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Abstract: The problem of hydraulic parameters estimation lies in the depth: the deeper the rock
formation, the more expensive and difficult the field tests and samples acquisition, and the more
challenging the technical issues. The article assesses the Triassic sandstone’s drainage potential at
the stage of shaft sinking. It focuses on parameter analysis in varied scales, from drill-core sample
laboratory testing, through a single well drawing test, to long-term pumping and recovery tests in
the well with observation piezometers. The obtained results are compared to the values estimated in
the past using different methods. Finally, the paper states whether it is reliable to forecast pore-fissure
sandstone drainage potential based only on core samples’ laboratory tests. This research proved
that lab tests underestimate pore-fissure rocks’ hydraulic parameters (mean hydraulic conductivity
k = 9.79 × 10−8 m/s) tenfold more than long-term pumping tests (mean k = 4.45 × 10−7 m/s). How-
ever, it can be concluded that the group of so-called “witness samples”, 10% of all core samples with
a top value of the hydraulic conductivity tested in the laboratory, can be representative of the aquifer
and comparable to the values obtained in pumping tests. With this in mind, we recommend using the
highest values of hydrogeological parameters from laboratory tests based on the worst-case scenario.
Therefore, it is possible to forecast inflows to the shafts reliably. This methodology is recommended
only for rocks of porous and pore-fissure character.

Keywords: open porosity; specific yield; hydraulic conductivity; pumping test; Triassic sandstone

1. Introduction

The reliable hydraulic properties of pore-fissure rocks are crucial to the accurate
prognosis of groundwater inflow to the sinking shafts. Moreover, they determine the safety
of mining operations and water management strategies. For example, a known unpredicted
catastrophic influx to the sinking shaft is the R-XI shaft accessing Poland’s “Rudna” copper
ore deposit [1]. Groundwater intrusion in 2002/2003 stopped the sinking process at a
depth of 600–635 m for nearly a year and showed that more attention must be paid to
hydrogeology when accessing deep deposits. Copper ore deposits in Poland’s Fore-Sudetic
Monocline (FSM) have been exploited for more than 60 years. As a result of many years
of mining, the resource base decreases, making it necessary to mine in deeper and less
accessible parts of the copper ore body. However, access to mineral resources at greater
depths is performed within complicated geological and hydrogeological conditions, causing
health and safety challenges. Appropriate solutions for the ore body-opening technology
should be based on reliable geological and hydrogeological research results. The best
method of assessing these conditions should rely on a factual assessment of the previous
exploration methods. Combined with an analysis of the predicted and measured data,
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weaknesses, and strengths of particular practices have been indicated. Hydrogeological
research preceding the design and construction of a shaft, if performed on a limited scale
or using low accuracy and reliability methods, provides incomplete and unreliable data [2].
Such imprecise recognition of hydrogeological conditions and geological structure leads to
inaccurately estimated inflows, as was proved during the long-term exploitation in FSM
(Figure 1). As a result, several critical influxes occured during shafts’ sinking and disrupted
or even stopped the process [1,3–5].

Figure 1. Comparison of predicted and measured inflows into the sinking shaft R-XI; (A) complete
data, (B) data in the range up to 0.1 m3/min (black square in (A); [2] modified).

The problem of adequately identifying hydrogeological conditions in the copper min-
ing area in FSM began to be described in the 1970s and 1980s [3,6,7] and remains valid.
It became more important with the development of numerical modeling methods and
their implementation to prognoses of water inflow to underground mine workings [2,5,8,9].
However, the software development was not followed by the explicit recognition of rock
mass filtration parameters. As a result, it caused problems in properly defining boundary
conditions or hydrogeological schematization [10] and adequate integration of laboratory
and field measurements [11,12]. Similar challenges were noticed in hydrogeological mod-
eling in mining areas worldwide. For example, one of the first review papers on data
reliability and quality and the investigation methodology for determining the hydraulic
parameters necessary for the initial inflow to shafts estimations for modeling purposes
highlighted the importance of field tests in drill holes [13]. Likewise, the application of
groundwater flow modeling for mining purposes and data quantity and quality challenges
were widely described based on examples from the Czech Republic [14]. However, pre-
dictions of groundwater states and flows based on numerical modeling are challenging
in mining and every application. Accurate recognition of hydrogeological parameters
of rock mass for shaft-sinking purposes is also crucial for proper design of the sinking
technology [15,16]. Thus, special attention must be paid to data collection, which was
presented in detail based on the case study of the Death Valley regional groundwater flow
system [17]. Cases from Poland and other countries mentioned above show that more atten-
tion must be paid to the hydrogeological properties of individual water-bearing horizons.
For deep multilayered aquifers, it is a considerable challenge mining engineering, hydraulic
engineering, and hydrogeology must face minimizing the risk of disaster, specifically at the
stage of shafts sinking.

The accuracy and reliability of estimated hydrogeological parameters of rocks and
soils vary with the scale of the investigation [18–24]. In most cases, the lowest values are
obtained on the test in the smallest point scale, such as laboratory tests of soil or core
samples [18,21,23]. In contrast, the largest values that characterize rock mass on a local or
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regional scale are derived by the filed tests (single- or cross-borehole pumping tests) [19–21].
The novelty presented by our work is comparing different methods of hydraulic properties’
estimation and an indication of the most reliable methodology of their evaluating for shaft
sinking in the pore-fissure rocks.

Our study provides: (1) reliable and unique data on Triassic pore-fissure sandstone
parameters as a referential for numerical modeling, (2) best practice guidance on the useful-
ness of the results obtained in different scales, (3) hydrogeological parameters of the Middle
and Lower Bunter sandstone in FSM are the objectives of this study. It has been done
based on field and laboratory tests presented in this article and allowed for comprehensive
hydrogeological characteristics of sandstone formations, classified as the Middle and Lower
Bunter sandstone, together with an assessment of their drainage potential at the stage of
shaft construction. Moreover, we ask whether it is reliable to forecast pore-fissure sandstone
drainage potential based only on core samples’ laboratory tests. We answer this question by
analyzing porosity, specific yield, storage coefficient, and hydraulic conductivity, examined
in varied scales from drill-core samples’ laboratory testing and a single well-drawing test
to long-term pumping and recovery tests in the cross-borehole. The novel approach was
implemented based on the methodology for estimating representative values of hydro-
geological parameters for pore-fissure rocks, taking into account the often overlooked
laboratory tests for samples derived from drill cores. Finally, the obtained results are
compared to the values estimated in the past using different methods and matched with
real inflows.

2. Materials and Methods
2.1. Study Area

The study area is situated in southwestern Poland on the FSM, between Gawronki
and Gawrony (Figure 2) in the north-eastern part of the Retków copper ore deposit, which
is a prospective part deposit designated for future exploitation.

Retków deposit
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Figure 2. Location of the research area within a copper ore deposit.
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The bedrock of the FSM is a complex of crystalline rocks formed in the Proterozoic
and older Palaeozoic periods (Figure 3) [25]. The Permian formations are represented by
the Rotliegendes sediments of red-colored conglomerate, shale, sandstone, and higher
volcanic rocks (rhyolite, rhyolitic tuff) [26]. They are overlaid by brownish-red sandstone,
which changes into grey and white in the upper part. Zechstein sediments are copper-
bearing shale, limestone, dolomite, anhydrite, rock salt, and clay shale [27], and overlay
the Rotliegendes part. The Zechstein is divided into four cyclothems: Aller (Z4), Leine (Z3),
Stassfurt (Z2), and Werra (Z1) (Figure 3). Triassic deposits, represented by the lower and
middle Triassic, lie conformably on the Zechstein formations. In the L=lower Triassic, the
Bunter sandstone is represented by sandstone, siltstone, and shale with limestone interbeds
in the lower and middle parts. The upper part of the lower Triassic (Röt Formation) is
characterized by marl, shale, siltstone, dolomite, limestone, anhydrite, and gypsum with
interbeds of marl. The Middle Triassic, represented by Muschelkalk, comprises limestone,
dolomite, marl, anhydrite, and gypsum. The Cenozoic formations are characterized by
Paleogene, Neogene, and Quaternary formations, which lie unconformably on Triassic
deposits. The Palaeogene–Neogene sediments are mainly quartz sand, glauconitic sand,
and clay with an interbedding of mud or sand. Quaternary formations consist of sand,
gravel, clay, and silt of the Southern and Central Poland glaciations. The Quaternary is
characterized by high lithological variability in vertical and horizontal profiles.

Figure 3. Location and geologic setting of the research area. Geologic cross-section along line A–B in
upper figure [28].

The hydrogeologic profile of the study area includes four aquifers: Quaternary,
Neogene–Paleogene, Triassic, and Permian (Figure 4) [5]. The Quaternary aquifer covers
sandy and sandy-gravel water-bearing layers of the Holocene and Pleistocene, which are
usually separated from lower layers by Pliocene clays of the Poznan series.
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Figure 4. Scheme of hydrogeological conditions of the pumping test area.

The Neogene–Paleogene water-bearing horizon includes water in sandy and sandy-
gravel layers within isolating layers: clay, silt, and brown coal. Three water-bearing
horizons can be distinguished within this horizon: over-coal (Pliocene and upper Miocene),
inter-coal (middle and lower Miocene), and under-coal (Oligocene). These three levels of
the Neogene–Pliocene aquifer may have hydraulic connectivity locally. The subject of the
presented research, the Triassic aquifer, is distinguished by an aquifer of shell limestone,
upper Bunter sandstone (Röt Formation), and middle and lower Bunter sandstone. The
middle and lower Bunter sandstone aquifer’s water occurs in the arkose sandstone, more
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rarely in quartz sandstone. This sandstone is interlayered with insets of poorly permeable
and impermeable sediments—shale and gypsum. The studied sandstone is characterized
by diversified grain sizes—from fine- to coarse-grained. Water-bearing formations of the
discussed zone occur in most of the FSM area. Sub-Cenozoic outcrops of this aquifer in
the area of the monocline spread in a wide belt, several kilometers wide, located to the
northeast of outcrops of older, lower Zechstein formations (cyclothem Z4). Paleogene
sediments are present above the sub-Cenozoic outcrops of this aquifer in unconsolidated
sandy formations and isolating layers of silt and clay. To the north and north-west of the
sub-Cenozoic outcrops of the middle and lower sharp sandstone, the aquifer is covered
by isolating sediments (mudstones) overlain by carbonate water-bearing sediments of the
upper Bunter sandstone and Muschelkalk. The middle and Bunter sandstone sediments are
underlaid by separating rocks of Zechstein’s siltstone and anhydrite. In the copper-bearing
area, the thickness of the Middle and Lower Bunter sandstone completely disappears
in the southwestern region of its sub-Cenozoic outcrops. In the northern areas of the
documented copper ore deposits, the maximum thickness reaches approx. 600 m. In the
study area, the thickness of sediments of this aquifer ranges about 450 m. The hydraulic
conductivity of the discussed aquifer in the copper-bearing area of the FSM ranges between
10−9 m/s ÷ 10−6 m/s [29]. The Permian aquifer comprises the Zechstein and Rotliegendes
aquifers and includes sedimentary and relict water. It is built of dolomite, limestone, and
gray and red sandstone separated by impermeable layers.

2.2. Methods and Calculations
2.2.1. Field Test

Field hydrogeologic investigations in the middle and lower Bunter Sandstone aquifer
were based on pumping tests in the well (W-1) with two observation wells (O-1, O-2;
Figure 2). The pumping test ran between 08.07 and 02.09.2016 at a depth from 684.7 m to
755.0 m. It covered purge pumping and measurement pumping. Each was completed by
recovery of the water level. Purge pumping was conducted to remove the drilling mud
and decontaminate the near-borehole zone [30,31]. A submersible electronic hydrostatic
pressure sensor—APLISENS SG-25, and a backup Solinst Levelogger Edge water level
sensor were used for constant, automated observation of the water level in the wells.
Additionally, control manual measurements were taken with the SEBA Electric Contact
Meter Type KLL. The pumping test flow rate was measured using an electromagnetic flow
sensor Siemens MAG 3100. The pumping test was performed as a two-drawdown step
procedure (Figure 5) [30]. The first drawdown step was carried out with the pumping rate
of 60.0 m3/h for 9 days and 23 h, and the second was carried out with the rate of 80.0 m3/h
for 40 days and 1 h 30 min. After the pumping test was completed, observations of water
table recovery in the boreholes were conducted for 74 days in the pumping borehole
and 56 days in the piezometers. Interpreting the pumping test with the determination
of the hydraulic conductivity was carried out using methods for non-steady flow. The
hydraulic conductivity and storage coefficient was determined based on measurements
from a pumping borehole (W-1) and two piezometers (O-1 and O-2) using the AquiferTest
software. For the W-1 borehole, both for the period of pumping and stabilization of the
water table, methods were applied which consider the influence of so-called “well effects”
on the obtained measurement results. For measurements from pumping, “Agarwal’s
method” was used, and for measurements from stabilization, “Agarwal’s solution” was
applied, taking into account the assumptions of the above method [32–34]. Measurement
data from piezometers O-1 and O-2 were interpreted using the Theis method, and for data
from the stabilization period, the Theis method, Agarwal’s solution [32,34,35]. Data from
the complete pumping and stabilization period were included in the interpretation. Only
the initial 10 min of the 2nd pumping step were omitted because of the significant stepwise
variability in the magnitude of the pumping rate. For the 1st and 2nd pumping test steps,
the variability in pumping rates during the tests was included in the calculations.
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For comparison of parameters estimated with the software storage coefficient was also
calculated using the formula [36]:

S = 3 × 10−6b (1)

where b is saturated aquifer thickness in meters.

0

50

100

150

200

250

300

350

400

450

5000

20

40

60

80

100

120

140

160

180

200

220

240

260

280

0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000

W-1

O-1

O-2

analyzed time period

Q

d
ra

w
d

o
w

n
 m

time min

1-st step 2-nd step water-table stabilization

p
u

m
p

in
g

st
o

p
p

e
d

(h
a

rd
w

a
re

fa
il

u
re

)
te

st

p
u

m
p

in
g

ra
te

 m
/h

3

Figure 5. Pumping test progress.

The rock quality designation (RQD) index, developed by Deere et al. (1967) [37], was
also implemented to analyze hydrogeological parameters. RQD is defined as the borehole
core recovery percentage or ratio incorporating only pieces of a solid core longer than
100 mm in length measured along the core’s centerline of the core [38]. It is distinguished
for selected structural domains or specific sizes of core [39]. It was estimated in the field
while the core was logged during the drilling operations.

2.2.2. Laboratory Test

Laboratory studies were also significant in determining aquifer parameters. After
the drilling of boreholes, rock samples were taken from drill cores to test hydrogeological
parameters in terms of open porosity (po), specific yield (Sy), and hydraulic conductivity
(k). The hydrogeological parameters of sandstone were studied on 36 samples at the AGH
University of Science and Technology in Krakow. Samples were taken from those sections
of the core that allowed a smaller diameter sample to be cut. The samples ready to test
were cylindrical (diameter 50 mm; length 55 mm, (Figure 6A)). First, the open porosity
was determined. The next step was the determination of specific yield using a high-speed
centrifuge. Finally, hydraulic conductivity was determined.

Open porosity (po) (interconnected porosity) is one of the elementary microstructural
characteristics of rocks. It determines the proportion of interconnected pores regard-
less of their size in the volume of the rock sample. Tests were performed based on the
method described in the literature and saturating samples in water, called the Archimedes’
method [10,40–43]. The value of the open porosity was calculated from the formula [43,44]:

po = (Ga − Gd)/(Ga − Gw)× 100% (2)

where Ga is the weight of the sample saturated with water (24 h) and weighed in air, Gd is
the weight of the sample dried at 110 ◦C for 24 h, Gw is the weight of the sample saturated
with water (24 h) and weighed in water.
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To determine the ability of rocks to drain free water under the effect of gravity, we
estimated the specific yield (Sy), which defines the volume of water that can drain away
from a unit volume of rock [36,45,46]. The method used to determine the rock’s Sy is based
on a laboratory centrifuge (Figure 6B) [47,48].

Figure 6. Core prepared for parameter determination (A), samples placed in a high-speed cen-
trifuge (B), test equipment for measurement of k (C).

The centrifuge’s speed is adjusted to the height of the sample to simulate a negative
pressure of 10 m of the water column, which is assumed to be the maximum value occur-
ring in nature and simulates natural drainage lasting 5–20 years. This value is used in
international research [10,42–44,49]. The Sy was calculated from the formula:

Sy = Vw/Vr (3)

where Vw is the volume of drained water released by a suction pressure equivalent to a
water column 10 m high (cm3), Vr is the volume of the sample/rock (cm3).

All the samples were centrifuged for 30 min, equivalent to the percolation time un-
der natural conditions from 2 to 2.5 years. This interval was calculated according to
Prill et al. [48] as the relationship between percolation time (Tn) of gravitational water in
nature and centrifugation time (t):

(Tn/t) = (a/g)2 (4)

where: a—centrifugal acceleration, g—gravity.
Hydraulic conductivity (k) is one of the most important parameters used in hydro-

geology. It is determined from the measured intrinsic permeability (kp). Intrinsic perme-
ability was determined in Dulinski’s [50] apparatus, the gas permeameter (Figure 6C).
This works on forcing the flow of compressed gas (liquid) through the dried sample. The
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absolute pressure “before” and “after” the sample and the amount of gas flow is measured.
Formula (5) [42,43] is used for calculations:

kp = 2Qplη/F(p2
1 − p2

2) (5)

where: kp is intrinsic permeability (Darcy), Q is the volume of flowing gas (cm3/s), p is
atmospheric pressure (at), l is sample length (cm), η is dynamic gas viscosity coefficient
(cP), F is sample cross-sectional area (cm2), p1 is the pressure of gas before sample (at), p2 is
the pressure of gas behind sample (at).

The Formula (6) describes the relationship between intrinsic permeability and hy-
draulic conductivity [43]:

k = kp(γw/ηw) (6)

where: k—hydraulic conductivity (cm/s), kp—intrinsic permeability (Darcy), γw—water
specific gravity (g/cm3), ηw—water dynamic viscosity coefficient (cP).

From (6) we find that (at temp = 10 ◦C):

k = 7.66×10−6kp (7)

3. Results
3.1. Field Test

The value of hydraulic conductivity k determined on measurements from the first step
of test pumping for the W-1 borehole was 3.31 × 10−7 m/s. For the observation wells, it
was 3.71 × 10−7 m/s (O-1) and 5.80 × 10−7 m/s (O-2). The arithmetic mean of the whole
system (pumping well with observation wells) was 4.27 × 10−7 m/s.

Based on measurement data obtained in the second step of the pumping test, the
calculated value of k for the test borehole (W-1) was 3.82 × 10−7 m/s, and for the observation
wells—3.92 × 10−7 m/s (O-1) and 5.62 × 10−7 m/s (O-2). As a result, the arithmetic mean
value of the k equal 4.45 × 10−7 m/s was calculated for the whole system (pumping well
with observation wells) (Figures 7–10).

Measurements made during water table recovery in a pumping well (W-1; (Figure 11)
determined k of 3.88 × 10−7 m/s and in observation wells—3.71 × 10−7 m/s (O-1) and
4.58 × 10−7 m/s (O-2) (Figure 12), on average for the whole system (pumping well with
observation wells)—4.06 × 10−7 m/s.

Matching calculated depression with measured depression (Figure 13), as well as
matching statistics (Table 1), indicate that the above parameters calculations are reliable.

Figure 7. Analytical diagram for measurements in O-1 and O-2 during the first step of the pumping
test (Theis method).



Energies 2023, 16, 2263 10 of 22

Figure 8. Analytical diagram for measurements in W-1 well during the first step of the pumping test
(Agarwal’s method).

Figure 9. Analytical diagram for measurements in O-1 and O-2 during the second steps of the
pumping test (Theis method).

Figure 10. Analytical diagram for measurements in W-1 well during the second step of the pumping
test (Agarwal’s method).
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Figure 11. Analytical diagram for measurements during recovery in the W-1 well (Agarwal’s method
considering well effects + Agarwal’s solution).

Figure 12. Analytical diagram for measurements during recovery in observation wells O-1 and O-2
(Theis method + Agarwal’s solution).

Figure 13. The plot of measured borehole depression vs. value calculated by the software

The results obtained from the pumping test classify the rocks into semi-permeable [51]
or low-permeable rocks [52]. The water storage coefficient S value was also determined
based on the analyses performed. Averaged values of this parameter for observation wells
O-1 and O-2 of the first and second step of the pumping test are equal to 2.27 × 10−4

and 2.18 × 10−4, respectively, and the average value for measurements during recovery is
4.02 × 10−4. A similar result, 4.49 × 10−4, was obtained from Formula (1) calculations by
which the S-value is estimated from the thickness of the aquifer.
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Table 1. Matching statistics between measurements taken during the pumping test and model values
calculated with the software.

Pumping Test Well No Mean ∆s [m] Sum of Squared
Errors [m2] Variance [m2]

Standard
Deviation [m]

1st step W-1 0.014 799.087 3.386 1.84
1st step O-1 0.054 59.743 0.234 0.484
1st step O-2 0.108 42.545 0.212 0.460
2nd step W-1 0.003 795.837 0.846 0.920
2nd step O-1 0.007 173.542 0.496 0.704
2nd step O-2 0.014 81.773 0.224 0.473

Recovery after 2nd step W-1 −0.097 4578.936 3.134 1.770
Recovery after 2nd step O-1 −0.003 1367.277 0.522 0.722
Recovery after 2nd step O-2 0.074 1038.755 0.396 0.630

3.2. Laboratory Test
3.2.1. Characteristics of the Rock Samples

Macroscopic analysis of the rock samples identified three groups of sandstone: very
fine-grained, fine-grained, and medium-grained.

The very fine-grained sandstone samples (seven samples) occur in the depth interval
of 604–687 m in single layers of small thickness. These are samples of red or brownish-red
quartz sandstone with gray layers added. They are layered flat-parallel or have wavy
lamination. The mineral composition is dominated by transparent and semitransparent
quartz grains, mainly pink, of spherical or ellipsoidal shape. The shape of the grains is
semi-sharp to rounded. The lithic components are light and dark micas. Ferrosilicate
binder predominates.

Fine-grained sandstone was the most popular in the analyzed samples and occurred
in the complete profile (24 samples) as red or brownish-red quartz sandstone. In the depth
interval of 640.0–644.0 m and 697.0–730.0 m, light gray and light green color dominates.
Flat-parallel lamination up to 1mm thick predominates. Quartz dominates the mineral com-
position with semitransparent, pink, or grey grains. Grains are spherical and semi-rounded
to rounded. The lithic constituents are light and dark micas. Silica binder predominates.

Medium-grained sandstone represents the minor group of four analyzed samples.
They occur locally below 700.0 m and comprise red-brown to reddish quartz sandstone. Flat-
parallel, continuous lamination dominates here, and laminae are light red and brownish red.
The main mineral component is transparent and semitransparent Quartz, locally pink or
yellow. Grains are semi-rounded and shaped spherical or ellipsoidal. The lithic components
are light and dark micas and clay minerals. The sandstone is brittle and porous. Iron–silica
or clay–silica binder dominates.

3.2.2. Interconnected Porosity (po)

The studied sandstone’s open porosity (po) is relatively high. Values are between
0.0098 (Table 2) and 0.1894, with a mean of 0.0918 and a standard deviation of 0.0105. Very
fine-grained and fine-grained sandstone showed similar po values. However, the highest
po values were recorded for medium-grained sandstone (mean 0.1308).

The distribution of po is not homogeneous. Two subgroups with a similar parameter
distribution can be distinguished but shifted to each other (Figure 14). In the first subgroup,
we have fine-grained sandstone with low po (up to about 0.06). Sandstone with much
higher po values (0.12–0.19) is placed in the second subgroup. Lower values belong to
fine-grained sandstone (po < 0.15), and higher po > 0.15 to very fine-grained and medium-
grained sandstone.
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Table 2. Statistics of the measurement date set.

Rock Type Parameter
Very

Fine-Grained
Sandstone

Fine-Grained
Sandstone

Medium-Grained
Sandstone

Sandstone in
Total

po

Number of
samples 6 24 4 34

Min. 0.0098 0.0136 0.0614 0.0098
Max. 0.1893 0.1829 0.1820 0.1894

Arithmetic Mean 0.0807 0.0881 0.1308 0.0918
Geometric Mean 0.0514 0.0219 0.1211 0.0683

Median 0.0401 0.0583 0.1398 0.0624
Standard
Deviation 0.0771 0.0583 0.0521 0.0611

Variance 0.0059 0.0034 0.0027 0.0037

Sy

Number of
samples 1 13 3 17

Min. - 0.0017 0.0160 0.0018
Max. - 0.0849 0.0495 0.1059

Arithmetic Mean - 0.0422 0.0374 0.0451
Geometric Mean - 0.0219 0.0333 0.0259

Median - 0.0389 0.0466 0.0466
Standard
Deviation - 0.0322 0.0185 0.0327

Variance - 0.0010 0.0003 0.0011

k

Number of
samples 5 23 3 31

Min. 7.00 × 10−12 4.25 × 10−12 3.67 × 10−10 4.25 × 10−12

Max. 1.65 × 10−6 4.89 × 10−7 1.85 × 10−7 1.65 × 10−6

Arithmetic Mean 3.31 × 10−7 5.10 × 10−8 6.90 × 10−8 9.79 × 10−8

Geometric Mean 1.22 × 10−10 4.58 × 10−10 1.22 × 10−10 5.24 × 10−10

Median 9.73 × 10−12 5.31 × 10−10 2.17 × 10−8 3.67 × 10−10

Standard
Deviation 7.40 × 10−7 1.14 × 10−7 1.01 × 10−7 3.06 × 10−7

Variance 5.47 × 10−13 1.29 × 10−14 1.02 × 10−14 9.39 × 10−14

3.2.3. Specific Yield (Sy)

Sy values were measured for 17 samples of fine-grained sandstone. The remaining
17 samples were mechanically disintegrated at the centrifugation stage. Unfortunately, this
does not allow a comparison of results for the three distinguished sandstone groups. The
Sy value of tested samples ranges from 0.0018 to 0.1059 (Table 2). The arithmetic mean is
0.0451, with a standard deviation of 0.0079.

3.2.4. Hydraulic Conductivity (k)

The last measured parameter in the laboratory tests was the hydraulic conductivity (k),
determined for 31 samples. Measurements were made three times, and the average of these
three measurements was taken for analysis. The k of the sandstone matrix shows variation
from 4.25 × 10−12 m/s to 1.65 × 10−6 m/s; the geometric mean is 9.79 × 10−8 m/s, and the
standard deviation is 3.06 × 10−7 m/s. Very fine-grained and fine-grained sandstone show
very similar k values (Table 2). In medium-grained sandstone, the lower limit of the k value
is two orders higher than in fine-grained.

The distribution of k values is logarithmic but not homogeneous (Figure 14). Three sub-
groups can be distinguished. The first is sandstone with a very low k value (7.37 × 10−12 m/s
to 9.73 × 10−12 m/s), mainly fine-grained and very fine-grained, probably with small pore
sizes. The second subgroup is very fine-grained, fine-grained, and medium-grained sandstone
with k oscillating between 1.58 × 10−11 m/s to 1.39 × 10−9 m/s). In this case, the slope of
the approximating line is significantly lower, which indicates a more significant variation
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in the pore space distribution in the samples. The third group consists of sandstone with
higher permeability values (1.26 × 10−8 m/s to 1.65 × 10−6 m/s)) and well-developed pores
where individual pores connect and enable water flow. The macroscopic observations show
that the samples with clay interlayers tended to have lower k values than those without
clay interlayers.

Figure 14. Cumulative frequencies of po, Sy, and k [m/s].

3.2.5. Variation of the RQD and Hydrogeological Properties with Depth

The analysis of changes in the described parameters should start with assessing the
quality (strength) of the drill core since it describes the mechanical strength of rocks and
indirectly tells about the binder that holds grains together. The RQD index was used for
this purpose, and its analysis indicates that the studied rock mass has different mechanical
strengths depending on the depth (Figure 15). Three zones with different RQD values can
be distinguished. The first zone begins at 595.0 m and extends to a depth of 723 m. In
this zone, the rock mass shows high mechanical strength, RQD > 80 for most of this zone
(Figure 15). The exception is the interval from the depth of 690.0 m to 700.0 m, where locally,
the RQD drops to the value of 60–63. Below the depth of 730 m, the zone of weakened
rock mass begins, where the RQD index drastically drops to the value from 20 to 50. In an
interval of 735–737.5 m, it reaches a minimum value of RQD = 0, and at a depth between
747.0 and 750.2 m, RQD equals 6.25. This zone ends at a depth of 796.0 m, where there is a
significant increase in the strength of the rock mass RQD > 80, with local zones of weakness
in the range of 804.0 m–808.0 m and 810.0 m–814.0 m. Such a distribution of RQD indicates
the mechanical strength of the rock mass translated into the ability to collect samples for
laboratory testing. Therefore, samples were taken from those strong enough fragments to be
mechanically processed (cutting smaller core fragments of a specific, smaller diameter). In
addition, the samples had to have sufficient mechanical strength to survive centrifugation
in a high-speed centrifuge. For this reason, there are no samples from core fragments with
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RQD < 50. There is no evident variability of hydrogeological parameters with depth. It
is possible to distinguish zones in the profile with low values interspersed with zones
with high values of measured parameters. The zones with low values are the depth zones
625.0 m–640.0 m, 680.0 m–700.0 m, and below 810 m (Figure 15). A slight correlation
between their occurrence with local zones of reduced RQD can be noticed.

Figure 15. Distribution of po, Sy (A) and k (B) in the vertical profile.

3.2.6. Correlation between Hydrogeological Parameters

The arrangement and geometry of the matrix determine the values of po, Sy, and k. The
homogeneity of the grain size, the shape of the grains, and the degree of grain cementation
influence this. The degree of grain cementation will be indirectly indicated by the RQD
parameter, the variation of which with depth was discussed earlier. The correlation between
RQD and depth is moderately negative. Negative moderate correlation between RQD and
po is evident (Figure 16, Table 3).

The analysis shows a fairly strong correlation between po and Sy (R = 0.70) (Figure 17).
Correlation analysis for k shows its moderate correlation with Sy (R = 0.67) and po (R = 0.45).
On the other hand, there is no visible correlation between depth and Sy and k, as well as
between RQD and Sy and k.

Table 3. Correlation matrix between measured parameters.

Depth po Sy k RQD

depth 1.00 0.27 0.13 0.00 −0.62
po 0.27 1.00 0.70 0.45 −0.49
Sy 0.13 0.70 1.00 0.67 −0.08
k 0.00 0.45 0.67 1.00 −0.03

RQD −0.62 −0.49 −0.08 −0.03 1.00
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Figure 16. RQD vs. depth, po and k in the sandstone.

Figure 17. k vs. po and Sy, po vs. Sy.

4. Discussion

The middle and lower Bunter sandstone horizon is characterized by high horizontal
and vertical variability in terms of water flow. It is formed in fine- and medium-grained,
medium-bedded sandstone, locally brittle and multi-directionally fractured. Core recovery
was observed in a wide range of 10–90%. Additionally, mudflow escapes were common
while drilling this horizon.

RQD parameter analysis indicates the presence of a zone of mechanically strong,
highly cemented sandstone and a zone of mechanically weak sandstone. In the weak zone,
there are numerous clay inserts and delaminations. This results in privileged groundwater
flow paths, reflected in mudflow escapes and large water inflows to the borehole. In the
discussed borehole, such a zone occurs below a depth of 700 m. The negative correlation
between RQD and po indicates that binder influences the level of permeable fractures. We
observe lower interconnected porosity in rocks with higher strength and more binder. The
second factor determining interconnected porosity is sandstone grain sorting. Samples
with good sorting (medium-grained sandstone) have higher po values than samples with
worse sorting (finer material fills the pore spaces).

The good correlation of po with Sy indicates a close relationship between these param-
eters, which is typical for sandstone where water fills the pore spaces. If a depression cone
is formed, it is drained according to local pressure gradients and determines the long-term
inflow to the mine workings.

One of the most important parameters determining the possibility of groundwater
flow is hydraulic conductivity (k). The studied samples show three subgroups of results
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with different water filtration properties, which depend mainly on pore formation and
connections between them. Low values of k are found in local weak zones of the rock mass,
which may indicate admixtures of clay minerals that fill the pore space and restrict water
flow. Analysis of the results from the laboratory measurements shows that we obtain much
lower k values in these studies than in the pumping tests. Only the six highest k values from
laboratory measurements were similar to the k result from the pumping test. It means that
direct adopting the results of laboratory measurements to calculate groundwater inflow
gives the underestimated ability of rock mass drainage.

Information from archival hydrogeologic documentation was collected to evaluate the
results on a regional scale. These are data from pumping tests performed in the middle
and lower Bunter sandstone horizon since the 1970s. One hundred verified field tests were
used to create a probability distribution plot of k. Results show hydraulic conductivity
calculated from the single well (borehole) pumping tests ranging from 2.30 × 10−8 m/s to
2.60 × 10−6 m/s (Figure 18, blue points), average 6.48 × 10−7 m/s. The results obtained
during the pumping tests classify the rocks into semi-permeable [51] or low-permeable
rocks [52].

The k-values estimated based on current laboratory tests and pumping well W-1 are
plotted on this graph for comparison to archival results from pumping tests. The W-1
pumping test results indicate that the rocks are low permeable and included in the regional
values’ upper zone. The laboratory results are shifted towards lower values and indicate
that very low and low permeability rocks dominate. Such laboratory and pumping k values
distribution suggest that the inflow to the mine will have two components (short-term and
long-term), as described below, that are related to the scale of water-bearing voids.

Figure 18. Values of the hydraulic conductivity of the middle and lower Bunter sandstone horizons
determined from a single well pumping test (blue) ([53]), W-1 well-pumping test (green), and
laboratory tests (orange) within the current study. x ± s: mean ± standard deviation, x ± 2s: mean ± 2
times standard deviation. Classification according to the Hydrogeological Dictionary [45].

The tested volume of the aquifer or sample strongly influences the obtained results, as
was also proved by studies conducted in various laboratories (e.g., [18,54,55]). Different k
values are obtained under laboratory conditions and during field measurements for the
same sampled lithological interval (Figure 19). However, hydraulic conductivity increases
with the scale of the tested pore-fissure rock mass (Figure 19). The same rule was observed
in a described case; k measured in a laboratory is tenfold lower than in the pumping test
in the well W-1. Moreover, such a distribution of results indicates that the pumping test
shows the drainage ability of large rock intervals and gives information on water stored
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in privileged regional structures (tectonic zones, rock faults, connected voids, etc.). These
structures will be drained at first during the opening of the deposit and will provide a large
and fast inflow (short-term component). They will also be responsible for the inflow to the
shaft during the sinking operation. The laboratory measurements indicate values typical
for the local rock matrix that will determine the inflow conditions to the mine long after the
drained privileged zones. It will shape the long-term and smaller-intensity inflow.

Figure 19. Dependence of the hydraulic conductivity on the volume of the tested rock mass.
Green line: Fore-Sudetic Monocline Triassic sandstone, Black dashed lines: carbonate series rocks
A: Thiensville Formation, B: Mayville carbonate rocks, C: Romeo carbonate rocks [56] after [55].

While discussing scale influence on hydraulic conductivity, we should also consider
the thickness of the studied aquifer, which plays an important role in shaping the inflow to
the sinking shaft. Parametrically it is defined by water transmissivity index T [m2/s], which
is a function of the properties of the liquid, the aquifer, and the thickness of the porous me-
dia [57]. In the study area, the average thickness of the middle and lower Bunter sandstone
water-bearing formations reaches about 450 m. Consequently, the water transmissivity T
index determined from the averaged pumping test results ranges from 1.82 × 10−4 m2/s
to 2.00 × 10−4 m2/s (15.72–17.28 m2/d). Therefore, according to the VI step classification
proposed by J. Krásný (1993) [58], we classify the hydraulic transmissivity of the middle
and lower Bunter sandstone horizon as class III: intermediate water transmissivity.

5. Conclusions

The process of sinking a mine shaft is a technologically challenging operation, es-
pecially in complex geological conditions. As described in the article, the Fore-Sudetic
Monocline is precisely one of the areas with challenging geology. In order to reach a
copper ore deposit at present, it is necessary to mine more than 1200 m deep and to pass
through many aquifers. To date, the commonly used methodology for predicting inflows
to the shaft has relatively often proved inaccurate and unreliable due to unrepresentative
values of the hydraulic conductivity obtained from simple or inadequate estimates. An
accurate assessment of the hydrogeological conditions and estimating the expected inflows
to the sunken shaft determines its construction technology and influences the crew’s safety
and investment.
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Our work and other scientific articles prove it [10,56,59] that to obtain the most realistic
inflow predictions, it is necessary to rely on hydrogeological parameters from long-term
pumping tests at nodes. However, such surveys for shafts deeper than 1000 m are extremely
costly and time-consuming, and hence there is often great resistance to their use. Performing
a long-duration pumping test also delays the mining works associated with the shaft
excavation, which is also an unfavorable factor for performing this testing. New to our
work were hydraulic conductivity measurements obtained from laboratory tests for samples
obtained from drill cores. These types of samples are easy to collect in the course of drilling
works related to the rock mass’s reconnaissance and the subsequent shaft excavation. It is
obvious that these samples characterize hydrogeological parameters on a point scale. Still,
their sufficiently large population makes it possible to estimate a representative value of
the hydraulic conductivity of the whole rock mass.

Our research showed that lab tests underestimate hydraulic parameters of the pore-
fissure Triassic sandstone (mean hydraulic conductivity k = 9.79 × 10−8 m/s) tenfold more
than long-term pumping tests (mean k = 4.45 × 10−7 m/s). This situation is consistent
with cases known from the literature of the influence of the test scale on the values of the
hydraulic conductivity in porous and pore-fissure aquifers with low rock matrix porosity.
In our study for the Triassic sandstone, we found that this underestimation, i.e., the ratio
of the hydraulic conductivity value obtained from the pumping test to the mean value of
this parameter from the laboratory method, is relatively small and amounts to less than an
order of magnitude (“underestimation” ratio = 4.54). The results published in the literature
for fractured karst rocks show a difference in the results from laboratory tests and pumping
tests of up to several orders of magnitude.

Individual laboratory samples cannot indicate the representative value of hydraulic
conductivity, as it depends strongly on the research scale. Hydraulic conductivity typically
increases with the test scale and then approaches an asymptote (Figure 19). Only if the
tests cover the rock mass volume of at least 10,000–100,000 m3 is it possible to obtain
representative values of the hydrogeological parameters, including hydraulic conductivity.
In such a volume, it is highly probable to capture most of the privileged zones affecting the
groundwater flow conditions, e.g., those associated with higher porosity or characterized
by a higher density of cracks.

For porous and pore-fissure rocks, such as the studied sandstone, collecting a large
population of samples with the most diverse porosity makes it possible to find “witnesses”
samples with parameter values close to a representative. This situation does not occur in
the case of published studies of carbonate rocks where the permeability is related only to
cracks and not to the porosity of the matrix (e.g., [18,39,54]. Based on our research, it can be
concluded that the group of these ”witness samples”, for which the values of the hydraulic
conductivity correspond to the representative value from the pumping test, comprises 10%
of all core samples tested in the laboratory. With this in mind, we recommend using the
highest values of hydrogeological parameters from laboratory tests based on the worst-case
scenario. Therefore, it is possible to forecast inflows to the shafts reliably. This methodology
is recommended only for rocks of porous and pore-fissure character. We recommend
continuing research in this area to confirm whether the relationship found is valid only for
the studied Triassic sandstone from the area of the Fore-Sudetic Monocline or also for all
sandstone types from other locations.

The main conclusion of practical importance arising from our study is the confirmation
of the relatively very low values of the hydraulic conductivity for Triassic sandstone from
the area of the Fore-Sudetic Monocline. This is confirmed by results obtained by two
methods at different scales, not only from drill core samples but from long-term and much
more representative pumping tests.

The very low values of the hydraulic conductivity of the Triassic sandstone mean
that, consequently, the expected inflows to the deep shaft will also be relatively small and
technically feasible to drain using pumps. We, therefore, recommend considering the use
of direct dewatering techniques for the rock mass without the need to freeze the ground,
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which for deeper parts of the rock mass above 1 km is costly and technically difficult due
to the high temperature of the rock and the presence of highly saline groundwater (brines).
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KGHM Polska Miedź S.A., entitled “IMore—Innovative methods of accessing deep deposits” (No.
CuBR/I/1/NCBiR/2014) under the CuBR program and Wrocław University of Science and Technol-
ogy research fund from the Polish Ministry of Education and Science granted for 2023.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kalisz, M.; Niedbał, M. Wpływ odwadniania utworów triasowych w trakcie głębienia szybu R–XI na warunki hydrodynamiczne
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11. Gurwin, J.; Staśko, S.; Wcisło, M. Dokładność odwzorowa nia wielowarstwowych systemów hydrogeologicznych na
szczegółowych modelach numerycznych—Analiza dla obszaru LGOM [Hydrogeological regional model as a permanent tool in
solving various-scale tasks—Experience from the Legnica–Glogow Copper Region (LGOM)]. Modele Mat. Hydrogeol. 2014, 471,
45–50.
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