M. Veselicu za kriticne
pripombe pri izdelavi prispevka.

SUMMARY

Appropriate analysis methods
of pumping tests in fractured aquifers

Carbonate aquifers belong to fractured or
karstic-fractured type. Although the
appropriate methods for analyzing pumping
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test data are those developed for fractured
aquifers, unsuitable methods like Theis or
Cooper-Jacob are still currently used for
analysis in Slovenia. Use of these methods
leads to erroneous calculations of hydraulic
parameters. However, even in some recent
aquifer test data books the methods for
fractured reservoirs are completely omitted
(Batu, 1998). The reason for their absence is
probably the fact that they are still “being
developed” and are not widely in use, mostly
because of complex mathematical theory used
for analysis, hard-to-obtain fracture properties
and the need for special drilling equipment.

Modeling of fractured aquifers can be divided
in four categories: dicrete models, continuum,
multicontinuum and hybrid models. Most
aquifer test analysis methods are based on the
double porosity model (BARENBLATT ET AL.,
1960), which belongs to the multicontinuum
type. Characteristic for this model is that the
heterogeonous space is divided into two
overlapping media: the fractures and the
matrix blocks (Fig. 1), both of them having
their own characteristics. The fractures have
high permeability and low storage capacity
and the matrix blocks the opposite, low
permeability and high storage capacity.

There are several aquifer test data analysis

methods, which fall into different categories:

*  Single vertical or horizontal fractures:
methods of GRINGARTEN-WITHERSPOON
(1972), GRINGARTEN & RAMEY (1974)
AND RAMEY-GRINGARTEN (1976).

»  Double porosity models: WARREN-ROOT
(1963), BOURDET & GRINGARTEN (1980),
Kazemr ET AL. (1969), BouLToN &
STRELTSOVA (1977) AND MOENCH (1984).
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»  Discrete and stochastic models: differ-
ent methods, based on Discrete Frac-
ture Network (DFN) models (National
Research Council, 1996).

*  Fractal analysis: most methods are
based on BArkER’s (1988) Generalized
Radial Flow (GRF) model, which al-
lows non-integer values for flow di-
mension.

Most methods, used for analysis of dolomite
and other fractured-type aquifers, belong to
double porosity models. Drawdown in these
systems can be divided in three time periods
(Fig. 2): early pumping time, when all the
flow comes from the storage in the fractures,
medium pumping time, which represents
transition period during which the matrix
blocks feed the water to the fractures and late
pumping times, when the water comes both
from the storage in fractures and matrix
blocks (KRUSEMAN & DE RIDDER, 1991).

On Figure 3 is shown the semi-log plot for
aquifer test data of dolomite of cordevolian age
(VERBOVSEK, 2003). The curve follows the ideal
double porosity type curve of early, middle and
late pumping times. The parallel lines however
do not occur, because the early time linear
relationship is hidden by well-storage and skin
effects. Data have been analyzed by WARREN-
Root (1963) method, which supports single
pumping well conditions with no observation
wells and it showed the following results:
T,=4.4310° m’s, S, = 1.85:10%, S, =0.34,
A =1.35-10° and o = 0.05, which are
comparable to those of Moench (KrRUSEMAN
& DE RIDDER, 1991). The double porosity
behaviour can be explained by large
intercrystalline porosity of dolomite, which
was developed by burial diagenesis. On the
next figure (Fig. 4; VERBOVSEK, 2003) is
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shown the plot which does not show the
typical double porosity curve. In comparison
with previous data the pumping times are
much shorter, which can result in “missing”
transition and late pumping times parts of
the curve. Pumping test should be longer in
this case. Another explanation is that
dolomite has very low matrix porosity, which
simplifies the double porosity model into
single-porosity one, having only fracture
porosity. In this case the usual Theis or
Cooper-Jacob methods can be used. The last
plot (Fig. 5; VERBOVSEK, 2003) shows the data
obtained by using variable discharge.
Drawdown significantly deviates from the
ideal three-part curve and the double porosity
methods can generally not be used due to
the too short later steps.
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Izvlecek: V Clanku je opisan dinamicen hidroloski model z distribuiranimi parametri (MIKE
SHE-MIKE 11), izdelan na obmo¢ju Brkinov - delu napajalnega obmocja vodonosnika
v zaledju izvira Rizane. Rezultat modela je prostorsko in ¢asovno porazdeljeni simulirani
odtok z obmocja Brkinov, ki posredno napaja vodonosnik. Znacilnosti odtoka, dolocene
na podlagi simuliranih dnevnih odtokov za enajstletno obdobje (od 1.1.1983 do 31.12.
1993), so opisane s statistikami: povpreéni odtok 0,970 m?*/s, standardni odklon odtokov
2,327 m?/s, minimalni odtok 0,012 m?/s, maksimalni odtok 30,534 m?/s, mediana 0,288
m?/s, petindvajseti percentil 0,129 m?/s, petinsedemdesetini percentil 0,531 m?/s, cenilka
asimetri¢nosti 5,230 in cenilka splo§¢enosti 36,943.

Abstract: In this paper a dynamic distributed hydrological model (MIKE SHE-MIKE 11)
that was developed in the area of Brkini (part of the recharge area of the aquifer of
Rizana spring) is described. The result of the model is spatially distributed and tempo-
rally variable simulated outflow from the Brkini area that indirectly recharges the aqui-
fer. Characteristics of the outflow, defined on the daily simulated outflows for eleven
years period (from 1. 1. 1983 to 31. 12. 1993), are described by statistics: average out-
flow 0.970 m’/s, standard deviation 2.327 m?/s, minimum outflow 0.012 m?/s, maxi-
mum outflow 30.534 m’/s, median 0.288 m’/s, 25 percentile 0.129 m3/s, 75 percentile
0.531 m%/s, skewness 5.230 and kurtosis 36.943.

Kljucne besede: napajanje vodonosnika, hidroloski model, MIKE SHE, Brkini, izvir Rizane,

Slovenija.

Key words: aquifer recharge, hydrological model, MIKE SHE, Brkini, Rizana spring,

Slovenia.
Uvob

Izvir reke Rizane je najpomembnejsi vir pitne
vode na obmocju slovenske Obale. Pojavlja se
na kontaktu med vodonosnimi paleogenskimi
apnenci in slabo prepustnimi eocenskimi
flisSnimi plastmi. Po svojih znacilnostih je
tipi¢ni kraski izvir. Zaledje izvira je del

Scientific paper

obseznega kraskega sistema, ki se zacenja na
zahodu s Krasom in na vzhodu koncuje v
Kvarnerskem zalivu. Sistem izvira Rizane tvori
osrednji del, od koder odtekajo podzemne vode
proti Trzaskemu zalivu, Kvarnerju, proti jugu
pa izvirajo kot Rizana ali pa obnavljajo
vodonosne plasti apnencev pod flisSnim
pokrovom proti Dragonji (PRESTOR, 1992).
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Vodonosnik v zaledju izvira Rizane
neposredno napajajo padavine, posredno pa
voda potokov, ki pritecejo z obmocja Brkinov
in poniknejo na stiku fliSa s karbonatnimi
kamninami. Dotok ponikajo¢ih voda potokov
v izvir Rizane dokazujejo sledilni poskusi
(Krivic ET AL., 1987; KRriviC ET AL., 1989;
Novak, 1963). Zaradi hitrega dospetja sledila
iz obmocja ponikanja do izvira (Stiri do Sest
dni) je to obmocje izjemnega pomena za
varovanje vodnega vira in je uvrsceno v ozje
vodovarstveno obmocje.

V c¢lanku je opisana ocena koliCine
posrednega napajanja vodonosnika v zaledju
izvira Rizane z obmoc¢ja Brkinov. Ocena
temelji na hidroloskem modelu (MIKE SHE-
MIKE 11), ki je bil izdelan na osnovi novo
pridobljenih podatkov o pretokih v obdobju

Gnuse
M . \'rh

g 7

"IO'J ’ ~ Potok

Slika 1. Obravnavano obmocje.
Figure 1. Study area.

od 1. 11. 2001 do 31. 3. 2003. Prednost
uporabe modela je moznost simulacije
prostorske in casovne spremenljivosti
napajanja. S pomoc¢jo modela pridobljene
nove informacije so bile kasneje vkljucene
kot robni pogoj v model vodonosnika v
zaledju izvira Rizane (Janza, 2003), s
katerim so bili simulirani pretoki izvira v
obdobju od 1. 1. 1983 do 31. 12. 1993.

OBRAVNAVANO OBMOCJE

Obravnavano obmoc¢je Brkinov obsega
severovzhodni del z varstvenimi pasovi
varovanega zaledja izvira Rizane (sl. 1).
Sestavljeno je iz osmih povodij s skupno
povrsino 44,39 km? (sl. 2). Gradijo ga flisne
kamnine in se po hidrogeoloskih lastnostih
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Tabela 1. Osnovne reliefne znacilnosti povodij.
Table 1. Basic relief characteristics of the catchments.
Oznaka povodja P1 P2 P3 P4 P5 P6 P7 P8
Povrsina [kmz] 6,52 5,90 2,28 1,46 3,33 6,84 7,88 10,18
Naklon
Povpreéni [°] 13,3 14,5 10,9 11,1 11,4 12,1 12,3 10,5
Standardni odklon [°] 6,5 6,6 4,6 4,8 5,2 54 55 5,0
Nadmorska viSina
Povpre¢na [m] 632 632 632 618 604 604 612 582
Minimalna [m] 497 475 547 543 524 501 499 492
Maksimalna [m] 811 808 745 741 747 760 763 764
Standardni odklon [m] 78 81 49 52 53 58 63 57

Slika 2. Digitalni model visin z obmoc¢ji povodij in mestom meritve M2.
Figure 2. Digital elevation model with catchments and measurement location M2.

bistveno razlikuje od pretezno karbonatnega
dela zaledja. Ve€ina vode odtece z obmocja
Brkinov povrsinsko in podpovrsinsko, z
znacilnim hitrim povecanjem odtokov po
dezevju. Skupna znalilnost potokov je, da
pritekajo iz slabo prepustnih flisnih kamnin
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in ponikajo na delu povodja, kjer je maticna
podlaga apnenec. Dno dolin na tem delu je
pokrito z aluvialnimi sedimenti. Potoki se
vecinoma koncajo s ponori. Voda potokov
jih doseze le ob visokem vodostaju, drugace
ponikne Ze v strugi.
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Osnovne reliefne znacilnosti povodij, ki so
bile izdelane z analizo digitalnega modela
visin - DMV (ZRC SAZU & Mobitel, d. d.,
2000), so prikazane v tabeli 1. Zaradi razli¢nih
poimenovanj potokov na obravnavanem
obmocju so povodja oznacena z oznakami od
P1 do P8 (od severozahoda do jugovzhoda).
Natancneje je te slepe doline morfolosko
analiziral MiHEVC (1991).

HIDROLOSKI MODEL OBRAVNAVANEGA
OBMOCJA

Uporabljeni podatki

Izdelava modela je zahtevala Stevilne vhodne
podatke. V nadaljevanju so na kratko opisani
najpomembnejsi med njimi. Natanc¢neje je
uporabljene podatke opisal Janza (2003).

Meritve pretokov

Za namene modeliranja so bile opravljene
meritve pretokov na izbranih mestih potokov.
Meritve so bile ob¢asne, razen na merskem

mestu M2, kjer je bil namescen sistem za
zvezno meritev pretoka (sl. 2). Za zvezno
meritev pretoka je bilo izbrano mesto, ki po
svojih znacilnostih odrazala lastnosti vseh
povodij. Meritev je bila opravljena v
umetnem kanalu, ki sluzi kot prepust potoka
pod gozdno cesto. S tem se je izognilo vplivu
spremembe merskega preseka, kar je pogosto
tezava pri meritvah pretoka v naravnih
koritih. S konstrukcijo ob straneh kanala je
bil zmanjSan njegov presek na iztoku in
preoblikovan v trapezoidno obliko, ki
omogoca natanc¢nejSo meritev nizkih
pretokov. Pretok je bil ocenjen posredno
preko nivoja vode v kanalu, ki je bil merjen
v petnajstminutnih intervalih s tlacno sondo
z natan¢nostjo 6,2 mm. Sonda je bila
postavljena na dno kanala. Privzeto je bilo,
da pretoka ni, ko se gladina vode v kanalu
zniza do nivoja sonde.

Za dolocitev odnosa med pretokom in vi§ino
vode so bile uporabljene meritve pretoka s
kemijsko integracijsko metodo in takrat
izmerjeni nivoji. Na podlagi teh podatkov je

800
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- meritev
— pretoc€na krivulja
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Slika 3. Preto¢na krivulja.
Figure 3. Rating curve.
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bila dolo¢ena pretocna krivulja (sl. 3), ki ima

obliko funkcije: ¢ = gh", kjer so: (1)
q pretok;
h visina gladine vode v kanalu;

g u umeritvena koeficienta.

Natanc¢nost meritev, uporabljenih za
dolocitev pretocne krivulje je prikazana na
slikah 4 in 5, ki prikazujeta absolutno in rela-
tivno razliko med posameznimi meritvami
in njihovim povpre¢jem. Na sliki 6 so
prikazane razlike med modelom pretocne
krivulje in povprecji merjenih pretokov.

Ustreznost uporabljenega modela pretocne
krivulje je bila preverjena z analizo variance,
ki temelji na razmerju med eksperimentalno
napako posameznih meritev in odstopanjem
modela pretocne krivulje od povprecnih
meritev v posameznih tockah. V obravna-
vanem primeru znasa povprecni kvadrat Ciste
napake MS = 3707 I’/s*, povprecni kvadrat
napake prilagajanja pa MS, == 5740 I’/s’.
Razmerje F» =MS, /MS, znasa 1,55, kar
je manj kot tabelari¢na kriti¢na vrednost
porazdelitve F kg — 250 (k=13 - stevilo
tock na katere je bil model prilagojen,
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Slika 4. Razlika med posameznimi meritvami pretokov in njihovim povpre¢jem.
Figure 4. Difference between measured discharges and their averages.
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Slika 5. Relativna razlika med posameznimi meritvami pretokov in njihovim povprecjem.
Figure 5. Relative difference between measured discharges and their averages.
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Slika 6. Razlika med modelom preto¢ne krivulje in povprecji metjenih pretokov.
Figure 6. Difference between the rating curve model and average discharges.

p = 1 — Stevilo parametrov modela,
N = 51 — stevilo vseh meritev) za mejo
zanesljivosti a = 0,05. Z zadostitvijo pogoja:
1 <F#<F (005,123 J€ Dila potrjena ustreznost
modela pretocne krivulje.

Z opisanim modelom pretoéne krivulje
izraCunani povprec¢ni dnevni pretoki na
merskem mestu M2 so prikazani na sliki 8.
Zaradi tehni¢nih razlogov in obcasno
zamrznjene struge potoka meritve niso
zvezne za celotno obdobje od 1. 11. 2001 do
31. 3. 2003. Okrog 20 % obravnavanega
obdobja je brez podatkov. Za obdobja
razpolozljivih podatkov znasa ocenjena
mediana dnevnih pretokov 25 I/s.

Meritve naravnih vodotokov so podvrzene
Stevilnim napakam. V opisanem primeru jih
je tezko ovrednotiti, so pa predvsem
posledica poenostavljene izvedbe merskega
mesta in omejenega Stevila neposrednih
meritev. Zaradi manjSega Stevila meritev za
stanja visokih vod in manjse natancnosti teh
meritev (sl. 4) je zanesljivost izracuna
visokih pretokov s pomoc¢jo izdelane
pretocne krivulje manjsa.

Meteoroloski podatki

Modeliranje je bilo izvedeno za dve obdobji.
V vsakem obdobju so bili uporabljeni podatki
takrat delujo¢ih meteoroloskih postaj, ki so
bile najblizje obravnavanemu obmodcju. Za
prvo obdobje modeliranja (od 1. 1. 1983 do
31. 12. 1993) so bile uporabljene dnevne
viSine padavin iz padavinskih postaj
Matavun, Kozina in Podgrad ter visSine
potencialne  evapotranspiracije iz
meteoroloske postaje Ilirska Bistrica. V
drugem obdobju modeliranja (od 1. 11.2001
do 31. 3. 2003) so bile uporabljene visine
padavin iz padavinskih postaj Kozina in
Podgrad ter viSine potencialne evapotranspi-
racije iz meteoroloske postaje Godnje.

Za prostorsko porazdelitev padavin je bila
uporabljena korigirana Thiessenova metoda
(Janza, 2003). Vrednosti viSin potencialne
evapotranspiracije so bile uporabljene brez
porazdelitve — enotne vrednosti na celotnem
obravnavanem obmocju.
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Digitalni model visin

Za izdelavo modela povrsja obravnavanega
obmocja je bil uporabljen digitalni model
visin - DMV (ZRC SAZU & Mobitel, d. d.,
2000). Velikost celic DMV je 25 m,
povprecna visinska natan¢nost okoli 2 m za
ravninska obmocja, za zmerno razgiban
relief okoli 5 m in za hribovit relief okoli
10 m (OSTIR, 2000). Za potrebe modeliranja
je bila spremenjena velikost celic DMV, tako
da ustrezajo ostalim vhodnim prostorskim
podatkom. V ta namen je bila uporabljena
bilinearna interpolacija.

Pedoloski podatki

Podatki za modeliranje nezasi¢ene cone
temeljijo na pedoloski karti v merilu
1 : 25000 in izbranih pedoloskih profilov
(CPVO, 2001). Pedoloska karta je poligonski
informacijski sloj, sestavljen iz pedokarto-
grafskih enot (PKE), ki so osnovne
kartografske enote. Posamezna PKE je
sestavljena iz ene ali ve¢ pedosistemskih
enot, ki v naravi znacilno nastopajo skupaj
in jih zaradi merila karte ni mogoce prikazati
lo¢eno. Poligoni PKE se med seboj
razlikujejo po zastopanih pedosistemskih
enotah (tipih tal) in njihovem medsebojnem
razmerju (VRr$cas & Tic, 1998).

Na obravnavanem obmocju so bile, glede na
vrsto in zastopanost pedosistemskih enot v
posamezni PKE, le-te zdruzene v sedem
pedoloskih enot, ki so uporabljene v modelu.
Hidravli¢cne lastnosti teh enot so bile
opredeljene na podlagi tipi¢nih pedoloskih
profilov (za posamezno enoto), izbranih v
$ir§i okolici obravnavanega obmocja.
Posamezni pedoloski profil je sestavljen iz
razlicnih horizontov, ki imajo teksturne
podatke (deleze peska, melja in gline). Z
uporabo pedotransfer funkcij so bile na
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podlagi teh podatkov ocenjene hidravlicne
lastnosti pedoloskih enot, ki so uporabljene
v modelu.

Vegetacijski podatki

Porazdelitev vegetacijskih razredov oziroma
raba tal v modelu je bila doloCena s
klasifikacijo satelitske podobe LANDSAT-
5 TM (Janza, 2005). Lastnosti posameznih
vegetacijskih razredov so bile opredeljene s
predhodno dolo¢enimi (modeliranimi)
vrednostmi vegetacijskih parametrov
(KRISTENSEN ET AL., 2000).

Hidroloski model MIKE SHE

MIKE SHE je programski paket za
modeliranje celotnega hidroloskega kroga
(ABBOT ET AL., 1986; REFSGAARD & STORM,
1995). Je integriran sistem komponent ali
modulov, ki omogoca modeliranje
posameznih procesov hidroloskega kroga.
Kompleksnost naravnega sistema oziroma
njegovo konceptualno razumevanje in
zahtevana zanesljivost modela pogojujeta
uporabo (vkljucitev) razli¢nih komponent.
Hidroloski procesi so opisani z diferen-
cialnimi enacbami, ki jih program reSuje
numeri¢no z uporabo metode kon¢nih razlik.
Ena od komponent modela MIKE SHE je
MIKE 11, ki omogoca modeliranje
hidrodinamic¢nih procesov povrsinskih voda.
Uporablja se lahko kot samostojni model
(reke, potoka, jezera) ali zdruZzen z modelom
MIKE SHE, kar omogoc¢a modeliranje
celotnega hidroloSkega kroga na
obravnavanem obmocju.

Teoreti¢ne osnove modeliranja hidroloskih
procesov so natancneje opisane v DHI
(2000a; 200b) in Janza (2003).V
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nadaljevanju so podane enacbe modela za
opis dinamike podzemne vode, ki je
najpomembnejsi del modela na obrav-
navanem obmocju. Parametri modela
zasicene cone so najobcutljivejsi v modelu,
zato je bila kalibracija omejena na te
parametre.

V modelu opisuje trodimenzionalni tok
podzemne vode v zasi¢eni coni enacba:

g Kn% +i Kl% +£ Kzz% _Qezss%
ox\ “ox) oyl Yoy) oz oz ot

kjer so: 2)

K.K,K, koeficienti prepustnosti vzdolz
koordinatnih osi [m/s];

h  piezometri¢ni nivo [m];

Q, volumski pretok na enotski volumen
(dotok/iztok) [s];

S specificni koeficient elasti¢nega

uskladi§¢enja [m].

Model omogoca tudi simulacijo drenaznega
toka v zasiceni coni. Ta se pojavi, ko je nivo
podzemne vode nad nivojem drenaze (sl. 7).
Odtok je odvisen od razlike med nivojema
(A) in Casovne konstante (cdr, ), ki doloca

POVRSINA
v h
A
A DRENAZE i
Y N N M v ¢
S U

Slika 7. Shematski prikaz koncepta drenaz v modelu
(po DHI, 2000a).

Figure 7. Schematic presentation of drains in the model
(after DHI, 2000a).

gostoto drenaz. Drenazni odtok je modeliran
kot linearen rezervoar z izrazom:

q = (h, — zdr,)cdr, 3)
kjer so:
q drenazni odtok [m?]
h, nivo podzemne vode (v # celici) [m];
zdr,  nivo drenaz [m];

cdr,  drenaZna Casovna konstanta [s™'].
Zasnova in parametrizacija modela
na obravnavanem obmocju

Model na obmo¢ju Brkinov je zasnovan na
povodju P2A - delu povodja P2, ki lezi
vzvodno od merske tocke M2, kjer so bile
opravljene zvezne meritve pretoka (sl. 2).
Enak pristop je bil uporabljen za kalibra-
cijske parametre. Njihove vrednosti so bile
dolocene v fazi kalibracije na povodju P2A
in nato uporabljene na celotnem obmocju
modela. Kalibracija modela je bila oprav-
ljena na podlagi vizualne primerjave
merjenega (s pretoc¢no krivuljo izracunanega)
in modeliranih hidrografov. Najpo-
membnejSa razloga za uporabo enotnega
koncept na vseh povodjih sta:
*  povodjaimajo podobne (hidrogeoloske,
topografske, vegetacijske) znacilnosti;
* pomanjkanje ustreznih merskih
podatkov na ostalih povodjih, ki bi
omogocili kalibracijo vsakega povodja
posamezno.

Modeliranje je bilo izvedeno za dve loceni

obdobji:

*  prvoobdobje modeliranja,od 1. 1. 1983
do 31. 12. 1993;

*  drugo obdobje modeliranja, od 1. 11.
2001 do 31. 3. 2003.
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Postopek modeliranja je bil razdeljen na veé

faz:

1. Modeliranje pretoka na merskem mestu
M2 — odtoka iz povodja P2A. Ta model
je bil izdelan za obdobje izvedenih
meritev pretokov (od 1. 11. 2001 do
31.3.2003).

2. Vrednosti parametrov, ki so bile
dolocene v procesu kalibracije tega
modela, so bile nato uporabljene pri
izdelavi modela za vsa povodja potokov
na celotnem obravnavanem obmodju.

3. Ta skupni model povodij je bil nato
uporabljen za modeliranje koli¢ine
ponikajoc¢ih vod potokov v obdobju
med 1983 in 1993, ki ustreza obdobju,
uporabljenem v modelu vodonosnika v
zaledju izvira Rizane (JANZA, 2003).

Za potoke na obmoc¢ju Brkinov je znacilno
hitro povecanje pretokov po dezevju. Ve€ina
vode odtece povrsinsko in podpovrsinsko. Ta
tokova sta v modelu simuliran z uporabo
funkcije drenaz. Nivo drenaz je bil postavljen
0,5 m pod povrsino. Predpostavljeno je bilo,
da je to globina manjsih kanalov, ki delujejo
kot drenazni sistem in niso ustrezno opisani
z uporabljenim DMV (zaradi njegove
premajhne natancnosti). Model deluje tako,
da v primeru, ko podzemna voda v racunski
celici naraste nad nivo drenaZ, odvede
presezek vode do sosednje celice z nizjim
nivojem. Postopek se nadaljuje, dokler ni
dosezen vodotok. V manjSem delu povodij
(predvsem njihovem nizjem delu), kjer se
pojavljajo lokalne depresije, je bila
uporabljena funkcija drenaze, ki ne uposteva
naklona drenaznega nivoja in odvaja
drenirano vodo neposredno do najblizjega
vodotoka. Dinamika odvajanja vode je
definirana s casovno konstanto, ki je bila
dolocena v fazi kalibracije in ima v modelu
vrednost 6x10° s,
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Tako odvedena (drenirana) voda tvori skupaj
z osnovnim (baznim) tokom, ki je modeliran
kot medzrnski tok v zasi¢enem delu racunske
(geoloske) plasti, vhodne podatke za model
odtoka po strugi potokov.

Obmocje Brkinov je sestavljeno iz slabo
prepustnih flisnih plasti, zato so hidroloski
procesi, ki vplivajo na odtok z obmocja
omejeni na zgornji del teh plasti. V modelu
so njihove lastnosti opredeljene z eno
racunsko plastjo, ki ustreza geoloski plasti
debeline 5 m. S kalibracijo doloCena vrednost
koeficienta prepustnosti plasti v horizontalni
smeri je 107 m/s, v vertikalni pa 10®* m/s.
Spodnji meji plasti je pripisana zelo nizka
vertikalna prepustnost (10° m/s) in deluje
prakticno kot neprepustna plast.
Horizontalna velikost racunske celice
modela je 90 x 90 m.

Odtok po strugi potokov je modeliran s
programskim orodjem MIKE 11, ki je
integrirano z modelom MIKE SHE. Polozaj
strug potokov v modelu (sl. 2) je dolocen z
digitalizacijo re¢ne mreze topografske
osnove 1 : 5000 (Geodetska uprava RS).
Korita potokov so definirana poenostavljeno
s trikotnimi preseki. Na zacetku potokov (v
najvisjem delu) je nastavljen robni pogoj ni
dotokov. Za modeliranje toka v koritih je
uporabljena metoda enostavnega hidrav-
licnega izracuna (ang. kinematic routing),
kjer temelji postopek izracuna hidrografa v
doloceni tocki na dotoku in hidrografih
vzvodno lezecih pritokov (DHI, 2000b).
Prednost metode je stabilnost in nezahtevnost
glede vhodnih parametrov, ki v obrav-
navanem primeru niso bili na razpolago.
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REZULTATI IN RAZPRAVA znaSa 71 1/s (P50 = 29 1/s). Grafi¢na
primerjava modeliranih povprec¢nih dnevnih

Povpreéni simulirani dnevni pretok za  pretokov Illa'r.nerilnem mestu M2 (51-. 9) z
celotno drugo obdobje modeliranja (1. 11.  neposrednimi in zmodelom pretocne krivulje
2001 do 31.3.2003) na merskem mestu M2  izraunanimi zveznimi meritvami pretoka

’
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Slika 8. Neposredne meritve pretoka in izra¢unani povprecni dnevni pretoki (s preto¢no krivuljo) na merskem
mestu M2 (od 1. 11. 2001 do 31. 3. 2003).

Figure 8. Direct discharge measurements and calculated average daily discharges (with rating curve) on mea-
surement location M2 (from 1. 11. 2001 to 31. 3. 2003).
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Slika 9. Simulirani povpre¢ni dnevni pretoki na merskem mestu M2 (od 1. 11. 2001 do 31. 3. 2003).
Figure 9. Simulated average daily discharges on measurement location M2 (from 1. 11. 2001 to 31. 3. 2003).
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Slika 10. Korelacija med opazovanimi in simulirani povpre¢ni dnevni pretoki na merskem

mestu M2 (od 1. 11. 2001 do 31. 3. 2003).

Figure 10. Correlation between observed and simulated average daily discharges on mea-
surement location M2 (from 1. 11. 2001 to 31. 3. 2003).

(sl. 8) kaze zmoznost modeliranja nizkih
pretokov, kakor tudi dinamiko povecanja in
upadanja pretoka. Vendar pa se dolocCeni
pretoki (vrhovi) hidrografov ne ujemajo. To
odstopanje bi se lahko pripisalo predvsem
vhodnim padavinskim podatkom, ki so
najpomembnej$a vhodna spremenljivka v
modelu. Relativno majhno obmocje povodja
P2A (3,6 km?) je podvrzeno lokalnim
vremenskim razmeram, ki se tezko opisejo
z oddaljenimi padavinskimi postajami.

Korelacija med simuliranimi in opazovanimi
(merjenimi) pretoki na merskem mestu M2
je prikazana na sliki 10. Smerni koeficient
za linearno odvisnost pri kateri nastopa
simulirani pretok kot odvisna, opazovani
pretok pa kot neodvisna spremenljivka znaSa
1,152, koeficient korelacije med primer-
janima pretokoma pa 0,75.

Glavne bilan¢ne komponente modela vseh
povodij za enoletno obdobje (od 30. 3. 2002

RMZ-M&G 2005, 52

do 30. 3. 2003) so prikazane na sliki 11. V
modelu je polovica padavinske vode
prenesena nazaj v ozraéje kot posledica
evapotranspiracije. Preostala voda iz povodij
odtece do potokov predvsem v obliki
povrsinskega in podpovrSinskega hitrega
odtoka, ki je v modelu simuliran s funkcijo
drenaz. Priblizno trikrat manjsi je pocasen
osnovni — bazni odtok.

Hidrograf simuliranih skupnih odtokov s
celotnega obmocja modela za prvo obdobje
modeliranja in statistike odtokov po povodjih
in skupno so prikazane na sliki 12 ter v
tabelah 2 in 3.

Krivulja trajanja simuliranih povpre¢nih
dnevnih skupnih odtokov iz vseh povodij v
prvem obdobju modeliranja je prikazana na
sliki 13. Celoten razpon pretokov je bil
razdeljen na trideset enakih intervalov. Iz
grafa je razvidno, da mocno prevladujejo
nizki odtoki. Le okrog 15 % simuliranih
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Slika 11. Glavne bilanéne komponente modela vseh
povodij (skupno) za obdobje od 30. 3. 2002 do 30. 3.
2003 (Imm ustreza 1,4 1/s).

Figure 11. Main water balance components of the
model of all catchments for the period from 30. 3. 2002
to 30. 3. 2003 (Imm corresponds to 1.4 I/s).
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Slika 12. Hidrograf simuliranih skupnih odtokov s celotnega obmocja modela (od 1. 1. 1983

do 31. 12. 1993).

Figure 12. Hydrograph of simulated average daily total outflows from all catchments (from

1. 1. 1983 to 31. 12. 1993).

dnevnih odtokov preseze 1 m¥/s, okrog 5 %
odtokov 5 m’/s, 1,5 % odtokov 10 m?/s in
manj kot 0,5 % odtokov 15 m?/s. Slika 14
prikazuje  natanéneje  frekvencno
porazdelitev odtokov do 1 m¥/s. Iz grafa je

razvidno, da najnizja razreda (do 0,1 m?/s in
0,2 m?/s) skupno tvorita skoraj 40 %
simuliranih dnevnih odtokov. Frekvenca
vi§jih pretokov enakomerno upada do
vrednosti 1 m¥/s.
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Tabela 2. Statistike simuliranih povpre¢nih dnevnih odtokov iz posameznih povodij (od 1. 1. 1983 do 31. 12.

1993).

Table 2. Statistics of simulated average daily outflows from single catchments (from 1. 1. 1983 to 31. 12. 1993).
Oznaka P1 P2 P3 P4 P5 P6 P7 P8
povodja

é [m?/s] 0,134 0,132 0,052 0,036 0,076 0,148 0,176 0,215
s [m*/s] 0,282 0,270 0,115 0,103 0,174 0,397 0,485 0,549
Ohin [m™/s] 0,002 0,002 0,001 0,000 0,002 0,001 0,001 0,003
O [M7/5] 3,989 3,700 1,515 1,331 2,255 5,184 6,333 7,119
P50 [m?/s] 0,050 0,053 0,020 0,006 0,027 0,035 0,036 0,057
P25 [m’/s] 0,022 0,023 0,008 0,002 0,018 0.015 0,014 0,025
P75 [m’/s] 0,091 0,099 0,037 0,013 0,042 0,066 0,070 0,105
Jb, 4954 | 5114 | 5250 | 5440 | 5363 | 5415 | 5368 | 5337

b, 34,597 | 36,949 | 37,526 | 39,506 | 38,341 | 39,082 | 38,221 | 37,930

@ — povprecni odtok, s — standardni odklon, O . — minimalni odtok, O — maksimalni odtok, P50 — mediana,

P25 — petindvajseti percentil, P75 — petinsedemdeseti percentil, \/E — cenilka asimetri¢nosti, b, — cenilka

splos¢enosti.

Tabela 3. Statistike simuliranih povpre¢nih dnevnih skupnih odtokov iz vseh povodij (simuliranih od 1. 1. 1983 do 31. 12. 1993).
Table 3. Statistics of simulated average daily total outflows from all catchments (from 1. 1. 1983 to 31. 12. 1993).

Delez ¢asa v katerem je presezen dolocen odtok (%)

O [m¥s] 5 [mYs]  |[Omin [mYs] [Ormax [m¥s] [P50 [ms] P25 [m¥s] P75 [ms] |\/b, |b,
0,970 | 2,327 | 0012 | 30,534 | 0288 | 0,129 | 0531 |5,230 36,943
30 §
25
_ 20 1
E
% 15 A
3
10 1
|
0
0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

Slika 13. Krivulja trajanja simuliranih povprecnih dnevnih skupnih odtokov iz vseh povodij
(od 1. 1. 1983 do 31. 12. 1993).
Figure 13. Flow duration curve of simulated average daily total outflows from all catchments
(from 1. 1. 1983 to 31. 12. 1993).
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Slika 14. Frekven¢na porazdelitev simuliranih povpreénih dnevnih skupnih odtokov iz vseh
povodij do 1 m¥/s (simuliranih od 1. 1. 1983 do 31. 12. 1993).
Figure 14. Frequency distribution of simulated average daily total outflows from all catchments

up to 1 m%s (from 1. 1. 1983 to 31. 12. 1993).

SKLEPI

Izdelani dinami¢ni matemati¢ni model z
distribuiranimi parametri omogoca
modeliranje hidroloskega kroga na obrav-
navanem obmocju Brkinov - severo-
vzhodnem delu varovanega zaledja izvira
Rizane. Z modelom in izvedenimi meritvami
pretokov so pridobljene nove informacije o
vodni bilanci obravnavanega obmocja in
posrednem napajanju vodonosnika v zaledju
izvira Rizane. Novost je predvsem vkljucitev
prostorske in dinami¢ne komponente proce-
sov, ki vplivajo na napajanje vodonosnika,
kar bo prispevalo k boljSemu razumevanju
celotnega vodonosnega sistema v zaledju
izvira Rizane.

Z modelom simulirani odtoki z obravna-
vanega obmocja kaZzejo na izrazito hudo-
urniSko naravo potokov, ki drenirajo obrav-

navano obmocje. Povecanja odtoka so zelo
hitra in pogojena z obilnejSim dezevjem.
Trajanje visokih odtokov je relativno kratko.
V simuliranem enajstletnem obdobju (od
1.1. 1983 do 31. 12. 1993) je le okrog 15 %
simuliranih skupnih povpre¢nih dnevnih
odtokov iz vseh povodij visjih od 1 m?/s,
okrog 40 % odtokov pa je nizjih od 0,2 m?/s.
Povprecni simulirani odtok za navedeno
obdobje znasa 0,97 m*/s, mediana odtokov
pa 0,288 m¥/s.

Negotovost rezultatov modela je pogojena z
ve¢ dejavniki. Eden pomembnejsih je
povezan z vhodnimi padavinski podatki, ki
so najpomembnejsa vhodna spremenljivka
modela. Relativno majhno obmocje zasnove
modela P2A (3,6 km?) je del reliefno
razgibanega obmoc¢ja in je podvrzeno
lokalnim vremenskim razmeram, ki jih je
tezko opisati z oddaljenimi padavinskimi
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postajami. Prav tako pomemben razlog
negotovosti v modelu je natan¢nost meritev,
uporabljenih za izdelavo modela pretocne
krivulje. Zaradi omejenega Stevila meritev
visokih pretokov je izraCun le-teh z
umeritveno krivuljo (Se posebej pa
ekstrapolacija izven obmocja meritev) lahko
pomemben vir napake. Nepreverjeni mozni
vir napake ostaja zasnova modela, ki je bila
izdelana na povodju P2A in uporabljena na
ostalih povodjih obravnavanega obmocja. Za
potrditev uporabljenega pristopa in
predpostavke o podobnih lastnostih zaledij
bi bila potrebna izvedba dodatnih zveznih
meritev pretokov na ostalih povodjih.

SUMMARY

Modelling the recharge of the aquifer
in the RiZana catchment from Brkini area

In the paper a dynamic distributed
hydrological model (MIKE SHE-MIKE 11)
that was developed in the area of Brkini is
described. The model area is a part of the
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Toplo stiskanje jekla za poboljSanje CF53

Hot compression of CF53 tempering steel
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Povzetek: Na fizikalnemu simulatorju termomehanskih metalurskih stanj Gleeble 1500 je
bilo izvedeno toplo stiskanje cilindriénih vzorcev iz jekla za poboljsanje (CF53). Za
potrebe optimiranja tehnologij toplega preoblikovanja je napovedovanje krivulj teenja
z empiri¢nimi in fenomenoloskimi modeli premajhne natanc¢nosti, zato se v zadnjem
Casu za njihovo napovedovanje vkljucujejo metode umetne inteligence, med katerimi
pogosto opazimo uporabo nevronskih mrez. Uspesnost metode je povezana s tezavami
glede izbire optimalne arhitekture plasti nevronskih mrez, omejitve Stevila vhodnih
parametrov, itd. Z namenom, da te postopke racionaliziramo, smo eksperimentalno bazo
krivulj teCenja uporabili za napovedovanje s CAE NN (angl. “Conditional Average Es-
timator Neural Network™), ki so sposobne modeliranja fizikalnih zakonov tudi v podro¢jih
velikih gradientov. Natan¢nost napovedovanja je prakticno v obmocju 0-3 %. Za dano
bazo toplih krivulj teCenja CF53 jekla je bila izracunana tudi aktivacijska energija.

Abstract: By means of hot compression tests carried out on a Gleeble 1500 thermomechanical
simulator the deformation behaviour of CF53 tempering steel was investigated over a
wide range of temperatures (900-1200 °C) and with a strain rate of 0.1-8 s and true
strains of 0-0.6. Due to the poor accuracy in predicting flow stress curves for the needs
of optimizing hot forming technologies by empirical and phenomenological models, it
is nowadays current practice to employ neural networks for their prediction. This ap-
proach is justified only in the case of predicting ability on the entire area of testing and
not only the measured data. This study confirmed the good predictive power of CAE
NN (Conditional Average Estimator Neural Network) to predict flow stress curves since
it can model physical laws in areas of high gradients. The accuracies achieved are prac-
tically within 3 %; an average is error of 1 %. We also calculated the activation energy
for deformed steel.

Kljuéne besede: CF53 jeklo za poboljsanje, toplo stiskanje, krivulje te¢enja, CAE nevronske
mreze, aktivacijska energija.
Key words: CF53, hot compression, flow stress, CAE neural network, activation energy.
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Uvob

Na krivulje tecenja med toplo deformacijo
jekel vpliva veliko faktorjev (slika 1), katerih
vplivi so zelo kompleksni. Zato so zveze med
temi faktorji in krivuljami tecenja nelinearne
in prostorsko zelo razgibane (predvsem v
prostoru napetost - deformacija — hitrost
deformacije) [1-2]. Posledi¢no so tudi opisi
krivulj tecenja med toplo deformacijo z
empiri¢nimi, kot tudi fenomenoloskimi
modeli velikokrat premalo natancni.
Fizikalni modeli so Ze zelo izpopolnjeni, so
pa bolj ali manj Se vedno omejeni na dokaj
¢iste kovine in jih za namene industrijskih
aplikacij Se ne uporabljamo [3]. Razvoj
konstitutivnih enacb od ¢istih empiri¢nih do
bolj fizikalno podprtih Se vedno ostaja cilj
znanstvenih raziskav. Kljub vedno novim
konstitutivnim modelom za opis krivulj
teCenja pa v natancnosti napovedovanja ni
prislo do vidnega napredka, saj je le-ta za
aplikativne namene $e vedno nezadovoljiva
in se giblje v obmocju obicajnega variiranja
testnih parametrov vroCe predelave med 2

in 60 %. Iskanje novih poti zato ostaja Se
naprej predmet intenzivnih studij [4-11]. V
zadnjem Casu se kot ucinkovito sredstvo
ponujajo BP nevronske mreze (BP NN),
vendar tudi tu nastopajo teZzave glede izbire
optimalne arhitekture plasti, vkljuc¢evanja
Stevila vhodnih vplivnih parametrov,
unifikacije vrednosti parametrov, itd.
Natanc¢nost interpolacijskega napovedovanja
z BP nevronskimi mrezami je sicer boljsa
kot v primeru empiri¢nih funkcijkih zapisov
in se v giblje v mejah npr. med 0 — 7 % za
hitrorezna jekla in 0 — 9 % za ogljikova jekla
[3,11-12].

Hodgson and Kong [13-14] porocata o
potrebni natanc¢nosti znotraj 5 % pri
napovedovanju napetosti tecenja za
ucinkovito optimiranje tehnologij toplega
valjanja. To med drugim zahteva povsem
kontrolirano izvajanje nastavljenih para-
metrov preiskusa, na kar med drugim prece;j
vpliva zadostna togost samega eksperi-
mentalnega sistema. 1z izkuSenj vemo, da so
experimentalni podatki, posebno starejsega
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Slika 1. Parametri, ki vplivajo na krivulje tecenja [2].
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datuma, premalo zanesljivi za danasnje
zahteve napovedovanja. Zal so velikokrat $e
naprej osnova za namene racunalniskega
simuliranja procesov vrocega preobliko-
vanja, ko je potrebno npr. opisati tok snovi,
prenos toplote, maksimalne obremenitve na
preoblikovalnem stroju ter lokalne obreme-
nitve (mehanske, termi¢ne, triboloske, itd.)
na preoblikovalnem orodju. Zato dolo-
cevanje zanesljivih krivulj teCenja ostaja Se
nadalje predmet intenzivnih $tudij [8,15].

Eno taks$nih podrocij, ki zahteva zanesljivo
poznavanje krivulj tecenja, so tudi jekla za
poboljsanje, in to ne-le v fazi njihove
metalurske izdelave (npr. valjanje pol-
izdelkov), pac¢ pa tudi kasneje pri Studiju
obnasanja materiala med izdelavo izdelka
npr. toplo utopno kovanje). CF53 jeklo za
poboljsanje uporabljamo za izdelavo
konstrukcijskih delov, ki so pri uporabi
izpostavljeni velikim in ¢asovno spre-
minjajo¢im obremenitvam (npr. vzmeti,
sorniki, pogonske gredi, vretena, odmicne
gredi, vecji zobniki, itd). V $tudijo vkljuceno
jeklo izdelujemo po konvecionalni poti t.j.
najprej vlivamo v bloke, nato valjamo na
valjalnem stroju do gredic dimenzijskega
obmocja kvadrat 50 - 90 mm. Tako dobljene
gredice, razrezane na dolocene dolzine, lahko
sluzijo tudi kot vhodni material za utopno
kovanje. Optimiranje plasticnega preo-
blikovanja omenjenega jekla je usmerjeno v
zmanjSanje Stevila dogrevanj med toplim
preoblikovanjem (valjanjem) na manjSe
dimenzije, za kar moramo maksimalno

izkoristiti preoblikovalne lastnosti jekla pri
intenziviranju plana valjanja (optimalno
razporediti redukcije presekov glede na
energetsko-obremenitvene zmoZznosti
samega valjalnega stroja ter trdnostne
karakteristike valjev).

V dostopni literaturi se karakterizacije
preoblikovalnih lastnosti jekel za poboljsanje
nanasajo predvsem na torzijske preizkuse
[16-17], podatki na osnovi tlacnih preizkusov
pa so redkejsi. V tem prispevku podajamo
krivulje te¢enja, dobljene s pomocjo toplega
stiskanja cilindri¢nih vzorcev, iz jekla za
poboljsanje CF53, deformiranega pri
razlicnih temperaturah in hitrostih
deformacije. S pomocjo te baze so nato
krivulje teCenja napovedovane s pomocjo
CAE nevronskih mrez. Pri tem sta bila
uporabljena tako konstantni, kot tudi
nekonstantni parametra gladkosti.

EXPERIMENT
Vzorci in material

Kemicna sestava jekla za poboljsanje je
podana v tabeli 1. Cilindri¢ni vzorci tipa
Rastegew in dimenzij ¢ = 8 mm x 12 mm so
bili izdelini iz okrogle palice ¢ = 60 mm, ki je
bila predhodno valjana iz gredice 250 mm x
250 mm. Vhodno mikrostrukturo uporabljenih
vzorcev podaja slika 2, iz katere so razvidna
zrna lamelarnega perlita in zrna ferita.

Tabela 1. Kemi¢na sestava cilindri¢nih vzorcev iz CF53 (wt %).

C S Si Cr Ni

Cu Mn

0,55 10,042 | 0,24 | 0,22 | 0,05

0,034

0,14 | 0,69 | 0,02 | 0,027 | 0,010
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Slika 2. Zacetna mikrostruktura cilindri¢nih vzorcev iz CF53, (zrna lamelarnega perlita in

zrna ferita).

Testna naprava in testni pogoji

Tople stiskalne preizkuse smo izvedli na
Gleeble 1500 testni napravi, ki omogoca
fizikalno simulacijo Zelenih termomehanskih
metalurskih stanj. Slika 3 prikazuje ureditev
testne celice za toplo stiskanje. Za zmanj-
Sanje trenja med stiskanim cilindri¢nim

vzorcem in orodjem ter preprecevanje
njunega medsebojnega zvarjanja smo
uporabili grafitno mazivo.

Testni pogoji toplega stiskanja cilindri¢nih
vzorcev so podani v tabeli 2. Izvedeno je bilo
v temperaturnem obmocju med 900 - 1200 °C,
pri treh razli¢nih hitrostih deformacije

Grafitno Termoelement
mazivo
Orodie
__o_..I :
o
I .. .
-2 | Celjusti Celjusti
oo g H i - -
g || iznerjavnegal | l)-iofi ] iz nerjavnega
g jekla @ '& @ jekla
— H
S
= il [
3 gi T |
Induktivni merilec Induktivni merilec

visine vzorca

premera vzorca

Slika 3. Shematicen prikaz izvedbe tla¢nega preizkusa na simulatorju termomehanskih stanj

Gleeble 1500.
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Tabela 2. Vrednosti glavnih parametrov testiranja.

Temperaturn Hitr
Jeklo Ta [°C] N pfi'atuo o tog?: N
obmocje [°C] | deformacije s
CF53 1200 900 -1200 0,1, 1,8
i Ta= 1200 °C (3 min) Deformacija
o 0
Z\1100 C  peformacija
LE)- o
i o %;\M Deformacija
2 O A 900 °C Deformacija
[ ™ —
s g ® \_850 °C Deformacija
E 3 30
S

Zacetni premer = 8 mm
l Zacetna visina =12 mm
Hitrost def. = 0.1- 8 /s
Temperatura = 850 - 1200 °C
Mazivo = grafit

Cas

Slika 4. Shematski prikaz poteka temperature testiranih cilindriénih vzorcev.

(0,1, 1, 8 s) in ob predhodnem ogrevanju
cilindriénih vzorcev (slika 4). Hitrost
ogrevanja je znaSala 3 °C/s, ¢emur je sledilo
triminutno zadrzevanje na temperaturi (Ta)
1200 °C, nato ohlajanje s hitrostjo 2 °C/s na
temperaturo deformacije ter ponovno
30 sekundno zadrzevanje na nacrtovani
temperaturi deformacije. Po deformaciji so bili
vzorci naglo gaseni z vodo.

UrorABA CAE NEVRONSKIH MREZ
PRI NAPOVEDI KRIVULJ TECENJA

Teoreti¢ne osnove in izrazi

V ¢lanku obravnavamo problem, kako
oceniti/napovedati krivulje teCenja v
odvisnosti od znanih vplivnih parametrov kot
so temperatura, deformacija in hitrost

RMZ-M&G 2005, 52

deformacije. Prvo spremenljivko - eno to¢ko
krivulje tecenja - obicajno imenujemo
izhodni parameter, znane vplivne parametre
pa vhodne parametre problema.

Za dolocitev neznanega izhodnega parametra
(npr. za eno tocko krivulje teCenja) s CAE
nevronsko mreZo je potrebna baza podatkov,
ki vsebuje zadostno Stevilo zanesljivih in
primerno razporejenih empiri¢nih podatkov.
Baza podatkov vsebuje empiri¢ne podatke,
ki wustrezajo vhodnim in izhodnim
parametrom opazovanega pojava. Vsako
posami¢no opazovanje poljubnega
fizikalnega pojava tako matemati¢no
predstavimo z modelnim vektorjem, pri
¢emer vhodni in izhodni parametri pojava
ustrezajo komponentam tega vektorja. Na
primer, ¢e je pri temperaturi T = 950 °C,
deformaciji 0,3 in hitrosti deformacije 5 s™



758

TERCELJ, M., ET ALL.

izmerjena napetost 350 MPa, lahko modelni
vektor zapiSemo kot {950, 0,3, 5, 350}. Baza
podatkov vsebuje konc¢no Stevilo taksnih
modelnih vektorjev.

Tipi¢no shemo strukture CAE nevronske
mreze lahko najdemo v literaturi [18-19]. Po
tem pristopu lahko vsak izhodni parameter
oz. komponento obravnavanega modelnega
vektorja (t.j. vektorja z znanimi vhodnimi
parametri in neznanimi izhodnimi parametri)
napovemo s pomocjo izraza:

N
I‘k = ch .rnk
n=l

(1),
kjer je
C, =—*
ch 2)
=
in
L 2
_Z (pi _pni)
¢, = exp| —

2w? (3).

Pri tem je 1, napovedan (ocenjen) k-ti izhodni
parameter (npr. napetost), r,, je enak izhodni
parameter, ki ustreza n-temu modelnemu
vektorju iz baze podatkov, N je Stevilo
modelnih vektorjev v bazi podatkov, p je
i-ti vhodni parameter n-tega modelnega
vektorja v bazi podatkov (npr. temperatura,
deformacija, hitrost deformacije), p, je i-ti
vhodni parameter obravnavanega modelnega
vektorja in L je Stevilo vhodnih parametrov
obravnavanega pojava.

Enacba 1 kaZe, da se napoved izhodnega
parametra dolo¢i kot kombinacija vseh
izhodnih parametrov iz baze podatkov.

Posamezne uteZi so odvisne od podobnosti
med vhodnimi parametri p, obravnavanega
modelnega vektorja in enakimi vhodnimi
parametri p modelnih vektorjev iz baze
podatkov. C, je merilo podobnosti. Neznana
vrednost izhodnega parametra je torej
izraCunana tako, da je modelni vektor,
sestavljen iz znanih (vhodnih) in neznanih
(izhodnih) parametrov, maksimalno
konsistenten z modelnimi vektorji iz celotne
baze podatkov.

Parameter w predstavlja Sirino Gaussove
funkcije in ga imenujemo parameter
gladkosti, saj doloca gladkost resitve. V
splosnem velja, da manjsa kot je vrednost w,
slabse je posplosevanje metode, in obratno,
veCja kot je vrednost w, boljSe je
posploSevanje metode, vendar na racun
zmanjSanja natancnosti. V praksi se zato
primerna vrednost w doloca z iteracijskim
postopkom, kjer najboljsi w ustreza primerno
gladkim reSitvam problema ob istoCasni
minimizaciji napake napovedi. Potrebno je
poznavanje obravnavanega pojava, nekaj
izkusenj in logi¢no-tehni¢nega razmisleka.

Izbira konstatnega w ustreza najbolj
osnovnemu pristopu uporabe metode. V
praksi pa se v nekaterih primerih izkaze, da
nekonstantna vrednost w pogosto daje boljse
rezultate. Pri uporabi nekonstatnega w lahko
Se vedno uporabimo enacbo 1, vendar ob
izbiri primerne, lokalno ocenjene vrednosti
w,, pri Cemer indeks i oznaCuje i-ti vhodni
parameter. Izraz za ¢ (glej enacbo 1) se lahko
zapise kot

(2 =P ]
¢, = CXp —Z% 4).
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Vazno je omeniti, da so izrazi enacb 1-3
izpeljani povsem teoreti¢no [18-20] ob
predpostavki konstantne (ne)zanesljivosti
empiri¢nih podatkov. Razsiritev te metode z
uporabo nekonstantnega w (enacba 4) pa
temelji na fizikalnih razmisljanjih. Medtem
ko konstanten w ustreza krogli v
L-dimenzionalnem hiperprostoru (L je Stevilo
vhodnih parametrov), ustreza nekonstanten
w vecosnemu elipsoidu v istem prostoru
[21-22].

Proces ucenja

Originalen predlog CAE metode [18] sestoji
iz dveh delov. Prvi del ustreza tako
imenovanemu procesu samoorganizacije
nevronov. V primeru uporabe relativno
majhnih baz podatkov lahko ta del brez
vecjih tezav opustimo. Drugi del ustreza
matemati¢nemu opisu obravnavanega pojava
z uporabo optimalne cenilke, opisanem v
prejSnjem poglavju. 1z tega vidika ustreza
proces ucenja enostavni predstavitvi baze
podatkov CAE nevronskih mrez. Se ve¢, v
primerjavi s klasi¢nimi nevronskimi
mrezami (BP NN), je testiranje uspesnosti
modela bistveno enostavnejSe. Namesto
uporabe priblizno 70 % podatkov za ucenje
in preostalih 30 % za testiranje, je uporabljen
drugacen pristop. Izhodni parameter, npr.
napetost v krivulji napetost-temperatura-
deformacija-hitrost deformacije, je
napovedan za vsako tocko krivulje iz baze
podatkov, pri tem pa je obravnavan modelni
vektor zacasno izvzet iz baze podatkov. Z
nekaj takSnimi poskusi se dolo¢i optimalna
vrednost parametra gladkosti.

Da bi kvantitativno ocenili natan¢nost CAE
metode pri napovedovanju krivulj tecenja,

smo uporabili naslednjo enacbo, ki racuna
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kvadratni koren vsote kvadratov odstopanj
za vsako deformacijsko opazovanje:

RMSSD = (%)

Napoved se smatra kot dobra, ¢e je RMSSD
vrednost znotraj 5 % povprecne krivulje
teCenja za obravnavano stanje [11], pri cemer
se povpreCna krivulja teCenja s . izraCuna
kot

1
S = [0 d ©)

Krivulje tecenja in CAE napovedi pri
uporabi konstatnega parametra gladkosti

Krivulje tecenja za jeklo CF53 pri razlicnih
temperaturah in razlicnih hitrostih deformacije
so prikazane na Sliki 5. Krivulje tecenja
najprej hitro narasc¢ajo z deformacijo do neke
konstatne vrednosti, potem pa padejo do neke
konstantne vrednosti pri vi§jih deformacijah.
Ta oblika toplih krivulj tecenja je tipi¢na za
materiale, kjer med plasticno deformacijo
poteka tudi dinamicna rekristalizacija.
Rezultati za jeklo CF53 kazejo na relativno
dobro ujemanje med eksperimentalnimi in
napovedanimi vrednostmi krivulj tecenja. To
je posledica dejstva, da so relacije med
vhodnimi in izhodnimi parametri relativno
enostavne. Uporaba konstantnega w je
smiselna (enacba 3).

Slike kazejo relacije napetost-deformacija za
razlicne temperature med 850 °C in 1200 °C,
pri treh razliénih hitrostih deformacij: 0,1 s,
1 s'in 8 s, Ve¢ja odstopanja lahko opazimo
le pri manjsih deformacijah kjer so vecji
gradienti krivulj tecenja. Omeniti velja, da bi
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Slika 5. Krivulje te¢enja za jeklo CF53 — eksperimentalne in napovedane vrednosti pri uporabi

konstatnega parametra gladkosti (w=0.03).

naceloma lahko uporabili manjse vrednosti
w, s ¢imer bi izboljsali rezultate na tem
obmodju, vendar bi potem poslabsali rezultati
na drugih obmocjih. DoseZena natan¢nost pri
uc¢nih podatkih je od 0,5 % do 1,1 %, s
povpreéno napako okoli 0,8 %. Natan¢nost
napovedi na testnih podatkih je 0,6 % do
1,3 %, s povprecno napako okoli 1 %.
Dobljene napake so v povprecju znotraj meja
zahtevanih natan¢nosti.

Krivulje te€enja in CAE napovedi pri
uporabi nekonstatnega parametra
gladkosti

Slika 6 jasno kaze bistveno izboljsSanje
rezultatov krivulj tecenja v obmocju
deformacij med 0,02 in 0,1. Rezultati
nakazujejo, da lahko modeliranje krivulj
tecenja izboljSamo z uporabo nekonstatnega
parametra gladkosti (enacba 4).

Dosezena natan¢nost pri u¢nih podatkih je od
0,1 % do 0,3 %, s povpre¢no napako okoli
0,2 %. Natan¢nost napovedi na testnih
podatkih je 0,2 % do 0,6 %, s povpre¢no
napako okoli 0,5 %. Dobljene napake so v
povprecju precej bolj znotraj meja zahtevanih
natan¢nosti kot jih navajajo razli¢ni avtorji
pri uporabi klasi¢nih nevronskih mrez z
uporabo BP algoritma. Vecja natancnost v
obravnavanem primeru je tudi posledica vecje
razpoloZljive gostote podatkov.

Sposobnost CAE nevronskim mrez za
interpolacijo je potrjena s prikazom
napovedanih krivulj tecenja preko celega
obmocja na katerem je bila trenirana. Slika 7
kaze tridimenzionalno sliko krivulj tecenja
kot funkcijo temperatur in deformacij pri
razli¢nih hitrostih deformacij. Pri hitrosti
deformacije 0,1 s!' je razvidno rahlo
progresivno narascanje preoblikovalne
trdnosti s padanjem temperature deformacije.
Ta trend je pri hitrosti deformacije 1 s in
8 s! §e manj izrazit.
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Slika 6. Krivulje teCenja za jeklo CF53 - eksperimentalne in napovedane vrednosti pri uporabi
nekonstatnega parametra gladkosti (w, = w,=0,03,w,__,,= 001w, =0.03).
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Slika 7. Prostorska predstavitev krivulj teenja za jeklo CF53 — eksperimentalne in napovedane

vrednosti pri uporabi nekonstatnega parametra gladkosti (w, = 0,03, w, = 0,10, w

W =0,03).

e(e=0.60)
Diskusija

Iz maksimalnih napetosti te¢enja za razli¢ne
temperature in hitrosti deformacije smo
izraCunali konstante hiperboli¢ne sinusne
enacbe 7 [26].

Z =gexp(Q/RT) = A(sinh oo )" (7)

To enacbo najprej logaritmiramo in takole
preuredimo

In(sinh(a.6)) = l111(8') + ©
n

1
R 0" ®
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=0,01,

e(e=0.02)

nato pa definiramo funkcijo ¢2, ki minimizira
razliko med izraCunanimi in izmerjenimi
vrednostmi napetosti te¢enja [25]

- ©)

N 2
N @ -ax —ayy,—a)

K= 2 ,

i=1 i
kjer je N Stevilo meritev, z, = In(sinhao,),
x, =Ing, in y =10*T"". Ostale oznake so
a,=n"a,=10"0n'R"in g, =n"In 4.
Pri napaki upoStevamo samo napako
napetosti z , ki jo lahko izrazimo kot
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e, =a e’ cothao, kjer so e’ napake
izmerjenih napetosti. Podrobnosti postopka
minimizacije zgornje enacbe 9 najdemo
v [23]. Funkcija ¢? ima minimum pri
Q = 316,86 kJ mol”, o = 0,00945 MPa"',
n=53inA = 1,8810"2 s'!. Ta vrednost
je primerljiva z obmocjem vrednosti
(Q =280 - 330 kJ mol") sorodnih jekel za
poboljsanje, ki so bile dobljene po tangentni
metodi na osnovi rezultatov, dobljenih iz
torzijskih preizkusov [16-17].

Primerjavo odvisnosti maksimalne napetosti
teCenja od temperature, med izraCunanimi in
izmerjenimi vrednostmi za tri razlicne
hitrosti deformacije, prikazuje slika 8a. Na
sliki 8b pa je podana primerjava med
izraCunanimi in izmerjenimi maksimalnimi
napetostmi teenja. Iz obeh slik je razvidno,
da za obravnavano jeklo izbrana empiricna
enacba 8 odli¢no opise zvezo med hitrostjo
deformacije, temperaturo in maksimalno
napetostjo tecenja.

Kemicna sestava jekel od Sarze do Sarze,
ceprav v dovoljenih mejah, stalno niha. Vpliv
kemicne sestave (posebno karbidotvornih

—E=80¢s" izratunano
e £=80s" izmerjeno
—E=1.0s" izratunano
4 £=10s" izmerjeno
—&=0.15" izratunano
= £=0.15" izmerjeno

1 | 1 1 | | 1
850 900 950 1000 1050 1100 1150 1200
Trel

elementov) na napetost tecenja avtorji pri
njihovem napovedovanju resujejo z vpeljavo
ogljikovega ekvivalenta, saj pri uporabi BP
nevronskih mrez veliko Stevilo vhodnih
vplivnih parametrov vpliva na natan¢nost
napovedovanja. V primeru uporabe CAE
nevronske mreze pa teh teZav nimamo, saj
lahko uporabimo poljubno Stevilo vhodnih
parametrov, torej lahko upostevamo tudi
vsak legirni element posebej [24-25].

Pri uporabi obicajnih BP nevronskih mrez
moramo najprej dolociti optimalno
arhitekturo nevronske mreze, t.j. dolociti
Stevilo plasti in Stevilo nevronov v teh
plasteh, saj doslej Se ni jasnih navodil za
izbiro teh parametrov. Pri uporabi CAE
nevronske mreze imamo fiksno Stevilo
skritih plasti, Stevilo nevronov v plasti pa je
odvisno od Stevila modelnih vektorjev.
InZenir se lahko posveti modeliranju pojava
in ne izgublja ¢asa z dolocanjem abstraktnih
parametrov nevronske mreze. Bistvena
prednost CAE metode v prikazanem primeru
je enostavnost in relativno dobra natan¢nost
predlaganih modelov. Pomembno dejstvo, ki
dodatno opravicuje uporabo CAE nevronskih

)

[2+]
5 .S
T

cunano
L]
o

o
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w
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Slika 8. Primerjava med izmerjeno in izratunano odvisnostjo maksimalne napetosti tecenja
od temperature za tri razli¢ne hitrosti 0,1 s, 1 s, 8 s (a.) in primerjava med izmerjenimi in

izraCunanimi maksimalnimi napetostmi (b.).
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mrez je, da se parametri med preizkusom
spreminjajo; CAE nevronske mrezZe so
namre¢ na osnovi tako dobljene baze
podatkov sposobne dolociti realne krivulje
tecenja pri konstantnih pogojih.

V obravnavanem primeru so bile pri meritvah
upoStevane samo tri razli¢ne hitrosti
deformacij. Znano je, da je mogoce skozi tri
tocke v najboljSem primeru napeljati kvadratno
krivuljo oz. polinom drugega reda, ki opisuje
pojav. Brez vnaprej znane zakonitosti, ki bi jo
upostevali v CAE modelu, je opisovanje
pojava v smeri hitrosti deformacij relativno
slabo. Predvidevamo, da bomo v prihodnjih
raziskavah CAE metodo lahko dopolnili tako,
da bo v primeru premajhnega stevila podatkov
za katerikoli vhodni parameter pojava (v
opisanem primeru hitrosti deformacije)
mogoce upostevati vnaprej predpostavljeno
o0z. poznano zakonitost. To dejstvo se namrec
s pridom izkori§¢a pri optimizaciji
experimentalnega dela, tezje pa ga je
upostevati v matemati¢nih modelih krivulj
tecenja brez a-priori predpostavk.

5. ZAKLJUCKI

Za potrebe optimiranja tehnologije toplega
preoblikovanja jekla za poboljsanje CF53,
namenjenega predvsem za strojne dele, ki so
lahko izpostavljeni visokim mehanskim
obremenitvam, smo na Gleeble 1500 izvedli
tople stiskalne preizkuse. Temperaturno,
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deformacijsko in hitrostno deformacijsko
obmocje ustreza obmocju toplega valjanja.
Preizkusili smo metodo napovedovanja
krivulj teenja s pomocjo umetne inteligence
(CAE NN). Oblike krivulj tec¢enja kazejo na
procese dinamicne rekristalizacije med toplo
deformacijo.

Studija je potrdila odli¢no napovedno
sposobnost CAE nevronske mreze za
napovedovanje krivulj teenja Pri tem smo
uporabili dva pristopa in sicer metodo
konstantnega parametra gladkosti ter metodo
nekonstantnega parametra gladkosti. Slednji
daje boljse rezultate predvsem zaradi boljse
sposobnosti modeliranja fizikalnih zako-
nitosti v podroc¢jih velikih gradientov.
Dosezene natancnosti so prakticno znotraj
obmocja 5 %, v povpre¢ju znasa napaka 3 %.
Pri uporabi CAE nevronske mreze ne
potrebujemo dolocevanja optimalne arhi-
tekture plasti mreze, s »poskus-napaka«
postopkom pa enostavno dolo¢amo opti-
malne vrednosti parametra gladkosti pri
razpolozljivi bazi podatkov. Postopek
napovedovanja z CAE NN je enostavnejsi v
primerjavi BP NN, natan¢nost napovedo-
vanja pa je na isti ravni. Izracunali smo tudi
aktivacijsko energijo za CF53, ki znasa
Q =316,86 kJ mol ™.

Zahvala

Avtorji se zahvaljujejo Unior-u Zrece za
izdelavo vzorcev.
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Abstract: On casting and cooling of metals in a mould energy in form of heat will be

transferred from the liquid metal to the moulding material. The mechanism of energy
transfer and the corresponding capture capacity of the moulding material define the
energy transfer in form of heat by cooling of the metal at contemporaneous heating of
the moulding material. Only the exact knowledge of the temporary and quantitative
process of heat flow will lead a solidification simulation to correct results. According to
second law of thermodynamics energy in the form of heat may only be transferred from
a colder to a warmer material if this is forced by mechanical work. Self-transfer of heat
is only possible from an area of higher temperature in direction to areas with lower
temperature. Only on the premises of a temperature drop a self-transfer of heat is pos-
sible. The energy transfer between materials of different temperatures is finished when
an energetic balance is reached, i.e. when after the heat transfer there is the same tem-
perature at all materials. Energy in the form of heat is transferred by means of heat

conductivity, heat transfer (heat convection) or heat radiation.

Key words: metal/mould material, graphite, heat transfer, conductivity, energy balance, feeding

PART 1: DEFINITION OF VARIOUS INFLUENCING VARIABLES

PHYSICAL VALUES DEFINING
THE SOLIDIFICATION PROCESS

Density (p)

The density of a substance is the relation of
mass to volume, some times called “specific
mass”. Although most of the solid bodies and
liquids expand on heating, these volume
changes are relatively small and nearly
independent of temperature and pressure.

Scientific paper

Thermal conductivity (1)

Thermal conductivity means the energy
transport inside a substance by interaction
of atoms and molecules, which are not
transported themselves (for example within
the single silica grain, the solidified crystal
or the convection-free melt). The energy
transport is done in the way, that quicker and
larger swinging molecules of a more heated
substance area continue to transfer energy
to adjoining and less heated substance
regions, until — after energy transfer is
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finished — the same average swinging
condition and the same temperature is set.

Thermal conductivity of various materials is
different. It is expressed by thermal
conductivity A. Thermal conductivity of
different materials is experimentally
investigated and depends on temperature.

Heat transfer (sometimes called
“heat convection”)

Under the term “heat transfer” is to be
understood an energy transport between
several materials (for example between two
touching silicate grains or the solidified
casting surface and the mould material) with
different temperature and without material
transport. Energy transfer is done in the
touching area of both substances and implies
a temperature drop. After heat transfer is
finished both substances have the same
temperature T within the touching area.

Real heat convection is combined with a
material transfer. This materials transfer is
called forth within liquid and gaseous
materials by a thermal change of volumes
and density. Heat convection within liquid
metals is detectable only at an early stage of
mould filling. Heat convection of air has not
been detected within a mould. The pressure
build-up within pore volume of the mould
by means of evaporation or combustion
processes does not belong to the physical
values, but to the variable moulding material
values defining the solidification process.

Heat transition

If liquids or gases of different temperatures
are separated by a solid wall, an energy

transfer will take place, consisting of heat
conduction and heat transfer. This combined
form of heat transfer is called heat transition.

Heat radiation

Between bodies of different temperatures
heat is not only transferred by means of
thermal conductivity or heat convection but
also at same time by means of heat radiation
(for example across the gap between the
silicate grains). Everywhere at heat transfer
processes the kinetic energy of the molecules
is partially transferred into radiation energy
and radiated. The percentage of radiation
energy at complete energy transfer is small
at low temperatures.

Heat radiation belongs to electro-magnetic
waves and they are within visible frequency
range only at higher temperatures. Frequency
range, diffusion, reflection and refraction
follow the valid regularities of luminous
radiation.

The radiation energy impacting a radiated
body may be absorbed reflected or
transmitted. The absorbed part of the
radiation energy will be transferred again into
kinetic energy of the molecules and will heat
the radiated body which therefore becomes
source of own radiation.

A body absorbing all impacting radiation
energy is called an absolute black body.
Absorption and emission are on highest level.

The heat Q radiated from an absolute black
body with a surface A within a time t depends
on the body temperature T and results from
the law of Stefan Boltzmann.

RMZ-M&G 2005, 52
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Amount of heat

The amount of heat Q is the quantity of
energy in the form of heat, which can be feed
to a material or taken away. On thermo-
technical calculation there is often a refe-
rence to material quantity of 1 kg. The
amount of heat referring to 1 kg is called
specific heat q.

Specific heat capacity (c)

The specific heat capacity (cp) characterizes
the various heating-up of materials. It
indicates the amount of energy in the form
of heat, which is necessary to heat a material
quantity with a mass of 1 kg for 1 K (or 1°C)
by keeping the respective aggregate state.
If a material quantity with the mass m, and
the temperature T, shall be heated to a
temperature T, by supply of heat this adding
heat results of:

Q=mcp (T,-T) (1)

Those materials that extend noticeable during
heating is to differ between heat capacities
at constant pressure and constant volume
respectively. This is irrelevant for liquids and
solid bodies due to the unimportant volume
modification. Although it is normally
calculated with heat capacity at constant
pressure.

VARIABLE MOULDING MATERIAL
VALUES DEFINING THE SOLIDIFICATION
PROCESS

Density, bulk density, packing density (p)

At production of moulds a loose, granular
material conglomerate is compacted on
machines. The voids fraction between the
grains decreases. Generally you have to
assume considerable density fluctuation for
all moulds. The density fluctuation varies
with type and sort of sand, binder, moulding
box and method of compacting. By this the
voids fraction fluctuates, too, and —as a result

Figure 1. View of a mould wall

RMZ-M&G 2005, 52
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— the density of the material conglomerate.
This “packing density” significantly
influences the energy transport through the
mould (Fig. 1). Therefore the average density
of the mould should be considered at least.

The movement of the mould wall is mainly
caused by the thermal expansion of the
mould sand. But this expansion is only
approx. 1 % within relevant temperature
range, so that the amendment of packing
density caused by this may be neglected on
further calculation of heat flow.

Heat capacity “apparent heat capacity” (c)

The heat capacity, that enters into the
equations 2 in this case, is the heat capacity
of a granular material conglomerate of mould
basis material and binder system (Fig. 1). It
is an “apparent heat capacity” applying at
first only to the volume element with a
certain voids fraction and a certain packing
density, which underlies the measurement.

pc(7) %—f =div[M(T) gradT ]+ W (T 7,t) (2)

The influence of the inorganic binder to the
heat capacity of this volume element may
be neglected, as their portion is small and as
there is not a big difference within heat
capacity between mould basis material and
binder.

The portion of organic binders within mould
material systems is even smaller and their
contribution to the heat capacity of the
system, in which an oxygen deficiency inside
of the pore volume avoids the complete
combustion of the binders, results from
required energy for disintegration and the
energy set-free from combustion. This

energy contribution in the form of a heat
source within the volume element might be
negligible.

The enthalpy for the a—f allotrope change
of the quartz is 10.5 kJ/kg and — compared
with the heat capacity of the mould — is
consequently negligible small too.

Inside wet sand the vaporization, the
condensation and the migration of the
condensation zone goes through the volume
element at low temperatures at the beginning
of the solidification. Therefore, at first a heat
source (releasing condensation heat) goes
through the volume element followed by a
heat lowering (depriving heat of
vaporization). These effects enter into the
apparent heat capacity and there is no need
to consider them specially.

This apparent specific heat or heat capacity
respectively would be independent from T but
would depend on the temperature at transition
point metal / mould material and considers
the heat absorbed from the mould completely.

Thermal conductivity “apparent thermal
conductivity” A

In the same meaning as at heat capacity there
results an “apparent thermal conductivity”.
These “apparent thermal conductivities”
would be different at the same sand and
different casting alloys, such as aluminium,
cast iron and steel. It results in a dependence
of the apparent thermal conductivity from
packing density and from the melting
temperature of the alloy. The apparent
thermal conductivity decreases on increasing
voids fracture.
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Within a lot of papers the specific thermal
conductivity is defined as apparent specific
thermal conductivity between room tempe-
rature and transition temperature at transition
point metal / mould. But here the above-
mentioned definition is used, as it considers
the heat absorbed from the mould.

VARIABLE MATERIAL VALUES, WHICH
DEFINE THE SOLIDIFICATION PROCESS

Average carbon activity

The average carbon activity of cast iron is
mainly defined by the content of carbon
graphite or carbide stabilizers as well as of
the actual temperature. Within a certain range
the degree of saturation and the carbon
equivalent are rules for it.

Local carbon activity

This means the carbon activity directly at the
place of solidification. It is defined by the local
composition which is defined by separation
processes, liquation and undercooling.

Diffusion coefficient

The diffusion coefficient of a cast iron is
defined by the content of carbon, graphite
and carbide stabilizers as well as by the actual
temperature. There is no simple term like the
degree of saturation to describe this value,
but it defines the separation process of the
two phases austenite and graphite during the
eutectic solidification.

RMZ-M&G 2005, 52

Diffusion path length

The diffusion path length during the
separation of the eutectic melt to austenite
and graphite is arranged by the number of
nuclei forming and able to growth. The
diffusion path length only depends on the
number of nuclei and not on their formation
(theory of nuclei formation).

Growth of austenite and graphite

The growth is defined by the thermodynamic
values volume energy and interfacial tension.

INFLUENCE OF MATERIAL VALUES

Material values and their
definable structure

If — in a first step — the shrinkage volume
resulting from a mould wall movement are
regarded as constant and not influenceable
by the material, the total shrinkage volume
results as additive sum of contraction volume
of the hypoeutectic austenite the eutectic
austenite and the volume increase of graphite
at its precipitation.

The size of the hypoeutectic solidification
contraction is mainly defined by the chemical
composition, especially by the carbon and
silicon content and values like the degree of
saturation or the carbon equivalent
respectively, in which further elements are
considered. They are a degree how much the
actual composition differs from the eutectic
one (Fig. 2). Therefore the quantity of
hypoeutectic solidification may be fixed by
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the thermal analysis by means of the
temperatures, which define the beginning
and the end of the hypoeutectic solidification.
A contraction volume can be derived from
the weight or volume of the predictable
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Figure 2. Influence of the solidification manipulation for controlling the solidification contraction.
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addition of carbon or silicon or by an
amended inoculation modus.

The hypoeutectic solidification portion,
defined by this way, fixes the quantity of the
eutectic solidification as a complementary
sum to the total volume or to the weight
considered. The eutectic solidification con-
sists of the eutectic austenite with a volume
contraction and the graphite with a volume
dilatation. Eutectic austenite and graphite are
fixed in their mutual relationship according
to the multiple component system. By this
the contraction sum of the eutectic austenite
becomes a calculable value (Fig. 2a).

The only value, which is now decisive for
the decrease of the eutectic shrinkage
volume, is the quantity of the precipitated
graphite with the corresponding volume
increase. At first you have to avoid the
possibility of the meta-stable solidification
of eutectic that would be combined with a
non-compensation of the eutectic austenite
contraction. As a rule this is done by
adjustment of the carbon and silicon contents
to the wall thickness and by adding
inoculants that initiate the precipitation of
graphite. The quantity of eutectic graphite
and consequently the size of volume increase
is a function of carbon and silicon contents.
The number of spheroids is a question of the
number of nuclei, as the same graphite
volume may divide to one great spheroid or
to any number of small ones. The efficient
number of nuclei results of the content of
inoculants and the combination of efficient
components within inoculants (Fig. 2a).

Without entering nucleation theories it is
possible — by means of known data from

literature of surface tension and enthalpy of

RMZ-M&G 2005, 52

fusion — to make calculations, which may
lead by support of the thermal analyse to
statements about number of nuclei and the
approximate graphite volume (Fig. 2b).

Influence of moulding material values

The real feeding demand of a casting consists

of:

*  volume deficit of the hypoeutectic con-
traction,

*  volume deficit of the eutectic contrac-
tion,

*  volume increase of the eutectic graph-
ite precipitation and

e “apparent shrinkage”.

The “apparent shrinkage” is a value that is
only found within a few reflections for
feeding calculations so far. To carry out this
paper it was consequently necessary to define
the possible influence factors of the
“apparent shrinkage” exactly.

The “apparent shrinkage” is a magnification
or enlargement of the mould cavity due to
the casting process, the solidification
behaviour of the cast iron and the attributes
of the mould material (mould wall
movement). These influences may increase
the feeding demand of the casting.

The “apparent shrinkage” consists of two

main influence factors:

»  the load defining the pressure onto the
mould wall produced by the casting
process and the solidification behaviour
of the cast iron (graphite precipitation),

»  the enlargement of the mould cavity or
the stability of the mould that withstands
the pressure (mould wall movement).
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___—Liquid shrinkage

|~ solidification shrinkage

Liquid shrinkage

Mould dilation

Solidification shringkage

(b)

Figure 3. Interaction between solidification and shrink-
age in a mould:

a) the apparent shrinkage does not appear,

b) the apparent shrinkage appears.

Figure 3 shows shrinkage cavities appears
when the feeder does not have enough liquid
iron for compensation of apparent shrinkage,
a) no mould wall movement, shrink-free
casting, exactly according to pattern, sufficient

feeding volume b) great mould wall movement,
casting larger than pattern, shrinkage within
casting, insufficient feeding volume.

The graphite precipitation or the
solidification behaviour of cast iron with
spherical graphite is not the only parameter
that defines the pressure onto the mould wall.
Other loads developing on casting and
solidification process are big figures too.

These loads result of:

»  the ferrostatic pressure,
»  the casting heat,

»  the composition of alloy.

The second main influence factor defining
the apparent shrinkage is the mould
movement or the mould attributes
respectively. The dependences of the mould
wall movement result of:

*  the type of mould material,

»  the composition of mould material,

*  the compaction,

*  the geometry of the mould,

» the attributes of the mould box.
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PART 2: SOLIDIFICATION STRUCTURE OF CAST IRON
AND EFFICIENCY OF FEEDERS

THERMAL ANALYSIS

From the 1% derivative of the cooling curve
results the gradient of the cooling rate over
the complete solidification process. The point
where the cooling rate (the first derivate)
shows the first maximum and starts to
decrease again corresponds to the liquidus
temperature TL. The following first mini-
mum is the temperature for the beginning
eutectic solidification, the eutectic start

temperature TES. The TES following point
of intersection of the 1% derivative and the
zero line marks TE, . At this point the
dissipated heat and the released latent heat
are in balance. From this point the released
latent heat of graphite precipitation prevail
and this leads to temperature increase. After
a now following maximum of the first
derivative the cooling rate decreases again
and shows a zero value corresponding to
TE, .- After this the ongoing eutectic solidi-

—
TEhoch s

f I

1550
1300
=
2 \\
©
S 0
g TES
£ TL
D 1150
i)
TEm drig
1050
M 100
'
o o
=
2
°
Qo
<
- 2
/]
a
3
\,\ s 100
2
o
=
ERR
5
Qo
<
o
2

\/

0 TL 1 LIQUID TEMPERATURE, IT IS THE TEMPERATURE WHERE THE FIRST SOLID PARTICLES APPEAR, NORMALLY
AUSTENITE AS A CONSEQUENCE OF COOLING IN THE CAST IRON

2 TES 3 START TEMPERATURE OF BEGINNING EUTECTIC SOLIDIFICATION

4 TEow 5  THE MINIMUM EUTECTIC TEMPERATURE AFTER THAT TEMPERATURE INCREASES AS A RESULT OF RELEASED
LATENT HEAT

6  TEu 7  THE MAXIMUM EUTECTIC TEMPERATURE AS A RESULT OF THE RELEASED LATENT HEAT

8 TS 9  SOLIDUS TEMPERATURE, THE TEMPERATURE WHEN THE SOLIDIFICATION PROCESS IS FINISHED

10 Tyerasr 11 TEMPERATURE OF METASTABLE EUTECTIC SOLIDIFICATION

12 R 13 RECALESCENCE - DIFFERENCE OF TEMPERATURES TE ow AND TE,cn

Figure 4. Significant points within cooling curve of cast iron
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fication ends at point TS, indicated by a
minimum at the first derivative.

The first derivative is also in a position to
define the periods of solidification. The
period of hypoeutectic austenite solidi-
fication results up to the first minimum,
which is marked by the length growth of the
dendrites. The first minimum represents the
moment when the eutectic solidification
begins and between minimum and crossing
zero-line the austenite dendrites are growing
thicker instead of growing in length. This
process is coupled with a eutectic solidi-
fication at the same time. This pure eutectic
solidification is defined by this zero crossing
and the zero crossing of the second derivative
at the end of solidification.

The possibility of metastable eutectic
solidification is marked by the metastable
eutectic temperature, which can be calculated
with different factors. If TE,  falls below
this specific temperature, which is strongly

influenced by Si and elements stabilizing
carbide, this may lead to a metastable
solidification with a corresponding higher
volume deficit. Due to carbide decompo-
sition during further solidification process
this chill must not be positively recognizable
atroom temperature. Therefore T should
be lower than TE_ .

t

Likewise there can arise a shift to metastable
solidification at the end of the solidification
process by an enrichment of alloying
elements within remaining melt. The final
temperature of the eutectic solidification
should be above those of the metastable
eutectic temperature.

The height of (TL) liquidus temperature as
well as the period of time until temperature
TE, , will be reached are a degree for the
quantity of hypoeutectic austenite
solidification and — proportional to this — for
a feeding demand. This feeding demand can
only be equalized by a feeder. This volume

Abkiihlkurven Quick-Cup

1350,0

1300,0

1250,0 4

1200,0 +

Temperatur [°C]

Weiss ™. Grau

J s———
11500 GS Perl.
g Spherix Perl.
ung. Tellur ung~Eerts /
1100,0 =5
Spherix Perl. Tell- S
GSl Perl. Tell. E— S
Spherix Ferr. Tell. phenx Fe
1050,0 T T T
0,0 50,0 100,0 150,0 200,0 250,0
Zeit [s]
—— ungeimpft Ferr. ——ungeimpft Ferr. Tellur —— GSI Perl. —— GSlI Perl. Tellur

—— Spherix Ferr.

—— Spherix Ferr. Tellur

—— Spherix Perl. —— Spherix Perl. Tellur

Figure 5. Some real cooling curves.
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deficit of solidification cannot be reduced by
the following graphite precipitation. Within
this phase — after the austenite dendrites have
built a spongy network structure and thereby
have defined the future surface resp. wall
structure — there is at first the diameter
growth of the dendrites and the beginning
precipitation of graphite between the
dendrites with a corresponding volume
increase. In this connection exists the
possibility resp. the danger of an enlargement
(growth) of casting areas with an increasing
inner volume deficit. Therefore TL should
be as low as possible and the period between
TL and TE, , should be as short as possible.

The recalescence R is the difference between
TE,,, and TE_ . It represents the released
latent heat of the eutectic solidification. The
recalescence should be as low as possible,

I—— -
| —= ———3

and TE,  as well as TE, | should be clearly
above T . Steady and good graphite
precipitation can be expected then that would
correspond to the conditions for self-feeding

or riserless pouring technique.

Real cooling curves show characteristic
differences with regard to their nucleation
condition and the cooling conditions (Fig. 5).

From reflections on solidification and
solidification morphology the different
significant temperatures and time periods of
the cooling curves have to point out, which
structure as well as which volume deficit have
to be expected (Fig. 6). With today’s computer
facilities it is possible to define the single
periods of time and temperature also by a 1%
and 2™ derivative of curve already during
recording the solidification curve and to

Impfmittel A 0,4 % Impfmittel A 0,2 %

Impfmittel B 0,4 % Impfmittel B 0,2 %

Anzahl der Spharolithen 310 Anzahl der Spharolithen 274

Anzahl der Sphérolithen 196 Anzahl der Spharolithen 175
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nghinE0 ohiasezs

[
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Die GuBstlcke sind dicht und

Die GuBstiicke sind dicht aber nicht mehr so konturenscharf. Im

Die
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glattwandig eingefallen. ungleichmaBig eingefallen

konturenscharf, Speiser gut und|Anschnittbereich zeigen sich erste Fehler. Die Speiser sind tief aber

Einfallen

erkennbar.

Innenlunker, Ein

zeigen
merkliches
im Oberkasten wird
Die Speiser fallen

Figure 6. Real cooling curves in comparison to casting results.
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Figure 7. Scheme of points and areas of evaluation in comparison with structure evaluation

transfer them to a analysis of variance, from
which a correction measure has to be derived.

According to Figure 7 evaluation programmes
have been made for the melts in question, and
it was tried to state dependences.

TIME FRAME OF FEEDER EFFICIENCY
Feeding is a transport phenomenon

Feeding is founded on transport processes
of flowable material from the feeder into the
contraction areas of the casting to
compensate there the arising volume deficit.
This means that in the casting, too,
corresponding transport processes have to
take place. These necessary transport
processes are restricted by the solidification
morphology of the alloys. At a cast iron with
spheroidal graphite several crystallization
processes with different morphologies take
place one after the other.

The primary solidification of cast iron is
always exogenous spongy up to mushy.
Already at an early stage a dendrite network

passes through the casting wall and builds a
spongy plaiting, in which the remaining
eutectic melt solidifies.

Spheroidal eutectic solidify endogenous
mushy. The graphite spheroids will be
enclosed by growing austenite and will be
isolated from remaining melt. By diffusing
carbon through the austenite to the graphite
spheroid this spheroids can grow and can
affect a strong pressure to their surroundings.
This effect will be stronger and for a longer
period of time the longer the solidification
time is or the longer the wall / casting remains
in liquid condition.

Feeding types differ according to:

*  mass feeding,

* interdendritic feeding,

. feeding by sucking solidified shells in-
wards (surface sinks),

*  self-feeding — compensation of the
metallic solidification contraction by
the volume increase of precipitating
graphite.
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Mass feeding is the movement of a mixture
of crystals and melt from the feeder into the
casting due to gravity. This process come to
an end as soon as the crystals hinder each
other in their movement, hook or jam, this is
the so-called “pour point”. There are a direct
coherence between feeding capacity and
solidification morphology. The mass feeding
is mainly responsible for the formation of
macro-shrinkage within feeder.

Interdendritic feeding is the movement of
melt through a crystal network. With their
quantity portion at feeding it is defined by
the ramification degree of the crystals and
the resulting flow channels. Within
interdendritic area conditions are to assume
like within a filter, at which the size of flow
channels at a point of time X is defined by
volume relation between crystal network and
melt. Portion of interdendritic feeding at total
volume of a macro-shrinkage has to be
estimated as small.

Eingusskern

Uberlaufkern

Oberkasten

Brechkern

Unterkasten

Ohne exotherme Hiilse

Feeding by sucking solidified shells
inwards (surface sinks), as movement of
two opposite surfaces to each other, can only
avoid the formation of an inner deficit and
for the present it has no perceptible influence
to the formation of macro-shrinkage within
feeder. Surface sinks often are not macro-
scopic perceptible ofthand.

Self-feeding as a compensation of metallic
volume contraction by volume increase of
self-precipitating graphite within a melt has
to be regarded in a direct coherence between
the quantity of self-precipitating graphite and
the quantity of hypoeutectic and eutectic
austenite, so that the contraction of austenite
can partially or completely be compensated
by the volume increase of graphite, or may
be even exceeded. The latter is known as a
swelling or growing of castings combined
with a volume increase of the castings.

Eingusskern
Uberlaufkern

Exotherme Hilse

Oberkasten

Brechkern

Unterkasten

Mit exothermer Hiilse

Figure 8. The assembly — pour point investigation.
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Figure 9. Several Points of time during solidification.

Pour point

Figure 8 schematically shows the experi-
mental set-up. This set-up was oriented on
an experimental arrangement, which already
has been used in a similar way. The test-
piece, in principle representing the feeder,
was arranged within a cope box, a cam with
separating core were arranged within a drag
box. Sprue-core and flow-off core are set on
the cope box. The sprue-core, flow-off-core
and separating-core were made of CO, sand
or furan resin sand. There were used common
production resins without additives. The
sprue-core had the function to enable a
uniform filling of the test-piece and to
position the flow-off-core above the test-
piece. The flow-off-core took care for a
constant filling level of the test-piece.
Surplus material from the sprue-core flew-
off over the rear side of cope box after
effected filling of the test-piece. This led to

uniform test conditions (no feeding effects).
The cam and the test-piece heat the
separating core (principle of a breaker core
below a feeder) and thereby decrease the
cooling speed at the bottom side of the test-
piece. In this area the test-piece solidifies
more slowly. Now it is guaranteed that
material which is still being moveable inside
the feeder will flow-out by taking off the
feeder. Figure 9 shows several points of time
during solidification.

Conclusions of the results of
the pour point test (Fig. 10)

Under same conditions pearlitic and ferritic
iron become immovable approx. at the same
time. For both cast iron qualities the
possibility of a mass feeding is finished
already before the beginning of eutectic
solidification. The volume deficit occurring
during further solidification of metallic
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matrix may then only be compensated by

*  interdendritic feeding,

»  feeding by surface sinks,

*  self-feeding,

i.e. by volume increase of the eutectic self-
precipitating graphite. This should have the
main influence with regard to the density of
a casting, because the feeding possibility
within interdendritic area for longer distances
is not possible without corresponding
pressure differences (analogy to filter), and
a sinking of the walls should become impos-
sible, too, with a dendrite self-supporting
network existing all over the complete cross-
section of the wall.

So a feeder at cast iron with spheroidal
graphite can only compensate the liquid
contraction from casting temperature up to
the beginning of solidification as well as a
part of the volume contraction of the
hypoeutectic austenite solidification. After
starting eutectic solidification there is no
moveable metal in the feeder. The main rest
of volume contraction of the solidifying
metallic matrix has to be compensated by the
volume increase of the self-precipitating

graphite. This quantity may — among others
— be controlled by composition, graphiti-
zation potential and cooling speed.

With regard to the solidification simulation
it results that the early immovability of the
mass within feeder has to be considered, as
it is only possible to give an accurate
prediction when it is known how long a
feeder can supply movable material at
different iron qualities. Resulting change of
shifting thermal centres due to gravity ends
at this time. The principle of directional
solidification and it’s corresponding
simulative translation cannot be maintained
for cast iron after this point of time, this
means approx. 20 — 30 % of the total
solidification time at both ferritic and
pearlitic cast iron. Thermal centre still
existing or still arising at this point of time
have to be criticized with the consideration
of volume increase of graphite at a
controllable eutectic graphitization potential.
This must be different to the eutectoid
graphitization potential with the consequence
of ferritic and pearlitic cast iron.
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PART 3: INFLUENCE OF COOLING CONDITIONS AS WELL AS OF INOCULATION TO
THE SOLIDIFICATION STRUCTURE

CASTING METHOD

The hot-wire method as a measuring method
to analyse thermo-physical data of refractory
material is only conditionally suitable to
analyse thermo-physical data of the moulding
material, as the values analysed by this method
do not reflect the conditions within the mould
during casting. The long heating times,
necessary for this method due to the necessity
of a temperature balance, lead to modifications
within mould material. At each measurement
at more than 100 °C or even at nearly 100 °C
the moulding material will be completely
dried. At higher temperatures the lustrous
carbon former pyrolyse, and the bentonite, too,
changes due to loss of chemically combined
water. These processes, which may have
effects to the heat transfer within the mould,
do not take place within the mould in this way,
at least not at a greater distance to the casting
or within the time between pouring and
formation of a rigid outer shell.

Furthermore, it is hardly possible to effect
measurements under operation conditions
according to the hot-wire method. Due to the
fact that the thermo-physical data also
depend on the packing density of the mould
material and therefore depend on its
compaction, the mould — as a consequence -
has to be produced by a moulding machine
under operation conditions. Afterwards, the
hot wire would have to be built into the
mould, and the complete mould box would
have to be put into the furnace for analyse of
the temperature dependence.

RMZ-M&G 2005, 52

An alternative to analyse thermo-physical
data — especially under operation conditions
— is the casting method. This method is useful
for analysis of thermal diffusivity.
X
a=-2

pe, 3)
This value describes the speed, by which a
temperature modification spreads within
mould material.
The analysis of the thermal diffusivity is
made by the casting method by measuring
the spreading of a temperature front within
mould material. Although in general an
analytic solution of the heat conductivity
equation is not possible a solution can be
found for simple special cases, especially for
one- or two-dimensional problems. These
cases can be approached to a test by using a
geometrical simple body — for example a
cube, a plate or a cylinder. Such a mould is
poured and during solidification and cooling
process the temperature is measured at
different distances to the casting wall within
mould material. Design and size of the test
body are chosen in such a way to achieve a
temperature distribution within mould
material, which will be easily to describe.
This will only take place if the distance
between measuring position and casting wall
will be small compared with the expansion
of the casting wall releasing heat. If a one-
dimensional temperature distribution is
achieved (i.e. the temperature only depends
on the distance from measuring position to
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the casting wall) it is possible — by laying
down the heat balance — to calculate thermal
diffusivity according to

(3 {757))

a=
ooar| L-h LT (4)
| 2| ml 5
I n
At which r, r,, r, are radii of the three

measuring positions, At is the relevant period
of time, T, T,, T, are the average
temperatures of the three measuring points
within this section, and T, and T, are the
temperatures of the middle measuring point
at the beginning and at the end of this period
of time.

There are possible measuring points within
mould material in front of the middle of a
plate or a cube surface; easier measuring
conditions are given at a cylindrical test body.
By using a rotation symmetry several
measuring points may be arranged around
the test body (Fig. 11), and by taking the
average of measured curves it is possible to
reduce the effects of insecurities of
measuring positions and other faults of
measuring. The figured test arrangement
represents the optimum.

Due to mould technical reasons the test body
cannot be a perfect cylinder, as a certain
inclination of mould is necessary to remove
the pattern from the produced mould. For
measuring the temperature distribution
within mould material there are used thermo
couples without protection covering, which
are set into boreholes of less than 2 mm

diameter within mould material. Due to the
small mass of these thermo couples they can
quickly follow up modifications of mould
material temperature.

The thermo couples are set into blind holes,
which are cut into the mould material from
the mould joint by using a strickle. As the
thermo couples are led from the measuring
point (tip of the thermo element) up to the
mould joint at a parallel way to the casting

LS Sy

Z)
—d wra———t

Figure 11. Arrangement of measuring positions at a
rotationally symmetrical experimental set-up.
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wall and by that alongside the isothermal
line, a falsification of the measuring values
by the heat conduction of the thermoelectric
wire can be avoided. The lead-in wire of the
thermo couples are led to the outside along-
side the mould joint and are connected with
a multichannel data logger (Fig. 12). Due to
the grain structure of the mould material as
well as due to its rather low strength the
positioning of the thermo couples cannot be
done as accurate as desired. This is the reason

for using 6 trial equipments (each 4 thermo
couples) equally placed around the test
pattern (it was measured at a distance of 5,
10, 15 and 20 mm from mould wall).

The average of these 6 temperature curves
achieved by this method was taken, whereby
the highest as well as the lowest measuring
value have been ignored. Within mould
material result the following temperature
curves (Fig. 13).

Figure 12. Design of experiments.
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Figure 13. Average temperature curves within mould material.
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Figure 14. Calculated temperature diffusivity during test phase.

From this temperature curves the thermal
diffusivity during test phase can be conti-
nuously calculated. Only the area of cooling
phase has been evaluated, because after
pouring the liquid metal into the mould there
are further processes, which influence the
measurement and the evaluation. So an arrest
point of 100 °C can clearly be recognized at
the beginning of all temperature curves, after
that the temperature rises again and shows a
course, which corresponds to a heat transfer
by means of thermal conductivity. The arrest
point is caused by the displacement of water,
which was used for bonding purposes. This

3,00E-07

is the reason for not using this area within
the calculation of thermal diffusivity. A
second area at which the measurement
cannot be evaluated is within figure 14
approx. 2000 up to 2400 seconds. During this
time period a latent heat that compensates
the cooling for a certain period of time is set
free within the casting. During the further
course of the measurement temperature
differences become smaller and smaller, so
that the relative measuring error continuously
rises, until at least, at low temperatures, no
more evaluation will be possible.
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Figure 15. Calculated temperature dependence of temperature diffusivity
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Figure 16. Temperature curves of steel

If the calculated temperature diffusivity is
figured above the average temperature taken
within mould material (in the area of
measurement points) it results to Figure 14.

The gap, within calculated temperature
diffusivity curve, corresponds to the above
explained arrest point due to set-free latent
heat. But it is easily possible to define a com-
pensation curve that bridges this area (Fig. 15).

By using a single test it is possible to define
the thermal diffusivity of mould material for a
large temperature range (here: 200 up to
700 °C). Nevertheless the evaluation of the
used mould material — consisting of silica sand
with 8 % bentonite and adjusted to a
compactability of 45 % - shows a rather small
temperature dependence of thermal diffusivity.
Similar results have been achieved on further
tests, among other things with production
mould materials of participating foundries.

As expected, the steel tests do not show the
described arrest point of temperature curves.
The reason is the different solidification
behaviour of steel.
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At each participating foundry two measure-
ments had been done (Fig. 16).

It is conspicuous that at each second
measurement were always analysed higher
thermal diffusivity in the three foundries for
all test runs. This may eventually refer to the
fact, that the moulds were produced directly
one after the other, i.e. with an interval of
several minutes, according to machine cycle
time. But the positioning of the thermo
couples and the connection to the data
logging device took approx. 30 minutes per
mould, so that — although the second mould
had been immediately covered — a drying
resp. modification of mould material by
souring effect could not be excluded in the
course of time.

INFLUENCE OF DIFFERENT COOLING
CONDITIONS TO SOLIDIFICATION

The different thermal diffusivities of the
mould material, i.e. its different cooling
effect and by that a different cooling rate
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within casted metal —even at same conditions
—may cause different structures and by that
different shrinkage sensitivities. The effects,
which may have even small differences
within cooling rate, are shown in Figure 17.
In this diagram the relationship is shown
between the volume contraction and the
degree of saturation. It should be noted that
a volume expansion can only take place in a
small range of the degree of saturation,
defined by Si-contents, and this only for the
stable eutectic solidification, i.e. for low
cooling rate. At higher cooling rates the
curves rise up, so that no more volume
expansion can take place within short time,
even not at an optimum degree of saturation
of 1. Therefore a limitation of cooling rate is
necessary to secure a self-feeding.
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Figure 17. Theoretic volume modification of cast iron

It is apparent that the concept of the degree
of saturation is not only sufficient for
description of volume modification and by
that for the formation of shrinkage, i.e. the
figure of carbon with regard to the graphite

precipitation cannot be replaced for example
by silicon, as it has been done at correspon-
ding calculations of CE and Sc values.

But it also shows that at same chemical
composition in a first step there cannot be
differences between a pearlitic and a ferritic
cast iron with regard to structure, volume
modification and thereby shrinkage
behaviour. Ferritic and pearlitic amount will
not be fixed before eutectoid transformation
in solid condition.

Between the group of curves of stable and
metastable solidification there is the area in
which the structure will be defined by the
cooling rates thereby the shrinkage
behaviour, and that will be the result of
thermal diffusivity of mould material and the
set-free heat quantity of the test piece.

But this process is — at same carbon activity
within the melts - highly defined by diffusion,
diffusion length and the growth rate, because
in opposite to the ledeburite formation the
graphite precipitation is a kinetic problem.
The lower group of curves shows the
optimum of an inoculated stable solidifi-
cation with the effect of self-feeding.

A continuous transition is possible between
both groups of curves, which may be
expressed at the castings in form of hard
spots or carbides within structure. Each part
of carbide or ledeburite within the structure
increases the feeding demand in opposite to
the optimum. Due to the following transfor-
mation and precipitation processes in solid
it might be these processes during cooling
will not be recognized within metallographic
evaluations at room temperature.
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The adjustment of different cooling rates by
variation of thermal diffusivity of mould
material - for example by different
compactibilities or mould material compo-
sitions - is only hardly to realize in practice.
A pattern plate with test castings had been
made to control the dependences. By one
pouring there could be casted plates with
a thickness of 10, 20, 30 and 40 mm, a cube
with module 1.6 as well as a transverse link
for cars (Fig. 18).

Figure 19. Stepped wedge
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The different plate thicknesses led to
different moduli and by that to different
reproducible cooling rates. The transverse
links for cars were sawed, and the shrinkage
was compared with known fault protocols
of the foundry, but the results will not be
shown at this place. Parallel to this stepped
wedges were casted and compared (Fig. 19).

During the tests there were casted:
» ferritic and pearlitic adjusted cast iron,
*  with each 2 different inoculants.

By these it was varied:

»  carbon activity,

. diffusion coefficient,

»  diffusion length,

*  austenite resp. graphite growth.

Whereby further parameter were hold on a
constant level for example degree of
saturation, mould material composition etc..

Three test pieces were taken from each cube
or plate, each one of the top (near mould
joint), from the bottom and from the middle.

These test pieces were polished and they
were evaluated by using a image analysis
program with regard to the parameter:
e number of spheroids (recognized
spheroids per mm?) and
e graphite quantity (percentage
at surface).

As an example, Figures 20 and 21 show the
influence of different wall thicknesses (and
by that different cooling rates) to the forma-
tion of spheroids.

There are remarkable differences within the
single structures. By increasing wall
thickness and by that by decreasing cooling
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speed the number of spheroids decreases, but

their diameter increases. Especially inoculant

B seems to have its optimum effect at a wall

CASTING IN PLATE DESIGN

At left side the Figure 22 shows pearlitic cast

thickness of 30 mm. iron and in comparison ferritic cast iron at
right side. The upper diagram shows the
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Wurel Unten
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i ."A-'. - R LY}
30 mm Wend Unten 40 mm Vand Unten

Ferritisches Gusseisen, 0,4% Impfmittel B

Wvarfel Unten 10mm Wand Unten

20 rmm Wand Unten

30 mm Wand Unten

40 mm Vand Unten

Figure 20. Ferritic ductile, inoculated with inoculants A and B
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number of spheroids, the lower diagram
shows the surface component of spheroids
in percentage. Within each diagram inocu-
lants A and B are shown in comparison.

spheroids.

At pearlitic cast iron it is clearly to see, that
at same type and concentration of inoculant a
higher cooling speed (at lower wall thickness)
leads to an increase of the number of
The evaluation of surface
component does not show a uniform tendency.

Wvortel Unten

Perlitisches Gusseisen, 0,2 % Impfmittel A

10mm Wand Unten

20 mm Wand Unten

30 mm Wand Unten

40 mm Wand Linten

Perlltluhes Gusselsen. ll 3% I'npl'mlltel A

tUrnm Wand Unlan

"O mm Wand Unlen

350 tom Wend Unten—

40 mm Wand Unten

20 rnmnd nlen

Perlitisches Gusseisen, 0,4% Impfmittel A

0 mm Vvand Unten

40 mm ‘Wand Unten

Perlitisches Gusseisen, 0,2% Impfmittel B

wun‘el Unten

e
10mm Wand Untan

o L A AT T
20 mm Wand Unten

3U mm wand Unten

AU mm Wand Unten

VWorfel Unten

Perlitisch

IOmrn WWand Untan

e e
20 mm Wand Unten

es Gusseisen, 0,4% Impfmittel B

0 mm Wand Unten

40 mm Wand Unten

Figure 21. Pearlitic ductile iron, inoculated with inoculants A and B
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At ferritic cast iron the dependence of the
number of spheroids from cooling rate is
remarkably lower. Here, too, the surface
component does not show a uniform
relationship between wall thickness or
concentration of inoculant.

At both types of iron an inoculant concen-
tration of 0.3 % results to an optimum
number of spheroids. At higher inoculant
concentration the number of spheroids
decreases again.

STEPPED WEDGE

Giving same inoculant at same
concentrations the quicker type of cooling
shows a remarkable higher number of
spheroids (Fig. 23). Beginning at a wall
thickness of 30 mm this tendencies efface a
little and are not longer clearly. No basic
difference is to recognize between inoculant

Perlitisches Gusseisen, Spharolithenzahl
[1/mm?]

A and B. Inoculant B tends a little to a lower
number of spheroids.

On increasing addition of inoculant the
number of spheroids decreases at pearlitic
cast iron. At ferritic cast iron inoculant A
shows the same tendencies like pearlitic cast
iron, but at a remarkable lower number of
spheroids. At ferritic cast iron and at different
inoculant additions inoculant B shows
contrary behaviour to the use with pearlitic
cast iron. The number of spheroids increases
with increasing inoculant quantity.

On increasing inoculant addition the surface
component of spheroids decreases at both
inoculants. For inoculant A there is no
difference to recognize for all wall
thicknesses with an inoculant addition of
0.4 %, and for inoculant B the surface
component decreases even more. For both
inoculant quantities the influence of wall
thickness is shown. The lowest wall
thickness has the highest surface component,

Ferritisches Gusseisen, Spharolithenzahl
[1/mm?]

500 mpfmittel A mpfmittel B

500

450 4501
400 400 .
350 ‘.\././\ ?.\ 350 \\ A I Impfmittel B A
300 300
250 u i\‘l\.i 250 \ /{ .\\./{ |
200 200
15015 A 150 \././
morw ‘°°'4W"W
50 3 50 = e

0 0

10mm 20 mm 30 mm 40 mm Wiirfel 10mm 20 mm 30 mm 40 mm Wirfel
Wandstérke

10 mm 20 mm 30 mm 40 mm Wiirfel 10 mm 20 mm 30 mm 40 mm Wiirfel
Wandstérke

—+—0,2% —#—0,3% —4—0,4% —+—0,2% —=—0,3% —*—0,4%

Perlitisches i EL il Sphéroli iti: P!

[%] [%]
8 Impfmittel A Impfmittel B 8
7 X 7 Tmpfmittel A Tmpfmittel B A
6 6
N - NN — /RN
4 S sy N \ T~

N AT A A

3 S 3 = - e
2 2 L?b.\.
1 1
0 0

10mm 20 mm 30 mm 40 mm Wiirfel 10mm 20 mm 30 mm 40 mm Wiirfel
Wandstérke

——0,2% —8—0,3% —4+—0,4%

10mm 20 mm 30 mm 40 mm Wiirfel 10mm 20 mm 30 mm 40 mm Wiirfel
Wandstérke

——0,2% —=— 0,3% —+—0,4%

Figure 22. Graphite formation at test castings in plate design.
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which equally lowers down above 30 mm
up to 50 mm.

On ferritic cast iron the relation within wall
thicknesses are not as unequivocally as at
pearlitic cast iron, and the wall thickness of
30 mm seems to have a special position.
The effect of inoculant A and B clearly differs
on pearlitic and ferritic cast iron.

It has been shown that the thermal diffusivity
as a value for cooling of a casting is very
different within the different foundries, and
by that it has to be clearly defined at each
foundry as a decisive value for the
solidification simulation. Variations of more
than 30 % between the values of the different
foundries are the rule.

At the tests for definition of the influence of
different variable material values to the
graphite precipitation in form of:

*  number of spheroids,

e graphite quantity.

Ferritisches Gusseisen, Spharolithendichte

It has been shown that these values cannot
alone give sufficient information about the
quantity of eutectic graphite and by that about
volume deficits or a shrinkage volume to be
expected at solidification.

To be able to predict shrinkage volume by

means of:

*  physical values which define the solidi-
fication process,

*  variable mould material values which
define the solidification process,

»  variable material values which define
the solidification process.

It is necessary to get — on the side of material
— one or more new quantitative parameter,
which have to result from thermodynamic
criterions of solidification.

ol N\ , N\
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"
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10
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A0.2% A03% A04%

Impfmittel
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Figure 23. Graphite formation on casting of stepped wedges.
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PART 4: INFLUENCE OF MOULD AND MOULD MATERIAL

Besides the metal wall movement (Part 2)
the mould wall movement (the attributes of
the mould) is the second main influence
factor that has an effect on “apparent
shrinkage”. The dependence of the mould
wall movement results of:

*  type of mould material,

*  composition of mould material,

*  compaction,

*  mould box attributes.

Influence of mould box attributes

Four test cubes were positioned on a square
pattern plate, each two of them with a
modulus of 1.7 and 1.6 (Fig. 24). Each cube
was equipped with the corresponding
exothermic feeder.

By using this pattern equipment there were
formed and cast three moulds, under
simulation of different mould box attributes.

M1,6 M1,7
Nr4 Nr.3
M1,7 M1,6
Nr.1 Nr.2

Figure 24. Construction of pattern plate

All the moulds were made of a clay bonded
mould material (sand F32, 8 % bentonite A and
~2 % water) and compacted with a pneumatic

a) Without mould box

b) Filled in with resin bonded mould material

¢) With mould box and charged

Figure 25. Simulation of mould box attributes
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hand rammer. There was used spheroidal Fliiche der Wiirfel M1,7
graphite cast iron S, = 1 as casting material: 11000
e The first mould was poured without 10900 {—

mould box (Fig. 25a). There was used 10800 17

10700 +—

[mm?]

a conical wooden frame during ram- 10939

) 10600 +—— 10771
ming. The frame was removed after 10500 {——| i =:
compaction of the mould. 10400 ‘ ) i
ohne Formkasten mit mit Formkasten
*  The second mould was compacted by harzgebundenem
Formstoff
means of wooden frame, too. After re-
moving this wooden frame there was

Surface of cubes M1,7

set a metal frame around the mould. To Fléche der Wilrfel M1,6
increase the stability of the mould resin 9250
bonded mould material was filled in jopo !
between mould and metal frame T 0100
(Fig. 25b). E zggg — 9225 9212
*  To achieve an even higher mould sta- 8950 1—— - -:
bility it was chosen a rigid mould box O e Formbaston mit " it Formkasten
for the third mould and the mould was harmgeb e

Charged (F 1g. 2 SC)' Surface of cubes M1,6

There were taken photos from the castings Figure 26. Surface of the cubes (M1,6 and M1,7)

with sprue, runner and feeder as well as from Masse der Wilrfel M1,7 in [g]
the actual cubes. The mass of feeders and 2830
castings (cubes) were graphically evaluated, 7780
just as the surface of the cubes, sawed 7730

[g] 7680 7788

7630 I Ill
—

through the midst.

) [
The evaluation of the surfaces should docu- 7530 } T
R ohne Formkasten mit mit Formkasten
ment the size of the enlargement of the three harzgebundenem
different moulds. For the purpose of compa-
. purp P Mass of cubes M1,7 (g)
rison the contours of the sawed cubes were
copied on a sheet of paper, scanned into the Masse der Wilrfel M1,6 in [g]
computer and calculated. The surfaces shown 6060
above were defined by means of the average 6040 1~
values of the two indentic cubes of a mould. 6020 1 E
[9] 6000 ——— 6046
5980 —
Figure 26 shows the changes of the sawed 5960 1—— - el
cube surfaces for the three cast moulds in 5940 ‘ ) i
. R ohne Formkasten mit mit Formkasten
dependence of the “mould box stability”. The harzgebundenem

Formstoff

surfaces decrease on increasing stability of
the mould, and there is to remark no
difference within their behaviour between  Figure 27. Mass of the cubes (M1,6 and M1,7)
both moduli.
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By evaluating the mass of cubes and feeders
there should also be defined the size of the
enlargement of the three moulds. For the
purpose of comparison the feeders were
sawed off, and feeders and cubes were
separately weighed.

Figure 27 shows the mass of the cubes (M 1.6
and 1.7) and Figure 28 shows the total masses
(M1.6 and 1.7) of the three cast moulds. Just
like the evaluation of the surfaces the masses
shown in the figures were defined by means
of'the average values of the two identic cubes
of a mould. On the X-axle there are shown
the three moulds with the different box

Gesamtmasse M 1,7

8100

8080 +——

8060 +——

8040 +——

8020 +——

8000 +——

7980 +——

7960 +——

7940 +—— 306

7920 +——
7900 +——
7880 +——
7860 +——
7840 +——
7820 +——
7800 +——

917760 4|
7760 +——
7740 +—
7720 +—

7700 +—

7680 +——1

7660 +——f

7640 {—1 7788

7620 +——

7600 +——

7580 +——

7560 +——

7540 +——

7520 +——

7500

attributes, on the Y-axle there are shown the
masses (g).

The mass of the cubes decreases on increa-
sing stability of the mould, and there is to
remark no difference within their behaviour
between both moduli.

The evaluation of the mass of cubes clearly
shows, that the mass of the cube or the
enlargement of mould is the smallest one by
using a rigid mould box. The difference of
enlargement is much less between the
moulds without any mould box and the one
with resin bonded mould material filled in
between mould and metal frame.

Gesamtmasse M 1,6

6300

6280

6260

6240

6220

6200

6180

6160

6140

6120

[g] 6100

6080

6060

6040

6020

6000

5980

5960

5940

5920

5900

ohne Formkasten it harzgebundenem  mit Formkasten
Formstoff

Figure 28. Mass of the cubes and feeders
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First of all, you would assume that the cast
quantity of iron or the total mass is identical
for all the three moulds. But the
representation of total mass (Fig. 28) shows
that the mould enlarges already while
pouring the cast iron into the mould. In this
connection it becomes clear, that the
enlargement is the smallest one by using a
rigid mould box.

This test makes clear that the mould box
attributes have influence on the mould wall
movement. By comparing the differences
between the masses extending of mould wall
movement it is obviously mould wall movement
can unequivocally define the feeding behaviour
or the quality of a casting. The mould box
attributes tested in this experiment are relative
easy to stabilize in practice or should always
be constant on a plant.

The influence of type of bentonite / type
of mould material

The pattern equipment or the arrangement of
the cubes and the pouring system of the
preceding tests have been taken over, and the
cubes and the pouring system have been fixed

Figure 29. Pattern equipment

on a pattern plate, which could be installed in
a moulding machine. As the distance of the
cubes to the box border is important for the
valuation of the influence of the mould wall
movement, this distance has been the same
at each cube (75 mm) (Fig. 29).

Three different types of bentonite were used.
The relevant mould material attributes were
measured and stated for each mixture, but
they are not shown in this short version.
There were produced four moulds with
different contents of bentonite (5, 7, 9,
11 %) from each type of bentonite. There was
added coal dust to each mould material

1100000

Kantenvolumina M1,7

1098000

1096000

1094000

1092000

1090000

1088000

1086000

1084000 e |

1084314

[mm3]

1082000

1082107

1080000

1078000

[TT1T]
!

1076000
1074000
1072000
1070000

B N a* < s® N

Bentonit [%] <«

Figure 30. Edge volumes
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mixture, the quantity was half of bentonites’s
content.

Just like the preceding tests silica sand F32
was prepared with the different bentonite
types in a turbo-mixer. The cast iron (S, = 1)
was melted in a medium frequency coreless
crucible induction furnace.

In opposite to the preceding tests the cubes
were not sawed and their surfaces were not
evaluated, but the cube-edges were measured
and the volume was calculated.

The evaluation of the edge-volume (Fig. 30)
shows that for the three types of bentonite
the average values of volume of the cast
cubes was bigger than those of the original
pattern volume, whereby there was no large
difference between the three average values
of edge-volume.

It can be assumed that the enlargement of a
mould is not only defined by bulge of
surfaces, but also by the enlargement of the
“edge-frame” of the mould.

Influence of the type of bentonite

The influence of the type of bentonite to the
enlargement of the mould cavity is clearly
to recognize in the evaluation of the mass of
cubes (Fig. 31). The enlargement of mould
cavity is the biggest one at type A and the
smallest one at type C, whereby the
difference of enlargemet of mould cavity is
not as large between bentonite type B and C
as to bentonite type A.

The unequal behaviour of the three types of
bentonite (Fig. 31) is hardly to interpret by
means of the methylene blue value, as a com-
parison of these values is only possible for
clay-types of the same origin. To give reasons
for this behaviour an exact analysis of the
attributes of the three bentonite-types would
be necessary.

Influence of bentonite content
The influence of the bentonite content to the

enlargement of mould cavity is not easy to
interpret for the three tests (Fig. 31-33).

7580

Masse der Wiirfel/ M1,7

7560 |

7540

7520

7500

7480

7460

7440

[g]

7420 [ | 7566

7400
7380
7360
7340
7320
7300
7280

7531 sy

7507

§ ) S B B

O Bentonit A

7% 9% 1% 5% 7% 9% 1%
Bentonit [%]

mBentonit B m Bentonit C

Figure 31. Masses of cubes with M 1.7
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Masse der Speiser/ M1,7
430
420
410
400
390 4§
380 4
370 4§
360 §
350
340
330

320
310 3941 1 39

399

[9]

a1

395

300
290
280
270
260 H 278 |

I

293

250 H ]
240

5% 7% 9% M% 5% 7% 9%

Bentonit [%]

1% 5% 7% 9% 1%

[u] itA @ itB m it C

Figure 32. Masses of feders

An important influence of the bentonite
content to the enlargement of the mould cavity
is not recognizable at the three cast tests.

But it has to be considered that the mechani-
cal properties increase, too, with increasing
bentonite content. But on all cast tests this
overservation could not be connected with
the enlargement of mould cavity.

To achieve the respective mould condition
of each mixture at different bentonite con-
tents each of the mould material mixtures
need a different quantity of water. This

observation is easy to recognize, too, within
the mould material analysis, and it directs to
the fact that — besides the influence of the
type of bentonite — the compactability (water
content) seems to be the determining
parameter for the size of the mould wall
movement.

“Apparent shrinkage”

The graphic evaluation of the total masses
(Fig. 33) and the mass of the feeders (Fig. 32)
shows that already while pouring, the moulds
enlarge in different ways due to the ferrostatic
pressure and the casting heat. Dependent
bentonite-type the mass of the mould of
bentonite-type C is a little smaller than those
of bentonite-types A and B.

The enlargement of mould cavity and — as a
consequence — an increase of cube mass is
mainly marked at bentonite-type A. Here it
flows the most material from feeder for
compensation of mould space enlargement,
whereby at type of bentonite B at approx.
same total mass (Fig. 33) the mass of the
cubes are clearly less, but therefore the mass

7850

Gesamtmasse/ M1,7

1

7800
7750
7700
7650
7600
7550
7500
7450
7400
7350
7300

N

67

[a]
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5317507
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[T TTTITT]]

7250

5% 7% 9% 1%
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m Speiser Bentonit B [ Wiirfel Bentonit C m Speiser Bentonit C

7% 9% M% 5% 9% 1%
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7%

Figure 33. Total mass and partition to feeder and cube.
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of the feeders are clearly larger than it is at
bentonite type A. The mould space enlarge-
ment was smaller at this type of bentonite B
with the consequence that less material from
feeder was necessary for compensation of
mould space enlargement. At same type of
feeder bentonite B has a greater security
against “apparent shrinkage”.

The enlargement of mould cavity at each type
of bentonite does not show any tendency on
change of bentonite contents.

As the influence of bentonite contents to the
mould wall movement is not so important, it
was taken an average value of eight cubes
(M1.7) of each type of bentonites, which
were produced with different contents of
bentonite. At same time it was taken an
average value of the corresponding eight
compactabilities measured of the mould sand

mixtures. Figure 34 shows the average value
of'the mass of the cubes (M1.7) for each type
of bentonite above the average value of the
compactabilities.

The influence of the type of bentonite to the
enlargement of mould cavity is clearly to see
by means on Figure 34. By comparing the
mass of cubes of the bentonite-types B and
C the difference of masses is more than 60
g. Between type A and C there is even a
difference of nearly 200 g. This is approx.
3 % of the cube-volume, this value could
absolutely define the quality of a casting.

As a consequence of this test it becomes
clear, that the type of bentonite and the
compactability (water content) are two
important parameters that define the
enlargement of mould cavity and thereby
define the “apparent shrinkage”.

Masse der Wiirfel (Mittelwert)/ M1,7

7550

7500

7450

= 7542

7400

7350 7411

7300 E

39 45 49
Verdichtbarkeit [%]
O Bentonit A o Bentonit B = Bentonit C

Figure 34. Average values of mass of cubes as function of average values of compactabilities of moulds
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SUMMARY

At first several physical values defining the
solidification process are collected. These
physical values are characterised as variable
moulding material values after that.

Material values defining the solidification
process are afterwards described and than
their influence on feeding behaviour by
chemical composition explained. The real
feeding demand of a casting is described by
influence of the mould and than the idea of
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the “apparent shrinkage” is explained. With
thermal analysis results an assessment tool
for quality and solidification structure of cast
iron. Feeding behaviour of a melt can be
specified by this method.

Feeding is a transport phenomenon and there
are several different feeding mechanisms
during solidification time. It is shown that
feeders are only active till 20 — 30 % of the
solidification time.

This report will be continued.
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818 Instructions to Authors

(NEW) INSTRUCTIONS TO AUTHORS (from Sep. 2003)

RMZ-MATERIALS & GEOENVIRONMENT (RMZ- Materiali in geookolje) is a periodical publication with four issues
per year (established 1952 and renamed to RMZ-M&G in 1998). The main topics of contents are Mining and
Geotechnology, Metallurgy and Materials, Geology and Geoenvironment.

RMZ-M&G publishes original Scientific articles, Review papers, Technical and Expert contributions (also as short
papers or letters) in English. In addition, evaluations of other publications (books, monographs, ...), short letters
and comments are welcome. A short summary of the contents in Slovene will be included at the end of each paper.
It can be included by the author(s) or will be provided by the referee or the Editorial Office.

*Additional information and remarks for Slovenian authors:

English version with extended “Povzetek”, and additional roles (in Template for Slovenian authors) ean be written.
Only exceptionally the articles in the Slovenian language with summary in English will be published. The contribu-
tions in English will be considered with priority over those in the Slovenian language in the review process.

Authorship and originality of the contributions. Authors are responsible for originality of presented data, ideas
and conclusions as well as for correct citation of data adopted from other sources. The publication in RMZ-M&G
obligate authors that the article will not be published anywhere else in the same form.

Specification of Contributions

Optimal number of pages of full papers is 7 to 15, longer articles should be discussed with Editor, but 20 pages is limit.
Scientific papers represent unpublished results of original research.

Review papers summarize previously published scientific, research and/or expertise articles on the new scientific
level and can contain also other cited sources, which are not mainly result of author(s).

Technical and Expert papers are the result of technological research achievements, application research results
and information about achievements in practice and industry.

Short papers (Letters) are the contributions that contain mostly very new short reports of advanced investigation.
They should be approximately 2 pages long but should not exceed 4 pages.

Evaluations or critics contain author’s opinion on new published books, monographs, textbooks, exhibitions
...(up to 2 pages, figure of cover page is expected).

In memoriam (up to 2 pages, a photo is expected).

Professional remarks (Comments) cannot exceed 1 page, and only professional disagreements can be discussed.
Normally the source author(s) reply the remarks in the same issue.

Supervision and review of manuscripts. All manuscripts will be supervised. The referees evaluate manuscripts
and can ask authors to change particular segments, and propose to the Editor the acceptability of submitted
articles. Authors can suggest the referee but Editor has a right to choose another. The name of the referee
remains anonymous. The technical corrections will be done too and authors can be asked to correct missing
items. The final decision whether the manuscript will be published is made by the Editor in Chief.

The Form of the Manuscript

The manuscript should be submitted as a complete hard copy including figures and tables. The figures should also
be enclosed separately, both charts and photos in the original version. In addition, all material should also be
provided in electronic form on a diskette or a CD. The necessary information can conveniently also be delivered by
E-mail.
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Composition of manuscript is defined in the attached Template

The original file of Template is temporarily available on E-mail addresses:
joze.pezdic@ntfgeo.uni-lj.si, joze.pezdic@guest.arnes.si
barbara.bohar@ntfgeo.uni-lj.si

References — can be arranged in two ways:

- first possibility: alphabetic arrangement of first authors — in text: (Borgne, 1955),
or

- second possibility: [ numerated in the same order as cited in the text: example!"

Format of papers in journals:
Le Borgne, E. (1955): Susceptibilite magnetic anomale du sol superficiel. Annales de Geophysique, 11,
pp. 399-419.

Format of books:
Roberts, J. L. (1989): Geological structures, MacMillan, London, 250 p.

Text on the hard print copy can be prepared with any text-processor. The electronic version on the diskette, CD or
E-mail transfer should be in MS Word or ASCII format.

Captions of figures and tables should be enclosed separately. Figures (graphs and photos) and tables should be
original and sent separately in addition to text. They can be prepared on paper or computer designed (MSExcel,
Corel, Acad)

Format. Electronic figures are recommended to be in CDR, Al, EPS, TIF or JPG formats. Resolution of hitmap
graphics (TIF, JPG) should be at least 300 dpi. Text in vector graphics (CDR, Al, EPS) must be in MSWord Times
typography or converted in curves.

Color prints. Authors will be charged for color prints of figures and photos.

Labeling of the additionally provided material for the manuscript should be very clear and must contain at least
the lead author’s name, address, the beginning of the title and the date of delivery of the manuscript. In case of an
E-mail transfer the exact message with above asked data must accompany the attachment with the file containing
the manuscript.

Information about RMZ-M&G:

Editor in Chief prof. dr. JoZe Pezdi¢ (tel. ++386 1 4704-633) or

Secretary Barbara Bohar Bobnar, un. dipl. ing. geol. (++386 1 4704-630),

ASkerceva 12, Ljubljana, Slovenia

or at E-mail addresses:
joze.pezdic@ntfgeo.uni-lj.si, joze.pezdic@guest.arnes.si
barbara.bohar@ntfgeo.uni-lj.si

Sending of manuscripts. Manuscripts can be sent by mail to the Editorial Office address:
. RMZ-Materials & Geoenvironment

ASkerceva 12,

1001 Ljubljana, Slovenia

or delivered to:
e Reception of the Faculty of Natural Sciences and Engineering (for RMZ-M&G)

ASkerceva 12, Ljubljana
e E-mail — addresses of Editor and Secretary
*  You can also contact them on their phone numbers.

These instructions are valid from September 2003
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TEMPLATE

The title of the manuscript should be written in bold letters
(Times New Roman, 14, Center

NaME SURNAME!, ...., & NaME SURNAME® (TiMES NEw RomaN, 12, CENTER)
*Faculty of ... , University of ... , Address..., Country, e-mail: ... (Times New Roman, 12, Center)

THE LENGTH OF FULL PAPER SHOULD NOT EXCEED TWENTY (20, INCLUDING
FIGURES AND TABLES) PAGES (OPTIMAL 7 TO 15), SHORT PAPER FOUR (4) AND
OTHER TWO (2) WITHOUT TEXT FLOWING BY GRAPHICS AND TABLES.

Abstract(Times New Roman, Bold/Normal, 11): The text of the abstract is placed here. The
abstract should be concise and should present the aim of the work, essential results and
conclusion. It should be typed in font size 11, single-spaced. Except for the first line, the
text should be indented from the left margin by 10 mm. The length should not exceed
fifteen (15) lines (10 are recommended).

Key words: a list of up to 5 key words (3 to 5) that will be useful for indexing or searching.
Use the same styling as for abstract.

InTrRODUCTION (T1MES NEW Roman, BoLp, 12)

Two lines below the keywords begin the introduction. Use Times New Roman, font size 12,

Justify alignment.

There are two (2) admissible methods of citing references:

1. by stating the first author and the year of publication of the reference in the parenthesis
at the appropriate place in the text and arranging the reference list in the alphabetic
order of first authors; e.g.:

“Detailed information about geohistorical development of this zone can be found in:
Antonijevi¢ (1957), Grubi¢ (1962), ...”
... the method was described previously (Hoefs, 1996)”

2. by consecutive Arabic numerals in square brackets, superscripted at the appropriate
place in the text and arranging the reference list at the end of the text in the like
manner; €.g.:

“... while the portal was made in Zopel®! environment.”

RMZ-M&G 2005, 52



Template 821

REsuLTs AND DIscussiON (Times NEw Roman, BoLp, 12)

Tables, figures, pictures, and schemes should be incorporated (inserted, not pasted) in the
text at the appropriate place and should fit on one page. Break larger schemes and tables
into smaller parts to prevent extending over more than one page.

Concrusions (Times NEw Roman, BoLp, 12)
This paragraph summarizes the results and draws conclusions.
Acknowledgements (Times New Roman, Bold, 12, Center - optional)

This work was supported by the ****,

REFERENCES (TiMEs NEw Roman, BoLp, 12)

Regardless of the method used, in the reference list, the styling, punctuation and capitaliza-
tion should conform to the following:

FIRST OPTION - in alphabetical order

Casati, P., Jadoul, F., Nicora, A., Marinelli, M., Fantini-Sestini, N. & Fois, E. (1981): Geologia della Valle
del’Anisici e dei gruppi M. Popera — Tre Cime di Lavaredo (Dolomiti Orientali). Riv. Ital. Paleont.; Vol.
87, No. 3, pp. 391-400, Milano.

Folk, R. L. (1959): Practical petrographic classification of limestones. Amer. Ass. Petrol. Geol. Bull.; Vol. 43,
No. 1, pp. 1-38, Tulsa.

SECOND OPTION — in numerical order

W Treek, B. (2001): Solute transport monitoring in the unsaturated zone of the karst aquifer by natural tracers.
Ph.D. Thesis. Ljubljana: University of Ljubljana 2001; 125 p.

I Higashitani, K., Iseri, H., Okuhara, K., Hatade, S. (1995): Magnetic Effects on Zeta Potential and Diffusivity
of Nonmagnetic Particles. Journal of Colloid and Interface Science 172, pp. 383-388.

Citing the Internet site:
CASREACT-Chemical reactions database [online]. Chemical Abstracts Service, 2000, updated 2.2.2000 [cited
3.2.2000]. Accessible on Internet:<http://www.cas.org/CASFILES/casreact.html>.

PovzeTek (Times NEw Roman, 12)

A short summary of the contents in Slovene (up to 400 characters) can be written by the
author(s) or will be provided by the referee or by the Editorial Board.
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TEMPLATE for Slovenian Authors

The title of the manuscript should be written in bold letters
(Times New Roman, 14, Center)

Naslov ¢lanka (Times New Roman, 14, Center)

NaME SURNAME!, ...., & NaME SURNAME® (TiMES NEw RomaN, 12, CENTER)
IME PriMvEx!, ..., IME PRiMEKX (TiMES NEwW RomAN, 12, CENTER)

*Faculty of ... , University of ... , Address..., Country; e-mail: ... (Times New Roman, 12, Center)
XFakulteta..., Univerza..., Naslov..., Drzava; e-mail: ... (Times New Roman, 12, Center)

THE LENGTH OF ORIGINAL SCIENTIFIC PAPER SHOULD NOT EXCEED TWENTY
(20, INCLUDING FIGURES AND TABLES) PAGES (OPTIMAL 7 TO 15), SHORT PA-
PER FOUR (4) AND OTHER TWO (2) WITHOUT TEXT FLOWING BY GRAPHICS
AND TABLES.

DOLZINA IZVIRNEGA ZNANSTVENEGA CLANKA NE SME PRESEGATI DVAJSET
(20, VKLJUCNO S SLIKAMI IN TABELAMI), STROKOVNEGA CLANKA STIRI (4) IN
OSTALIH PRISPEVKOV DVE (2) STRANI.

Abstract(Times New Roman, Bold/Normal, 11): The text of the abstract is placed here. The
abstract should be concise and should present the aim of the work, essential results and
conclusion. It should be typed in font size 11, single-spaced. Except for the first line, the
text should be indented from the left margin by 10 mm. The length should not exceed
fifteen (15) lines (10 are recommended).

Izvlec¢ek(TNR, B/N, 11): Kratek izvle¢ek namena ¢lanka ter kljuénih rezultatov in ugotovitev.
Razen prve vrstice naj bo tekst zamaknjen z levega roba za 10 mm. Dolzina naj ne
presega petnajst (15) vrstic (10 je priporoceno).

Key words: a list of up to 5 key words (3 to 5) that will be useful for indexing or searching.
Use the same styling as for abstract.

Kljuéne besede: seznam najvec¢ 5 klju¢nih besed (3-5) za pomoc¢ pri indeksiranju ali iskanju.
Uporabite enako obliko kot za izvlecek.

InTrRODUCTION — UvoDb (TiMEs NEw Roman, BoLp, 12)
Two lines below the keywords begin the introduction. Use Times New Roman, font size 12,

Justify alignment. All captions of text and tables as well as the text in graphics must be
prepared in English and Slovenian language.
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Dve vrstici pod klju¢nimi besedami se zacne Uvod. Uporabite pisavo Times New Roman,
velikost ¢rk 12, z obojestransko poravnavo. Naslovi slik in tabel (vklju¢no z besedilom v
slikah) morajo biti pripravljeni v slovenskem in angleskem jeziku.

There are two (2) admissible methods of citing references — obstajata dve sprejemljivi metodi

navajanja referenc:

1. Dby stating the first author and the year of publication of the reference in the parenthesis
at the appropriate place in the text and arranging the reference list in the alphabetic
order of first authors; e.g.:

1. znavedbo prvega avtorja in letnice objave reference v oklepaju na ustreznem mestu v
tekstu in z ureditvijo seznama referenc po abecednem zaporedju prvih avtorjev; npr.:
“Detailed information about geohistorical development of this zone can be found in:
Antonijevi¢ (1957), Grubi¢ (1962), ...”

“... the method was described previously (Hoefs, 1996)”

2. by consecutive Arabic numerals in square brackets, superscripted at the appropriate
place in the text and arranging the reference list at the end of the text in the like
manner; e.g.:

2.z zaporednimi arabskimi Stevilkami v oglatih oklepajih na ustreznem mestu v tekstu in
z ureditvijo seznama referenc v Stevilénem zaporedju navajanja; npr.;

“... while the portal was made in Zopel® environment.”

RESULTS AND DISCUSSION — REZULTATI IN RAZPRAVA
(Times NEw Roman, BoLp, 12)

Tables, figures, pictures, and schemes should be incorporated (inserted, not pasted) in the
text at the appropriate place and should fit on one page. Break larger schemes and tables
into smaller parts to prevent extending over more than one page.

Tabele, sheme in slike je potrebno vnesti (z ukazom Insert, ne Paste) v tekst na ustreznem
mestu. Vec¢je sheme in tabele je potrebno lociti na manjse dele, da ne presegajo ene strani.

Concrusions — SKLEPI (TiMeEs NEw Roman, BoLp, 12)

This paragraph summarizes the results and draws conclusions.
Povzetek rezultatov in zakljucki.

Acknowledgements — Zahvale (Times New Roman, Bold, 12, Center - optional)

This work was supported by the ****,
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REFERENCES - VIRI (TiMEs NEw Roman, BoLp, 12)

Regardless of the method used, in the reference list, the styling, punctuation and capitaliza-
tion should conform to the following:
Ne glede na uporabljeno metodo pri seznamu citiranih referenc upostevajte naslednjo obliko:

FIRST OPTION - in alphabetical order (v abecednem zaporedju)

Casati, P., Jadoul, F., Nicora, A., Marinelli, M., Fantini-Sestini, N. & Fois, E. (1981): Geologia della Valle
del’Anisici e dei gruppi M. Popera — Tre Cime di Lavaredo (Dolomiti Orientali). Riv. Ital. Paleont.; Vol.
87, No. 3, pp. 391-400, Milano.

Folk, R. L. (1959): Practical petrographic classification of limestones. Amer. Ass. Petrol. Geol. Bull.; Vol. 43,
No. 1, pp. 1-38, Tulsa.

SECOND OPTION - in numerical order (v numeri¢nem zaporedju)

W Trcek, B. (2001): Solute transport monitoring in the unsaturated zone of the karst aquifer by natural tracers.
Ph.D. Thesis. Ljubljana: University of Ljubljana 2001; 125 p.

' Higashitani, K., Iseri, H., Okuhara, K., Hatade, S. (1995): Magnetic Effects on Zeta Potential and Diffusivity
of Nonmagnetic Particles. Journal of Colloid and Interface Science 172, pp. 383-388.

Citing the Internet site:
CASREACT-Chemical reactions database [online]. Chemical Abstracts Service, 2000, updated 2.2.2000 [cited
3.2.2000]. Accessible on Internet:<http://www.cas.org/CASFILES/casreact.html>.

Citiranje internetne strani:
CASREACT-Chemical reactions database [online]. Chemical Abstracts Service, 2000, obnovljeno 2.2.2000
[citirano 3.2.2000]. Dostopno na svetovnem spletu: <http://www.cas.org/CASFILES/casreact.html>.

PovzeTEK — SUMMARY (TiMES NEw Roman, 12)

An extended summary of the contents in Slovene (from one page to approximately 1/3 of
the original article length).

Razsirjeni povzetek vsebine prispevka v Anglescini (od ene strani do priblizno 1/3 dolZine
izvirnega Clanka).
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Number of SCI search (§tevilo SCI CItatoV) ....cc.eeeeieriirieiereceeee e 185

Number of paper indexing in different bases
(Stevilo indeksiranih ¢lankov v posameznih bazah)

CA SEARCH — Chemical Abstracts (1967 — Present) ........c.occeeeeveneeiereenieneesieneeeeeeenns 375
METADEX: Metal SCIENCE .....cceeruiriiriiiiiitiiiieierie ettt 135
GEORET .ttt bttt sttt 125
INSIAE CONTRIENCES ..ottt sttt ettt s 76
PASCAL ..ottt b ettt s ettt e e 30
Energy Science and Technolo@y .........ccoiiieiiiiiieiiiee e 27
Aluminium INAUSETY ADSIIACES .....cveviiiieieieeiieteiesie ettt ea e sbesteesse s sseesaesseenas 18
E1 COMPENAEX ...ttt ettt sttt e b bt e b et e eneeenes 13
EngineeredMaterials ADSLIACES .......ccccviriiiiirieriieieieiti ettt ere et sbeseeessebeeeaens 3
ANALYLICAL ADSITACES ....ouvieieiiitieeeieee ettt ettt ettt ebe et e teeaeeneens 1
FLUIDEX (Fluid Engineering ADSIIACES) ......ccevveerevierriirieieriesieeiiesiesreessessessesseessessesseeseenns 1
TULSA™ (Petroleum ADSIIACS) .....eeveruerieieienieeiieiesie et eieie st eteeeeseesseenee e ssesneesesseeneenes 1

Indexing also in (number of indexing not yet available)
(Indeksiran tudi v (Stevila vpisov §e nimamo)

Alloys Index, Bibliography and Index of Geology, Chemical Titles, IMM Abstracts and

Index (Institution of Minimg and Metallurgy), INIS Atomindex, Metals abstracts Index,
Nonferrous Metals Alert, Polimers, Ceramics, Composites Alert, Steel Alerty
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