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Abstract

Geodetic measurements aim to monitor the behaviour of objects and prevent various degrees of non-functionality or destruction.
By measuring vertical movements, the height stability of the monolithic building is monitored concerning the previous stages of
measurement. The measurements were carried out using a digital levelling instrument, the Leica DNA03 and invar code bars GPCL2
with a length of 2 m. The object points were mainly stabilized in the supporting structure of the building, but stabilization in the ceiling
was also necessary in problematic areas. Object points in the ceiling were measured using a special metal hanging holder for levelling
rods. After the initial verification of the measured elevations, and whether they meet the accuracy criteria, processing followed by the
application of the Gauss-Markov model based on the method of least squares corrections. The estimates of the unknown parameters
from the stage measurements were used to calculate the height differences of the observed points, which characterize the behaviour of
the monolithic object. Significant height changes were detected based on the accuracy of the estimated heights, determining whether
they represented significant drops or just an accumulation of measurement errors. The height changes of the object points were
graphically visualized in 1D as time series of decline and in 2D as isolines of vertical displacements based on the floor plan of the
monolithic building.

Keywords: monolithic construction, levelling, stability monitoring, height changes, isolines of movements

1. Introduction

With the civilization's development, more complex
constructions began to be built and more interventions by
man into nature took place. Everything that is on the earth's
surface, but also under it, is in constant motion. This is be-
cause different forces act on objects and their structures,
which want to achieve mutual balance. Objects change their
shape after some time and that negatively affects their func-
tionality, and also their surroundings. Every change in the
object's position and geometry (shape and dimensions) is
a consequence of the action of various deformation forces.
They are created by the action of various physical, chemical,
biological, and other processes that affect the object and its
surroundings. The effects of these forces cause internal as
well as external changes, which geodesy and other measure-
ment technologies can characterize and quantify with their

procedures and methods [9]1. New and atypical building
structures must be regularly geodetically monitored to pre-
vent deformations in them. Horizontal, vertical, or even spa-
tial changes occur on construction objects. The horizontal
movement in the Cartesian system is given by the compo-
nents AX a AY. A vertical displacement is either a rise or a
fall and is denoted as AZ or Ah. When measuring the defor-
mations of engineering structures (bridges, dams, tunnels,
etc.), all three components are usually measured AX, AY, AZ
and their 3D changes [7]7.

2. Determining movements of construction objects

As a result of the action of deformation forces, various
horizontal and vertical displacements of the entire object
or only parts of the object or various tilting of the object,
shape changes of individual constructions, foundations and
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Fig. 1. Levelling refraction depending on the temperature of the air layers [2]

Rys. 1. Zalamanie niwelacyjne w zaleznosci od temperatury warstw powietrza [2]

Fig. 2. The building of the University Science Park Technicom

Rys. 2. Budynek Uniwersyteckiego Parku Naukowego Technicom

e)

Fig. 3. Reference points no. 193, 194, 195, 5001, and object points in the Technicom interior

Rys. 3. Nr punktéw referencyjnych 193, 194, 195, 5001 oraz punkty obiektowe we wnetrzu Technicomu

subsoil of the object occur. When the soil is loaded with a
construction object, it compresses and settles. For exam-
ple, gravel and sand settle only a few millimetres, while on
other very compressible soils, they may settle up to sever-
al decimetres. It is dangerous if the object sits unevenly,
resulting in various cracks forming on the construction
object that grows larger over time [7]. The purpose of mea-
suring displacements and deformations of construction ob-
jects according to is [14]:
o to obtain materials for assessing the effects of con-
struction on the foundation soil,
e to compare actual shift values with expected shift
values in projects,
o and to monitor the condition, functionality, reliabili-
ty, and safety of construction objects.

To monitor the stability of the construction object, a dis-
placement measurement project will be developed. In the
measurement project, the following shall be stated in partic-
ular [14]: the purpose and meaning of the measurement, data
on the properties of the foundation soil, construction data,
expected displacement values, required measurement accura-
cy, measurement methods, location of object and reference
points, schedule for staged measurements, method of pro-
cessing measurement results and their interpretation.

Measurement of vertical displacements and deformations
is most often performed by geometric levelling, trigonometric
method, photogrammetric methods, or physical methods [7].
Geometric levelling from the centre is the fastest, most used
and most accurate method of measuring height differences
[1]. High-precision levelling or precision levelling is most of-
ten used to measure vertical displacements. For demanding
tasks, e.g. movements of the earth's crust, special-precision
levelling is used [7]. For such tasks, a point field is also need-
ed, which consists of:

o reference points - their location is chosen in places
that are not affected by construction activity and de-
formation forces [14]. When stabilizing the reference
points, the groundwater level and the depth of soil
freezing (0.3 to 1.3 m) must also be considered [7].
When creating new reference points, the so-called
heavy stabilization is firmly connected to the bed-
rock (concrete pillars and blocks) [9].

o  object (observed) points - their position, density,
number, and location of observed points are chosen to
determine displacements and deformations of the ob-
served building object. According to the project, they
are stabilized on the monitored object with levelling
marks, which are firmly inserted into the object in ad-
vance before the start of the measurement [14].
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Fig. 4. Location sketch and measurement procedure of reference and observed height points

Rys. 4. Szkic lokalizacji i procedura pomiaru punktéw odniesienia i obserwowanych wysokosci

In Slovakia, the points of the geodetic foundations are also
the points of the state levelling network (SLN). SLN points
have determined exact normal heights according to Moloden-
sky in the valid national implementation of the Baltic Verti-
cal Datum - After Adjustment (BVD-AA) (1957) with EPSG
code 8357 [15]. Altitudes in SLN refer to the mean level of the
Baltic Sea in Kronstadt. Levelling marks are stabilized in per-
manent objects where it is assumed that the object is height
stable (massive walls of public buildings, bridge piers, etc.). To
stabilize object points, pin (on the object) or nail (into a solid
foundation) marks are used. Pin levelling marks are firmly set
into the object at a height of approx. 0.5 m above the ground
with free space above the mark for the vertical position of the
batten [10]. The problem arises if the pin mark is on a build-
ing that has been thermally insulated and left a small "win-
dow" around the pin mark.

The air layers above the earth's surface are not equally
dense, and when a light beam passes through them, the beam
is refracted, and refraction (curvature of the light beam) oc-
curs (Fig. 1). According to [2], the transition of the beam be-
tween the layers is smooth and curved. The main source of
heat is solar radiation, of which 42% is reflected, 15% is ab-
sorbed by the atmosphere and 43% falls on the earth's surface.
Light beams pass through clean air and the air is heated from
the surface of the soil. Due to the unevenness and roughness
of the soil, masses of superheated air are created, which later
rise in the form of bubbles in swirling movements. Cool air
currents descend between them to warm up. This creates air
circulation, where the layers are overheated at the bottom, air
currents of different temperatures fall and rise in the middle,
and the rising currents rotate at the top.

Only precise digital levelling is used for measurement in
the SLN. According to [13] such measurements are subject to
accuracy requirements:

a) the deviation p in elevation between two levelling
points (double-run levelling) must not exceed the value of the
extreme deviation which is:

e in 1st-order SLN p<p;,, =150V [mm],
e in2nd-order SLN ,<p,,.

1
(2)

2.25JR [mm],

b) the standard deviation for 1 km double-run levelling:
oS mm, 3)

my=—,|—-
2\ng 5
¢) extreme deviation of the standard deviation for 1 km
double-run levelling :

1
o  for Ist-order SLN m, <m, . =040+ — [mm],
R

4)

o  for 2nd-order SLN m, <mj . =045 +\/g [mm], (5)
d) the identity of the connection points must be verified
according to the topography and by checking the elevation,
the deviations between the original and the control elevation
must not exceed the extreme deviation:
o  for a section of the levelling network of the 1st-or-
der: 2.00+15/R [mm], (6)
o  for a section of the levelling network of the 2nd-or-
der: 2,00+2.25VR [mm], @)

where n isa number of sections, R is a haul length in km and
p is deviation in elevation.

3. Materials and methods

Stability monitoring was carried out in stages at the build-
ing of the University Science Park (USP) Technicom (Fig.
2). This monolithic structure is located on the TUKE cam-
pus and has been geodetically monitored since 2016. During
construction, the horizontality of individual floors was also
determined using trigonometric levelling [8]. The USP Tech-
nicom building began to be built in 2013 in cooperation with
the Technical University in Kosice, the University of Presov
in Presov and the University of Pavel Jozef Saférik in Kosice.
USP Technicom according to [16]:

o creates an ecosystem for the acceleration of techno-

logical transfer, innovation, and business support,
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b)

<)

Fig. 5. Position of the invar bar code rod from the ceiling and on the point

Rys. 5. Polozenie inwarowego preta kodu kreskowego od sufitu i na punkcie

o  provides space for the support of applied research
and development,

o ensures the transfer of research and development re-
sults into economic and social practice and supports
the creation and development of businesses,

o provides an incubation environment for the creation
and development of innovative startup and spin-off
companies.

Before commencing the initial stage of measurement, a
reconnaissance of the existing point field surrounding the
construction object and a proposal for the location of the ob-
served points according to the designer's specifications was
conducted. Within the vicinity of the constructed building,
four reference height points were selected: 193, 194, 195, and
5001. Points 193 and 194 are secured by pin levelling marks in
the foundations of the Delius Pavilion building (Fig. 3 a, b). A
pin levelling mark anchors point 195 within the foundations
of the Kogice-Okolie District Office building (Fig. 3 ¢). Addi-
tionally, a steel geodetic nail embedded in the concrete block
of the old foundations serves as point number 5001 (Fig. 3 d).
These four reference points serve to check each other if any
of them move and also serve to connect observed points by
the levelling loop. The height connection to the Baltic Vertical
Datum - After Adjustment was established using point no.
193 (Fig. 3 a) with its altitude denoted as H,,, = 213.99480 m.
The location and distribution of reference height points are
illustrated in the situation sketch (Fig. 4 right). The observed
points, after consultation with the designer, were secured
within the supporting structure of the monolithic building.
At the selected locations were anchored observed points B2 to
B21 using steel measuring pins (Fig. 3 e, f). The position and
distribution of points are outlined in the sketch (Fig. 4 left).

The determination of the heights of reference and ob-
served points was carried out by the conditions established
for high-precise levelling. For measurement used: the digital
levelling instrument Leica DNAO03 (Fig. 5 a), heavy wooden
tripod Leica GST20-9 (Fig. 5 a), floor mat for the tripod (Fig.

5 b), two levelling invar bar code rod type GPCL2 (length 2
m) with a precise spirit level (Fig. 5 b), bipods for levelling
rods (Fig. 5 b) and levelling pads. The Leica DNAO3 is used
for very accurate determination of heights and using an invar
batten with parameters AL = £0.02 mm + L-2- 107, and a, <
1 ppm/°C achieves a standard deviation for 1 km double-run
levelling o, = +0.3 mm [12]. The resolution of the height
reading on the invar bar code is 0.01 mm. The standard error
in automatic measuring in laboratory conditions for the level-
ling measurement instrument of the Leica DNA03 with a 2-m
invar bar code of the levelling rod was determined to be +1.3
pm [4]. The Leica DNAO3 instrument with battery weighs 2.4
kg, the heavy wooden tripod GST20-9 with extendable legs
weighs 6.4 kg, and the 2 m long GPCL2 levelling bars weigh
4.2 kg. The levelling instrument needs visibility of at least 38
cm section of the levelling batten for 20 m without disturbing
influences (shadow, vegetation). Before the measurement it-
self, the main axis condition of the levelling instrument was
verified by the most accurate Nébauer procedure, which elim-
inates the effects of refraction and curvature of the Earth [11].

Levelling measurements were conducted in five stages: the
Oth stage in March 2016, the 1st stage in June 2016, the 2nd
stage in July 2017, the 3rd stage in June 2018, and the 4th
stage in May 2019. These stage measurements were then di-
vided into three levelling sections or moves. The first levelling
section involved measurements through reference points 193,
194, 195, and 5001 (Fig. 4 right). The second levelling section
extended from point 5001 through B15 to point B2, situated
on the ground floor inside the building (Fig. 4 left). Within
the building, on the ground floor, the third closed levelling
loop was measured across 17 points, spanning from point B2
to B21. A digital levelling instrument (Fig. 5 a) was mounted
on a tripod and placed on a special pad to prevent damage to
the floor (Fig. 5 b). Most points were secured in the pillars of
the monolithic structure using steel measuring pins, allow-
ing for the levelling invar bar code rod to be placed without
difficulty (Fig. 5 b, c). The rods were aligned vertically using
a spirit-level vial and supported by a bipod. For points an-

10
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Tab. 1. Assessment of the accuracy of measurement of levelling sections and loops

Tab. 1. Ocena doktadnosci pomiaréw odcinkéw i petli niwelacyjnych

1st levelling section 2nd levelling section 3rd levelling loop
Stage | Year/Month p1 PrL.max test p2 Pr.max test mo Mo L.max test
[mm] | [mm] | OK/NO | [mm] | [mm] | OK/NO |[mm] | [mm] | OK/NO
0. 2016/03 0.17 1.11 OK 0.13 0.44 OK 0.15 0.64 OK
1. 2016/06 0.19 1.10 OK 0.06 0.43 OK 0.35 0.64 OK
2. 2017/07 -0.15 | 1.09 OK -0.10 | 0.44 OK 0.02 0.64 OK
3. 2018/06 -0.18 | 1.11 OK 0.06 0.45 OK 0.21 0.64 OK
4. 2019/05 0.25 1.12 OK 0.03 0.44 OK 0.16 0.64 OK

chored in the ceiling, a special magnetic hanger was utilized
to suspend the invar bar code rod from above (Fig. 5 a, d, e,
point B11). As the network of observed points was planned
in consultation with the designer before the construction of
internal partitions, certain points in subsequent stages could
not be observed due to changes in construction and were con-
sequently omitted entirely.

4. Processing of measured data

Measured values of levelling measurements Ah to deter-
mine the heights of the observed points h, were processed us-
ing the Gauss-Markov model with the full rank of matrix A. It
is about the application of MLS (method of least squares) as a
conventional adjustment method. Point no. 193 was used as a
reference point for the datum network fixation and its height
was not changed by the processing. For the given network to
be adjusted and in the result to determine the best possible
estimates of the heights of the determined points, the condi-
tion of measurement redundancy (overdetermination of the
network) must apply in the case of this adjustment: r = n — k.

The most used method for adjusting the height net is the
Gauss-Markov model (GMM) with the full rank of the matrix
A of the form:

v=Adh—dAh=A(h—h°)—(Ah—Ah®), -funkcional part,

2
I =5Qu-

- stochastic part, (8)
where v represents the correction (residuals) vector of the ob-
served quantities Ah, dAh = Ah — Ah° is the vector of reduced
elevations, dh=h-h° is the vector of the estimates comple-
ments of determined heights and A is the configuration ma-
trix (matrix of partial derivatives).

The adjusting procedure of measured levelling elevations
between points and determination of estimates of unknown
point's height consists of the following steps:

1. Arrangement of input data:

a)  vector of measured elevations Ah among all points
with a number n,

b)  vector of approximate point heights h® with number
k was determined using the reference height of point 193 and
the measured elevations Ah,

c)  cofactor matrix of measured elevations Q,, charac-
terizes the quality of elevation Ah, where used o? is the apri-
ori variance of the measurement method depending on the
choice of weights.

2. Creation of model equations:

d)  vector of the approximate elevations Ah° is determined
from the difference in the approximate heights of the points h°,

e)  vector of the reduced elevations dAh is determined
from the relationship Ah — Ah°.

3. Creation of configuration matrix:

f)  design matrix A characterizes the tensile structure
of the connection of points in the network and there are deter-
mined the partial derivatives of the functions of the approxi-
mate elevations Ah® according to approximate heights h°.

4. Calculation of estimates:

g)  vector of estimates of determined heights h is ob-
tained by the sum of the vector complements of the height
estimates dh and the vector of approximate heights h°.

h)  vector of estimates of measured elevations Ah is ob-
tained by the sum of the vector of measured elevations Ah and
vector of residuals v.

5. Expression of the accuracy of the parameters of the level-
ling network:

i) unita posteriori variance s’ is determined based on
the minimization condition of MLS,

j)  the covariance matrix of height estimates X,
contains the main diagonal empirical variances of the heights
of individual points o; ,

k)  the covariance matrix of elevation estimates X,;
contains on the main diagonal the empirical variances of the

elevation o,;  between the measured points.
3

The processing of the measured values was carried out
by software, and after that, it was verified whether the mea-
surements in individual stages were carried out at the same
level of accuracy. This was done based on statistical testing
with Fisher's test [9], where the test criterion T is determined
by the proportion of unit posterior variances s%; from both
stages, which was compared to the critical value F determined
at the significance level a and the number of redundant mea-
surements from both stages %, fi*1:

SZ(M) " (i
T=-5—~Ff"f"") )

Soo

In this case T < F it is possible to determine the signifi-
cance of the height differences of the observed points between
individual stages, which consisted according to [6] of:

1)  estimates of determined heights of points obtained
in stages tYand t*" were calculated the height differences of
the observed points of the monolithic building ¢{*" accord-
ing to the relationship:

dﬁ;i,iﬂ) _ ﬁgin) _ h”;i) (10)

2)  variances of estimates of point heights obtained in
stages tPand t¢*! were calculated variance values of height dif-
ferences ath,,,m according to the relationship:

2 2 2
O iy =0y T 03
dhf.’*” hi) hﬁ.*” (11)
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Tab. 2. Estimates of the parameters for all stages of monolithic building stability investigation

Tab. 2. Oszacowania parametréw dla wszystkich etapéw badania stateczno$ci budynku monolitycznego

Oth measurement 1st measurement 2nd measurement 3rd measurement 4th measurement
stage 2016/03 stage 2016/06 stage 2017/07 stage 2018/06 stage 2019/05
n 0)] x n ()| Ah n (2) Ah n 3) Ah n 4) Ah
= (0) 3 M i (2) i (3) A (4) i
§ h h |type| h h (01) h h (12) |(02) h h (23)](03) h h (34) | (04)
[m] [mm] [m] [mm] [m] [mm] [mm] [m] [mm]

Reference points:

193 1213.99480| 0.00 | LP [213.99480(0.00|0.00]213.99480| 0.00 | 0.00 {0.00|213.99480 0.03 |0.00]0.00|213.99480 0.00 [0.00|0.00
194 [214.06152| 0.02 | LP |214.06150] 0.05 |-0.02| 214.05872 | 0.10 |-2.78*|-2.80| 214.05876 | 0.08 | 0.04|-2.76[214.05872 | 0.09 [-0.04|-2.80
195(214.29701| 0.03 | LP [214.29696 | 0.04 |-0.05|214.29692 | 0.05 | -0.04|-0.09| 214.29686 | 0.06 |-0.06|-0.15]| 214.29682 | 0.05 |-0.04|-0.19
5001]213.28992| 0.01 | GN [213.28994[0.030.02]213.29004| 0.06 | 0.10 {0.12]213.29010| 0.05 |0.06]0.18]213.29012] 0.03 [0.02]0.20
Observed points:

B2 [214.03935]| 0.05 | SMP|214.03904 | 0.05 |-0.31|214.03832| 0.11 |-0.72|-1.03| 214.03750 0.08 |-0.82|-1.85| 214.03686 | 0.07 |-0.64|-2.49
B3 |214.02232| 0.09 [SMP[214.02218|0.13|-0.14(214.02146| 0.12 | -0.72|-0.86| 214.02098 | 0.09 |-0.48|-1.34|214.02022 | 0.08 [-0.76|-2.10
B4 [214.06471| 0.10 | SMP|214.06463|0.13 |-0.08{214.06401 | 0.15 | -0.62|-0.70{ 214.06350| 0.12 |-0.51|-1.21]|214.06279 | 0.08 |-0.71]|-1.92
B5 [214.06444| 0.10 |SMP|214.06427]0.18 |-0.17{214.06355| 0.17 | -0.72|-0.89| 214.06301 | 0.14 [-0.54|-1.43[ 214.06240| 0.09 |-0.61|-2.04
B6 |214.07217| 0.10 | SMP|214.07202 | 0.15 |-0.15|214.07135| 0.17 | -0.67|-0.82| 214.07057 | 0.14 |-0.78|-1.60] 214.06997 | 0.09 |-0.60|-2.20
B7 1214.13667| 0.11 [SMP|214.13651|0.11 |-0.16/214.13584| 0.12 | -0.67(-0.83| 214.13506 | 0.09 |-0.78|-1.61 point is inaccessible

B8 |[214.01755]| 0.07 |SMP|214.01739/0.08 |-0.16|214.01685] 0.13 | -0.54|-0.70{214.01600 0.10 |-0.85|-1.55|214.01536 | 0.07 |-0.64|-2.19
B9 [214.00232| 0.08 |SMP[214.00247]0.14]0.15|214.00194| 0.15 | -0.53|-0.38/ 214.00115 0.12 [-0.79|-1.17(214.00058 | 0.08 |-0.57|-1.74
B10|214.01690| 0.09 [SMP|214.01636[0.18 |-0.54/214.01545| 0.17 | -0.91[-1.45|214.01444 [ 0.14 |-1.01|-2.46{214.01342| 0.09 [-1.02|-3.48
B11 [216.58603| 0.10 | SMP|216.58584 | 0.17 -0.39(216.58531 | 0.19 | -0.84|-1.23/216.58446 | 0.17 |-0.85/-2.08] 216.58351 | 0.08 |-0.95|-3.03
B12]213.99821| 0.10 [SMP|213.99814[0.18 |-0.07({213.99680| 0.19 | -1.34(-1.41|213.99485 0.16 |-1.95|-3.36{213.99339 | 0.09 [-1.46|-4.82
B15[213.98742| 0.05 | SMP[213.98720] 0.05|-0.22{213.98640| 0.12 | -0.80(-1.02| 213.98578 | 0.09 [-0.62|-1.64/213.98475| 0.04 |-1.03|-2.67
B16 [214.01061 | 0.08 | SMP|214.01067 | 0.14 [0.06 [214.00990 | 0.15 | -0.77|-0.71|/214.00912 | 0.12 |-0.78|-1.49] 214.00856 | 0.08 |-0.56|-2.05
B17 [214.05708 | 0.09 | SMP|214.05694 | 0.18 [-0.14[214.05641 | 0.17 | -0.53|-0.67/214.05586 | 0.14 |-0.55|-1.22] 214.05553 | 0.09 |-0.33|-1.55
B18 [213.99836| 0.10 | SMP|213.998160.17 {-0.20{213.99752 | 0.19 | -0.64 (-0.84/213.99684 | 0.16 |-0.68|-1.52{213.99613 | 0.09 |-0.71|-2.23
B19|214.03094| 0.15 [SMP | 214.03106(0.11 |0.12[214.03038| 0.12 | -0.68|-0.56| 214.02962 | 0.09 |-0.76|-1.32 point is inaccessible
B20|214.01220| 0.10 [SMP|214.01205[0.15|-0.15[214.01145] 0.15 | -0.60|-0.75| 214.01046 | 0.12 |-0.99|-1.74 214.00967] 0.09 |-0.79|-2.53
B21 [214.18229| 0.10 |SMP[214.18241]0.16|0.12 point was destroyed

**Type: LP - levelling pin on building; GN - geodetic nail; SMP - steel measuring pin; -2.78* - facade repair

(iyi+1)

3) .
Jhit
estimates dh{""*" of the observed point was calculated accord-

the critical value dh for the difference in height

ing to the relationship:

PG 2
dh/w =t Gd/?‘,’-“"’

(12)
where t is confidence coefficient with value t = 2.5 according
to the chosen significance level a = 0.01 with probability p =
98,8 %,
4)
observed point @if"? and its relevant critical value dh{""*" it is

comparison of the height difference of the relevant

possible to conclude the significance of the height difference
between stages t® and ti+V if this applies:

‘d@””> (13)

(i,i+1)
< dhjlmz ’

it is possible to conclude that the point is stable, and the height
difference is the effect of the accumulation of measurement
errors, but in the case of:

‘d}"j(_,.m) (14)

i.i+1)
]

(
= dhjln'u
it is possible to conclude that the point is unstable, and the
corresponding height difference is significant.

5. Results

After the completion of the levelling measurements
in the individual stages of monitoring the height sta-
bility of the monolithic building, the data was pre-pro-
cessed and verified whether the measurements met the
required precision. The deviations and the standard devi-
ation for 1 km double-run levelling of the individual stag-
es (Tab. 1) met the required criteria according to equations
1-7 [13].

Estimation of the heights of the observed points h and their
standard deviations was performed using the Gauss-Markov
model based on the MLS, where it was necessary to choose
the measurement weight. If the weight of the levelling eleva-
tion is dependent on:

o the length of the section and the accuracy of the in-
strument used, then the measurement variance can
be 0. =03 mm for 1 km, and o, is simple average
of all o, value,

o the number of levelling instrument positions, then
0 = £0.018 mm for one instrument position, consid-
ering that with the average sight length approx. 30
m, possibly for one km approx. 1000m/(2-30m) =17
instrument positions, so 0, = 0.3 mm/km is divid-
ed by 17 instrument positions/km will be assigned
+0.018 mm on the one instrument positions [3], [5].

The measurement weights were used in the calculation
depending on the length of the levelling sections and the ac-
curacy of the instrument. If the weights of the measurements
were used as the number of levelling instrument positions,
the same measurement weights would be obtained, since in
the interior only one instrument position was used between
adjacent height points. That is, at the scales p = 1 the same
corrections would thus be obtained v and Ti The nu-
merical values of height estimates and their standard devia-
tions of all observed points, including their height differences
dh“* =h% —h® between the observed stages i and i+1,
are arranged in Tab. 2. Over time, it happened that the points
were unavailable or destroyed.

After the processing of the current stage of levelling mea-
surements for tracking height changes, it was verified by the
Fisher test from equation (9) whether the compared stages are
at the same accuracy level. In the case of a positive result of the
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Tab. 3. Verification of the stability of the observed points based on the previous stage

Tab. 3. Weryfikacja stabilno$ci obserwowanych punktéw na podstawie poprzedniego etapu

Measur. stages 0-1 Measur. stages 1-2 Measur. stages 2-3 Measur. stages 3-4:
2016/03 - 2016/06 2016/06 - 2017/07 2017/07 - 2018/06 2018/06 - 2019/05
r 2 01) | _. n 2 12)| . n 2 23) | o n 2 34) | .
Point dh® G ghov dhfmz sig | dh"? G 4h» dhfmi sig | dh® 0 ghe» dhfmz sig | dh® G 4hoo dhfm? sig
[mm] | [mm] | [mm] [mm] | [mm] | [mm] [mm] | [mm] | [mm] [mm] | [mm] | [mm]
Reference points:
194 -0.02 0.05 0.13 -2.78* 0.11 0.28 s 0.04 0.13 0.32 -0.04 0.12 0.30
195 -0.05 0.05 0.13 -0.04 0.06 0.16 -0.06 0.08 0.20 -0.04 0.08 0.20
5001 0.02 0.03 0.08 0.10 0.07 0.17 0.06 0.08 0.20 0.02 0.06 0.15
Observed points:
B2 -0.31 0.07 0.18 S -0.72 0.12 0.30 s -0.82 0.14 0.34 s -0.64 0.11 0.27 s
B3 -0.14 0.16 0.40 -0.72 0.18 0.44 s -0.48 0.15 0.38 s -0.76 0.12 0.29 s
B4 -0.08 0.16 0.41 -0.62 0.20 0.50 S -0.51 0.19 0.48 S -0.71 0.15 0.36 S
B5 -0.17 0.21 0.51 -0.72 0.25 0.62 s -0.54 0.22 0.55 -0.61 0.17 0.42 s
B6 -0.15 0.18 0.45 -0.67 0.23 0.57 s -0.78 0.22 0.55 s -0.60 0.16 0.41 s
B7 -0.16 0.16 0.39 -0.67 0.16 0.41 s -0.78 0.15 0.38 s
B8 -0.16 0.11 0.27 -0.54 0.15 0.38 s -0.85 0.16 0.41 s -0.64 0.12 0.31 s
B9 0.15 0.16 0.40 -0.53 0.21 0.51 S -0.79 0.19 0.48 S -0.57 0.14 0.36 S
B10 -0.54 0.20 0.50 s -0.91 0.25 0.62 s -1.01 0.22 0.55 s -1.02 0.17 0.42 s
B11 -0.19 0.20 0.49 -0.53 0.25 0.64 -0.85 0.25 0.64 s -0.95 0.19 0.47 s
B12 -0.07 0.21 0.51 -1.34 0.26 0.65 s -1.95 0.25 0.62 s -1.46 0.18 0.46 s
B15 -0.22 0.07 0.18 S -0.80 0.13 0.33 S -0.62 0.15 0.38 S -1.03 0.10 0.25 S
B16 0.06 0.16 0.40 -0.77 0.21 0.51 s -0.78 0.19 0.48 s -0.56 0.14 0.36 s
B17 -0.14 0.20 0.50 -0.53 0.25 0.62 -0.55 0.22 0.55 -0.33 0.17 0.42
B18 -0.20 0.20 0.49 -0.63 0.25 0.64 -0.68 0.25 0.62 S -0.71 0.18 0.46 S
B19 0.12 0.19 0.47 -0.68 0.16 0.41 s -0.76 0.15 0.38
B20 -0.15 0.18 0.45 -0.60 0.21 0.53 s -0.99 0.19 0.48 s -0.79 0.15 0.37 s
B21 0.12 0.19 0.47

Fisher test, differences in the height of the points to the previous
and to the zero stage were created according to equation (10).
These differences are due to the vertical movement of the ob-
served points located on the construction object between stages
t9 and t*Y. The results of the stability analysis of the observed
points stabilized on the ground floor of the monolithic building
according to equations (11-14) are monitored for the previous
stage (Tab. 3) and the zero stage (Tab. 4). Statistically significant
vertical movements of the observed points according to equa-

"o

tion (13) are presented by the symbol in the "sig" column "s".
6. Discussion

Determination of the significance of height changes based
on comparison with t times the variance of the height differ-
ence was carried out between neighbouring stages (Tab. 3)
and to the zero stage (Tab. 4). The significance of the height
changes at the observed points is a consequence of the real

"o

movement of the point and the symbol "s" has been indicated.
But if it is a movement caused only as a result of the accu-
mulation of measurement errors, then no symbol was given.
When analysing the height changes of the adjacent stages, it
is evident (Tab. 3) that the building usually decreases during

the monitored period:
o between stages 0-1 there is a significant height
change at 3 observed points (B2, B10 and B15), the

average height change is = —0.12 mm, the maxi-

mum drop is at the pointai®” = —0.54 mm, the min-

imum drop is a point rise -0.15 mm, while

positive values are at 4 obseA};éog” »oints while positive
values are at 4 observed points (B9, B16, B19 a B21).
o between stages 1-2 there is no significant height
change at 2 observed points (B11 and B17), the av-

erage height change is A4"? = —0.71 mm, the max-

imum drop is at the point A4y = —1.34 mm, the
minimum drop is at the point A4{? =-0.53 mm,

while the same decreases were also observed at the

other 2 observed points (B9 and B11).

o between stages 2-3 there is no significant height
change at 2 observed points (B5 a B17), the average
height change is A#®” = -0.81 mm, the maximum

drop is at the point A4%) = —1.95 mm, and the mini-
mum drop is at the point AA%Y = —0.48 mm.
o between stages 3-4 there is no significant height

change at 1 observed point (B17), the average height

change is A#®% = —0.76 mm, the maximum drop is at
the point ALY
is at the point AA§Y

—1.46 mm, and the minimum drop

—0.33 mm.

The single point B17 remained non-significant in all in-
terstage analyses of height changes. When analysing the sig-
nificance of height changes to the zero stage of the geodetic
measurement, the drops between the individual stages were
accumulated, so there is much less assumption that any point
remained stable, or has significant height changes:

o  between stages 0-2 there is no significant height

change at 1 observed point (B9), the average height

change is A#® = —0.84 mm, the maximum drop is at
the point AR = —1.45 mm, the minimum drop is at
the point 44%”= —0.38 mm.

o between stages 0-3 there is a significant height

change at all observed points, the average height

change is An® = —1.65 mm, the maximum drop is at
the point A#SY) =
is at the point AZ%” = —1.17 mm.

-3.36 mm, and the minimum drop

o between stages 0-4 there is also a significant height
change at all observed points, the average height
change is AA™ = —2.44 mm, the maximum drop is at
the point A
is at the point A%

—4.82 mm, and the minimum drop
=—-1.55mm.

Based on the results of observing the significance between
the mentioned stages, it was found that the B12 point with
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Tab. 4. Verifications of the stability of the observed points based on the Oth stage

Tab. 4. Weryfikacja stabilno$ci obserwowanych punktéw na podstawie etapu 0

Measur. stages 0-2 Measur. stages 0-3 Measur. stages 0-4
2016/03 - 2017/07 2016/03 - 2018/06 2016/03 - 2019/05
r (02 2 (02) : " (03 2 (03) ; C (04 2 (04) ;
Point dh® G o | dhyge | sio dh® Gpon | dhyse | sio dh® Gaioo | dhyge | sio
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
Reference points:
194 -2.80* 0.10 0.25 S -2.76* 0.08 0.21 S -2.80* 0.09 0.23 S
195 -0.09 0.06 0.15 -0.15 0.07 0.17 -0.19 0.06 0.15 S
5001 0.12 0.06 0.15 0.18 0.05 0.13 s 0.20 0.03 0.08 s
Observed points:
B2 -1.03 0.12 0.30 s -1.85 0.09 0.24 s -2.49 0.09 0.22 s
B3 -0.86 0.15 0.38 S -1.34 0.13 0.32 S -2.10 0.12 0.29 S
B4 -0.70 0.18 0.45 s -1.21 0.16 0.39 s -1.92 0.13 0.32 s
B5 -0.89 0.20 0.49 S -1.43 0.17 0.43 S -2.04 0.13 0.34 S
B6 -0.82 0.20 0.49 s -1.60 0.17 0.43 s -2.20 0.13 0.33 S
B7 -0.83 0.16 0.41 S -1.61 0.14 0.36 S
B8 -0.70 0.15 0.37 s -1.55 0.12 0.31 s -2.19 0.10 0.25 s
B9 -0.38 0.17 0.43 -1.17 0.14 0.36 S -1.74 0.11 0.28 S
B10 -1.45 0.19 0.48 s -2.46 0.17 0.42 S -3.48 0.13 0.32 S
B1i1l -0.72 0.21 0.54 S -1.57 0.20 0.49 S -2.52 0.13 0.32 S
B12 -1.41 0.21 0.54 s -3.36 0.19 0.47 s -4.82 0.14 0.34 s
B15 -1.02 0.13 0.33 s -1.64 0.10 0.26 s -2.67 0.06 0.16 s
B16 -0.71 0.17 0.43 S -1.49 0.14 0.36 S -2.05 0.11 0.28 S
B17 -0.67 0.19 0.48 s -1.22 0.17 0.42 S -1.55 0.13 0.32 S
B18 -0.84 0.21 0.54 S -1.52 0.19 0.47 S -2.23 0.14 0.34 S
B19 -0.56 0.19 0.48 s -1.32 0.17 0.44 s
B20 -0.75 0.18 0.45 s -1.74 0.16 0.39 s -2.53 0.13 0.33 s
00 S =8|
5 e — —m—
= B4
'\‘\i\h 85
1.0 — "‘"“'T‘r-.____’ —— BB
o B7
= -.\‘_N\;\_ :BB
0 == — o
~u 812
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Fig. 6. Graphic presentation of the development of height changes of all observed points

Rys. 6. Graficzna prezentacja rozwoju zmian wysokosci wszystkich obserwowanych punktéw

the biggest decline was not the "winner" right from the start
of the tracking, but only after it overtook the B10 point in the
decline. The height changes of the observed points in the form
of a decline time series (Fig. 6) of a monolithic building in 1D
show that the entire building descends approximately evenly.

It is also clear from the visualization that the observed
points have a uniform decrease in the interval of 1 mm, except
for two points that have a more pronounced tendency to de-
crease over the entire observed period than was presented from
the numerical values. Height changes were also plotted in the
floor plan of the monolithic building in the form of isolines of
subsidence, to determine their surface distribution. According
to the designer, the network of observed points is not evenly
distributed, and the graphic visualization of subsidence in the
form of isolines can be significantly distorted. The biggest drops
(Fig. 7) are to the right of the central part (around B10) and in
the right part in the strip of dense isolines is a decrease from the
junction B6-B18 there to the junction B12-B20.

Even the drops to the zero stage (Fig. 8), presented using
isolines, are the same, that the biggest drops are to the right of
the central part, which has a smaller slope than at the right edge
of the monolithic structure.

Based on the above findings, it is necessary to continue mon-
itoring the building with repeated geodetic measurements in the
next period to monitor the further development of the vertical

movements of the observed points of the monolithic structure,
especially in the parts where the most significant decreases occur.

7. Conclusion

The measurement of displacements of building objects is
constantly increasing because the available land with suitable
foundation soils for construction within urban areas is de-
creasing and the construction of more complex buildings and
architectural structures is progressing. These measurements
make it possible to monitor the behaviour of the objects and
to prevent various degrees of dysfunctionality or destruction,
which can have catastrophic consequences. The aim of this
article was to monitor the stability of a monolithic building by
measuring its height using a Leica DNAO03 digital levelling in-
strument. The measured elevations met the accuracy criteria
imposed on such measurements, and based on them, height
estimates of the observed points were determined at differ-
ent stages with their corresponding accuracy. Subsequently,
significant height differences between neighbouring stages
and relative to the zero stage of levelling measurements were
determined. The height changes of the observed points pre-
sented in the overview tables show that the most significant
changes in height, compared to the zero stage, were observed
at two points: B10 with a value of —3.48 mm and B12 with
—4.82 mm., The average height changes from the last three
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Fig. 7. Graphical visualization of height changes between neighbouring stages of geodetic measurement

Rys. 7. Graficzna wizualizacja zmian wysoko$ci pomiedzy sgsiednimi etapami pomiaru geodezyjnego
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Fig. 8. Graphical visualization of height changes to the zero stage of geodetic measurement

Rys. 8. Graficzna wizualizacja zmian wysokosci do zerowego stopnia pomiaru geodezyjnego
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stages of monitoring were —0.76 mm. These height changes net according to the designer's intentions, and the fact that

were plotted as a 1D grouped time series and as 2D isolines some observed points disappeared or were destroyed during
on the building floor plan to visualize the magnitude of these construction, the graphical visualization may present signifi-
changes. However, due to the irregularity of the height point cant results in a distorted manner.
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Analiza stabilnosci wysokosci punktow obiektu o konstrukcji monolitycznej

Pomiary geodezyjne majg na celu monitorowanie zachowania obiektow i zapobieganie roznym stopniom ich niefunkcjonalnosci lub
zniszczeniu. Mierzgc przemieszczenia pionowe, monitoruje sie stabilnosé wysokosci budynku monolitycznego w odniesieniu do po-
przednich etapow pomiaru. Pomiary przeprowadzono przy uzyciu niwelatora cyfrowego Leica DNAO03 oraz paskéw kodowych invar
GPCL2 o dtugosci 2 m. Punkty obiektu stabilizowano gléwnie w konstrukcji nosnej budynku, lecz w miejscach problematycznych
konieczna byla takze stabilizacja w stropie. Punkty obiektowe w suficie mierzono za pomocg specjalnego metalowego uchwytu do
zawieszania tat poziomujgcych. Po wstepnej weryfikacji zmierzonych wysokosci i tego, czy spetniajg one kryteria doktadnosci, naste-
puje obrébka, po ktérej nastepuje zastosowanie modelu Gaussa-Markowa opartego na metodzie poprawek najmniejszych kwadratow.
Oszacowania nieznanych parametréw z pomiaréw etapowych postuzyly do obliczenia réznic wysokosci obserwowanych punktow,
ktore charakteryzujg zachowanie obiektu monolitycznego. Znaczgce zmiany wysokosci wykryto na podstawie doktadnosci szacowa-
nych wysokosci, okreslajgc, czy reprezentujq one znaczne spadki, czy po prostu kumulacje bledow pomiarowych. Zmiany wysokosci
punktow obiektu zwizualizowano graficznie w 1D jako szeregi czasowe spadku oraz w 2D jako izolinie przemieszczet pionowych na
podstawie planu pietra monolitycznego budynku.

Stowa kluczowe: konstrukcja monolityczna, poziomowanie, monitorowanie statecznosci, zmiany wysokosci, izolinie ruchow
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Abstract

The Ceské Stiedohot{ Mountains Protected Landscape Area (hereinafter the CSM PLA) is no doubt exclusive because of its volcanic
relief, living nature and, of course, human activities — especially quarrying ones. There are two kinds of quarries here, according to
their status, i.e. both abandoned (a huge majority) and still active ones, Concerning the brand of stone, we can find three substantial
types — volcanic (crystalline) rocks, the Cretaceous sediments and even the Tertiary coal. Most of mining activities, especially related
to building medieval towns and villages, were abandoned really long ago but some of modern quarries are still active as the source of
superior construction and crushed stone which is utilized for building and maintaining roads and railways. Being in private hands,
these quarries considerably harm the countryside and even endanger close environs, damaging buildings and public transportation
ways. This situation leads to installing safety barriers, especially over railway lines and roads. On the other hand, the PLA suffer from
transportation. Before the D8 highway was finished (and repaired after the 1914 landslide) almost the whole international transit had
been concentrated along the river Labe. From the environmental point of view, it had been “in order”, but the highway led through the
least valuable part of PLA has initiated persisting animosities.

Keywords: the Ceské stfedohot{ Mountains, Protected Landscape Area, volcanic relief, quarrying, human induced damages, D8 highway

1. Introduction

The CSM PLA was proclaimed in 1976, still being our
second largest one (1068,9 km?). There are three typical
parts which differ in their relief: The Louny Mountains are
isolated hills or ridges which rise from their Cretaceous bed-
rocks, the Milesov Mountains (isolated hills rise from a huge
mass of volcanic series) and the Vernefice Mountains in the
form of volcanic “traps” (sills) with deep valleys formed by
rivers and brooks. The border between the CSM PLA and
the neighboring Luzické Hory Mountains may be consid-
ered rather formal. The natural axis of the whole complex
is formed by the Labe river flowing northwards to Saxony
(Fig. 1).

There are several subjects of protection here: In fact, the
PLA landscape is a unique combination of the nature-close
and cultural countryside. The relief was formed by volcanic

eruptions, later deeply eroded, and uplifted. Among partic-
ular hills people have been living and intensively managing
all accessible places since medieval times, so forests are pre-
served in higher positions only. As the result we can say that
this PLA is the least woody in the Czech Republic. On the
other side, there are many rare plants and animals here, al-
ways typical for all three parts of the mountains.

According to Act no. 114/1992 Coll. (as amended) [19],
the nature protection within Czech PLAs is very strict, similar
to conditions in National Parks. However, these restrictions
are still violated in the CSM PLA (new constructions and
communications, sports, intensive farming, active quarrying,
etc.). Here we must especially emphasize the crushed stone
production - there are several large quarries which have ex-
ceptions on the level of the PLA Administration. Following
chapters are dedicated to this problem.
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Fig. 1. The Ceské stfedohot{ mountains PLA
Rys. 1. Czeskie gory PLA

Fig. 2. The Pise¢ny vrch near the village of Becov

Rys 2. 2. Pise¢ny vrch w poblizu wsi Bec¢ov

2. Geology of the area

This PLA forms a large part of the so-called Eger Graben
[2], defined by [11] in 1971 and 1972, respectively. The valley
is situated in the easternmost part of the Western European rift
system, which may be compared to a huge birdclaw (triad) with
the main axis heading from Oslo fiord down to the Rhone val-
ley. Howevewer, in the Ceské Stiedohoti Mts. the main graben
volcanic activity was relatively short (43 to 16 Ma) and some
authors deconstruct the rift s real existence [6], [7]. They have
serious reasons — the graben is assymetric, peripheral fault sys-
tems are doubtful and volcanic effusions do not follow the gra-
ben axis [14]. Moreover, the structure is very short, limited by
two transversal fault zones. On the other hand, rocks - more
or less — correspond with a typical rift volcanism. We can sup-
pose a very cautious conclusion - this rift may represent a kind
of aulacogene [13], i.e. a short living or even inactive lateral
part of the triad, mentioned above. The graben itself consists
of two main volcanic systems; the Ceské Stiedohot{ Mountains
(laid bare volcanic funnels without erstwhile superstructures,
but once much larger volcanic province, uplifted during the
Late Tertiary and Quarternary) as well as the Doupovské Hory
Mountains, a deeply eroded volcano with a mottled history [5].
Both residual provinces are divided by the Most coal Basin (the
Sokolov Basin lies southwestwards from the Doupovské Hory
Mts). Regarding the Ceské stiedohoti mountains, conduits
and faults pierce the Cretaceous and sometimes the Tertiary
basement rocks; other volcanic products form so called mul-
tiple sills inside older beds. Because of erosion, many rocks are
strongly altered; a very mottled rock composition is often com-
plemented with tuffs and tuffites.

3. The area mining history
Some rocks in the area of question were extracted even
in prehistoric times (for example quartzites inside the

maar of Pise¢ny Vrch - Sandy Hill - near the Village of
Becov) (Fig. 2). The main phase of utilizing local sources
came with the medieval development of residential plac-
es. Nevertheless, there was no serious survey; old draw-
ers simply used to set-up quarries and extract sources
until they stroke altered rocks, tephra or their hardened
forms.

This maar was a rich source of quality quartzite in pre-
historic times. The hill is now covered with scrub (here the
situation in 2009).

No problem - another quarry could be set up in any ad-
jacent hill. That is why we can cee so many abandoned quar-
ries and minor exposures there. Such a situation used to oc-
cur again and again until not a very late time. But modern
miners cannot risk additional costs, so they spend money for
necessary survey works (probing, boreholes). After 1989, ac-
tive quarries were privatized and have still been exploited in
the most intensive way. The result is pathetic - quarries have
even violated the skyline. The end of ectracting basaltic rocks
here is unsure. Companies shall try to utilize their property
as long as their activities are profitable. They also “abuse” the
so-called Mining Law (Act no 44/1988 Coll. (as amended);
According to this law, miners are due to utilize deposits in the
most complete way. Other sources - sediments, coal — were
abandoned long ago for their little importance but they lef
their traces in the countryside as well.

4. Volcanic and crystalline rocks

Several quarries — both abandoned and active - are de-
scribed here. When necessary, photos or maps usefully com-
plement the text.

Radobyl - described in the following chapter (under-
ground limestone mining) it was also affected by a huge,
abandoned shelf quarry (Fig. 3).
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Fig. 3. The Radobyl is a lonely hill near Litométice and was exploited in two ways — in addition to a large wall quarry on the western slope, quality
limestone was mined here by a system of underground chambers

Rys. 3. Radobyl to samotne wzgdrze w poblizu Litoméfic, ktore bylo eksploatowane na dwa sposoby — oprocz duzego kamieniotomu na zachodnim
zboczu, wydobywano tu wysokiej jako$ci wapien za pomoca systemu podziemnych komér

Fig. 4. The Vrsetin u Podsedic was abandoned in 2008. The quarry is situated inside the PLA and is an example of complete
destruction of a landscape dominant

Rys. 4. Vr$etin u Podsedic zostal opuszczony w 2008 roku. Kamieniotom polozony jest na terenie PLA i jest przykladem calkowitego zniszczenia krajobrazu

Al

m g e’ R ‘
Fig. 5. The Kubo quarry near Malé Zernosky is almost perfectly hidden from human eyes. Quarry stone as one of the products; here the filling of gabions

Rys. 5. Kamieniotom Kubo w poblizu Malé Zernosky jest niemal idealnie ukryty przed ludzkimi oczami. Kamien tupkowy jako jeden z produktéws;
tutaj wypelnienie gabionow

Fig. 6. Panoramic image reveals a series of smaller wall quarry in the ortorula of the Czech Gate. The dark hill in the background of the picture is the Radobyl [21]

Rys. 6. Zdjecie panoramiczne ukazuje szereg mniejszych kamienioloméw Sciennych w ortoruli Bramy Czeskiej. Ciemne wzgérze w tle zdjecia to Radobyl [21]

Vrdetin - the hill is a typical example of an absolutely dev-
astated landscape dominant. This hill mear the village of Pod-
sedice lost its original profile, being only a torso now (Fig. 4).

Kubo - established in 1842, this open pit quarry is almost
perfectly hidden in the terrain above the Labe river (left bank).
Lying some 3 km from the City of Lovosice center, it is still the
source of superior construction stone (walls, beddings, gabions,
decorative elements (the stone is cut or cleaved and polished)
and even of various crushed fractions for transportation pur-
poses (Fig. 5). The stone is probably of the Carboniferous age,
being a part of the so called Altenberg Caldera. [16]

Quarries in the Bohemian Gate (Porta Bohemica) - be-
tween the Villages of Velké Zernoseky and Libochovany, there

are huge blocks of crystalline rocks [17] with several smaller
quarries close to the railway line from Litoméfice to Usti nad
Labem (the Labe right bank), (Fig. 6). The stone was iden-
tified as a kind of red ortogneiss. The same material had to
be removed from the left bank in the course of building the
railway between Praha and Dé¢in (before 1850). Blocks were
considered a result of vertical uplifts caused by the Tertiary
lavas, other authors emphasize fault systems [3], [15]. Both
railway lines are protected by safety nets now.

Dobkovicky - this is probably the most problematic active
quarry within the PLA. It operates above the left Labe river-
side, being a combination of the shelf and open pit quarry.
In fact, this defile arose from older individual quarries, now
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Fig. 7. The 2013 landslide at its largest extent. The thin silvery line represents the damaged and still non-functional railway line [20]

Rys. 7. Osuwisko w 2013 roku. Cienka srebrzysta linia przedstawia uszkodzong i wcigz nieczynna linie kolejowg [20]

S T

Fig. 8. Deblik, the highest hill slightly to the right, is now only a technological base (left); mining takes place in neighbouring Trabice; Trabice and
the broken horizon line (right)

Rys. 8. Deblik, najwyzsze wzniesienie (nieco po prawe;j stronie), to obecnie jedynie baza technologiczna (po lewej); wydobycie odbywa sie w sgsiednich
Trabicach; Trabica i przerwana linia horyzontu (po prawej)

Fig. 9. Natrolitic trachyte, mined by the quarry in Maridnska skala; fracturing of the rock as a result of stress relief during the outcrop of the massif
(laccolith) during Saxon tectogenesis

Rys. 9. Trachit natrolitowy, wydobywany w kamieniotomie w Marianskiej Skale; pekanie skaty w wyniku odprezenia podczas wychodni masywu (lakko-
litu) w okresie tektogenezy saksonskiej

being a very expressive landscape element. The enterprise
suffers from very disfavourable geological conditions. There
are layers of altered rocks (potential slide surfaces) but their
exact extent is not well known. In 2013 (after heavy rains) a
devastating landslide occurred below the bottom edge of the
quarry. The slide destroyed a part of local railway between
the cities of Teplice and Lovosice; it also covered the new D8
highway (Fig. 7).

After difficult sanitation works, the landslide was re-
moved, and the adjacent slope stabilized. The highway con-
tractors (as well as the Czech Ministry of Transport) have
accused the quarry (and vice versa) — the plea still continues.
According to public sources, contractors have been more suc-
cessful, but the judgment has not been final yet. In any case,
geologists claim the area to be highly unstable and the high-
way has to be carefully monitored: Now several words about
the highway itself. Its construction was planned for more than
80 years with the only aim - to connect Prague and Dresden.
Much later, (after 1989) the aim was to decrease the transit
traffic load along the river Labe.

Libochovany - the series of basalt quarries is situated op-
posite to Dobkovicky on the right Labe riverside. The oldest
quarry at the railway is full of debris; it was abandoned long ago
as well as other minor developments. The first successful quarry
was exploited inside the hill called Deblik (Fig. 8); because of al-
tered rocks, working was shifted into the hill known as Trabice.
This open pit quarry changes the hill into a torso as well.

Maridnska skila (Marienberg) in Usti nad Labem - this
open pit quarry was established inside a huge massif near
the Usti nad Labem center. In medieval times, the rock was a
good source of construction material which enabled to build
the whole borough by virtue of smaller quarries Originally
the massif extended into the Labe river; rocks had to be part-
ly blasted off because of building the railway line between
Prague and Dé¢in (later Dresden). J. E. Hibsch, a famous Vi-
enna mineralogist, called the stone Marienbergite (he often
saw minor differences in mineral composition and called such
rocks according to the place of their occurrence). Of course,
from the present-day point of view it would be somewhat
impractical - the rock is generally called phonolite and more
exactly natrolitic trachyte (Fig. 9a) [8]. The quarry itself was
opened inside the massif; because of strict spatial limits, it
could only proceed downwards to the level of about 90 me-
ters below the rock surface (present day situation). The stone
seems crushed (Fig. 9b) but reasons are very different. The
massif (called laccolith) was slowly uplifted and after open-
ing the quarry, the internal stress got loose. The future of this
quarry is not sure; spatial limits are still very strict.

Téchlovice - this not a very large shelf quarry is situated
near the main volcanic center of the Ceské Sttedohoii Mts.
Well visible from the Labe left riverside, it forms another scar
in its environs (Fig. 10).

Mald Velen (Soutésky) — this is a very obvious example
of useless assets. The quarry was opened above the Plou¢nice
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Fig. 10. The quarry in Téchlovice, known for its position near the volcanic centre of the Ceské Stfedohoti Mountains PLA and younger vertical intrusions

Rys. 10. Kamieniolom w Téchlovicach, znany ze swojego polozenia w poblizu centrum wulkanicznego PLA Ceské Stfedohoti Mountains i mtodszych
pionowych intruzji

Fig. 11. Mald Velen, Soutésky: abandoned quarry in very poor condition (rock alteration)
Rys. 11. Mala Velen, Soutésky: opuszczony kamieniotom w bardzo ztym stanie (przerdbka skaty)

Fig. 12. The former coal mine (Kohlbruch) in Usti nad Labem on a map from 1836 to 1852 [22]; view into part of the residual pit, blocked by a road embankment

Rys. 12 Dawna kopalnia wegla kamiennego (Kohlbruch) w Usciu nad Labg na mapie z lat 1836-1852 [22]; widok na cze$¢ pozostatosci po wykopie,
zablokowang przez nasyp drogowy

river right bank (near the City of Dé¢in). Soon after opening,
altered rocks occurred and became prevailing. After 1990,
private owners tried to utilize one “healthy” basaltic vein in
order to make decorative garden items. This activity has al-
ready been abandoned. The quarry thus accelerates erosive
processes (Fig. 11).

5. Selected sources of sedimentary rocks the cretaceous and
tertiary deposits

Along the Labe right riverside, there are minor quarries
between the Lake of Pistany and the Bohemian Gate) near
the Village of Velké Zernoseky. These quarries used to extract
marles and marlites for local purposes. These relatively soft
rocks were apt for building houses, walls, terraces and other
constructions. In the Village of Velké Zernoseky, these rocks
were massively used within the local cemetery and its chapel
in combination with other accessible stones. Sentry houses
at famous vineyards (between Zernoseky and the Bohemian
Gate) were built of marles as well. All small quarries were
abandoned long ago, now being private dwelling and holi-
day estates. Sandstones were used as decorative components
(arches, lintols or caps) because of their easy accessibility
Abandoned quarries were also established in uplifted micro-
blocks, for example in Usti nad Labem and its environs [10].
Due to their unfavorable cementation, these rocks suffer from
erosion. The reason is in fact very simple - surface water pen-
etrates into subsurface zones, where cement is dissolved. It
then impregnates the surface itself, forming a hard, reinforced

crust. After this crust is damaged or eroded, loosened grains
screen out and the process can continue deeper and deeper.
There are also abandoned limestone deposits — for example
Radobyl (Fig. 3 above) hill near the City of Litométice. The
deposit was accessible via an adit below the volcanic complex.
During the WWII, the underground labyrinth was utilized by
Germans for producing aerial components, having its own
“accessory” concentration camp and even its crematory. Now
inaccessible, the mine serves as the deposit of radioactive
wastes from hospitals and laboratories.

6. Tertiary coal

The Most coal basin used to be much larger, extending far
away to the South-East. During vertical movements of partic-
ular crustal microblocks, peripheral basin parts were isolated
and eroded into the form of small separate basins [4]. While
some of them lie near the main sedimentation area (and not
high above it), some others lie in very strange positions. These
minor basins were either abandoned for their unfavorable
geological conditions or completely exploited. Here are some
of them:

Velké Biezno - two small separate basins are reported
southwards of the commune, particularly Bynov and Horni
Zalezly. The booklet [18] informs about mining activities in
these basins (beginning in 1765), writing about “black coal”
or “anthracite” (allegedly of a pitch glance) which was very
demanded especially in Litoméfice. The coal was transported
via the Labe waterway, especially in autumn and early winter.
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Fig. 13. A weathered coal seam (about 20 cm thick) in the excavation for the foundations of the building. It is clearly part of a separate basin, now
almost 100 meters above the main basin. The Kohlbruch connection cannot be proven

Rys. 13. Zwietrzaty poklad wegla (o grubosci okolo 20 cm) w wykopie pod fundamenty budynku. Jest to wyraznie cze$¢ oddzielnego basenu, obecnie
prawie 100 metréw nad gtéwnym basenem. Nie mozna udowodni¢ zwigzku Kohlbrucha

For shipmen it was a good opportunity to earn some money
out of their main season. Coal seams were later abandoned
- they became steep dipping and their quality worsened. An-
other interesting location is sometimes commemorated in the
western part of Pribram village (eastwards from the Bukova
hora - Beech Mountain - transmitter). It is not sure whether it
was a part of a larger separate basin; in any case, there are no
visible remnants of mining here.

The question of “black coal” or even “anthracite” in this
area is at least disputable. The nearest anthracite occurrence
has been documented in Brandov (more than 50 km west-
wards) — nevertheless, this coal is not of the Tertiary but Car-
boniferous age. Thus, it is possible to consider some ways of
thermal affecting the brown coal in separate basins because
some volcanic rocks are younger than seams (for example
natural coke in the main basin). Many authors - for example
[12] claim that if an oftf-grade coal is despoiled of humidity
(dessicated), the material becomes superior, comparable with
hard coal regarding the purity and caloric value. [9]

Usti nad Labem - the city of Ust{ nad Labem forms a
“bay” in the PLA boundaries (of course, such an industrial
town cannot lie within them). However, there are several ob-
vious records of exploiting the coal here.

The first one was visible in the course of building one of
peripheral city parts, called Kli$e. No coal can be found there
now for intensive seam fires; however, porcelanites give good
evidence of an erstwhile seam.

Another well-known place called “Kohlbruch” (coal pit)
is well visible even in old maps (Fig 12a). Coal was exploited
beyond the town walls from about 1750. Coal was transported
by horse carts via reinforced ways. Although abandoned long
ago, the pit is still well visible and modern blocks of houses
and streets copy original pathways (Fig 12b). The third coal
occurrence was incidentally found in the area of regional hos-
pital. A weathered coal seam (about 20 cm thick) was visible
and photographed inside the cut for a commercial building
(Fig 13). There are more separate basins, but they lie beyond
the PLA territory.

7. Bohemian garnets

The least invasive mining within the PLA is connected
with tertiary maars, usually represented by small hills with a
minimum of vegetation. Three of them - Linhorka, Granatka
and Nova trubka (New Pipe) — are sources of pyropes which
were transported from a deep subsurface during the Neogene
volcanic activity. Pyropes are concentrated in quarternary
deluvia (by the way, two Czech diamonds were found here
as well). The mining area is relatively small, hidden in fields
near the Village of Dlazkovice. This area is guarded, and it is
not recommended to try to enter it. Even though the deposit
is almost worked-out, subtle pieces of pyropes can be found in
surrounding fields, especially after the rain.

8. Conclusion

The Ceské stfedohofi mountains PLA represents an in-
stance of a very disturbed landscape, historically inhabited,
and utilized in a maximum possible way. The volcanic relief
was affected by quarrying activities which moved from one
hill to another because of a various quality of stone. Before the
PLA was proclaimed, quarrying had not respected any rules
of protecting the nature — some abandoned quarries evolved
into debris and block fields which endanger near buildings
and communications. Because of heavy traffic, rocks still
loose and it is often necessary to protect railways and roads
with catch nets and anchors. Moreover, several large quarries
continue working and their activities affects the landscape
(the D8 motorway landslide can be a very obvious example).
In the past, quarrying and mining here was almost unlimit-
ed — while basaltic rocks found their use in medieval walls,
sediments — especially sandstones - served as arches, lintels or
caps. Brown coal was worked in the so-called separate basins
and utilized for local purposes.

And what to say about the future of this beautiful but dis-
turbed landscape? Before D8 was finished, the main traffic
load had been concentrated along the river Labe. From this
fact it implies that building the highway was a good (i.e. na-
ture and people friendly) solution. Long time ago, the Labe
represented an important waterway.
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Dziatalnos¢ gornicza w Obszarze Chronionego Krajobrazu Gor Ceské Stiedohori
Obszar Chronionego Krajobrazu Gér Ceské Stredohoti (zwany dalej CSM PLA) jest bez watpienia wyjgtkowy ze wzgledu na rzezbe
wulkaniczng, przyrode ozywiong i dziatalnos¢ cztowieka - szczegdlnie gorniczg. Istniejg tu dwa rodzaje kamieniotoméw, ze wzgledu
na ich status, tj. opuszczone (w zdecydowanej wigkszosci), jak i czynne.
Jesli chodzi o rodzaj kamienia, mozemy wyréznic trzy zasadnicze typy - skaty wulkaniczne (krystaliczne), osady kredowe, a nawet
trzeciorzedowy wegiel. Wigkszos¢ dziatalnosci gorniczej, szczegblnie zwigzanej z budowq Sredniowiecznych miast i wsi, zostata po-
rzucona juz dawno temu, lecz niektore nowoczesne kamieniotomy nadal dziatajg jako Zrédlo najwyzszej jakosci materiatéw budow-
lanych i kruszonego kamienia, ktéry jest wykorzystywany do budowy i utrzymania drég i linii kolejowych.
Bedgc w rekach prywatnych, kamieniolomy te w znacznym stopniu szkodzg krajobrazowi, a nawet zagrazajqg bliskiemu otoczeniu,
odzialywujgc niszczgco na budynki i Srodki transportu publicznego.
Sytuacja ta prowadzi do instalowania barier ochronnych, szczegélnie nad liniami kolejowymi i drogami. Z drugiej strony, PLA odczu-
wa wplyw transportu. Przed ukoviczeniem autostrady D8 (i naprawg po osuwisku w 1914 r.) prawie caly tranzyt miedzynarodowy
koncentrowat si¢ wzdtuz rzeki Laby. Z ekologicznego punktu widzenia byto ,w porzgdku”, ale autostrada poprowadzona przez naj-
mniej wartosciowg czes¢ PLA wywolata utrzymujgce sie animozje.

Stowa kluczowe: Czeskie Gory, Obszar Chronionego Krajobrazu, rzezba wulkaniczna, wydobywanie, szkody spowodowane dziatalnoscig
czlowieka, autostrada D8

24

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society



The Importance of Relative Slope Length Data in
Flood Hazard Zoning: A Case Study of the Ngan
Sau, Ngan Pho River Basin, Vietnam

Tuyet Minh DANG", Duyen Quang LE?*, Ba Dung NGUYEN®

! Thuyloi University, 175 Tay Son street, Ha Noi, Vietnam; ORCID: https://orcid.org/0000-0001-8379-1087

2 Hanoi University of Mining and Geology, Hanoi, Vietnam; ORCID: https://orcid.org/0000-0001-6953-4762

% Hanoi University of Natural Resources and Environment, Hanoi, Vietnam; ORCID: https://orcid.org/0000-0001-5378-0926
* Corresponding author: Duyen Quang LE, email: lequangduyen@humg.edu.vn

http://doi.org/10.29227/IM-2024-01-89
Submission date: 22-05-2024 | Review date: 01-06-2024

Abstract
Flood modeling provides useful information to assist manage flood hazards and lessen the effects of floods in locations that are
vulnerable to flooding. The present research established flood hazard maps for the Ngan Sau, Ngan Pho river basin using GIS
technology and the Analytical Hierarchy Process (AHP) method. The precision of flood simulation results is dependent on criteria that
cause flooding. The goal of this study was to evaluate the role of relative slope length in flood hazard identification and delineation.
The AHP method was used to determine the respective weights of six physical geography and meteorology factors including rainfall,
slope, soil, land use, drainage density, and relative slope length. In the process of computing the model, these factors are classified into
two groups: group 1 includes five criteria excluding the relative slope length criterion and group 2 has all six parameters. Based on
flood warning levels at hydrological stations in the research area during past floods, the results of flood hazard zoning were verified.
The obtained findings indicated that map developed from the group of criteria including the relative slope length are more accurate
than those generated based on the remaining five factors. The results of the paper can be used as a reference when choosing criteria for

creating flood hazard zoning models utilizing a combination the AHP and GIS technology.

Keywords: Analytical Hierarchy Process, AHP, flood hazard, relative slope length, Ngan Sau, Ngan Pho river basin

1. Introduction

The flood is one of the most devastating disasters affecting
human’s lives and the ecosystem, causing both life and mate-
rial damage. The determination of the flood hazard is a nec-
essary pre-requisite for flood risk evaluation [1]. Moreover,
flood hazard map play an important role in assessing suscepti-
bility of flood prone area, estimating the spatial extent of flood
and flood depths [2]. To detect the flood potential areas, a
variety of techniques, approaches, and models have recent-
ly been developed and implemented. With the development
of satellite technology, geographic information system (GIS)
and remote sensing images have gradually taken precedence
to delineate flood potential regions [3]. In addition, flood haz-
ard map can be generated by using various machine learning
models, namely, random forest, support vector machine, gra-
dient boosting model, decision tree, classification regression
tree, and naive Bayes [4]. Recently, several research have uti-
lized Multi-Criteria Decision Analysis (MCDA) like the Ana-
lytical Hierarchy Process (AHP) to evaluate the possibility for
flood hazard [5, 6]. The AHP algorithms can integrate with
Delphi methods to assess the impact level of criteria on flood
hazard [7]. In addition, this approach used in various fields
such as groundwater [8], agriculture [9, 10], land slide [11],
drought [12], etc. Their findings showed that AHP is the most
widely used and effective method for creating accurate flood
hazard maps in the GIS environment, and it is also appropri-
ate for other hazard studies. Many scientists described AHP as
an easy-to-use, affordable, and convenient approach for flood
risk assessment. In particular, this approach can be applied
for a large and complex river basin with data sparsity [13].

According to Dung et al. (2022), floods occur due to sever-
al reasons such as hydrological, orographic, geomorphologic,
meteorological, cover, soil, infrastructure and socio-economic
factors [14]. The relationships between flood hazard and these
conditioning parameters have been studied by researchers.
Many publications indicated the factors that have significant
influence on flood potential including rainfall, slope, drain-
age density, soil, land cover, land use, etc. Although the slope
length factor contributes significantly to flood formation, it
has not been mentioned much. There were many research
used this factor and most of them assessed that slope length
plays an important role in sediment yield by rainfall impact
of various land use types [15], soil loss for steep slopes [16],
the size distributions of loess slides [17], runoff and erosion
conversion [18], soil erosion [19], sediment concentrations
[20], flood hazard [8, 21]. In most erosion studies, this fac-
tor is used in conjunction with the slope angle or slope gradi-
ent and is referred to as LS-factor. However, for flood hazard
studies, slope length is used independently with other factors
contributing to flood generation to develop the flood hazard
model, such as rainfall, slope, drainage density, land use, soil,
etc. Literatures found that slope length was strongly correlated
with runoff [22]. According to Verrina et al. (2013), runoff is
part of the precipitation that falls over the surface of land to
bodies of water like lakes, rivers, ocean, etc. An increase in
runoff volume is the cause of flooding problems in the down-
stream watershed [23]. Therefore, it is undeniable that, slope
length has a significant contribution to flood hazard.

In this study, the slope length factor was applied to simu-
late the flood hazard index using AHP method in Ngan Sau,
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Fig. 1. The Ngan Sau - Ngan Pho river basin, Vietnam

Rys. 1. Dorzecze rzek Ngan Sau — Ngan Pho, Wietnam

Ngan Pho river basin. Flood hazard map generated from slope
length and others was verified by the historical flood events.
Accordingly, the important role of the slope length factor will
be confirmed when establishing flood risk zoning maps us-
ing the AHP approach for the study area as well as other geo-
graphical regions.

2. Study area

The study area is in the North Central of Vietnam. It is
located at longitudes of 105°07"00”E to 106°56'00”E and lat-
itudes of 17°50°00”N to 18°37'58”N. The Ngan Sau, Ngan
Pho river basin has an area of approximately 2061 km* and
1065 km? respectively consisting of Huong Son, Huong Khe,
Vu Quang, Duc Tho districts [24, 25], as shown in Figure 1.
The Ngan Pho River is the largest tributary of the La River,
originating from the eastern slopes of the Truong Son Range,
while the Ngan Sau river system is the second largest trib-
utary of Ca river. The main stream of the Ngan Sau river is
100km, the river is narrow and steep with an average width
of 30—-50m. The river flows through the area with high annual
rainfall reaching 2,200-2,400mm [6, 26].

The Ngan Pho River is 70 km long with the average river
width of 30-35m, and the river bed is steep and short. The
study area is located in the tropical monsoon area, which
is hot and humid, with a lot of rain. The soil is mainly suit-
able for growing food crops and short-term industrial crops.
Forests in the river basin are concentrated in two districts of
Huong Son and Huong Khe, Ha Tinh province [6]. Ha Tinh
province in north central Vietnam is frequently the hardest
damaged by floods, in particular in the Ngan Sau, Ngan Pho
river basin [24].

3. Data and Research methodology
3.1 Impact of slope length on flood hazard

Slope length is significant topographic criterion influenc-
ing flood occurrence. Slope length is the distance between the
site of origin of overland flow and the point at which either
the slope gradient reduces sufficiently for deposition to start
or the runoff water enters a well-defined channel, which may
be a drainage network or a manmade channel [27]. Thus, it
can be understood as the slope length is equivalent to the
measurement between the valley line and the watershed line.

This parameter can control the variations along the slope wa-
ter flow energy by altering the area that receives rain, which
in turn, influences how water moves. Slope length is key in-
fluence on both the volume and velocity of surface runoff.
Longer slopes deliver more runoff to the base of slopes [28].
According to He et al. (2022), slope length was significantly
positive correlation with flow velocity and runoft [22]. This
can be inferred as the further the slope length, the greater
the volume of water, flow speed, and inertia force. This re-
sult is in accordance with the study of Begarello and Ferro
(2010), Yongmei et al. (2011), and Liu & Singh (2004). Their
findings have indicated that the volume of the flow rises with
an increasing slope length. A flood occur when large runoff
volumes flow rapidly into streams and rivers [29]. Therefore,
the closer the distance to the watershed line, the less the flow
kinetic energy, the smaller the flow velocity, leading to a re-
duction in flood hazard [21]. In addition, Kittipongvises et al.
(2020) revealed that the higher the runoff, the greater the haz-
ard of flooding [30]. Thus, there will exist a proportional re-
lationship between slope length with runoff and flood hazard.

In addition to affecting the runoff, the slope length also
impacts the flow accumulation. Theoretically, the longer the
slope, the more runoft will accumulate, gathering speed and
gaining its energy [31]. This judgment is the agreement with
Balasubramanian’s assessments, the slope length increase
leads to a greater accumulation of runoff [32]. That means,
if slopes are long, when rainfall reaches the soil, the speed
and extent to which the flow accumulates on the soil surface
strengthen. Furthermore, the proportional relationship be-
tween slope length and flow accumulation is also shown in
the following formula [33]:

Flow Accumulation * Cell size\"* sing \“*
o= ) ) g
22.12 0.0896

where LS is slope length and slope steepness factor, cell size is
the pixel size of the DEM, 0 is slope steepness in degree.

As such, on a slope, the quantity of water, runoft speed,
and the capacity to accumulate water will all gradually rise
when water moves from the ridge line to the water concen-
tration areas. Additionally, the time of water concentration
affects the water accumulation amount on the same slope.
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Fig 2. Relationship between hydrogeological coefficients and time of water concentration in the different rain regions of Vietnam [34]
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According to Directorate for Roads of Vietnam (2013), the
water concentration time on a slope relies on the hydrogeo-
logical coefficient of the slope and the rain zone. The larger
the geomorphology and hydrological coefficient of the slope,
the longer the time of water concentration on the slope. This
coeflicient is proportional to the slope length and is calculated
by the following equation [34]:
13

. S
4 Mo (pHp)*

)
where: @, is the geomorphology and hydrological coefficient
of the slope; L is the average slope length of the watershed; ]
is the slope in percentage; ¢ is the flood flow coefficient de-
pending the soil type, design daily rainfall and basin area; H,
is the design daily rainfall; msd is parameter of roughness
characteristics on the slope relying on the surface condition
of the basin slope.

Equation 2 indicates that, the longer the slope length
increases, the greater the hydrogeological coefficient of the
slope. In addition, the proportional relationship between this
coeflicient and the time of water concentration in different
rain regions is shown on the chart (Figure 2) [34]. Where,
the horizontal axis represents @ ; and the vetical axis shows
the water concentration time. The above evidences show that
there is a positive correlation between hydrogeological co-
efficient, time of water concentration and slope length. This
demonstrates that the flood hazard increases with the increase
of water concentration time and slope length. Therefore, it can
be confirmed that slope length is an important parameter af-
fecting flood hazard.

According to Nguyen et al. (2020), there are currently two
different types on the concept of slope length including abso-
lute and relative slope length. The former is often determined
in length measurement units, making it “absolute” in terms
of quantitative sense, while the latter is hierarchized depend-
ing on the proportion of the absolute slope length, so it de-
notes “relative” in terms of quantitative concepts. The concept
of absolute slope length is widely used in erosion studies or
hydrological and hydraulic calculations, but it is challenging
in the hierarchy to establish the flood hazard zone map [21].
Therefore, the present study used the concept of the relative

slope length to generate a hierarchical map of slope length,
thereby combining with other maps to create a map of flood
hazard zoning in the study area.

3.2 AHP method

There are different kinds of flood risk evaluations, which
combine qualitative, semi-quantitative, and quantitative tech-
niques [35]. However, the AHP technique is being utilized
most frequently to resolve different flood hazard assessment
[36]. The AHP is a decision-making methodology created
by Thomas Saaty in the 1970s that can evaluate and analyze
complex multiple problems [37]. In flood hazard evaluation,
AHP can be integrated with various criteria to calculate the
flood hazard index. In this paper, to delineate the flood-prone
areas, based on the decision makers’ consideration, the inte-
gration between the AHP algorithm and GIS technology has
been applied to determine the weight of factors contributing
to flood generation in the study area, including slope length
factor. The AHP model involves creating a pair-wise matrix,
calculating eigenvalue and weighting coeflicients, and enables
the calculation of a consistency ratio (CR) to assess the con-
sistency of the priority ranking. The following equation has
been used to compute the CR:

CR =CI/RI (3)

When CR is the consistency index, RI is the random con-
sistency index that depends on the number of criteria used in
the AHP model, and CI is the consistency index calculated
as follows:

Cl=(_-n)/(n-1) (4)

max
when A denotes the largest eigenvalue of the pair-wise com-
parison matrix; n is the number of parameters.

The AHP result is acceptable if the CR is less than or equal
to 0.1. If this value is greater than 0.1, the result is inconsistent
with continuing the evaluation and the approach needs to be
revised [38].

3.3 Generating flood hazard zone map
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Tab. 1. Type data, data sources, and output layers

Tab. 1. Typ i zrédta danych, warstwy wyjsciowe

Data type Description

Source Output layer

Topography map Scale

1:50 000

Existing Land use map
Soil classification map

Ha Tinh Department of
Natural Resources and
Environment

DEM, slope map, drainage density
map, relative slope length map
Land cover map
Soil map

In the period from

Rainfall data 1961 to 2020

National Centre for Hydro-
Meteorological Forecasting

Annual rainfall map

Flood water level in
reality of flood events

October 2010, 2013,
2016, 2020

Ha Tinh Department of
Natural Resources and
Environment

Used to validate the flood hazard
zoning map

Tab. 2. Relative weight for thematic layers

Tab. 2. Wspotczynniki wagowania dla warstw tematycznych

Weights
Factors RF s DD S LU RSI
Group 1 Group 2
Rainfall (RF) 1 3 5 7 5 5 50.3 45.8
Slope (SI) 1/3 1 3 5 5 3 27.3 25.3
Drainage Density (DD) 1/5 | 1/3 1 1 1 1 8.1 7.6
Soil (S) 1/7 | 1/5 1 1 1 1 6.8 6.6
Land Use (LU) 1/5 | 1/5 1 1 1 1 7.4 7.1
Relative Slope Length (RSI) 1/5 | 1/3 1 1 1 1 7.6
CI 0.03 0.02
CR 0.027 0.016

After determining the weights and ratings of each cri-
terion, the following equation has been applied to calculate
the flood hazard index. Accordingly, the flood hazard zone
map can be developed with help of the raster calculator tool
in ArcGIS. This map can show all areas that are at hazard of
floods.

FHI = Yo, (W; = X;) (5)
when X is the weight of factor i; W is the weight value of each

parameter

3.4 Datasets

There are two kinds of data to feed into the AHP model
including primary data and secondary data. The former was
acquired by interviewing people living in the study area and
asking for experts’ judgment with questionnaires and record-
ed in the field notes. The latter in this study is defined as data
gathered from some institutions.

These data are preliminary information about the study
region such as topography map, land use map, population,
climate situations, and rainfall. The datasets used in this study
are described accordingly in Table 1. Based on this data, the
flood hazard zoning map was created to detect flood-prone
areas with various hazard levels.

4. Results and Discussion
4.1 Assessment of the importance of factors affecting to flood
hazard

In this paper, two groups of influencing factors are used to
map the flood hazard zone of the study area. Group 1 includes
five criteria that are rainfall, slope, drainage density, soil, and
land cover. Group 2, in addition to the five factors in group
1, also includes the relative slope length. The weight of crite-
ria affecting flood hazard was based on their reaction to the
occurrence of flood and expert’s judgments. A factor with a
high weight shows a great impact on flood potential, whereas

a variable with a low weight indicates a minor influence. With
values ranging from 1 to 9, Saaty's scale of relative importance
was used to determine each parameter's weight. These values
were allocated relied on previous research, together with ex-
perts’ judgments. In this study, relative weights are assigned to
each thematic layer, as indicated in Table 2.

AHP algorithm allows determining the normalized weight
of each factor, as shown in Table 2. The study findings indi-
cate that rainfall have a higher value than others, which means
this rainfall is the most important parameter. Slope shows the
prospect for high flood hazard, whereas high soil permea-
bility implies low hazard flood. In this study, there are many
factors that influence on flood potential listed in increasing
order as follows: Soil, land use, drainage density, relative slope
length, slope, and rainfall. To assess the appropriateness of the
weights assigned to each criterion, the consistency ratio was
determined based on the formula (1). The consistency index
(CI) value obtained by the calculation is 0.03 (group 1) and
0.02 (group 2). Accordingly, the calculated consistency ratio
is 0.027 and 0.016 respectively which are less than 0.1, this
means that the weights assigned to the parameters are appro-
priate for further study.

4.2 Generating the flood hazard zone map

The flood hazard zone map in the study area is produced
based on appropriate ratings for thematic layers, their classes
on flood potentiality, and their weights. The flood hazard po-
tential zones of the research region were determined by mul-
tiplying the influencing factor weight by the cell value of that
criterion class and adding the resulting cell values together as
following equation:

For Group 1: FHI = Rf *Rf +SL *SI + Dd *Dd_ + S_*S, +

Lu *Lu, (6)
For Group 2: FHI = Rf *Rf +S *Sl + Dd *Dd_+ S *S +
Lu *Lu, + Rsl *Rsl (7)
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Fig 3. Flood hazard zone map of the study area (created for 5 factors affecting flood formation)

Rys. 3. Mapa stref zagrozenia powodziowego obszaru badan (stworzona dla 5 czynnikéw wplywajacych na powstawanie powodzi)

where the symbol “w” shows the weight of 1 thematic layer,

and the symbol “r” indicates the rating of subclasses in each
layer.

The total values calculated by Equation (6) and (7) are
classified into an assessment scale of low, moderate, high, and
very high. The values of flood hazard zones range from 1.28 to
8.53 (for group 1) and from 1.3 to 8.4 (for group 2). Natural
breaks classification of ArcGIS software is used to classify this
flood potential zones as Figure 3 and Figure 4.

After opening the command window to perform the anal-
ysis of remote sensing image data from GEE, the integration
of terrain data DEM, Sentinel 2 remote sensing image with a
resolution of 10 x 10 meters, and real-life river cross-section
data was performed (Figure 6). Nowadays, Sentinel images
can alleviate the effects of clouds, allowing for analysis across
more time layers. During the driest periods, the water level
in the Ba River remains only in the main channels with the
lowest water level. Therefore, the riverbanks and edges of the
main channels are without water. Using Sentinel images helps
determine the elevation of these areas.

4.3 Validation of flood hazard zone

Verification was performed between the flood hazard zone
map and levels of a flood warning at hydrological stations of
typical floods. In this study, three flood events were used to
verify including floods in October 2010; October 2013; Oc-
tober 2016; and October 2020. In addition, water level data
and flood alarm levels at Chu Le, Son Diem, and Hoa Duyet
hydrological stations are also used to assess (Table 3). The to-
tal accuracy was calculated using the following equation [39]:

The Accuracy (%) = (number of correct sampled/total num-
ber of samples) x 100 (8)

In this study, water level data from four flood events in
three hydrological stations (that means the total number of

samples is 12) were utilized as a point of reference for deter-
mining the accuracy of mapping the flood hazard zones. Ac-
curacy is calculated for two cases as follows:

The total accuracy for group 1: (4/12)* 100 = 33%
The total accuracy for group 2: (9/12)* 100 = 75%

Thus, the identification of flood potential areas by six
factors affecting flood formation (group 2) has much higher
accuracy than the determination based on five factors (group
1). The findings indicated that there is a considerable level of
agreement in using factors affecting flood potential of second
group to establish the flood hazard zone map with the total
accuracy of 75%. This assessment also shows a good connec-
tion between flood potential zones in the map and actual flood
hazard information. This proves that adding the relative slope
length factor to develop the AHP model helps to improve the
precision of flood prone area delineation in the study area.

This study is useful in decision making, flood manage-
ment, and as a guide for future flood monitoring in the study
area. Based on the obtained results of this study, it can be con-
cluded that integrated AHP method and GIS technology are
very useful, time-efficient, and affordable tools for modeling
flood hazard zones, in particular for the data spare areas such
as flood prone regions. However, it is necessary to consider
carefully before deciding which factors affecting flood gener-
ation to include in the calculation model. This selection de-
pends not only on the physical geography characteristics of
the study area, but also on the availability of data. This is not
simple, especially for the ever-changing subject of flood. In
addition, the number of criteria also needs to be considered,
just choosing from 5 to 9 factors is enough. Moreover, in or-
der to improve accuracy and increase the level of agreement
between predicted results and actual happens, the data used
to develop the model should be real-time data or data closest
to prediction time.
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Fig. 4. Flood hazard zone map of the study area (created for 6 factors affecting flood formation)

Rys. 4. Mapa stref zagrozenia powodziowego obszaru badan (stworzona dla 6 czynnikéw wplywajacych na powstawanie powodzi)

Tab. 3. Validation of flood hazard zone using data of flood evens (Data Source: Ha Tinh Committee for Flood and Storm Control)

Tab. 3. Walidacja strefy zagrozenia powodziowego na podstawie danych o zjawiskach powodziowych

Actual description Expected description
River Hydrologic- Flood Water Flood Grou Grou
al stations even level danger Hazard level 1 P Agreement > P Agreement
(m) level
Ngan Chu Le Above
Sau warning . . . Very
16.56 level 3 Very high High Disagree high Agree
(3.06 m)
Foa Duyet 16-18 C\vt;?:%g Very Very
g;tlcaber, 12.37 level 3 Very high high Agree high Agree
(1.87 m)
Ngan Sdn Diem Above
Pho warning . . . Very
13.0 level 3 Very high High Disagree high Agree
(0.78 m)
Ngan Chu Le Above
Sau warning . . . Very
14.42 level 3 Very high High Disagree high Agree
(0.92 m)
e Pwet 15, 16 waring Very very
g(z):’;%ber, 11.26 level 3 Very high high Agree high Agree
(0.76 m)
Ngan Sdn Diem Above
Pho warning . . . Very
14.62 level 3 Very high High Disagree high Agree
(1.62 m)
Above
warning . . . Very
Chu Le 15.64 level 3 Very high High Disagree high Agree
Ngan (2.14 m)
15,16 s » »
Hoa Duyet October, | 10.91 9 Very high ) Y Agree ) y Agree
2016 level 3 high high
(0.41 m)
Under
Ngan . warning . . Very .
Pho Sdn Diem 12.8 level 3 High High Agree high Disagree
(0.2 m)
Above
warning . . . Very
Chu Le 14.5 level 3 Very high High Disagree high Agree
Ngan (0.5 m)
Sau Above
19 warnin Ve Ve
Hoa Duyet October, | 9.41 9 High . v Disagree . Y Disagree
2020 level 2 high high
(0.41 m)
Above
Ngan h warning Moderate . . Very .
Pho Son Diem 10.5 level 1 High Disagree high Disagree
(0.5m)
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5. Conclusions

In the present study, the AHP approach along with GIS
technology was used to determine the flood prone zones of
Ngan Sau, Ngan Pho river basin, based on influential vari-
ables in two groups. This procedure successfully achieves the
satisfactory findings with regard to the identification of flood
potential areas. The AHP analysis reveals that meteorological
factor such as rainfall, physical criteria such as slope, drain-
age density, relative slope length have greater impact on flood
formation. Two flood hazard zone maps of the study areas
were generated using two data groups. The result maps were
verified based on flood warning levels of four historical flood
evens. The results of predicting flood hazard areas that take
into account this factor are much more accurate and reliable
than those made without that criterion. Therefore, it can be
asserted that it is necessary to include the relative slope length
to delineate the flood potential zones in Ngan Sau,

Ngan Pho river basin. In addition, since data preparation
is not too complicated, this parameter can also be considered
for use in other geographical areas to identify flood prone
zones.
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Znaczenie danych o wzglednej dlugosci zboczy w strefach zagrozenia powodziowego: studium
przypadku Ngan Sau, dorzecze rzeki Ngan Pho, Wietnam

Modelowanie powodzi dostarcza przydatnych informacji, ktére pomagajg zarzqgdzac zagrozeniem powodziowym i tagodzic¢ skutki
powodzi w lokalizacjach narazonych na powodzie. W ramach niniejszych badani opracowano mapy zagrozenia powodziowego dla
dorzeczy rzek Ngan Sau i Ngan Pho przy uzyciu technologii GIS i metody Analytical Hierarchy Process (AHP). Doktadnos¢ wynikéw
symulacji powodzi zalezy od kryteriéw powodujgcych powédz. Celem pracy byta ocena roli wzglednej dtugosci zbocza w identyfikacji
i wyznaczaniu zagrozenia powodziowego. Do okreslenia odpowiednich wag w AHP wykorzystano szes¢ czynnikéw geograficznych
i metrologicznych — opady deszczu, nachylenie, gleba, uzytkowanie gruntéw, gestos¢ drenazu i wzgledna dtugos¢ zbocza. W procesie
obliczania modelu czynniki te dzielone sq na dwie grupy: grupa 2 obejmuje wszystkie szes¢ parametréw, natomiast grupa 1 obejmuje
pieé kryteriéw z wylgczeniem kryterium wzglednej dtugosci nachylenia. W oparciu o stany ostrzezeti powodziowych na stacjach
hydrologicznych na obszarze badan podczas powodzi, ktére mialy miejsce w przeszlosci, zweryfikowano skutki wyznaczania stref
zagrozenia powodziowego. Uzyskane wyniki wykazaty, ze mapy opracowane z grupy kryteriéw uwzgledniajgcych wzgledng diugos¢
nachylenia sq doktadniejsze niz mapy wygenerowane na podstawie pozostatych pieciu czynnikéw. Wyniki artykutu mogg postuzyé
jako punkt odniesienia przy wyborze kryteriow tworzenia modeli stref zagrozenia powodziowego z wykorzystaniem kombinacji tech-
nologii AHP i GIS.

Stowa kluczowe: proces hierarchii analitycznej, AHP, zagrozenie powodziowe, wzgledna dlugos¢ nachylenia, Ngan Sau, dorzecze rzeki
Ngan Pho
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Abstract
Riverbed depth is the main and essential data to conduct hydrodynamic modeling research. Typically, riverbed topography data is
collected directly from cross-sections arranged along the river at relatively distant intervals. This paper presents the results of applying
Google Earth Engine technology and high-resolution Sentinel 2 remote sensing images combined with digital elevation model data
and field-measured cross-sections to supplement the cross-sections of the downstream Ba River. The reliability of the cross-sections
obtained using this technology has been verified against actual measurements at several locations on the mainstream of the Ba River.
The research results indicate that most of the interpolated cross-sections are consistent with the actual measured data.

Keywords: Google Earth Engine, river cross-section, Ba river basin

1. Introduction

Collecting riverbed topography data is not an easy and
simple task as it requires extensive field measurement time
and data processing post-survey. However, traditional mea-
surement methods cannot address the scarcity of riverbed
topography data. Recently, remote sensing technology has
rapidly developed with big data and cloud computing tech-
nology. Google Earth Engine (GEE) is an advanced cloud-
based geospatial processing platform that utilizes large-scale
open-source big data, including petabyte-scale global geospa-
tial images and data [1]. This tool has the potential for ex-
ploiting, processing, and analyzing satellite images and other
spatial data for various research purposes [2]. Additionally,
this technology can overcome the processing issues that tra-
ditional satellite image processing methods are facing [3].
Globally, GEE technology can be applied in many fields such
as mapping and monitoring land cover [4], land cover classi-
fication [5], agriculture [6], disaster management [7], forestry
[8], supplementing river cross-sections [9], and determining
river width [10], fluvial geomorphology [11], river discharge
retrieval [12]. However, in Vietnam, the application of GEE
is still quite new, and currently, there are not many studies
utilizing this technology. Most studies focus on disaster man-
agement fields such as floods [2], droughts [1], and land use
changes [13]. Hoang et al. (2020) applied the GEE platform to
create drought monitoring maps for the Dong Nai river ba-
sin in the Southeast region. The research results demonstrat-
ed that the GEE platform is an effective and rapid tool for
drought monitoring [1]. Nhung and Thy (2019) also showed
the effective application of the GEE tool to analyze the change
in forest area and land surface temperature in the Ba-Da Rang
river basin [13].

Additionally, Long et al. conducted the exploitation, pro-
cessing, and analysis of satellite images on the GEE system
to extract flood developments and statistically analyze the
flood-affected areas over the years in the Dong Thap prov-

ince [2]. Forest dynamics monitoring in Lam Dong province
was also carried out using a remote sensing method on the
GEE platform. The results showed that GEE is an effective
tool and brings significant efficiency to forest monitoring. Be-
sides GEE applications in disaster management and land use
change monitoring, this technology can be applied to supple-
ment river cross-sections. [14] used this method to densify
river cross-sections in downstream of the Ca river. The results
are used to evaluate saltwater intrusion developments and es-
tablish a saltwater intrusion risk map, taking into account the
impact of climate change and sea level rise.

Both domestic and international research results have
demonstrated the effectiveness of GEE, allowing users to
combine various types of spatial data for different analysis and
processing purposes. Therefore, this study combined optical
satellite images from Sentinel-2, DEM topographic data, and
field survey cross-section data to supplement the cross-sec-
tions in downstream of the Ba river area for researching and
evaluating water resources. The research results will contrib-
ute to perfecting the scientific basis for applying new technol-
ogy in the planning and management of water resources in
the study area.

2. Study area

The Ba River is the largest river in the central coastal region
with a basin area of 13,508 km?. The geographical coordinates
of the basin are approximately 12°55' to 14°38' North latitude
and 108°00' to 109°55' East longitude [15]. It borders the Tra
Khuc River basin to the north, the Cai Ninh Hoa River and the
Serepok River basins to the south, the Kone and Ky Lo River
basins to the east, and the Sesan and Serepok River basins to the
west. The Ba River originates from the peak of Ngoc Ro Moun-
tain at an elevation of 1,549 meters in the Truong Son range.
The total length of the main river is 374 km [16].

The Ba River basin (Figure 1) can be divided into various
topographical types: the middle and upper reaches are pri-
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marily mountainous and highlands; the lower reaches feature
low hills, valleys, and coastal alluvial plains [17]. The flow in
the Ba River basin not only varies greatly across different ar-
eas but also changes significantly over time, as evidenced by
the fluctuations in seasonal flow and the monthly distribution
of flow in various parts of the basin. In the Ba River, the min-
imum flow (or dry season flow) typically occurs in March or
April for rivers and streams in the middle and upper regions,
and in April or July for those in the downstream area [18].

3. Data and research methodology
3.1. Data

This study uses a Sentinel-2 remote sensing image with
a resolution of 10x10 meters (with a cloud cover rate below
30%) and a Digital Elevation Model (DEM) created from
topographic maps of the study area. Sentinel-2 images have a
high revisit frequency (one scene per month), a clear process-
ing procedure, and many automated steps. The Sentinel-2 data
used in this study were obtained from GEE (ee.ImageCollec-
tion(‘COPERNICUS/S2_SR’)) at processing level 2A, which

includes atmospheric correction and geometric correction
(converted to Bottom-of-Atmosphere Reflectance (RefBOA)).
In addition to images and DEM, the study uses actual mea-
sured cross-section data to densify river cross-sections from
the images. Currently, the actual measured cross-section data
at the lower Ba River averages 1.2 to 1.5 km per cross-section.

3.2. Research methodology

Figure 2 shows the process of supplementing river
cross-sections using GEE technology. GEE is a cloud com-
puting platform that allows users to run geospatial analyses
on Google's infrastructure. GEE operates through an online
interface of a JavaScript application (API) called the Code Ed-
itor [19].

On this interface (Figure 3), the users can write and run
scripts to share and reimplement the analysis process as well
as cleaning and wrangling geospatial data. Code Editor helps
users perform all features of Earth Engine. This interface is
much more flexible than Explorer’s and is even capable of con-
ducting highly complex analysis procedures per user’s request.
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In the Scripts library, there are many sample script files to
showcase the capabilities and code that can be used in analy-
ses. Users can review these samples to understand what Earth
Engine can perform and then save them in their personal re-
pository. The Docs tab contains a list of guide notes that help
identify the types of objects and functions in GEE. Users will
use the Inspector (similar to the Identify tool in ArcMap) to
view information about map layers at specific locations on the
map. The Console will display messages when running scripts
and print information about data, products, and intermediate
results. The Console will also log any detection messages (such
as information or error messages when running scripts). The
Tasks tab is used to manage the export of data and the final
results of the analysis, which are saved in Google Drive via a
Gmail account [19].

The study uses the Kriging interpolation method, which
is based on the assumption that spatially varying variables
can be represented by a sum of three main components. These
are (a) the structural component, which has a constant mean
or trend, (b) the random component, which is spatially cor-

related, and (c) random noise, which is independent of spatial
correlation [20].

Figure 4 shows the main components of Kriging inter-
polation. In this interpolation method, assuming that X is a
location in space, the value of a variable Z at that location can
be expressed as follows [20]:

Z(x) =m(x) + €(x) + & (1)

In which: m(x) is a function describing the structured
component of Z at X, e'(x) is the spatially correlated compo-
nent, and e" is the spatially independent Gaussian noise with
a mean value of p = 0 and variance 8 [20].

4. Results and Discussion

After signing in to register the domain to analyze remote
sensing image data from GEE, the next step is to enter the
command file editing window (Code Editor). On the web
page of the GEE platform, the JavaScript programming lan-
guage is used to perform direct execution (Figure 5).
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Rys. 11. Przekroje dla rzeki Ba w Phu Lam

After opening the command window to perform the anal-
ysis of remote sensing image data from GEE, the integration
of terrain data DEM, Sentinel 2 remote sensing image with a
resolution of 10 x 10 meters, and real-life river cross-section
data was performed (Figure 6). Nowadays, Sentinel images
can alleviate the effects of clouds, allowing for analysis across
more time layers. During the driest periods, the water level
in the Ba River remains only in the main channels with the
lowest water level. Therefore, the riverbanks and edges of the
main channels are without water. Using Sentinel images helps
determine the elevation of these areas.

The terrain data below the water surface during the dri-
est period is determined by interpolating from the data of
actual measured cross-sections. Using GEE technology and
the Kriging interpolation method, the cross-sections in the
research area will be supplemented. Figures 7 and 8 illus-
trate the densified cross-sections and the depth data of the
cross-sections in downstream of the Ba River area.

To evaluate the reliability of the interpolated cross-sec-
tion results, the study extracts a number of experimental
cross-sections to compare the interpolation results with the
actually measured cross-sections at several locations along
the mainstream of the Ba River, including Cung Son, Son Hoa,
and Phu Lam. At these cross-section locations, the correlation
relationship in depth between the measured and interpolated
cross-sections is shown in Figures 9, 10, and 11. The results
indicate a high correlation coefficient between the measured
and interpolated cross-sections at the same location (R >
0.9), demonstrating the trustworthiness of the supplemented
cross-sections for downstream of the Ba River.

5. Conclusions

The study has established a process for processing, calcu-
lating, and supplementing river cross-sections using Sentinel
2 satellite imagery, DEM terrain data, and actual measured
river cross-section data on the GEE platform for the down-
stream of the Ba River. The results are compared with the data
of the measured cross-sections at several locations such as
Cung Son, Son Hoa, and Phu Lam, showing that the research
method has high reliability, and the GEE platform is an effi-
cient and effective tool for supplementing river cross-sections.
Therefore, it can help reduce time, effort, and costs in measur-
ing river cross-sections, contributing to improving the quality
of research on flow regimes in rivers as well as issues related
to erosion, channel morphodynamics, and river management.

Acknowledgements

Thanks to two anonymous reviewers and editorial com-
ments for their valuable comments in the earlier version,
which helped us to improve the manuscript's quality.

Conflicts of Interest
The authors declare no conflict of interest.

Ethical statement
The authors state that the research was conducted accord-
ing to ethical standards.

Funding body
This research is no funding.

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society 39



Literatura - References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

Hoang N.V, Nhan H.T.K,, Vuong N.D. (2020). Research and application of the Google earth engine platform to create a
drought monitoring map in the Dong Nai river basin in the Southeast region. Journal of Resouces Science and Technology, 58.

Long V.H, Giang N.V,, Hoa PV. (2018). Applying Google Earth Engine cloud computing technology in flood research in Dong
Thap, Downstream of the Mekong River. Journal of Resouces Science and Technology, 43.

Tiwari, V., et al. (2020). Flood inundation mapping-Kerala 2018; Harnessing the power of SAR, automatic threshold detection
method and Google Earth Engine. PLoS One, 15(8): p. €0237324.

Tsai, Y.H., et al. (2018). Mapping vegetation and land use types in Fanjingshan National Nature Reserve using google earth
engine. Remote Sensing, 10(6): p. 927.

Lee, J., J.A. (2018). Cardille, and M.T. Coe, BULC-U: Sharpening resolution and improving accuracy of land-use/land-cover
classifications in Google Earth Engine. Remote Sensing, 10(9): p. 1455.

Xiong, J., et al. (2017). Nominal 30-m cropland extent map of continental Africa by integrating pixel-based and object-based
algorithms using Sentinel-2 and Landsat-8 data on Google Earth Engine. Remote Sensing, 2017. 9(10): p. 1065.

Liu, C.-C,, et al. (2018). Flood prevention and emergency response system powered by Google Earth Engine. Remote sensing,
10(8): p. 1283.

Jahromi, M.N,, et al. (2021). Google Earth Engine and its application in forest sciences. Spatial Modeling in Forest Resources
Management: Rural Livelihood and Sustainable Development, p. 629-649.

Pandya, U, Patel A., and Patel D. (2017). River Cross Section Delineation From The Google Earth For Development Of 1D
HECRAS Model-A Case Of Sabarmati River, Gujarat, India. in International conference on hydraulics, water resources and
coastal engineering, Ahmedabad, India (HYDRO). 2017.

Yang, X., et al. (2019). RivWidthCloud: An automated Google Earth Engine algorithm for river width extraction from remote-
ly sensed imagery. IEEE Geoscience and Remote Sensing Letters, 17(2): p. 217-221.

Boothroyd, R.J.,, et al. (2021). Applications of Google Earth Engine in fluvial geomorphology for detecting river channel
change. Wiley Interdisciplinary Reviews: Water, 8(1): p. €21496.

Riggs, R.M,, et al. (2022). RODEO: An algorithm and Google Earth Engine application for river discharge retrieval from
Landsat. Environmental Modelling & Software, 148: p. 105254.

Yen T.H, Thy PT.M. (2019). Application remote sensing using google earth engine Platform to analysis the change of forest
and Agricultural land in Ba/Da Rang river basin. GIS conference.

Truong D.X., Kieu T.D. (2018). Study on the development of saltwater intrusion risk maps taking into account the impacts of
climate change in the downstream of the Ca River. Journal of Agriculture and Rural Development.

Nguyen, B.D., An B.N, and Minh D.T. (2021). Estimation of suspended sediment concentration in downstream of the Ba river
basin using remote sensing images. InzZynieria Mineralna, 2.

Minh, D.T. and Dung N.B. (2024). GIS-based multi-criteria approach for drought hazard modeling in the Ba river basin,
Vietnam. Environmental Earth Sciences, 83(1): p. 30.

Minh D.T. and Duong N.L.T. (2021). Integration of Delphi technique and analytical hierarchy process method in assessment
the groundwater potential influence criteria: a case study of the Ba River Basin. Inzynieria Mineralna.

Minh, D.T,, et al. (2022). Investigation of groundwater level fluctuations on the Ba river basin for water resources management
and planning: a GIS-based approach. Sustainable Water Resources Management, 8(3): p. 86.

https://earthengine.google.com/.
Childs, C. (2004). Interpolating surfaces in ArcGIS spatial analyst. ArcUser, July-September, 3235(569): p. 32-35.

Pomiar przekrojow w dolnym odcinku rzeki Ba z uzupetnieniem Google Earth Engine

Gléwnymi i niezbednymi danymi do prowadzenia bada# modelowania hydrodynamicznego jest glebokos¢ koryta rzeki. Zazwyczaj
dane o topografii koryta zbierane sq bezposrednio z przekrojow rozmieszczonych wzdtuz rzeki w stosunkowo odlegtych odstepach.
W artykule przedstawiono wyniki zastosowania technologii Google Earth Engine i wysokiej rozdzielczosci obrazow teledetekcyjnych
Sentinel 2 w polgczeniu z danymi cyfrowego modelu wysokosci i przekrojami pomierzonymi w terenie w celu uzupetnienia przekrojow
poprzecznych dolnego biegu rzeki Ba. Wiarygodnos¢ przekrojow uzyskanych tq technologig zostata zweryfikowana w oparciu o rze-
czywiste pomiary w kilku miejscach gléwnego nurtu rzeki Ba. Wyniki bada# wskazujg, ze wigkszos¢ interpolowanych przekrojow jest
zgodna z rzeczywistymi danymi pomiarowymi.

Stowa kluczowe: Google Earth Engine, przekroje rzeki, dorzecze rzeki Ba
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Abstract
In recent years, there has been a global increase in energy demand, with the extraction of underground mineral energy sources such
as coal playing a significant role in the energy supply. However, the extraction of these natural resources always faces many challenges
and risks. This process has created large voids, causing an imbalance in the original stress state within the earth and resulting in surface
terrain deformations. Therefore, ensuring efficient extraction must be accompanied by safety measures. Among these, predicting surface
subsidence due to underground mining is a crucial task. This paper presents an overview of the current method of predicting mining
subsidence and their application scope. The result synthesizes various methodologies applied to different regions worldwide. Finally,
the findings of this research can provide guidelines for establishing essential requirements for the application of surface displacement

forecasting technologies due to underground mining.

Keywords: subsidence prediction, underground mining, artificial neural networks

1. Introduction

Due to the increasing energy demand, open-pit mining
is not only no longer sufficient to meet the needs, but also
less effective, leading mining companies worldwide have been
transitioning from open-pit mining to underground mining
method. However, one of the main drawbacks of the under-
ground mining method is that overlying rock mass tends to
move down to regain its new equilibrium state of stress, lead-
ing to the upper surface of the ground subsiding correspond-
ingly, forming hollows and trenches, open cracks in the earth,
abrupt steps, and extensive subsidence troughs, creating
dangers to underground engineering structures and natural
and artificial structures on the ground surface. In actuality,
underground mining has exerted many negative impacts on
environment and structures underground as well as on the
surface, causing serious human and wealth losses; therefore,
the forecast of surface deformation is a concern for many
countries, numerous scientific centers, and scientists world-
wide, with particular focus on countries with developing min-
ing industries such as Russia, Germany, China, Poland, the
United States [1]. In addition, new theories along with mod-
ern technology are increasingly being applied to enhance the
accuracy of forecasting.

Russian scientists have been at the forefront of research-
ing surface subsidence forecasting in mining operations.
Through years of observational data collected from coal
mines within the Soviet territory, basic formulas for calcu-
lating and forecasting ground subsidence were developed
[2]. The establishment of formulas and forecasting models
based on field observations in various mining regions by the
Mining Mechanics and Mine Surveying Institute (VNIMI) at

Saint Petersburg Mining University was reported at the World
Mining Science Conference in 2008 and is still being utilized
in Russia and several other countries, including Vietnam [3].
Many Chinese scientists have focused on researching surface
subsidence forecasting in mines. In 2000, in the Journal of
Mining Mechanics, Cui X.M, Miao X.X., and Wang J.A. [4]
proposed a method applying nonlinear geometric theory to
improve the reliability of surface subsidence forecasting. In
2015, Lei Nie and colleagues published a new model applying
inverse tangent functions to estimate mining-induced dis-
placement and deformation [5]. Ki-Dong Kim and colleagues
studied forecasting the degree of subsidence in Samcheok
city due to the impact of coal mining [6]. In Poland, many
research projects have laid the foundation and developed
fundamental theories on displacement, mining deformation
in general, and forecasting methods in particular. The most
important and successful research is by Knothe Stanistaw at
the Academy of Mining and Metallurgy in Krakow. Knothe's
method has paved the way for the development of many sub-
sequent forecasting methods [7].

In recent years, alongside the continuous advancement
of science and technology, many new theories and algo-
rithms have been applied in mining subsidence forecasting.
The support of algorithms and computer models has enabled
overcoming the limitations of traditional methods. In 2003,
Ambrozic T. and Turk G. [8] first published the results of ap-
plying artificial neural networks in forecasting subsidence due
to coal mining at the Velenje mine, Slovenia, using a 2-layer
feedforward neural network. In 2011, Kang Zhao and Si-ni
Chen [9] announced the application of artificial neural net-
works in subsidence forecasting for metal mining in China.

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society 41



e w—

Fig. 1. Basic shifting cutting plane function [17]

Rys. 1. Podstawowa funkcja przesuwania plaszczyzny cigcia [17]

Hejmanowski and colleagues published a study applying arti-
ficial neural networks in forecasting surface mining displace-
ment and deformation [10]. By 2017, author Kim Yangkyun
and colleagues developed an artificial neural network (ANN)
model to forecast subsidence in abandoned mines. The au-
thors used survey results from 247 subsidence areas of 27
mines to validate the model [11]. To construct a map fore-
casting the impact of surface subsidence in the mine area, au-
thors [12] utilized 7 input factors for ANN. In 2017, author
[13] and colleagues used a feedforward neural network with
a 9-7-6-1 structure to forecast the stability of transport and
ventilation shafts of the Tabas mine, Iran. In Vietnam, Long
and has applied the exponential function proposed by Kno-
the to forecast vertical displacement over time on the surfaces
of Thong Nhat and Méng Duong mines [1], [14]. Research
on forecasting vertical displacement of observation points on
the surface over time was also addressed by author Khanh in
a study applying the Kalman method in forecasting surface
vertical displacement in mines [15]. Beside, Tam [16] and
colleagues studied Prediction of underground mine’s surface
subsidence using a recursive multi-step forecasting model
with an Artificial Neural Network shown that These results
demonstrate that the proposed method and ANN model are
suitable for the time-series monitoring data in mining areas.

2. Data and methodology

This study employed the systematic literature review
approach to identify, evaluate, and interpret all pertinent
research on the detection of surface displacements and de-
formations due to underground mining. The research on fore-
casting soil and rock displacement and surface deformation
ultimately relies on data about geological characteristics, the
physical properties of rock and soil layers, and mining tech-
nology. Researchers utilize suitable tools to estimate the val-
ues of displacement and deformation parameters as well as
the displacement angles. Depending on the nature of the tool
selection and problem-solving approach, forecasting methods
can be categorized into different groups.

2.1. Group of methods based on empirical relationships

Common characteristics of this group of methods are
based on empirical relationships determined based on actual
measurement data in a specific area to predict surface defor-
mations for that area. The more extensive and accurate the
observational data, the higher the accuracy of the predictions.
The broader the range of observational data, the more widely
applicable the empirical relationship methods are for predict-
ing surface deformations.

2.2. Group of cross-sectional function method

The group of methods involving the section function al-
lows for the determination of vertical displacement at points
on a cross-section perpendicular to the direction of the seam
based on mathematical equations or descriptive tables of the
displacement tank section. This research approach has been
developed in many countries because it is relatively easy to
use in forecasting and can be studied for application to new
geological-mining conditions.

The coefficients in the equations or charts are determined
experimentally from field survey data. The complexity of each
method in the group depends on the number of factors con-
sidered in the geological-mining conditions, which are deemed
important. The basic subsidence surface function has a form
similar to equation (1) and has a shape as shown in Figure 1.

n= f(ns X, R)

This forecasting method can be subdivided into two
groups: a group of formulas based on inflection points and a
group of functions based on the center points of the mining

1

area [17].

2.3. Group of Impact Function Methods

This method allows for the prediction of deformation at
points on the ground surface. It is built on the theory that
there is an influence zone surrounding the point to be pre-
dicted due to the extraction of an area within the sphere of
influence affecting that point. A common assumption is that
the influence zone has a circular shape. The hypotheses and
scientific methods proposed by Keihorst have been applied
and refined by later researchers, including Bals.

The advantage of the impact function method group is
that it allows for the estimation of vertical displacement at
any point on the ground surface within the influence zone
of a mined area with an arbitrary shape. The application can
be somewhat complex, and verifying accuracy is challenging.
Moreover, drawing influence circles is only accurate in the
case of flat-lying seam extraction, so this method is typically
applied when extracting flat-lying and gently dipping seams.

2.4. Group of physical model methods

In many countries, small-scale material models represent-
ing different mining scenarios have been used for monitoring
the vertical displacement process and have achieved varying
degrees of success. By combining several materials such as
sand, gelatin, a model of the mining panel similar to reality
but on a smaller scale is built (Figure 2).
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Fig. 2. Physical model made from dry sand [18]

Rys. 2. Model fizyczny wykonany z suchego piasku [18]

The advantage of this forecasting method is its ability to
monitor the deformation and collapse mechanisms occurring
in the rock and soil. It allows the observation of some charac-
teristics that theoretical models may have difficulty represent-
ing. Importantly, this method can be applied to any geolog-
ical and mining conditions, making it crucial for predicting
the formation of displacement basins, especially suitable for
studying new mining areas. It is also used as a supportive
method alongside other approaches in forecasting surface
displacement and deformation. The limitation of this group
is the difficulty in constructing a model similar to the actual
structure, so it mainly provides relatively qualitative results.
Nowadays, thanks to the rapid development of information
technology, this group of methods has been significantly im-
proved, providing good efficiency and significantly increasing
both qualitative and quantitative reliability.

2.5. Analytical Model Group

These models are based on examining ground displacement
according to the laws of random environments, elastic environ-
ments, plastic environments, or viscoelastic environments, etc.
Solutions from conventional models are typically sets of equa-
tions to predict vertical displacement, mainly in two-dimension-
al space. The finite element method and its variations are widely
applied in modeling. Nonlinear analysis is also used to simulate
the non-equilibrium state of soil and ground displacement.

A representative example of a random model is Litwin-
iszyn's research [18]. The author studied the movement of
a random environment to explain the ground displacement
process caused by mining. The results obtained are mathe-
matical expressions recognized differently from expressions
derived based on continuous environmental mechanics. It can
be observed that because the random environment contains
many factors with different degrees of freedom, solutions can-
not be found in classical mechanics. Still, they can be found
using other methods. Subsequent studies by the author using
experimental models with dry sand confirmed that a random
model can be used to study ground displacement processes.

2.6. Group of Impact Function Methods

Representative for the surface subsidence prediction
method due to underground mining is the Knothe method,
according to Knothe [7]. The relationship between the time
parameter and the vertical displacement value can be de-
scribed by a two-parameter exponential function. One pa-
rameter is influenced by geological and mining factors, ob-
tained from observational data, while the other parameter
represents the maximum vertical displacement. The formula

proposed by Knothe allows predicting the quantity of vertical
ground subsidence at a specific time.

However, subsequent studies have shown that the formula
proposed by him does not fully describe the vertical displace-
ment process due to mining activities, as the vertical displace-
ment process of a point on the surface undergoes four stages,
including the preparatory stage, the onset of displacement,
the intense displacement stage, and the concluding stage.
Therefore, an additional parameter is incorporated into Kno-
the's original formula to ensure that the graph accurately rep-
resents the entire vertical displacement process of the surface.
Other methods have also been applied in forecasting surface
deformation over time, such as the Kalman filtering method
[15] and artificial neural networks [6], [11].

3. Application of artificial neural networks (ANN)

As mentioned above, forecasting surface displacements
and deformations due to underground mining is a crucial task;
therefor, new theories and algorithms are applied in forecast-
ing mine displacement and deformation quantities, especially
using artificial intelligence applications. Artificial Neural Net-
works are widely applied in various fields, including scientif-
ic forecasting. They have the ability to connect and integrate
various parameters to identify and predict phenomena based
on the cause-effect principle. Compared to forecasting meth-
ods based on formulas and coefficients determined from em-
pirical data, the method of forecasting using artificial neural
networks is considered a parameter-free approach and has the
ability to forecast for areas with specific geological and topo-
graphical characteristics. This is a problem that needs to be
addressed and applied in forecasting the displacement quan-
tities due to the influence of mining processes. Forecasting
the level of deformation due to mining using artificial neural
networks is a modern approach. This method requires actual
observational data from mining areas to train the network.
However, this can be easily obtained and with much higher
accuracy compared to collecting the necessary influencing
factors as input for the aforementioned methods.

For many complex problems, to improve accuracy, the
hidden layers should be increased, but this will complicate the
network structure, increasing the time for training and ad-
justing the connection weights within the network [19]. Ac-
cording to Jeff Heaton [20], a neural network with two hidden
layers can represent functions with any shape, so theoretically,
there is no need to use networks with more than two hidden
layers. Also, according to this author, problems requiring 2
hidden layers are rarely encountered, and in practice, there is
no reason to use more than 1 hidden layer. More than one hid-
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Fig. 3. Input factors of neural networks [1]

Rys. 3. Czynniki wejsciowe sieci neuronowych [1]

den layer may be beneficial for some applications, but just one
hidden layer is also sufficient [21]. Conversely, if there are too
many neurons in the hidden layer, it can lead to issues such as
"Overfitting" and long training times. Overfitting is when the
output of the network is very accurate with the training set
but performs poorly with new data (not in the training set).
Recently, Nguyen Quoc Long [1] has researched and analyzed
the factors influencing the deformation transfer process on
the surface. We observe that the physical properties of soil and
rocks will not change over time in the same exploitation area,
so they are not chosen as input factors as shown in Figure 3.

4. Discussion

Base on a comprehensive review of the current methods
for predicting mining subsidence and their application areas,
the research findings can serve as a guide for setting up key re-
quirements for the application of technologies to forecast sur-
face displacement resulting from underground mining. Look-
ing ahead, mineral extraction will continue to be a primary
energy source, and forecasting subsurface displacement will
remain a critical task in the geospatial industry. This review
provides an overview of the current status of surface displace-
ment forecasting, including current forecasting methods and
their application scope. The findings reveal that the under-
ground extraction process is highly complex, depending on
numerous natural factors and mining technologies, leading to
a variety of forecasting methods. Moreover, with the advent
of new theories, algorithms, and artificial intelligence, surface
displacement forecasting due to underground mining will
become more accurate, ensuring safety in mining operations
and reducing labor costs.

The discussion on the application of artificial neural net-
works (ANN) in forecasting surface displacements and de-
formations due to underground mining is particularly note-
worthy. ANN, with its ability to connect and integrate various
parameters to identify and predict phenomena based on the
cause-effect principle, presents a promising approach to this
complex problem. Unlike traditional forecasting methods that
rely on formulas and coefficients determined from empirical
data, ANN offers a parameter-free approach that can cater to
areas with specific geological and topographical characteristics.
However, the application of ANN in this context is not without
its challenges. For instance, increasing the number of hidden
layers to improve accuracy can complicate the network struc-
ture and increase the training time. Furthermore, having too

many neurons in the hidden layer can lead to issues such as
“Overfitting” and long training times. Overfitting is when the
output of the network is very accurate with the training set but
performs poorly with new data (not in the training set). Despite
these challenges, the potential of ANN in forecasting surface
displacement due to underground mining cannot be understat-
ed. With the continuous advancement of science and technolo-
gy, it is expected that these challenges will be addressed, and the
application of ANN in this field will become more widespread
and effective. This will not only ensure safety in mining opera-
tions but also contribute to reducing labor costs, thereby mak-
ing underground mining a more viable and sustainable solution
to meet the escalating global energy demand.

The future of underground mining and the associated
task of forecasting subsurface displacement looks promising,
thanks to the advent of new theories, algorithms, and artificial
intelligence. As the world continues to grapple with the es-
calating energy demand, these advancements will play a cru-
cial role in ensuring the safety and efficiency of underground
mining operations.

5. Conclusions

In the future, energy supply will still primarily rely on
mineral extraction and forecasting subsurface displacement
will remain a crucial task in the geospatial industry. This re-
view provides an overview of the current status of surface dis-
placement forecasting as well as current forecasting methods
and their application scope. The obtained findings show that
underground extraction process is highly complex, relying on
numerous natural factors and mining technologies, leading to
diversity in forecasting methods. Besides, with the new theo-
ries, algorithms and artificial intelligence, surface displacement
forecasting due to underground mining will be more accurate,
ensuring safety in mining operations and reducing labor costs.
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Metoda przewidywania osiadan powierzchni spowodowanych eksploatacjg podziemng: przeglad
W ostatnich latach nastgpit globalny wzrost zapotrzebowania na energig, a wydobycie podziemnych mineralnych Zrédet energii,
takich jak wegiel, odgrywa znaczqgcg role w zaopatrzeniu w energie. Jednak wydobycie tych zasobéw naturalnych zawsze wigze sig
z wieloma wyzwaniami i ryzykiem. W procesie tym powstaly duze puste przestrzenie, powodujgc brak réwnowagi pierwotnego stanu
naprezen w ziemi i powodujgc deformacje terenu na powierzchni. Dlatego zapewnieniu skutecznej ekstrakcji muszg towarzyszyé
Srodki bezpieczeristwa. Wsréd nich kluczowym zadaniem jest przewidywanie osiadat powierzchni na skutek eksploatacji podziem-
nej. W artykule przedstawiono przeglad dotychczasowych metod prognozowania osiadat gorniczych oraz zakres ich zastosowania.
W rezultacie dokonano syntezy réznych metodologii stosowanych w réznych regionach swiata. Wreszcie, wyniki tych badan mogg
dostarczyé wskazéwek do ustalenia zasadniczych wymagan dotyczgcych stosowania technologii prognozowania przemieszczeti po-
wierzchni w wyniku gérnictwa podziemnego.

Stowa kluczowe: predykcja osiadan, gérnictwo podziemne, sztuczne sieci neuronowe
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Abstract

Similar to polymers, currently on the market there are many surfactants with reasonable prices and high activity. However, the
simultaneous combination of surfactants and polymers in the same mixture has not been thoroughly studied. In this paper, the authors
study the applicability of injecting a mixture of surfactants and polymers for Miocene objects in the lower Bach Ho field. The obtained
results show that the technique of integrating the surfactant and polymer solution raise swept and sweep effectiveness, consequently
increasing the oil recovery coefficient. Based on the simulation model, the recovery factor increased by 10% and the amount of oil
increased by 36.6%. Additionally, findings indicated that the efficiency of increasing oil recovery coefficient from chemical injection via
the combination of surfactants and polymers at well No. 1215 is much higher than that at well No. 1204. The research results can be
used as a reference for studies with the same purpose conducted in areas with similar characteristics to Bach Ho field.

Keywords: Enhanced Oil Recovery, injection of polymer solution, surfactants

1. Introduction

Polymer injection is actually mixing a small amount of
polymer into the injection water to increase the viscosity of
water, reducing the mobility of the oil-pushing-phase in the
reservoir. The polymer mixture, in addition to the ability to
operate in high temperature and high pressure environment,
also needs to be able to withstand water with great salinity
and less adsorption on the rock surface. Currently, there are
a number of polymers on the market that meet those extreme
requirements and are easily available for purchase in indus-
trial applications. Injection surfactant is essentially mixing a
quantity of surfactant into water and injected into the reser-
voir, when contact with oil and water is made, the surfactant
will reduce the interfacial tension between the two immiscible
phases, so the trapped oil molecules can easily flow and es-
cape from the holes or throat of pores to the extraction well.

According to recent estimations of Vietnam Government
as well as Vietnam Petroleum Institute - VPI, productivity in
crude oil and natural gas production of major fields in Viet-
nam will be less than 2 million tons per year by 2030. Ad-
ditionlly, oil reserves of recently discovered reservoirs are
moderate; most of these reservoirs are small and classified as
marginal oil fields. Recently, many studies have been focus-
sing on increasing the oil recovery factor of existing fields.
In reality, oil production from Miocene layers accounts for
40% of the total yield of Bach Ho field, however, decline in
oil production rate is considerably high with the decline rate
of 12% per year. Thus, conducting research on the applica-
tion of tertiary recovery solutions for the Miocene layer is
imperative. Recently, several research works have been car-
ried out to achieve this purpose [1, 2], in which the use of
polymer chemicals and sufactants was found to be increase

the propulsion coeflicient and separate oil sweep, other stud-
ies have tried to combine these two kind of chemical elements
for similar purpose [3]. In addition, [4] perform a review to
study on polymeric surfactants for enhanced oil recovery. A
summary of recent research in the literature that provides
light on the characteristics, workings, and uses of polymeric
surfactants in relation to enhanced hydrocarbon recovery is
given in this review. Besides, [5] investigation on the effec-
tiveness of surfactant/polymer flooding at Kumkol Oil Field
to improve oil recovery through experimentation. The results
indicate that while the polymer injection increases the sweep-
ing front's efficiency, the polymer injection and polymer-sur-
factant-mixture slug can successfully replace the leftover oil.
In order to improve oil recovery, [6] conducted a study on
surfactant-polymer flooding and oil field surfactant. Using
surfactant and surfactant-polymer slug, a series of flooding
tests have been carried out in the present study to examine
the increased oil recovery following water flooding. Similarly,
[7] presented a new simulator for mixed surfactant/polymer
flooding in the enhanced oil recovery processes. Findings
showed that the interfacial, rheological, and adsorption rates
of the polymer and surfactant are all influenced by each oth-
er. According to [8], one attempt to enhance oil recovery in
oil reservoirs following the primary and secondary recovery
phases is to use the enhanced oil recovery (EOR) approach.
EOR screening based on reservoir rock and fluid 'N' param-
eters shows that alkali surfactant polymer (ASP) injection is
the best approach. The laboratory test findings to improve the
oil recovery in reservoir 'N' using ASP injection are presented
in this study. According to [9], in order to reduce interfacial
tension and promote oil recovery at the pore level during a
soil decontamination or enhanced oil recovery procedure, a
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Tab. 1. Physical properties of rock samples in Mioxen layer

Tab 1. Wlasciwosci fizyczne probek skat w warstwie Mioxen

Description Unit Value

Open porosity % 16,92
Density of stone frame g/cm? 2,66
Air permeability mD 162
Residual water saturation % 50,7
Compressibilty 104 MPa 2,11

Tab. 2. Average values of main parameters of Lower Miocene oil

Tab. 2. Srednie wartosci gléwnych parametréw ropy Dolnego Miocenu

Description Unit Northern Dome Central Dome South Dome
Saturation pressure MPa 20.42 14.06 8.94
Gas content m3/t 141.4 95.14 42.7
Volume coefficient 1.399 1.3 1.149
Viscosity under seam condition cP 1.074 1.76 4.879
Density in seam condition kg/m3 710.2 741.9 814.8
Separation oil density kg/m?3 865.3 865.2 884.1

surfactant solution must first be injected. This is followed by
the injection of a polymer solution to prevent the formation
of preferential pathways and to conduct a uniform sweep of
the reservoir. Thus, they conducted research on Polymer Sur-
factant Interactions in oil enhanced recovery processes. The
results indicated that utilizing interacting polymer and sur-
factant systems can sometimes even be beneficial for oil re-
covery. In another study, the relationship between surfactant
and polymer in aqueous solutions for chemically improved
oil recovery was analyzed [10]. They confirmed that in EOR,
polymer-surfactant partners are screened primarily by their
interaction with the polymer. Additionally, research into
polymeric surfactants for improved oil recovery, impact of
surfactants in surfactant-polymer flooding on crude oil emul-
sion stability was presented in [11]. The findings showed that
the two types of surfactants—petroleum sulfonate and anion-
ic-nonionic composite surfactant—can both raise the surface
potential of the oil droplets scattered in the O/W emulsion
and reduce the interfacial tension between the oil phase and
the aqueous phase, which can improve the stability of the
W/O and O/W crude oil emulsions.

In addition to studying relationship between the polymer
and surfactants, [12] found the best surfactant for EOR poly-
mer injectivity. Good injectivities are guaranteed by this surfac-
tant under a variety of circumstances. It offers value to polymer
flooding projects as the surfactant that is more advantageous
commercially. Moreover, [13] performed a study on surfac-
tant-enhanced stimulation technology for polymer-injection
wells. Lab test shows that the best results are obtained by using
a flooding method that involves injecting an oxidant slug, a sur-
factant slug, and finally polymer flooding (the permeability to
polymer fluid is improved by around 120%).

In Bach Ho field, there are some studies conducted in
Lower Miocene reservoir. While [14] implemented seismic
attribute analysis in Lower Miocene reservoir, [15] applied
surfactant solution for lower oligocene formation, White
Tiger field. Additionally, Giang et al. (2021) assesses the
variables affecting the flooding process and suggests using
a surfactant-polymer chemical flooding solution for the
Lower Miocene formation of Bach Ho field South Block.
Besides, an effective experimental use of the complex com-
bination surfactant polymer VPI SP to improve oil recovery
factor in the Bach Ho field during the Lower Miocene was
presented in [16].

Nevertheless, suggested technique is still relatively nov-
el to oil and gas industry, which brings about difficulties in
chosing applicable methods to reach the optimun oil recovery
factor, especially when using both polymer chemical and su-
factants. This current paper presents studies on the suitability
of surfactant-compound-infused polymer injection solution
for lower Miocene Bach Ho field. The results of study can be
used as as reference for research in areas with similar charac-
teristics to Bach Ho field.

2. Properties of reservoir rock and lower Miocene fluid of
Bach Ho mine

2.1 The petrographic-sedimentary characteristics of the
rocks containing the Lower Miocene

In oder to examine the geotechnical characteristic of
samples in Bach Ho field, 601.9m whole core was taken with
92.4% recovery of total lenght from 23 wells. All of these sam-
ples were located in the lower Miocene layer of Bach Ho field.
Based on these core samples, the lithology and reservoir char-
acteristic were studied. The laboratory analysis showed that
the reservoir consistsing of sandstone, siltstone, sandy gravel
with loose to medium dense.

Six sedimentary samples of Miocene layer taken from
the lower wells namely BH-1203 were analyzed using X-ray
method to determine 5 primary chemical components. The
kaolinite content in clay minerals of lower Miocene layer
ranges from 3.8% to 31.8%, average value of 17.33%; Chlorite
content is from 3.8-12.4%, average of 7.53%. The ilite content
is from 4.1-16.4%, the average is 10.58%; content of momt-
morilonite 41-84.1%, the average of 60.93%; content of other
minerals is 0.5-8%, average 3.82%. The laboratory analysis re-
sults that the primary element of clay samples located in the
BH-1203 is momtmorilonite element (accounting for ~61%),
followed by kaolinite (~17.1%), and the remaining minerals
accounting for 21, 9%.

2.2 Physical characteristics of rocks containing the Lower
Miocene

Lower Miocene reservoirs developed in the entire field,
primarily in the north and central areas. The thickness of this
reservoir varies between 11.6 and 576.6 m, with a northern
average of 30.4 m. The lower Miocene has good quality (per-
meability = 0.1 - 2000 mD, porosity varying from 15.3+22.9%)
[17]. The author took samples of the lower Miocene layer in
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Fig. 1. The petrographic—physics relationships of rocks containing Lower Miocene, Northern dome of Bach Ho field

Rys. 1. Zaleznosci petrograficzno-fizyczne skat zawierajacych Dolny Miocen, potnocng kopute pola Bach Ho
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Fig. 2. The petrological relationships of the rocks containing the Lower Miocene, the central arch of the Bach Ho field

Rys. 2. Powigzania petrologiczne skat zawierajacych Dolny Miocen, centralny tuk pola Bach Ho

the Northern dome and the Central arch of the Bach Ho field
to perform experiments to determine physical characteristics.
Sampling complies with the procedures and regulations of the
Ministry of Natural Resources and Environment. The physi-
cal properties of the sediment samples were analyzed based
on experimental results of all samples taken from the lower
Miocene stratum. The study analyzed sample characteristics
including open porosity, density of stone frame, air perme-
ability, residual water saturation, and compressibility. From
the analysis results, the average value of the rock properties of
the Miocene reservoir was determined (Table 1). In addition,
the petrographic-physical relationship of the Lower Miocene
reservoir rocks, the Northern dome and the Central arch of
Bach Ho field were also determined through the above experi-
ments. The petrographic-physical correlations of the Miocene
are shown in Figure 1 and Figure 2.

2.3 Oil properties in reservoir condition

The accurately identification of the oil properties at the
reservoir conditions have always been concerned with many
experts in the field of oil industry. The correct recognition of
these features results in the advancement of reservoir layers
and enhances their performance. Reservoir-fluid characteris-
tics are important in the designing and optimizing injection/
production plans and surface facilities for effective reservoir

management [18]. Therefore, in this study, 12 bottom hole oil
samples were used to analyze the oil properties of Miocene
reservoir seam including parameters: saturation pressure, gas
content, volume coeflicient, viscosity under seam condition,
density in seam condition, and separation oil density. Anal-
ysis results show that the North crest has the highest satura-
tion pressure (20.42 MPa) and the lowest viscosity (1.074 cP),
meanwhile the South crest has the lowest saturation pressure
(8.94 MPa) and highest viscosity (4.879 cP). The primary pa-
rameters of low Miocene reservoir seam oil for all three crests
are shown in Table 2.

2.4 Characteristics of water beds in the Lower Miocene

Water in Miocene reservoir is characterized by weak acid-
ic and weak alkali; medium and low mineralization, varying
from 3,245-10,911 g/l in the North crest to 13,002-17,721 g/l
in the Central crest, and reaching 27,524-30,408 g/l in the
South crest (Table 3). From North to South of Bach Ho field,
the mineralization of seam water gradually increases, and also
the characteristic of water changes from sodium-bicarbonate
to calcium chloride.

According to finding from previous publications [19],
the water in Miocene layer is characterized by low content of
sulphate and magnesium, varying between 25-413 mg/l and
1-88 mg/l, respectively. It is also found that the bicarbonate
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Tab. 3. Water parameters of Miocene reservoir at Bach Ho field in reservoir condition

Tab 3. Parametry wody zbiornika miocenskiego w polu Bach Ho w stanie zbiornikowym

L Central Dome Northern Dome
Description
Floor 23 Floor 24 Floor 23 Floor 24
Water gas ratio,m3t.c/ton 3.153 3.245 3.376 3.446
Volume coefficient, unit part 1.0442 1.0454 1.0453 1.046
Viscosity, cP 0.255 0.255 0.265 0.265

Tab. 4 Laboratory results of matrix experiment for evaluation Polymer-Surfactant solution

Tab 4. Wyniki laboratoryjne doswiadczenia matrycowego do oceny roztworu polimer-surfaktant

Test Surfactant | Polymer Lab procedure and results
Tolerance with sea water and formation J J Unprecipitate, stable properties and steady
water (salinity 25-35 g/liter) concentration
. Unprecipitate, stable properties and steady
-110°
Stable at high tempeature (90-110°C) N v concentration
. . . Interfacial tension of oil-water-chemical system
Reduce interfacial tension (IFT) \ less than 0.01 dynes/cm ( IFT < 0.1 dynes/cm)
Stable viscosity N Viscosity > 10 cP
Improve recovery factor v v Incremental of oil produced at outlet

content decreases from North to South direction, however,
the calcium content gradually increased from several tens of
mg/l up to thousands mg/l, and reaching 2,515 mg/I in the
south (BH-7).

The bromine and iodine content are found relatively high,
meanwhile the ammonia, phenol and naphthenic acid content
is low value. One key noted that calcium and magnesium ef-
fect to the ability of chemical.

During the producing time, many different measures have
been carried out such as seawater injection to maintain reser-
voir pressureand near-bottomhole treatment. This leads to the
physical and chemical properties as well as the composition of
ion-water is significantly altered. Besides, on the way reach-
ing oil well, the injected water has interacted with the rock,
seam-water and ion exchange taking place. As a result of this
process, the calcium content of the water increases, and the
content of magnesium, sulphate, bicarbonate and sodium de-
creases. It is implied that after the appearance of injected water
at the extraction wells, the Miocene associated water changed
properties, and becomes calcium chloride (XK) water.

3. Advanced mechanism for oil recovery when injecting
surfactant and polymer combination

The adsorption of molecules of "Miocene" compound
from the inside of the solution to the interface taking place
with any concentration of "Surfactant” compound. As the
concentration of Surfactant compound goes up, the concen-
tration of surfactant at the interface also increases. When
the concentration of Surfactant compound reaches a certain
value, the aggregation of Surfactant compound is occurred
inside of the solution, this process leads to dramatic change
in the physical properties of the solution and the concentra-
tion of the solution is called the critical Micelle concentra-
tion (CMC). This group of elements is called as Micelle. This
solution has a lower surface tension in comparison to that of
oil phase, so it increases the mobility of oil trapped in the res-
ervoir. Due to this effect, trapped oil could expel from pore
throat and continue flowing into the well bore. Besides, the
existence of Polymer chemical could control the mobility of
Micelle solution and effectively impel the Micelle solution. As
the Polymer solution is constantly injected, the viscosity of
Polymer solution increase and able to prevent the dispersion

of water penetrating the oil zone. This technique provides a
high efficiency of oil recovery due to the simultaneous im-
provement of the sweeping and repel oil. The simulation re-
sults of Liaohe oil seam by Wu Wenxiang., etc (2014) [20]
indicated the efficiency as injecting a combination of 0.3% of
Surfactant and 1500 mg/l polymer with a molecular weight
(MW) of 19 MDa could achieve a value of 30%.

4. Research on mixed injection in the laboratory to predict
the results applied to the Ha Miocene, Bach Ho mine
4.1 Research on oil propulsion on reservoir physical model.

Firstly, dodecyl benzene sulfonate was neutralized by
caustic soda to obtain sodium 2-dodecylbenzene sulfonate
(SDBS). High concentration surfactant solution preparation
was conducted. In order to prepare the main surfactant solu-
tion, a cup with magnetic stirrer bar was put on a magnet-
ic stirrer. Water was poured into the cup and the stirrer was
turned on. After that, AOS, sodium 2-dodecylbenzene sulfon-
ate and isopropanol were added one by one and mixed about 2
hours until clear and homogeneous yellow solution appeared.
Subsequently thiourea was added and stirred well until ho-
mogeneous and clear solution.

Aiming at evaluating the efficiency of improving oil re-
covery by using polymer injection solution with Surfactant
solution, a simulation model for the Miocene object was built
and simulated with a series of sensitivity assessments (Table
4). The primary basis of modelling work is based on perfor-
mance of adjusted technology using for Bach Ho field along
with the updates on the current state of exploitation to the end
of 2018. Besides, the results from laboratory test of a combi-
nation of polymer and surfactant solution were also utilized
as input parameters for the evaluation of oil sweep efficiency
in the oil field.

Core flood are conducted on 02 set to evaluate the abil-
ity of solution chemical are shown in Figure 3 and Figure 4.
Before core flooding test, all physical properties of the chem-
ical are satisfied. The first core set is conducted with 02 stage
chemical injection separately. The result showed that using
compound solution polymer surfactant is more beneficial re-
covery than individual. The second core set was injected with
complex solution SP after water flooded with no oil appeared
at outlet.
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Fig. 4. Core flooding results of the second core plug set

Rys. 4. Wyniki drugiego zalania rdzenia

Setl: Process of 3-stage injection into core samples:

o Stage I: Inject 10 PV of injection water through the
core sample;

o  Stage 2: Inject 0.2 PV Surfactant (concentration
20000ppm) through the sample.

o  Stage 3: Inject 1 PV solution SP to increase oil re-
covery (20000ppm surfactant + 5000ppm polymer).
Continue inject water to increase oil recovery.

Set2: Process of 2-stage injection into core samples

o Stage 1: Inject 3.5 PV of injection water through the
core;

o Stage 2: Inject 1 PV solution SP to increase oil re-
covery (20000ppm surfactant + 5000ppm polymer).
Continue inject water to increase oil recovery.

The results of increased oil recovery on fluid samples and
core samples of lower Miocene when injecting show that the
injection method of polymer + SURFACTANT mixture can
be applied to the research object.

4.2. Research on oil propulsion on reservoir simulation model

Based on the analysis of geological characteristics, the
properties of rock-fluid interactions, and the current state of
exploitation. The South dome, specifically the BK-14/16 re-
gion, was selected as the primary input for the model due to
its unique geological features and current exploitation status.
This decision was made after a thorough examination of the
geological characteristics of the area, including the composi-
tion and structure of the rocks, and the properties of the fluids
they contain.

The simulation model constructed for this study is quite
comprehensive, consisting of more than 400,000 active cells.
This high number of active cells allows for a detailed and ac-
curate representation of the geological structure of the South

dome are shown in Figures 5. The model also includes a total
of 27 flowing wells, providing a realistic depiction of the oil
extraction process. Of these wells, 23 are production wells,
which are primarily responsible for extracting oil, while the
remaining four are injection wells, used for injecting sub-
stances to aid in oil recovery.

The simulation model provides an updated production
history of the Miocene object until the end of March 2020.
This update is crucial as it allows for the tracking of changes
in production over time, providing valuable insights into the
efficiency and effectiveness of the oil extraction process. Re-
markably, the model shows a high degree of accuracy, with a
total match of over 90% of wells. This high match percentage
indicates that the model accurately represents the real-world
conditions of the wells, further validating its reliability and
effectiveness.

This data was used to design parameters for a test reagent
system, which are set out in Table 5. These parameters were
carefully designed based on the test program data to ensure
the effectiveness of the reagent system. The reagent system
plays a crucial role in the oil extraction process, and the care-
ful design of its parameters is essential for optimizing oil re-
covery. Therefore, Table 5 is an important component of the
study, providing detailed information on the designed param-
eters of the test reagent system.

Given the logistical imperatives and the infrastructur-
al constraints specific to the pilot area, it becomes evident
that judiciously administering a minute quantity of chemical
agents during brief and targeted injection intervals into the
injector wells is a prudent course of action. The empirical ev-
idence corroborating this approach is succinctly summarized
in Table 6, which meticulously outlines the observed enhance-
ments in oil production for the two wells, namely 1203 and
1203B. To facilitate comprehensive pumping tests, we delib-
erately opted for a subset of wells strategically situated within
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Fig. 5. Simulation model of Lower Miocen, Southern dome, field Bach Ho
Rys. 5. Model symulacyjny Dolny Miocen, koputa potudniowa, pole Bach Ho

Fig. 6. Location of injection wells on the simulation model of Lower Miocen, Southern dome, Bach Ho field
Rys 6. Lokalizacja odwiertow zatlaczajacych na modelu symulacyjnym zloza Dolny Miocen, koputa potudniowa w polu Bacha Ho
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Fig. 7. Increased efficiency of oil recovery from the pump well 2014 to 2024
Rys. 7. Zwiekszona efektywno$¢ wydobycia ropy z odwiertu pompowego w latach 2014-2024

Oil Rate, sr¥iday

! RE-GD:L‘\“-——/

2021 a2 262 2004 025 20%6

Time

‘‘‘‘‘‘ 3 VT BK14-16_2018 FORECAST HoSPsdata. 1216.01 Rate.

s 3 WI_BK14-16_2018_FORECAST HoSP.sdata: 1218:0i Rate. i
43 WIBK(4-16_ 2018 FORECAST HoSP.sdsta: 12120 Rate

| — <3 BHLM_BK14-16_3020_FORECAST_SP_1215_sens1.sdata: 1216:0il Rate G 1 /2024

— 42 BH_LM_BIC14-16_2020 FORECAST_SP 1215 sans 1 sdata: 12160 Rate Viialied

|— 3 8H M BKC14-16_2020 FORECAST SP' 1215 cansi cdata: 1212.0i Rate

Fig. 7. Increased efficiency of oil recovery from the pump well 2014 to 2024
Rys. 7. Zwiekszona efektywno$¢ wydobycia ropy z odwiertu pompowego w latach 2014-2024
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Tab. 5. Parameters for the experimental chemical system

Tab. 5. Parametry do$wiadczalnego systemu chemicznego

Viscosity of complex solution SP Adsorption of chemical IFT
concentration 02 Visco_sity of Concentration OE Adsorp chemical, Concentragion, IFT, mN/m
polymer, kg/sm solution, cP polymer, kg/sm kg/kg kg/sm

0 1 0 0 0 26.3

2 5.3 0.0003 0 0.01 0.1

3 7.2 2.5 0.00012 0.1 0.05

4 12.5 9.5 0.00025 1 0.01

Tab. 6. Increase production oil of 2 well 1203 1203B
Tab 6. Zwigkszenie wydobycia ropy z 2 odwiertéw 1203 i 1203B

. . Inject SP complex to 1215 well, Observe area (wells:
Natural flowing (well: 1203 1203B) 1212 1216 1218)

- . Incremental
Applied SP| . Wat?r Incremental 'n comparison Applied SP |Water injection comparison with

injection with natural flow natural flow

th.tons th.tons th.tons th.tons th.tons th.tons th.tons %

1t year 14.4 14.0 0.3 2.4 12.7 10.8 1.9 17.7
2" year 28.7 27.6 1.1 4.1 24.5 18.9 5.6 29.5
3% year 41.6 40.0 1.5 3.8 35.2 25.9 9.3 35.8
4th year 53.1 51.2 1.9 3.8 43.7 32.0 11.7 36.6

the southern perimeter of the Bach Ho field. These selected
wells were subsequently subjected to rigorous pumping simu-
lations, the results of which are meticulously documented in
Figure 6, providing valuable insights into the hydrodynamic
behavior and reservoir response within this geologically sig-
nificant context.

In the course of conducting rigorous simulation tests on
a carefully selected subset of wells, the empirical evidence
presented in Figures 7, 8, and 9 unequivocally substantiates
the efficacy of implementing targeted strategies aimed at aug-
menting oil recovery over the ten-year period spanning from
2015 to 2024. These illustrative figures serve as compelling vi-
sual proof, demonstrating that the adoption of such measures
represents a judicious and well-founded approach to enhanc-
ing the overall oil extraction performance within the geolog-
ically significant lower Miocene Bach Ho field. The implica-
tions of these findings are far-reaching, as they underscore
the strategic importance of optimizing oil production in this
specific geological context, thereby contributing to the sus-
tainable management of hydrocarbon resources in the region.

5. Conclusion
The research presented in this paper has demonstrated
the significant potential of a combined surfactant and poly-

mer solution in enhancing oil recovery. The study focused
on the Miocene objects in the lower Bach Ho field, an area
that has not been extensively explored in previous studies.
Our findings reveal that the integration of surfactants and
polymers in a single solution can effectively increase both
the sweep and swept efficiencies, leading to a substantial
improvement in the oil recovery coefficient. The simulation
model used in our study further substantiates this, showing
a 10% increase in the recovery factor and a 36.6% increase
in the amount of oil recovered. A noteworthy observation
from our research is the differential impact of the chemical
injection at different wells. Specifically, well No. 1215 exhib-
ited a significantly higher efficiency in increasing the oil re-
covery coefficient compared to well No. 1204. This suggests
that the effectiveness of the combined surfactant and poly-
mer solution may vary depending on the specific character-
istics of the well. this study provides compelling evidence
for the practical applicability of a combined surfactant and
polymer solution in enhancing oil recovery. These findings
could serve as a valuable reference for future studies aiming
to optimize oil recovery in areas with similar characteristics
to the Bach Ho field. However, further research is needed to
fully understand the factors influencing the effectiveness of
this approach at different wells.
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Badania nad przydatnoscig roztworu wtryskiwania polimeru ze zwigzkiem powierzchniowo
czynnym dla Dolnego Miocenu, pole Bach Ho

Podobnie jak w przypadku polimerow, na rynku dostepnych jest wiele srodkéw powierzchniowo czynnych o rozsgdnych cenach i wysokiej
aktywnosci. Niemniej jednak, jednoczesne polgczenie surfaktantow i polimeréw w tej samej mieszaninie nie zostato dokladnie zbadane.
W niniejszej pracy autorzy badajg mozliwos¢ wstrzykiwania mieszaniny surfaktantow i polimeréw w celu zwigkszenia wydajnosci wy-
dobycia ropy na obiektach miocenu w dolnym polu Bach Ho. Uzyskane wyniki wskazujg, ze technika integrowania roztworu surfaktantu
i polimeru zwigksza efektywnos¢ przeptukiwania i oczyszczania, co w konsekwencji prowadzi do wzrostu wspétczynnika odzysku ropy.
Na podstawie modelu symulacyjnego wskaznik odzysku wzrést o 10%, a ilos¢ wydobywanej ropy zwigkszyta sig o 36,6%. Ponadto wyniki
badar wskazujg, ze efektywnos¢ zwigkszania wspétczynnika odzysku ropy poprzez wstrzykiwanie chemiczne za pomocg potgczenia sur-
faktantow i polimerow w odwiertach nr 1215 jest znacznie wyzsza niz w odwiertach nr 1204. Wyniki tych badan mogg stanowic punkt
odniesienia dla prac o podobnym celu prowadzonych w obszarach o podobnych cechach geologicznych jak pole Bach Ho.

Stowa kluczowe: zwigkszony odzysk ropy, wtrysk roztworu polimeru, srodki powierzchniowo czynne
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Abstract

Terrestrial Laser Scanning and Global Navigation Satellite System technologies are increasingly prevalent in geodetic mapping
work, playing a significant role in mine surveying tasks such as drawing maps for volume calculation, monitoring displacement,
and deformation of mine surfaces and structures above mine tunnels. Currently, there are many studies on the application of these
technologies in various aspects of mine surveying work. This paper will synthesize these studies to evaluate the effectiveness of
applying GNSS and TLS technologies in mining surveying. The authors has reviewed 44 papers/projects in recent years and found
that these technologies are developing rapidly, with the accuracy of coordinate and altitude measurement increasingly improving to
approximately millimeters in both horizontal and vertical directions.

Keywords: Terrestrial Laser Scanning, Global Navigation Satellite System, mine mapping, displacement, deformation, subsidence, open-pit

mine, mining

1. Introduction

Surveying to establish maps, update terrain, and serve
blasting in open-pit mines is a daily task. In addition, surface
deformation monitoring due to mining impacts is also carried
out on a monthly, quarterly, or annual cycle. Currently, ter-
rain surveying work serving the above purposes mainly uses
TLS and GNSS equipment, the advantages of these technolo-
gies are high accuracy up to millimeters, reducing fieldwork
time compared to measurement with electronic total stations.
Currently, there are many advanced GNSS and TLS devices
capable of measuring coordinates and elevation with high ac-
curacy, such as Trimble R8 GNSS/RTK dual frequency.

GNSS stands as one of the most sophisticated technolog-
ical instruments in today’s world. The advent of contempo-
rary satellite positioning systems has led to the widespread
application of GNSS technologies such as COMPASS, GPS,
GLONASS, and GALLIEO in fields like spatial information
science, military operations, transportation, and resource ex-
ploration [1]. Several reviews have been conducted to date on
the topic of surface deformation determination due to min-
ing. In the research [2], authors offers a comparative analy-
sis of diverse methodologies employed to assess subsidence
related to mining. The results obtained indicate that over the
past two decades, the primary techniques for detecting and
measuring land subsidence incidents have included GIS and
remote sensing, Light Detection and Ranging (LiDAR), and
Differential Interferometric Synthetic Aperture Radar (DiN-
SAR). In a similar vein, authors discuss surface displacement
measurement techniques used at underground mining sites,
drawing on a comprehensive review of a substantial body of

scientific literature and relating these to geodetic and remote
sensing approaches [3]. [4] undertakes an analysis of a consid-
erable number of research publications on the mapping and
assessment of mining-induced subsidence using geographic
information systems, while [5] provides an overview of tech-
niques for monitoring, calculating, and simulating ground
subsidence caused by coal mining. Also contributing to the
review of displacement determination methods, [6] endors-
es the perspective that InSAR is an effective and sufficiently
precise method for tracking ground displacements triggered
by mining-induced earthquakes. Furthermore, from a subsid-
ence management viewpoint, [7] proposes recommendations
and methodologies to enhance the existing mine stability
evaluation methodologies.

An innovative advancement in the collection of spatial in-
formation data is the terrestrial laser scanner (TLS). This cut-
ting-edge technology enables the capture of data with a level
of precision and accuracy that was previously unimaginable
[8].. When compared to traditional measurement methods,
TLS technology offers a significantly faster means of acquir-
ing three-dimensional (3D) point information. According to
[9], 3D data can be gathered rapidly, efficiently, with high pre-
cision, and in great detail using TLS. The term "point clouds"
is used to describe the sets of data points that are acquired
through this process [10]. Owing to its precision, reliability,
and efficiency, TLS technology has become an invaluable tool
for a diverse range of applications. These include evaluating
various tunnel characteristics [11], mapping building surfaces
[12], civil engineering projects [13], 3D surveying tasks [14],
and activities within the architecture, engineering, and con-
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Fig. 1. Modern GNSS and TLS equipments. Source: (left) https://ts-geosystems.com/product/trimble-r8-rtk-gps/ and (right) https://ajhsurveyors.
com/wp-content/uploads/2020/11/2-3.jpg

Rys. 1. Nowoczesne urzadzenia GNSS (lewa) and TLS (prawa)

struction industries [15]. Additionally, it is applied in fields
such as geology [16], engineering geodesy [17] and deforma-
tion and displacement monitoring [18]. Furthermore, the key
features of 3D laser scanning technology — its high precision,
rapid speed, and close proximity to the prototype — make it
extensively used across various mapping and other sectors.
This technology provides a comprehensive and highly accu-
rate reconstruction scan that can be accessed physically and
quickly [19]. Beyond these applications, TLS is recognized as
an exceptional technology with potential uses in numerous
other fields, including the mining sector. Within this domain,
it can be applied in many publications for mining manage-
ment [20] and is capable of performing various operations in
both underground [8] and open-pit mining environments [9].

It can be observed that studies on the application of GNSS
and TLS in open-pit mining have been relatively extensive,
covering a diverse range of topics. These studies encompass
the use of these technologies in mapping, supporting drill-
ing and blasting operations, monitoring surface displacement
and deformation, and environmental fluctuation surveillance.
This research aims to catalog the projects that have been im-
plemented to date and, based on this review, propose new re-
search directions for the future.

2. Material and methodology

The process of conducting a systematic review involves
identifying relevant works and concepts, transforming these
into search terms and syntax, conducting a systematic search
across various databases, and collecting a comprehensive col-
lection of relevant literature. The review begins with the iden-
tification of key works and specific concepts that are relevant
to the topic at hand. These identified works and concepts are
then transformed into search terms and syntax that can be
used to retrieve related studies. In the context of this partic-
ular research, the search terms and syntax have been estab-
lished as follows: (1) The search syntax includes terms such
as “Global Navigation Satellite System” or “GNSS”; “Terrestri-

al Laser Scanning” or “TLS”; “Mine surveying”; “Mapping”;
Mining”, or

“Subsidence” or “Displacement”; and “Mine”,
“Open-pit mine”. These terms are carefully chosen to ensure
that the search results are as relevant as possible to the re-
search topic; (2) This search syntax is then used to conduct
a systematic search across various databases. The databases
that are searched include Google Scholar, Scopus, Web of Sci-
ence, and ScienceDirect. These databases are chosen for their
extensive collection of academic and scientific literature; (3)

The primary language used for conducting these searches is

English. This is because English is the most commonly used
language in scientific literature, and using English as the pri-
mary search language ensures that the search results are as
comprehensive as possible; (4) The result of this systematic
search is a comprehensive collection of scientific literature
that covers many aspects of mapping and subsidence inves-
tigation by GNSS and TLS techniques. This collection of lit-
erature provides a wealth of information and insights into
the topic at hand; (5) The types of literature that are collected
include book chapters, conference proceedings, and original
papers that have been published by international journals fol-
lowing a rigorous peer review process. These types of litera-
ture are chosen for their academic rigor and their relevance to
the research topic.

3. Application of GNSS technology in mining area

The RTK method has become extensively utilized for
monitoring deformation in mining sites. The application of
the GNSS method in subsidence monitoring dates back to
the early years of the last decade. To meet the precise require-
ments of surface deformation monitoring. In [21], authors
proposed an innovative GPS RTK surveying technique that
incorporates rod measurement. This technique mitigates the
influence of multipath error in the U direction, effectively
prevents the impacts of vertical deviation and shaking error
of the surveying g rod, and further enhances positioning pre-
cision. Similarly, in the study [22], the GPS RTK approach has
been adopted to improve the accuracy and reliability of mine
surface subsidence monitoring. An in-depth analysis of the
mechanism responsible for the primary systematic errors was
conducted, drawing on several theories and techniques. This
method can significantly increase the accuracy of estimations
by completely eliminating inevitable shaking errors, vertical
deflection, and to some extent, reducing the multipath ef-
fect. In this research [23], based on GNSS technology, find-
ings from two years of ground deformation monitoring in
coal mining regions in Upper Silesia, Poland, are presented.
Real-time (RT) and near real-time (NRT) GNSS techniques
were employed to verify long-term subsidence events, and
these were cross-referenced with daily postprocessing solu-
tions. Additionally, [24] provided the processing procedure
and findings from their analysis of earth surface displacement
data observations during coal mining at the Kostenko mine
of the Coal Department of ArcelorMittal Temirtau JSC in the
Karaganda Coal Basin using GNSS methods. The obtained
results indicate that the proposed method of observing the
displacement of the earth’s surface is more economically ad-
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Fig. 2. GNSS/CORS-Based Technology for Real-Time Monitoring of Landslides on Waste Dump [27]

Rys. 2. Technologia oparta na GNSS/CORS do monitorowania w czasie rzeczywistym osuwisk na zwatowisku [27]

vantageous and requires significantly less time compared to
traditional, expensive geodetic methods. According to [1], to
establish real-time and quasi-real-time deformation monitor-
ing methods, the GNSS Continuously Operating Reference
Station (CORS) offers services for navigation based on pseu-
do range measurements and provides carrier phase informa-
tion. Therefore, in light of mining technology for CORS, they
suggested a large-area 3D deformation monitoring system for
mining areas. The results showed that the proposed GNSS-
RTK can improve both the temporal and spatial resolution of
mine deformation monitoring. In another study, it has been
demonstrated that it is possible to evaluate displacements
both vertically and horizontally with great precision using
geodetic networks. These networks consist of inclinometers
and GPS networks to facilitate the detection of horizontal
motions, while high-precision leveling systems are capable of
estimating subsidence values. This study presented the results
and observations on the use of a GPS geodetic network for
continuous surface deformation monitoring in waste dumps
of the Bages region of Catalonia (Spain) [24]. Furthermore,
the utilization of GNSS satellite receivers and robotic total
stations to monitor open pit mines is presented in [25]. This
study demonstrated the combination of robotic total station
equipment and GNSS receivers to provide a completely auto-
mated, accurate, efficient, and economical survey monitoring
system for large open pit mines. The study [26] was shown
that large-scale mobility in the mining area can be detected
using continuous-time or GNSS location time series with
high sample rates. Consequently, they presented a GPS meth-
od for monitoring seismic events and surface displacement
that occurs during mining-induced tremors.

In the study GNSS/CORS-Based Technology for Re-
al-Time Monitoring of Landslides on Waste Dump — A Case
Study at the Deo Nai South Dump, Vietnam, the authors have
self-produced a monitoring system using GNSS technolo-
gy and tested it at the Deo Nai mine (Vietnam). The results
demonstrated that this system operates well, with measure-
ment accuracy comparable to major brands' monitoring
equipment such as Leica and Topcon.

Moreover, the accuracy of the GNSS method is empha-
sized in various studies. For instance, [28] examined the
duration necessary for GPS sessions in ground deformation
measurements within mining areas. The findings revealed
that a GPS session should last a minimum of twelve hours

to achieve sub-centimeter precision in height coordinates at
a 95% confidence level in a single observation session. Addi-
tionally, [29] conducted a study on monitoring local defor-
mation using GNSS in an open-pit mine, addressing the chal-
lenge of achieving millimeter-level accuracy in displacement
measurements with GPS. According to [29, high-accuracy
geodetic surveys are essential for determining deformation
indices in areas impacted by open-pit mining, facilitating the
identification of potential hazards. Consequently, they dis-
cussed the fundamentals of precisely determining three-di-
mensional displacements using GPS technology. The results
demonstrated that the 3-D coordinates of the observed points
could be accurately determined to within mm accuracy.

In addition to determining deformation caused by mining,
GNSS methods are extensively utilized for monitoring ground
subsidence in mining areas. According to [30], the amplitude
of ground subsidence in coal-mining regions can reach up to
10 cm per day, occurring continuously. This highlights the ne-
cessity for timely and accurate monitoring to ensure the safety
of coal-mining areas. The study presents a real-time ground
subsidence monitoring system that continuously operates on
the Global Navigation Satellite System. Unlike traditional lev-
eling surveying approaches, this method meets the precision
requirements for ground subsidence monitoring and provides
continuous subsidence information in real-time. Moreover,
the application of GNSS methods extends beyond routine
deformation monitoring to encompass large-scale subsidence
observations. A high-precision GNSS monitoring system was
constructed to precisely observe extensive mining subsidence
areas. This system utilizes neighboring International GNSS
Service (IGS) stations as reference points to enhance accu-
racy [31]. The proposed theory was successfully implement-
ed to monitor mining subsidence in China's northern Anhui
coal mine, demonstrating the system's efficacy in providing
precise and reliable data. The significance of these advance-
ments lies in their ability to provide real-time, continuous
monitoring of ground subsidence, which is crucial for main-
taining the integrity and safety of mining regions. Traditional
leveling methods, while accurate, are often labor-intensive
and time-consuming, limiting their effectiveness in provid-
ing immediate data necessary for proactive safety measures.
In contrast, the GNSS-based systems leverage real-time data
transmission, allowing for immediate analysis and response
to subsidence events. This capability is particularly important
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Ryc. 3. Zastosowanie TLS w podziemnej kopalni Khe Cham, (a) Mapowanie w wysokiej rozdzielczosci pochytego wejscia do sztolni; (b) Dane chmury
punktéw podziemnej kopalni Khe Cham na poziomie -170 m [40]

in coal-mining regions where subsidence can rapidly prog-
ress, posing risks to infrastructure and human safety. Fur-
thermore, the integration of neighboring IGS stations as ref-
erence points, as detailed in [31],, enhances the precision of
the GNSS monitoring system. These stations provide a stable
and reliable framework for reference, enabling the system to
detect even minute changes in ground levels with high accu-
racy. This approach not only improves the overall reliability
of subsidence monitoring but also expands the system's ap-
plicability to larger geographic areas, thereby offering com-
prehensive surveillance over extensive mining regions. The
study conducted in northern Anhui, China, exemplifies the
practical application of this advanced monitoring technology.
By implementing a high-precision GNSS system, researchers
were able to obtain detailed subsidence data, which is criti-
cal for developing effective mitigation strategies and ensuring
the long-term safety of the mining operations. The successful
application of this technology in such a significant coal-min-
ing area underscores its potential for widespread adoption in
other regions facing similar subsidence challenges. The use of
GNSS methods for monitoring ground subsidence in mining
areas represents a significant leap forward in terms of preci-
sion, real-time data availability, and overall efficiency. These
systems not only provide critical safety data but also facilitate
a more proactive approach to managing the inherent risks
associated with mining activities. By continuously monitor-
ing subsidence and utilizing advanced reference frameworks,
GNSS-based methods offer a robust solution for safeguarding
mining regions and mitigating the impacts of ground defor-
mation.

4. Application of TLS in mining site

The advent of modern technologies such as 3D laser
scanning has opened new possibilities, especially for expan-
sive and challenging environments like open pit mines [9],
Systematic slope stability monitoring is essential to ensure
safe and continuous mining operations. The application
of 3D terrestrial laser scanning for tracking landslides and
slope displacements in open pit mines has been extensively
discussed in [9]. To overcome the limitations of tradition-
al methods, , [32] proposes a TLS-based subsidence mon-
itoring approach that operates without targets in mining
regions. This method shifts the primary workload to the
internal industry, reduces labor intensity, and simplifies
the field measurement process. It is particularly suitable

for monitoring surface subsidence in areas with difficult
topography and harsh external conditions. Similarly, [33]
describes a method for monitoring subsidence in mining
areas using TLS without the need for targets. Compared
to traditional techniques, this method transfers the main
tasks to the internal industry, reduces labor demands, and
optimizes the field measurement process. It is well-suited
for environments with challenging topography and severe
external conditions. Additionally, [34] discusses the use of
optical transducers, 3D laser scanners, and digital image
processing methods to physically describe the movement of
strata related to mining. They presented physical modeling
of mining-induced subsidence using various data processing
techniques and innovative optical and laser-based monitor-
ing instruments. In the study by [35], TLS was employed as
the data acquisition tool to predict subsidence and horizon-
tal displacement at Gubei Coal Mine in Huainan, China. The
analysis results from a small observation area demonstrated
that the mining subsidence monitoring approach described
in this study could effectively capture surface deformation
in a large mining-impacted area. Moreover, [36] developed
an automated technique based on TLS point cloud data for
extracting building deformation in mining locations. The
absolute error between deformation values obtained by this
method and those obtained manually was less than 8 mm,
indicating a high degree of accuracy. This approach showed
greater stability compared to manual extraction methods.
Another study aimed to validate spatial variations (move-
ments and deformations) in mining operations by applying
this technique in situ at a chosen mining site in the Czech
part of the Upper Silesian Coal Basin. At Lazy Mine, the pri-
mary goal of 3D laser scanning was to monitor the deforma-
tion of roadways as they approached the longwall face on the
selected tailgate [37].

Additionally, [38] assessed the effectiveness of a stop-
and-go laser scanning technique in a mine shaft to accurate-
ly determine the position, angle, and deviation of the bunton
plates at Thembelani Mine. The findings revealed the signif-
icant advantages of laser scanning, particularly when contin-
uous data analysis is required. Extensive laser scan datasets
are available for off-site review and ongoing work by multiple
departments and teams, supporting a wide range of applica-
tions including planning, design, engineering, safety, geolo-
gy, and rock engineering. These advancements underscore
the transformative impact of 3D laser scanning technology
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in mining operations. The ability to conduct high-precision
monitoring of slopes, subsidence, and structural deforma-
tions in real-time enhances safety and operational efficiency.
By leveraging TLS, mining companies can reduce labor in-
tensity, streamline field operations, and obtain highly accu-
rate data critical for various applications. This technology
is particularly beneficial in environments with complex to-
pographies and harsh conditions where traditional methods
fall short. The integration of 3D laser scanning with other
modern monitoring tools and data processing techniques
further expands its utility, enabling comprehensive and pre-
cise modeling of mining-induced ground movements. Over-
all, the adoption of these advanced monitoring approaches
represents a significant step forward in ensuring the stability
and safety of mining operations. Many projects use TLS for
mines and tunnels, shaft, etc., which helps in detailed 3D
simulation of these mines and displacement determination
[8, 39]. In Vietnam, this technology has been tested at the
Khe Cham coal mine [40]. In addition, TLS has also been
tested in 3D modeling measurements at the Coc Sau coal
mine. This shows that this technology is gradually being put
into practical use in Vietnam [41].

According to [42], quickly determining the amount of raw
material extracted from a surface quarry is a common chal-
lenge in the extraction of mineral resources, especially het-
erogeneous ones. To address this, a study was conducted com-
paring and evaluating laboratory and non-contact surveying
methodologies to determine the bulk density of raw material
under in situ conditions. Confirming the bulk density of ex-
tracted heterogeneous raw material is critical, and the study
highlighted the effectiveness of TLS in achieving this. Addi-
tionally, the geometric characteristics of bucket-wheel exca-
vators, essential for real-time mining management, can be
accurately acquired using 3D laser scanning. This technology
was used to establish mathematical models of the movement
dynamics of these machines in three dimensions and deter-
mine their essential geometric properties [20]. Another sig-
nificant application of terrestrial laser scanning (TLS) in open
pit mines is volume estimation. This method is proving to be
an invaluable tool for mining companies, enabling them to
monitor and survey their operations more effectively, which
in turn can enhance productivity and competitiveness in the
market. This was demonstrated in [43], where field tests us-
ing two different types of TLS instruments for various mining
applications, including volume estimations, were compared.
The experiment revealed that volume could be calculated with
significantly greater precision using TLS compared to tradi-
tional total stations. The results clearly indicate that TLS is
a highly useful tool in the mining sector. Furthermore, the
capability of TLS techniques to measure exploitative volumes
in open-pit mines has been established in study [44].. This re-
search proposed a coarse-to-fine method utilizing terrain-in-
variant zones to register temporal TLS surveys. According to
experimental tests conducted in an open-pit mine in China,
the proposed registration method outperformed state-of-the-
art techniques, achieving superior performance in terms of
convergence rate and registration accuracy.

The application of TLS for volume estimation in open pit
mines allows for more accurate and efficient monitoring of ex-
tracted materials. The precision of TLS surpasses that of tradi-
tional methods, enabling mining companies to better manage
resources and optimize their operations. This technology not
only improves the accuracy of volume measurements but also
facilitates the continuous monitoring of mining activities,
providing real-time data that can be used for immediate de-
cision-making. Moreover, the ability to measure bulk density
of raw materials using non-contact surveying methods such
as TLS offers significant advantages in terms of speed and
safety. By avoiding the need for direct contact with the mate-
rial, these methods reduce the risk of accidents and allow for
quicker data collection. This is particularly important in the
context of heterogeneous mineral resources, where the vari-
ability in material properties can make traditional sampling
methods less reliable. The use of 3D laser scanning to capture
the geometric properties of mining machinery further under-
scores the versatility and utility of TLS in the mining sector.
By creating detailed models of equipment like bucket-wheel
excavators, mining companies can better understand the dy-
namics of their machinery and optimize their use. This can
lead to improvements in efficiency and reductions in mainte-
nance costs, as well as enhanced safety for workers. The appli-
cation of TLS in open pit mining for volume estimation, bulk
density measurement, and equipment modeling represents a
significant advancement in mining technology. The precision,
efficiency, and safety benefits of TLS make it an indispensable
tool for modern mining operations, enabling companies to
remain competitive in a challenging market.

5. Conclusion

This in-depth study explores the application of TLS and
GNSS techniques in mining areas, drawing from a wide range
of publications that have emerged in recent years. The review
embarked on a thorough analysis of 44 papers, all of which are
related to mapping and displacement monitoring in mining
areas using the TLS and GNSS methods. These papers, pub-
lished in reputable scientific journals, provide a rich source
of information on the subject. The results obtained from this
comprehensive review demonstrate that both TLS and GNSS
technologies can be effectively utilized to determine surface
deformation in various mining environments, including un-
derground mines, shafts, open-pit mines, and waste dumps.
This capability to accurately measure and monitor displace-
ment is crucial in maintaining the safety and efficiency of
mining operations. As evidenced in this paper, the monitor-
ing results achieved through these technologies are remark-
ably precise, with accuracy reaching the millimeter level. This
high level of accuracy ensures the effective use of these tech-
nologies in the future, indicating that they can provide many
long-term beneficial applications in mapping and monitoring
movements in mining areas. This study, therefore, not only
discusses the utilization of these techniques but also high-
lights their potential in transforming the way displacement is
monitored in mining areas, thereby contributing to safer and
more efficient mining operations areas.
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Zastosowanie naziemnego skaningu laserowego i globalnego systemu nawigacji satelitarnej na

obszarze gorniczym

Technologie naziemnego skanowania laserowego (TLS) i globalnego systemu nawigacji satelitarnej (GNSS) sq coraz bardziej powszechne
w pracach zwigzanych z kartowaniem geodezyjnym, odgrywajgc znaczgcg role w zadaniach geodezyjnych w kopalniach, takich jak two-
rzenie map do obliczania objetosci, monitorowanie przemieszczer i deformacji powierzchni i konstrukcji nad wyrobiskami gérniczymi.
Obecnie prowadzonych jest wiele badar nad zastosowaniem tych technologii w réznych aspektach prac geodezyjnych w kopalniach.
W artykule dokonana zostala synteza tych badan w celu oceny efektywnosci zastosowania technologii GNSS i TLS w gornictwie. Autorzy
dokonali przeglgdu 44 artykutow/projektéw z ostatnich lat i stwierdzajg, Ze technologie te bardzo szybko si¢ rozwijajg, a dokladnos¢
pomiaru wspotrzednych i wysokosci wzrasta do poziomu pojedynczych milimetrow zaréwno w kierunku poziomym, jak i pionowym.

Stowa kluczowe: Terrestrial Laser Scanning, Global Navigation Satellite System, mapowanie kopaln, przemieszczenie, deformacja,
osiadanie, kopalnia odkrywkowa, gornictwo
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Abstract

A remote sensing index is a simple and effective way to highlight a specific land cover. Therefore, in this study, we try to increase
the accuracy of the urban land map developed for Hanoi city by focusing on determining the appropriate combination of spectral
indices calculated from satellite image data. To conduct the study, four spectral indices were selected including namely normalized
difference tillage index (NDTI), bare soil index (BSI), dry bare soil index (DBSI) and the normalized difference vegetation index
(NDVI). All these spectral indices are calculated from Sentinel-2 data acquired in the dry season. The two combinations are created
from the superposition of NDTI/BSI/NDVI and NDTI/DBSI/NDVI spectral index layers. The use of the “K-means” algorithm as
an unsupervised classifier provides rapid and automatic urban land detection. The results show that the BSI index performs better
than using the DBSI index. As a result, the BSI index brings improvements: bare soil types and accumulation processes are better
differentiated, with overall accuracy increasing by 5.82% and Kappa coefficient increasing by 11.1%. The results show that the NDTI/
BSI/NDVI multi-spectral index dataset is suitable for mapping urban areas with the potential to help better urban management
during the dry season.

Keywords: Sentinel-2 data, K-means algorithm, Bare Soil Index (BSI), Dry Bare Soil Index (DBSI), Normalized Difference Tillage Index

(NDTI)

1. Introduction

Remote sensing imagery constitutes a form of data suit-
able for monitoring and mapping of changes in built-up with-
in within metropolitan regions, particularly as the effects of
population expansion and urbanization escalate [1]. One of
the main problems in mapping urban area is determining the
change in land use from non-residential to residential [2-5].
Mapping the built-up in urban regions holds significance as
the presence of such land type serves as an indicator of ur-
ban growth [6]. The techniques for extraction of built-up area
from satellite imagery can be grouped into two types: (1) tech-
niques based on conventional multi-spectral image classifica-
tion such as supervised, unsupervised, object based or deep
learning classification (2) techniques based on normalized
difference indices such as normalized difference built-up in-
dex (NDBI), principal component analysis (PCA) based built-
up area index (PCABI), enhanced built-up index (EBI), urban
index (UI), etc [7].

Classification methods based on multispectral image clas-
sification techniques often fail to achieve reliable accuracy,
typically below 80%, due to the spectral confusion of hetero-
geneous urban built-up land class compared to other land use
classes [8]. Instead, many researchers have experimented with
normalized difference indices using specific spectral bands
for automatic extraction of built-up land from satellite images

[9-17]. In practice, the use of spectral indices such as spectral
bands perform better than using the original spectral bands
[8] and spectral indices play an important role in extraction
of built up [18].

With the availability of Landsat satellite archive i.e. the
largest series of space-borne earth observation data as well
as at good spatial resolution provides huge opportunities
for urban mapping [15]. Many studies shown the suitabil-
ity of Landsat data for urban mapping and monitoring [1-
3,6,8,9,15]. However, studies including [5,7,19,20] have lev-
eraged the advantages of Sentinel-2 satellite imagery data to
propose various applications of built-up index in urban land
classification. Furthermore, some studies such as the work of
[19] concluded that Sentinel-2 provides higher accuracy for
urban built-up areas compared to Landsat-8 satellite imagery
data. Additionally, a study by [20] found that Sentinel-2 data
performs better than Landsat-8 data in mapping urban built-
up land cover by using a combination of different spectral in-
dices. Valdiviezo-N et al., 2018 [21]suggests that all utilized
built-up indices, such as the Normalized Difference Built-Up
Index (NDBI), Index-Based Built-Up Index (IBI), New Built-
Up Index (NBI), Band Ratio for Built-Up Area (BRBA), Nor-
malized Built-Up Area Index (NBAI), Biophysical Composi-
tion Index (BCI), Modified Built-Up Index (MBI), Built-Up
Area Extraction Index (BAEI), and Combinational Build-Up
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Fig. 1. Location of Study Area

Rys. 1. Lokalizacja obszaru badawczego

Tab. 1. Spectral bands and resolutions of Sentinel-2 MSI sensor

Tab.1 Pasma widmowe i rozdzielczoéci sensora Sentinel-2 MSI

Band Specification Wavelength Range (nm) Resolution (m)
Band 1 - Coastal 433-453 60
B2 - Blue 458-523 10
B3 - Green 543-578 10
B4 - Red 650-680 10
B5 - Red-edge 1 698-713 20
B6 - Red-edge 2 733-748 20
B7 - Red-edge 3 773-793 20
B8 - Near infrared (NIR) 785-900 10
B8A - Near infrared narrow (NIRn) 855-875 20
B9 - Water vapour 935-955 60
B10 - Shortwave infrared/Cirrus 1360-1390 60
B11 - Shortwave infrared 1 (SWIR1) 1565-1655 20
B12 - Shortwave infrared 2 (SWIR2) 2100-2280 20

Tab. 2. Different spectral indices were employed in this study on Sentinel-2 data

Tab. 2. Zastosowane rozne wskazniki widmowe dla danych z Sentinel-2

Index Name Index Id References Formula on Sentinel -2 image
N”"}?::;gg ?r:gf:;ence NDTI Deventer, 1997 [] (B11-B12) / (B11+B12)
Bare Soil Index BSI M;:;;T:r”lgg;’ [ | ((BLL+BA)-(B8+B2))/(BLL+B4)+(BE+B2))
Dry Bare-Soil Index DBSI Rasul et al., 2018 [] ((B11-B03)/(B11+B03)) -NDVI
N°\r/re";;‘tzaet?0'r?ime;§;‘ce NDVI Tucker, 1979 [] (B08-B04)/(B0O8+B04)

Index (CBI), are influenced by seasonal variations, particular-
ly during dry months when the similarity between the spectra
of bare soil and urban areas increases. As a result, these indi-
ces led to a less accurate mapping of urban areas during dry
periods in the study area.

The outcomes discussed previously suggest an enhance-
ment in mapping urbanized regions during dry seasons
through the utilization of spectral indices layer stacking tech-
nique. Given that semi-arid zones are characterized by sparse
vegetation and extensive bare soil, especially during dry peri-
ods, two bare soil indices were opted for. The initial one is the
Bare Soil Index (BSI) introduced by Rikimaru and Miyatake,
1997 [13], aimed at improving the recognition of bare soil
areas and fallow lands, thus distinguishing them from vege-
tative cover and other land cover types. Recently, the BSI in-
dex has seen widespread adoption in various studies, such as
[13,23,24], the next index is the Dry Bare-Soil Index (DBSI),

a recent creation by Rasul et al., 2018 [6], as an index for de-
tecting bare areas in arid climates.

In recent years, a novel form of dataset emerged through
the combination of different spectral indices. The research
conducted by Ettehadi Osgouei et al., 2019 [24] employed the
Normalized Difference Tillage Index (NDTTI) - originally de-
veloped by Deventer, 1997 [25] and also utilized in studies by
[12,23] — which has used SWIR bands of the Sentinel-2 imag-
es and succeeded in differentiating bare land and built-up area
classes better than the other spectral indices used in the study.
This approach effectively distinguished between bare land and
built-up area categories, surpassing the performance of oth-
er spectral indices utilized in the investigation. Furthermore,
the multi-index NDTI was subjected to classification using
the machine-learning-based SVM algorithm [25], resulting
in enhanced mapping accuracy of heterogeneous urban areas.

The research article explores the rapid and accurate map-
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Fig. 1. Location of Study Area

Rys. 1. Lokalizacja obszaru badawczego

Spectral Indices BSI DBSI NDTI NDVI
BSI 1.000000 0.952421 0.173467 -0.305834
DBSI 0.952421 1.000000 0.124518 -0.332879
NDTI 0.173467 0.124518 1.000000 0.534376
NDVI -0.305834 -0.332879 0.534376 1.000000

a) NDTI Index

b) BSI Index

¢) DBSI Index d) NDVI Index

Fig. 2. Spectral indices result used in the study (a) NDTI (b) BSI (c) DBSI (d) NDVI
Rys. 2. Wyniki wskaznikow widmowych wykorzystanych w badaniu (a) NDTT (b) BSI (c) DBSI (d) NDVI

Tab. 4. Statistical values of spectral indices were employed in this study on Sentinel-2 data

Tab. 4. Ocena statystyczna wykorzystanych wskaznikow spektralnych w oparciu o dane Sentinel-2

S_pes:tral Min Max Mean StdDev Range value
indices
BSI -0.445267 | 0.552146 0.184725 0.052132 From -0.445267 to 0.552146
DBSI -0.394781 | 0.573225 | 0.236719 0.073513 T -0.394781 dén 0.573225
NDTI -0.326284 | 0.337416 0.071523 0.043426 Tu -0.326284 dén 0.337416
NDVI -0.384516 | 0.901425 | 0.101642 0.072846 T -0.384516 dén 0.901425

ping of built-up land during the dry season through testing
a new dataset that combines several spectral indices sourced
from Sentinel-2 satellite imagery with the aim of identify-
ing multi-spectral combinations for urban built-up land ex-
traction. In this experiment, we leverage the advantages of the
new Sentinel-2 satellite imagery data with a spatial resolution
of 10 meters, which is widely used and freely available. We
chose Hanoi city as the research area to carry out the process
of distinguishing between bare land and urban built-up land
during the dry season, surrounded by a large area and hetero-
geneous bare land.

2. Study area and data used
2.1 Study area

Research Area Hanoi is the capital city of Vietnam, cover-
ing an area of 3,359.82 square kilometers with a population of
8.4 million people. The terrain of the area includes the central
plain region and hilly areas in the northern and western parts
of the city. The climate of the Hanoi area is divided into two
main seasons: the rainy season (from April to October) and
the dry season (from November to March), but the weath-
er is further categorized into four seasons due to transitional
months. In 2023, Hanoi established the General Construction
Planning for the Capital Hanoi until 2030 and vision until
2050 for a city with 9.1 million inhabitants by 2030 and over
10 million people by 2050. The location of the research area
within the city is shown in Figure 1.

2.2 Data used

The Sentinel-2 sensor is a multispectral sensor that was
launched in 2015. Sentinel-2 has 13 bands covering the VNIR
region with 8 bands and the SWIR region with 2 bands having
a spatial resolution of 10, 20, and 60 m. The swath width is
290 km. It consists of two multispectral satellites, Sentinel-2A

and Sentinel-2B. The key mission objectives for Sentinel-2
are: (1) to provide systematic global acquisitions of high-res-
olution multi-spectral imagery with a high revisit frequency,
(2) to provide enhanced continuity of multi-spectral imagery
provided by the SPOT series of satellites, and (3) to provide
observations for the next generation of operational products
such as land-cover maps, land change detection maps, and
geophysical variables. Consequently, Sentinel-2 will directly
contribute to the Land Monitoring, Emergency Response, and
Security services [26]. Data Used Sentinel-2 satellite imagery
data was chosen for the research area because this satellite im-
agery data is freely available at https://scihub.copernicus.eu.
The Sentinel-2 satellite imagery data was acquired
and processed at level 2A (product name: S2B_MSI-
L2A_20240212T032849_N0510_R018_T48QW-
J_20240212T054533) and has been georeferenced. The data-
set was collected on February 12, 2024, corresponding to the
driest month of the year covering the research area, includ-
ing Hanoi city. The selected satellite imagery data from this
date provides good observation of both bare land and urban
built-up areas, which can be distinguished because there is
no mixed vegetation cover within the bare land due to the
coincidence with the end of the harvest season in the region.

3. Methodology
3.1 Pre-processing

The data were provided as level L2A data captured under
clear atmospheric conditions (cloud coverage = 0.01%) in the
dry season. The process of overlayering spectral channels and
cutting the research area is conducted using tools within ver-
sion 8.0 of the SNAP software. The image processing tools for
Sentinel-2 satellite imagery can be found at http://step.esa.int/
main/download/.
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Fig. 3. Simplified spectral signatures represented by the mean of the major categories of Hanoi land cover for the multi-index image

Rys. 3. Uproszczone sygnatury widmowe reprezentowane przez $rednig gtéwnych kategorii pokrycia terenu Hanoi dla obrazu wieloindeksowego

Tab. 5 The built-up area extracted using both multi-index of Hanoi city in the Dry Season

Tab. 5. Powierzchnia zabudowana wyodrebniona przy uzyciu obu wskaznikéw miasta Hanoi w porze suchej

Built-up area Others Total
Multi Index Used Area (km?) Area (%) (Ak';ﬁgl) Area (%) Area (km?) Area (%)
NDTI/BSI/NDVI 593,23 57,29 442,24 42,71 1035,47 100
NDTI/DBSI/NDVI 595,56 57,52 439,91 42,48 1035,47 100
NDTI 531,34 51,31 504,13 48,69 1035,47 100

3.2 Processing
3.2.1. Calculation of spectral indices

1. Normalized Difference Vegetation Index (NDVI)

Normalized Difference Vegetation Index (NDVI) is a re-
mote sensing method that uses the reflectance of light in the
visible and near-infrared (NIR) wavelengths to determine the
amount and health of vegetation in an area. NDVI is wide-
ly used in agriculture, forestry, and ecology to monitor the
growth and health of vegetation and to identify areas of stress
or damage [27]. NDVI values can also be used to map and
classify vegetation types, and to detect changes in vegetation
cover over time. Simply put, the Normalized Difference Veg-
etation Index is an indicator of a plant’s health entirely based
on how the cell structures reflect the different light waves in
visible and near-infrared bands.

NDVI is calculated by subtracting the reflectance of the
NIR band from the reflectance of the red band and then divid-
ing that value by the sum of the reflectance of the NIR and red
bands. NDVI values range from -1 to 1, with -1 indicating no
vegetation, 0 indicating bare soil or water, and values closer
to 1 indicating greater amounts and healthier vegetation. The
formula below for the evaluation of NDVI:

NDVI = (NIR-Red)/(NIR+Red) 1)

The values range from -1 to +1. A higher or more positive
value indicates greater plant vigor and general health.

2. Normalized Difference Tillage Index (NDTT)

The urban areas had higher blue reflectance than bare soil
as a result of the type of building materials, mainly concrete,
used for roof surfaces and walls. The NDTI index of van De-
venter et al. 1997 [25], which is calculated as:

NDTI= (SWIR1-SWIR2) / (SWIR1+SWIR2) )

3. Dry Bare-Soil Index (DBSI)
Inspection of the Sentinel-2 bands suggested that differ-

entiation of these classes could be done based on spectral val-
ues in the SWIR1 and Green bands. In these bands, generally
the digital number value (DN) of bare land is slightly higher
than the DN of the built-up class [6].

DBSI = ((B11-B03)/(B11+B03)) - NDVI (3)

The DBSI values can be between -2 to +2, and higher
numbers represent more bare soil. An appropriate threshold
for the bare soil class can be used for mapping bare soil and
non-bare soil areas. Based on a test carried out with a sample
of bare soil pixels, a DBSI value 0.26 and higher was delineat-
ed as bare soil for the study area, and areas with lower values
were delineated as other classes.

4. Bare Soil Index (BSI)

Bare Soil Index (BSI) is a numerical indicator that com-
bines blue, red, near infrared and short wave infrared spectral
bands to capture soil variations. These spectral bands are used
in a normalized manner. The shortwave infrared and the red
spectral bands are used to quantify the soil mineral composi-
tion, while the blue and the near infrared spectral bands are
used to enhance the presence of vegetation. BSI can be used
in numerous remote sensing applications, like soil mapping,
crop identification (in combination with NDVI) etc [13]. To
calculate the BSI with the following formulas:

BSI = ((B11+B4) - (B8+B2))/((B11+B4) + (B8+B2)) (4)

All the selected spectral indices are specifically described
in (Table 2) and are calculated based on the spectral bands of
Sentinel-2 MSI satellite imagery (Table 1).

3.2.2. Multi-Index development

The correlation coefficients between the selected spectral
indices are shown in (Table 3). A high correlation is evident
between both bare soil indices (BSI and DBSI) within the
research area. Conversely, a low correlation is observed be-
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Fig. 4. Binary image resulting from K- means classifer of (a) NDTI (b) Multi-Index (NDTI-BSI-NDVT) (c) Multi-Index (NDTI -DBSI-NDVI
Rys. 4. Obraz binarny wynikajacy z klasyfikatora K- oznacza (a) NDVI (b) Multiindeks (NDTI-BSI-NDVT) (c) Multiindeks (NDTI -DBSI-NDVT)

Tab. 6. Accuracy Assessment of binary Images resulting
Tab.6. Ocena doktadnoéci uzyskanych obrazéw binarnych

NDTI Multi-Index Multi-Index
Index NDTI/BSI/NDVI NDTI/DBSI/NDVI
Accuracy User Producer User Producer User Producer
types Accuaracy Accuaracy Accuaracy Accuaracy Accuaracy Accuaracy
YP (UA) % (PA) % (UA) % (PA) % (UA) % (PA) %
Built-up 79.32 89.32 85.84 92.76 81.38 83.33
Non Built-up 91.22 83.84 95.26 91.22 89.28 88.46
Overall
accuracy (%) 86.43 91.96 86.14
Kappa
Coefficient 72.24 82.34 71.24
(%)

tween the built-up area index (NDTI) and both BSI and DBSI.
Meanwhile, the BSI index exhibits the lowest correlation with
the NDVI index. The correlation between NDVI and NDTI
indices is moderate.

Based on the degree of relationship discussed among the
four spectral indices, two different combinations are proposed
through a layer stacking process to enhance spectral differ-
ences between three main land cover classes (built-up area,
bare soil, vegetation cover). The combinations are achieved by
retaining both NDTT and NDVT indices, with the NDTI/BSI/
NDVI trio being the first combination, and the NDTI/DBSI/
NDVI trio being the second combination. These composite
spectral indices are compared with the NDTTI spectral index
to determine the most accurate result for extracting built-up
areas. Furthermore, to evaluate the impact of the bare soil in-
dex on the original NDTI/NDVI combination aimed at re-
ducing misclassification between bare soil and built-up areas.

3.2.3 Extraction of urban built-up land by using the K-means method

Urban built-up land in the study area primarily comprises
residential and industrial zones, roads, and other impervi-
ous surfaces. However, the non-urban built-up land includes
forests, grasslands, and bare land. To achieve high-accura-
cy separation between these two main classes (built-up and
non-built-up areas), binarization was utilized. However, the
author Zuur et al., 2007 [28] reported that highlighting a spe-
cific land cover type by determining optimal thresholds is a
major challenge.

3. Results and Discussion
3.1. Results of spectral indices

In this study, ENVI 5.1 software with the "Band Math"
tool was used to calculate the spectral indices provided for

further analysis. The calculated results of the spectral indices
for the research area are presented in Figure 2.

The spectral profiles presented in Figure 3 show that the
NDVTI index highlights vegetation areas with large positive
values, depicted by shades of gray and white observable in
the 3D image (Figure 3). Additionally, the BSI and DBSI em-
phasize uncultivated and abandoned fields. Average values
refer to built-up areas, while low values indicate vegetation
cover. Vegetation and bare soil in areas with positive NDTI
values and urban built-up land are represented by low positive
NDTI values. Conversely, constructed structures yield nega-
tive values, depicted by darker pixels in Figure 3. Moreover,
the statistical values of the four spectral indices can be found
in Table 3, where low standard deviation values are observed
for all the spectral indices used.

Based on the analysis of the spectral profiles presented
in Figure 4, the process of mapping built-up land from oth-
er primary land cover types such as bare soil and vegetation
can be easily achieved using the unsupervised classification
algorithm K-means developed by [29]. The algorithm is ap-
plied for quick and accurate clustering of predefined classes
[30]. The K-means algorithm has been successfully utilized
to extract a specific land cover class in a region from a single
spectral index result [9]. Additionally, the work of [31] has
demonstrated the effectiveness of the algorithm for land cover
classification based on multi-spectral datasets. The extraction
of urban built-up land layers using the K-means algorithm is
performed using ENVI 5.1 software.

3.2. Results of urban built-up land by using the K-means
method

The results of the urban built-up land layer extraction us-
ing the NDTI index and the selected multi-spectral dataset
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are presented in Figure 4. Statistical data generated from the
classification results of spectral indices using the K-means al-
gorithm are shown in Table 5.

Based on the surface area coverage values of each land
cover type extracted from the multi-spectral dataset in Table
5, we observe that the area of built-up land classified from
the NDTI/BSI/NDVI multi-spectral dataset is 593.23 km?,
accounting for approximately 57.29% of the total study area;
this built-up land area is smaller than the corresponding area
classified from the NDTI/DBSI/NDVI multi-spectral dataset,
which is 2.32 km?, and larger than the built-up land area when
using only the NDTT index, which is 61.89 km?.

3.3. Accuracy Assessment

The accuracy assessment was conducted using the strat-
ified random sampling method [32], which recommends a
minimum of 150 points for each class; 300 random points
were distributed among the built-up and non-built-up class-
es. Additionally, high-resolution images from Google Earth
taken on the same day were utilized as reference data. Sub-
sequently, the error matrix [33] was computed as a result of
assessing the classification accuracy, including overall accu-
racy and the Kappa coefficient, producer's accuracy (PA), and
user's accuracy (UA). All accuracy metrics are presented in
Table 5.

The error matrix presented in Table 5 indicates that the
accuracy of the built-up land area is better when comparing
the use of the NDTI/BSI/NDVI multi-spectral dataset with
the NDTI/DBSI/NDVI multi-spectral dataset. The overall
accuracy achieved is 91.96% and 86.14%, with correspond-
ing Kappa coeflicients of 82.34% and 71.24%, respective-
ly. Therefore, the improvement in accuracy observed, with
an increase of 11.1% in the Kappa coeflicient and 5.82% in
overall accuracy, is significant. Meanwhile, the NDTI/DBSI/
NDVI multi-spectral dataset provides classification results for
the built-up land class with similar accuracy in both overall
accuracy and Kappa coeflicient compared to the classification
results using only the NDTT index in the study area. The error
matrix shows that the user's accuracy of the built-up land class
classified from the NDTI/BSI/NDVI multi-spectral dataset is
85.84%, an increase of 4.44% compared to the user's accura-
cy when classified from the NDTI/DBSI/NDVI multi-spec-
tral dataset. Similarly, the producer's accuracy of the built-up
land class classified from the NDTI/BSI/NDVI multi-spectral
dataset is 92.76%, an increase of 9.43% compared to the pro-
ducer's accuracy when classified from the NDTI/DBSI/NDVI
multi-spectral dataset.

3.4 Discussion

Through visual observation of the classification results of
built-up land illustrated in Figure 5, it is evident that using
the NDTI index and developing multispectral indices has
differentiated built-up land from other land types. Observa-
tions indicate that some vacant land pixels are misclassified as
built-up, especially bright land and vice versa. The DBSI index
generates a larger dynamic range compared to the BSI index.
Therefore, the DBSI index delineates more built-up land sur-
face than vacant land surface than the BSI index provides.
This suggests that the BSI index influences the separation
of vacant and built-up land by reducing misclassified pixels

through minimizing spectral confusion of both classes. Thus,
the BSI index has demonstrated effectiveness in mapping va-
cant land. As forest class has negative values for both classi-
fied vacant land outcomes illustrated in Figure 4, the addition
of the NDVT index highlights vegetation with high positive
values for the multispectral index, enabling automated classi-
fication to distinguish vegetation from vacant land during the
classification process.

The analyses above have demonstrated that the BSI in-
dex in the multispectral index NDTI/BSI/NDVI yields the
most accurate classification results for built-up land due to
its enhanced ability to differentiate vacant land from built-up
areas. Therefore, using multispectral imagery NDTT with the
addition of BST and NDVT indices proves to be more effective
in extracting built-up land from vacant land when employing
the K-means classification method.

These results support the method proposed by Ettehadi
Osgouei et al., 2019 [24], which advocates a multispectral
index-based approach centered on NDTI. Furthermore, the
findings also contribute to the developments made by Li et
al., 2017 [9] regarding classification methods based on stack-
ing spectral indices as input datasets for K-means clustering.
Therefore, the paper re-evaluated both multispectral indices
in the classification of built-up and vacant land and compared
their impacts since being used in conjunction with the NDTI
index. Additionally, the results demonstrate the effective
synergy among the three approaches of the aforementioned
studies [9; 31] to enhance the discrimination between built-
up land and other land types, developed from data tested in
urban areas during the dry season.

4. Conclusion

Hanoi city (the capital of Vietnam) is characterized by
a climate with distinct dry and rainy seasons, chosen as the
research area. The main objective of this study is to find the
best solution for combining multispectral indices to accurate-
ly extract the built-up land class from other land cover types,
primarily vacant land, through experiments using a layer
stacking method of various pre-selected spectral indices. Var-
ious remote sensing software tools were employed, including
SNAP, ENVI, and ArcGIS, to process Sentinel-2 satellite im-
age data.

Separating the built-up land has been the main problem
in mapping urbanized areas. In general, both combinations
of multispectral indices, NDTI/BSI/NDVI and NDTI/DBSI/
NDVTI, for Sentinel-2 satellite image data were tested for built-
up land mapping through K-mean classification. The results
obtained showed a fast classification process for built-up land.
However, based on error matrices including overall accuracy
and Kappa coefficient, the best results were observed when
using multispectral indices comprising BSI in combination
with NDTI and NDVI compared to the combination with
DBSI.
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Zastosowanie wielospektralnego indeksu z danych Sentinel-2 do ekstrakcji terenow zabudowa-

nych w rejonie Hanoi w sezonie suchym

Wskaznik zdalnego wykrywania jest prostym i skutecznym sposobem na wyréznienie okreslonego pokrycia terenu. Dlatego w tym bada-
niu staramy sig zwiekszy¢ dokladnosé mapy terenéw miejskich opracowanej dla miasta Hanoi, skupiajgc sie na okresleniu odpowiedniego
polgczenia wskaznikow spektralnych obliczanych z danych obrazow satelitarnych. Do przeprowadzenia badania wybrano cztery wskaz-
niki spektralne, a mianowicie znormalizowany wskaznik roznicy uprawy (NDTI), wskaznik golej gleby (BSI), wskaZnik suchej golej gleby
(DBSI) i znormalizowany wskaznik réznicy wegetacji (NDVI). Wszystkie te wskazniki spektralne sq obliczane z danych Sentinel-2 uzy-
skanych w sezonie suchym. Dwie kombinacje sq tworzone z naktadania si¢ warstw wskaznikéw spektralnych NDTI/BSI/NDVI i NDTI/
DBSI/NDVI. Uzycie algorytmu “K-means” jako klasyfikatora nienadzorowanego zapewnia szybkie i automatyczne wykrywanie terenéw
miejskich. Wyniki pokazujg, ze wskaznik BSI dziala lepiej niz uzycie wskaznika DBSI. W rezultacie wskaZnik BSI przynosi poprawki:
typy golej gleby i procesy akumulacji sq lepiej zroznicowane, a ogélna dokladnosé wzrasta o 5,82%, a wspétczynnik Kappa wzrasta
0 11,1%. Wyniki pokazujg, ze zestaw danych wielospektralnych wskaznikéw NDTI/BSI/NDVI jest odpowiedni do mapowania obszarow
miejskich z potencjatem pomocy w lepszym zarzgdzaniu miastem podczas sezonu suchego.

Stowa kluczowe: dane Sentinel-2, algorytm K-means, Bare Soil Index (BSI), Dry Bare Soil Index (DBSI), Normalized Difference Tillage
Index (NDTI)

70

Inzynieria Mineralna — Styczet - Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society



Application of Robust Estimation for Adjustment
Analysis in Geodetic Networks with Outliers in the
Control Points

Tuan Anh LUUY*

U Faculty of Geomatics and Land Administration, Hanoi University of Mining and Geology, Hanoi, Vietnam; ORCID https://
orcid.org/0009-0001-7738-9718
* Corresponding author: luuanhtuan@humg.edu.vn

http://doi.org/10.29227/IM-2024-01-95
Submission date: 15-05-2024 | Review date: 03-06-2024

Abstract
In the field of data analysis, the method of least squares has been a go-to approach when dealing with measurements that contain
random errors. However, this method shows its limitations when faced with real-world data, which, in addition to accidental error,
often contains outlier. These outlier can significantly skew the results, leading to inaccurate conclusions if not properly addressed. In
response to this challenge, Robust Estimation has emerged as an effective method for handling outlier. Unlike traditional methods,
Robust Estimation is designed to be less sensitive to outliers in the data, providing a more reliable and accurate estimate by reducing
the impact of outlier on the final result. One of the key features of Robust Estimation is its flexibility. The outcome of each robust
estimation method is influenced by the choice of its weight function, allowing the method to be tailored to the specific characteristics
of the data. This paper applies the principles of Robust Estimation to the analysis of geodetic networks, which often contain original
data errors. By doing so, it aims to provide a more accurate and reliable analysis of these networks, contributing to their improved

utilization and management.

Keywords: Robust Estimation, outliers, Geodetic Network

1. Introduction

Currently, Vietnam’s Ministry of Natural Resources
and Environment is building and implementing the proj-
ect "Modernizing the national geodetic network system for
planning, construction, socio-economic development and
response to climate change in some large cities and coastal
areas’. The goal of important national work is to complete
and modernize the sustainable and stable national coordinate
and elevation system to ensure accurate and consistent deter-
mination of elevations of points and locations throughout the
country and meet the increasing requirements of socio-eco-
nomic development, national security and defense, and re-
sponse to climate change. Tasks that need to be implemented
include calculating and adjusting the national coordinate and
elevation network and announcing the new National Eleva-
tion System. The network has various types of measurement
values such as complete measurements of the modern na-
tional elevation network connecting "century benchmarks",
GNSS CORS points, repeated measurements of the vertical
displacement monitoring network in cities of Hai Phong, Ha-
noi, Da Nang, Ho Chi Minh, Can Tho and the Mekong Delta
region using leveling method to analyze, evaluate and deter-
mine the causes of subsidence.

Robust estimation method is used in many applications
such as GPS positioning [1, 2], GPS coordinate transforma-
tion [3], polynomial modelling [4], study of relationship be-
tween lake's water area and water level [5], data reconciliation
[6], robotics [7], evaluation of the air quality area [8], etc.
Various robust estimating techniques are employed to identi-
fy minor outliers that could exist in geodetic measurements.
Comparative assessment of several resilient estimating tech-
niques for deformation analysis was presented in [9]. Among

these techniques are the Danish approach, the Least Absolute
Sum, and robust M-estimators.

Thus, when modernizing the construction of the geodet-
ic network, it is natural to make measurements connected to
points with higher accuracy and then there is a case where
the original points contain errors. Therefore, it is necessary to
research data processing methods in this case. On the other
hand, the measurement data of the control network cannot
avoid outliers. For such a control network system, a data pro-
cessing tool with coarse error detection and network reliabil-
ity analysis is needed. In this article, the application of the
Robust estimation method is chosen as a solution to solve the
problem of data processing and network analysis.

The construction and development of Robust estima-
tion theory is mentioned in many publications [10-12]. The
essence of Robust estimation theory is that in cases wh'ere
crude errors cannot be avoided, choose an appropriate esti-
mation method so that the estimated values of the parame-
ters are not affected. One of the robust estimation methods is
robust estimation M proposed by Huber in 1964 and applied
to geodetic data processing. Besides, some scientists have re-
searched and successfully applied robust estimation methods
such as Professor Zhow Jiangwen (1980) proposed the princi-
ple of estimating M in case the measured values are not of the
same accuracy. The method of changing the weights during
the adjustment process to achieve parameter stability is called
the weight replacement method. Today, a number of scientists
have been researching and applying robust estimates in differ-
ent fields, including surveying. However, Vietnam's geodetic
network has its own characteristics, so we research and mod-
ify a robust estimation method to process geodetic network
data effectively in Vietnamese conditions.
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According to [13], in the presence of measurement er-
rors, robust estimation produces "less-biased" estimates than
the least squares approach. The least median squares (LMS)
approach is a reliable estimating technique. In other study,
[14] conducted a study on application of robust estimation in
geodetic networks. The obtained results indicated that least-
squares adjustment of a geodetic network is the best alterna-
tive when neither gross nor systematic errors affect the obser-
vations nor the mathematical model. The most likely network
solution is then provided by the least-squares adjustment. In
order to address large mistakes in close-range photogram-
metric data sets that call for a photo bundle correction solu-
tion, [15] evaluated the efficiency of robust estimate models.
The findings of investigation show that, in comparison to the
least squares approach, all robust approaches have the advan-
tage of being able to identify and eliminate gross flaws, par-
ticularly when the observation contains large-scale errors. In
addition, [16] used this method to detemine displacements
in geodetic control network of dam. Then, the advantage of
M-estimation over ordinary least squares adjustment in min-
imizing the impact of outliers on estimated network param-
eters is demonstrated in this study. Also related to identifing
deformation, [17].

In Vietnam, there are not many studies mentioning this
method. [18] applied a robust estimation method with a reason-
able weight function to adjust and analyze the spatial ground
network - GPS. The obtained results show that this method al-
lows searching for raw measurement values, Therefore, “clean”
measurement data can be generated and adjusted using the
usual method. Also using this method, [19] detected coarse
errors in the Son La hydropower construction grid based on
robust estimates according to the posterior variance. The cal-
culation results show that this method is effective. In addition
to being able to determine the measurement value containing
raw error, it can also determine the approximate value of the
raw error in the measurement value, and moreover determine
the exact value of the measurement value. get not just one but
many gross errors in the measurement set. However, Vietnam's
geodetic network has its own characteristics, so we research
and modify a robust estimation method to process geodetic
network data effectively in Vietnamese conditions.

2. Method of Robust estimation applied network adjust-
ment containing the errors of control points
2.1 The Robust Estimation method

Assuming that the matrix of independent measurement
called L, and uknown vector is )A(ud; the observation equa-
tions can be rewritten that include residuals. The resulting set
of equations is residual equation as [20]:

a X, A
N a, X, 1,

Vi = Ay Xy + Ly = + ( )
LD 5

where: A__is the design matrix (coefficients matrix), a, is the
individual coefficients of ith, L, is the vector of observation
(freedom matrix).

From equation (1), the function of robust estimation has
form as equation (2) [20]:

P, X)=p(,) )

Due to the measurements do not equal accuracy; so the
weight P can be expressed in matrix form as equation (3):

Py = (3)

P

On the other hand, the p function must be minimized:
= min

Lrp)=Yppak+l) (4)

min
Taking the derivative of expression (4) with respect to X,
denoting (v, =§v—p , setting the resulting equation equal to

i

zero yields:

> pip)a, =0 (5)
=1 =min
Let §, = pw,, w, = 2% we have:
vl
S afﬁvf =0 (6)

or we can write equation (6) as equation (7):

ATPV =0 (7)

Besides, replaceing the V matrix with given in Equation
(7) yields the normal matrix of robust estimation M as equa-
tion (8):

ATPAX + ATPL=0 (8)

where: p is the weight matrix, p,is the weight element, w, is
weight coeflicients.

The X parameters of robust estimation M can be deter-
mined as:

X=(A"PAy'xAPL )

The Function of weight Robust is described as the equa-
tion (10), where, c is constant value and select with ¢ of 1.5.

T{|£c

M>c

Medvlee (10)

v

= iyl

2.1 Network adjustment containing the errors of control points
In this case, the control points are held fixed which is not
perfect, meaning that they contain errors. Therefore, the un-
known value is included coordinate of the control point.
For adjustment containing the errors of control points, we
can choose B=0; B=E, the residual equation is [20]:

V=AX+aX+1L

11
V=EX+L (D)

Where: X is the unknown vector of the control point; X is
the residual vector of approximate value X©. If X” equal to L
and to zero, the equation shows:
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Tab. 1. Angle measurement
Tab. 1. Pomiar kata

No Annla Valua 0 ™)
Ocenunv Rarckcinht Rarkcinht Ocenunv <carnnd

1 1 T T 3 27 26
2 \% T T 28 24 a1
3 v m v 50 51 39
a T 1 I\ a6 35 26
5 T T m 20 30 44
[ % T T an a4 58
7 T Y% T 72 R a6
8] \ W m 71 13 18
9 1 \% I\ 57 58 n1
10 T \ m 32 50 n7
11 T T \% RS R nn

Tab. 2. Distance measurement
Tab. 2. Pomiar odlegtosci

No Distance . s(m)
Occupv Sight

1 I 11 404.919
2 I 111 934.485
3 I V 357.225
4 11 111 637.048
5 11 v 586.833
6 II \Y 655.743
7 111 IV 486.229
8 v \ 537.194

Tab. 3. Baseline components AX, AY and their weight in rectangular coordinate system

Tab. 3. Sktadniki bazowe AX, AY i ich waga w prostokatnym ukladzie wspotrzednych

No Baselines Observe Weiaht
Occubv Siaht AX AY Occubv Siaht AX

1 I II -216.141 342.407 890914.68 -262093.59 323744.99
2 1 II1 -851.811 384.289 682879.24 -195924.51 166977.63
3 I Vv -174.003 -311.984 667251.90 -229191.31 471605.13
4 11 II1 -635.682 41.860 801837.10 -244621.72 197906.39
5 11 v -430.401 -398.913 1075012.79 -326412.03 341196.31
6 11 Vv 42.152 -654.398 2205098.64 -720459.46 1034072.38
7 111 v 205.274 -440.776 216375.89 -113497.00 196044.45
8 v \ 472.540 -255.501 1199357.84 -349210.59 403780.78

Tab. 4. The difference of residual angle between including outliers and without outliers

Tab. 4. Rdznica kata resztkowego pomiedzy uwzglednieniem wartosci odstajacych i bez wartosci odstajacych

Residual Difference .
Angle V(™M Av =l — v Including
No without outliers Vi = Vi v,‘ (second) outliers
Backsiaght | Occupv | Foresight 1.07 0.84
1 I I 111 -5.64 0.12
2 \ I I -6.08 0.50
3 v 11 \ 1.41 0.26
4 IIT 1I v 3.23 0.03
5 1 II1 I -7.45 2.47
6 v II1 I 1.81 2.70
7 II v II1 7.45 2.86
8 \ v I 0.63 15.63 + 18"
9 I \ v 3.33 1.50
10 1 \ II -0.77 0.84
11 IIT I \ 1.07 0.12

Tab. 5. The difference of residual distance between including outliers and without outliers

Tab. 5. Rdznica odleglosci resztkowej pomiedzy uwzglednieniem wartosci odstajacych i bez wartoéci odstajacych

No Nistance ) i

V; (mm) Residual Difference Ay, = ‘v —v:‘ (mm) | Including outliers
Occupy Sight withant antliers ' Y (mm)

1 T m aa 188

> T m S 12 119

2 T v _a2a 295

a m m 220 103

5 m w 517 517

A m v ~10a > 01

7 m w -1 71 171

] v v -0 &R agr nR +100mm
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Tab. 6. The difference of residual baseline between including outliers and without outliers

Tab. 6. Roznica resztowej linii bazowej pomigdzy uwzglednieniem wartosci odstajacych i bez wartosci odstajacych

Racalinac
A Residual Difference Ay, = ‘v -V . .
No R Vi (mm) i i i Including outliers
Occupy | Sight | \ithout outliers (mm)
1 " T -n 2R -2 A2 Q7.6 n 2] Ax +100mm
) T T 2970 -5 A1 117 n1a
2 Vi T nn| LY nng 784
a " il 233 277 noa
5 " L% 210 412 418
A " Vi T 21A 7 5A 26A
7 ™ T -2 77 1 AR a 4”2 2 a1
R v L% -4 44 -5 72 5 AR A 21
120,00
100,00
80,00
2 60,00
1

40,00

20,00

1234567 891011121314151617181920212223242526272829303132333435
NUMBER OF MESUREMENT

Fig. 1. Difference of residual between two cases: without and including outliers

Rys. 1. Rdznica reszt pomiedzy dwoma przypadkami: bez wartosci odstajacych i z uwzglednieniem wartosci odstajacych

20

-20

-40

MM

-60

-80

-100

-120

303132333435

NUMBER OF MESUREMENT

Fig. 2. Detecting outliers using robust estimates

Rys. 2. Wykrywanie warto$ci odstajacych przy uzyciu solidnych szacunkow

RX+ RaX+b=0
RIX+ R X+b,=0
Where: R, = A Pat; R, =R, +P:R, =d"Pa; b, =" PL

> Mo

(12)

From equation (12), it can be written as:

il
r A |+ =0 (13)
Ra RX X ba

On the other hand, equation of residual equation (11)
shows the block matrix:

v A a X| L

Tlo B x)Ti (14
The problem of equation (14) can be solved with condiction as:

VPV +V' Q' =min (15)

Besides, the weight matrix has the form of a diagonal matrix as:

P= _ (16)
0.

Therefore, the coefficient matrix of a system of linear
equations can be written:

A o|P A4 o] |[4P4 APa

dE| 9 {0 E} P4 dPor+(] (17
Finally, the standard deviation was calculated (mo) as:

[PVV]
my = J—— (18)
n—t

Where:

[PVV]=VTPV+VTO]V (19)

2.4 Steps to calculate robust estimates in adjustment con-
taining the errors of control points
Step 1: Setting up the residual equation

Assume that w =w,=w =...=w =1
_ P 0
W=LP-E,so P = .
0 Q;

Where: P is the weight matrix.
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Step 2: Solving problem of equation (13), we can obtain
the estimated value the first time X, X and equation (14) cal-
culates the residual V flowing:

SXT_[apa aPa (o
x|  |a'Pa a'Pa+Q,' | |b,

K

Step 3: From this V¥, the weight matrix can be estimat-
ed based on equation (10), and then solving general equation
(13) to obtain a matrix of X® and X©. Calculating the residual
matrix V@ and V@ by equation (20).

Step 4: Similar to step 3, from matrix of X, P the equa-
tion of (13) can be calculated. This process was repeated and
stopped until the different values twice in a row were less than
10° mm.

Step 5: Final result is determined from equation (21):
X1 [apva AP0 TTe)[V]7_[4 X7 [z
HEERE A (A RS I

XV [apsva AT TR 4 X [L 1)
x| T &P dPYYa 0l | (b, 7] |0 E O %%\

& R

B

3. Data and experiment

The Lang Son geodetic network consists of two control
points and three unknown points. In this network, there are 11
angles, 8 distances, and 8 baseline vectors. Besides, the weight
of the control point is equal to PX = PY = 50.000. Note that,
the network will adjust in the rectangular coordinate system.
Network adjustment containing the errors of control points

based on least squares. Assuming that the blunder in angle
is (II-V-IV) + 18 and distance is S(IV-V)+ 100 mm, while
baseline is AX(I-IT) +100 mm. To detect the blunders, we use
adjustments combined containing the errors of control points
and robust estimates. Creating the data without blunder to
adjust using the principle of least squares or robust estimates
to possess the outliers (errors) in order to calculate the most
probable value.

Note that, the Total point has error of measurements are
mS = +(2mm + 1ppm.D) and m=3" for distance and angles,
respectively.

From the result of the experiment shown in Tables 4, 5, 6,
and Figure 1 and Figure 2; it can be shown that The outliers
were detected accurately, and the magnitude of the estimated
outlier is approximately equal to the raw error value included
in the experimental model.

4. Conclusion

The Robust estimation method is investigated in this
paper, with the selection of a reasonable weight function to
detect measurements containing blunders, processing and
analyzing the quality of the geodetic network containing the
errors of control points for reliable results. Combining the Ro-
bust estimation algorithm with the model of network adjust-
ment containing the errors of control points, brings dual effi-
ciency as it detects outliers while also addressing the impact
of the errors in control points on the estimation results. This
method allows for the identification of outliers, thereby as-
sisting data processors in generating 'clean' measurement data
and adjusting network according to conventional methods.
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Zastosowanie Robust Estimation do analizy korekty w sieciach geodezyjnych z wartosciami odsta-
jacymi w oryginalnych punktach kontrolnych

W dziedzinie analizy danych, metoda najmniejszych kwadratéw byla podstawowym podejsciem przy radzeniu sobie z pomiarami za-
wierajgcymi bledy losowe. Jednak ta metoda pokazuje swoje ograniczenia w obliczu rzeczywistych danych, ktore oprocz bledow losowych
czesto zawierajq bledy grube. Te bledy grube mogqg znacznie znieksztatci¢ wyniki, prowadzqgc do nieprecyzyjnych wnioskow, jesli nie zo-
stang odpowiednio uwzglednione. W odpowiedzi na to wyzwanie, Robust Estimation pojawila sig jako skuteczna metoda radzenia sobie
z bledami grubymi. W przeciwieristwie do tradycyjnych metod, Robust Estimation jest zaprojektowana tak, aby byta mniej wrazliwa
na wartosci odstajgce w danych, dostarczajgc bardziej niezawodne i precyzyjne oszacowanie poprzez zmniejszenie wplywu bledow gru-
bych na koricowy wynik. Jedng z kluczowych cech Robust Estimation jest jej elastycznosé. Wynik kazdej metody Robust Estimation ma
wplyw przez wybér jej funkcji wagowej, co pozwala dostosowac metodg do specyficznych cech danych. Ten artykut stosuje zasady Robust
Estimation do analizy sieci geodezyjnych, ktére czesto zawierajg bledy pierwotnych danych. Robigc to, ma na celu dostarczenie bardziej
precyzyjnej i niezawodnej analizy tych sieci, przyczyniajgc sig do ich lepszego wykorzystania i zarzgdzania.

Stowa kluczowe: Robust Estimation, wartosci odstajgce, sie¢ geodezyjna
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Abstract
Studying the trends in shoreline erosion and accretion is essential for a wide range of investigations conducted by coastal scientists,
and coastal managers. Shoreline erosion and accretion occur as a result of both natural and human influences. Some areas along
shoreline in Sam Son are eroded and deposed by natural coastal processes and human actions, such as storm, wave, tourism activities.
Purpose of this work is to study the erosion and deposition in Sam Son over 33 years (1989-2022). Coastlines were extracted using
multi-temporal Landsat images, and the shoreline change rate was determined using Digital Shoreline Analysis Systems (DSAS). The
results of this paper inlustrated that the shoreline change in Sam Son undergoes significant and varied fluctuations across different
areas. At the Hoi estuary, erosion rates vary from -2.22 m/year to -40.32 m/year. The construction of FLC Sam Son is one of the factors
contributing to sedimentation loss in the northern part of Sam Son City, which is situated adjacent to the East Sea and next to the
Ma River. Furthermore, the accretion rate has strongly increased, reaching 9.7 m/year in the Do River estuary. The phenomenon of

sediment deposition serves as the basic for constructing hotels to cater to tourism in Sam Son.

Keywords: erosion, deposition, remote sensing, DSAS, Sam Son

1. Introduction

The coastal region is a crucial component of the Earth's
surface, as it undergoes changes over both long and short time
span [1]. Both coastal management and engineering design
necessitate knowledge of the current shoreline location, its
past positions, and its projected future positions [2]. There-
fore, there is a pressing need to improve our understanding
of the long-term dynamics of coastal change to offer scientific
support for decision-making in coastal restoration efforts.

Coastal change is affected by natural and anthropogen-
ic activities [3]. The shoreline is the most basic indicator of
changes in the coastal environment, implying erosion, depo-
sition, and subsequent recovery [4]. Assessing coastal erosion
and accretion in coastal areas is essential for proposing strat-
egies to address future sea-level rise [5]. The rise in sea levels
caused by global warming, combined with coastal erosion, is
resulting in the loss of shoreline infrastructure [6].

Coastal erosion, defined as the loss of land adjacent to a
body of water, is assessed by monitoring the rate of change
or horizontal displacement of a shoreline over time [7]. The
erosion caused by wave and current action and the disappear-
ance of mangrove vegetation are both attributable to the long-
term impacts of human activities [8], disrupt the balance of
dynamic coastal actions in the coastal process, leading to the
long-term loss of sediment in the coastal zone and resulting in
the destructive process of coastline retreat and beach erosion
[9]. Coastal erosion represents a serious issue leading to the
damage or loss of residences, hotels, and other coastal infra-
structure, as well as the undermining of roads. Additionally,

it contributes to the degradation and loss of valuable land and
disrupts activities such as fishing, navigation, and recreation
[10]. In erosion and deposition studies, there is an ongoing
discussion about the degree to which coastal erosion is shaped
by natural factors in contrast to anthropogenic distribution,
encompassing tourism services and urbanization [11].

In contrast to erosion, the deposition process often in-
volves the accumulation of sediment. Deposition happens
when a body of water becomes overloaded with suspended
or dissolved substances [12]. The rate of sediment deposition
is influenced by wave action, seafloor topography [13], winds
[14], and fine or light sediment [12]. Beside, the construction
of coastal projects also affects the accumulation. For example,
the wave barrier embankment outside the estuary significant-
ly reduces the influx of sediment from the sea, causing sedi-
ment deposition [13]. In addition, the coastline is also extend-
ed seaward by land reclamation to facilitate the development
of tourism and urban areas.

The requirement to define the coastline's position and an-
alyze its changes across space and time is especially critical
due to the extensive prolonged human habitation in the coast-
al region [15]. To address the consequences of coastal erosion
in the future, we need to gather appropriate data and choose
effective methods to determine the coastline position and
evaluate shoreline changes. The shoreline change analysis was
conducted to determine the rate of shoreline alteration, uti-
lizing a series of multiple shoreline positions over time [16].
The rate of Shoreline changes are evident through erosion and
accretion rates.

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society 79



Fig. 1. Study area

Rys. 1. Obszar prowadzonych analiz

Tab. 1. List of satellite data (L8 — Landsat 8; L5 — Landsat 5 TM)
Tab. 1.Dane pozyskiwane z satellitow (L8 — Landsat 8; L5 — Landsat 5 TM)

Type os sensors Date of acquisition Bands Tidal height (m)
L8 2022 2,3,4,5,5,7 3.21
L8 2013.12.27 2,3,4,5,5,7 3.01
L5 2001.09.29 1,2,3,4,5,7 2.81
L5 1989.11.23 1,2,3,4,5,7 2.8

Utilizing geospatial technology demonstrates potential
as a valuable asset in delivering comprehensive coverage via
multitemporal satellite imagery of coastal regions at diverse
resolutions, facilitating the assessment of shoreline changes
over time [16]. Various data sources have been utilized for
shoreline detection, including historical land-based pho-
tographs, aerial photography, coastal maps and charts, GPS
field surveys, and remote sensing data [17]. Beside, remote
sensing methods for detecting shorelines encompass the ex-
traction of the Green/Near-Infrared ratio [18], applying his-
togram thresholding to band 5 [19], and NDWI [20]. Recent
researches, leveraging the planetary-scale analysis capabili-
ties of Google Earth Engine (GEE), has successfully mapped
shoreline change [21]. In addition to using images with av-
erage resolution to determine shoreline changes, high reso-
lution satellite images were also used to detect coastal ero-
sion monitoring [22]. Subsequently, aerial photographs and
Landsat products were integrated these datasets to determine
the magnitude of shoreline fluctuations [23]. In this study, the
site-specific rate of erosion and accretion is evaluated using
the historical shorelines extracted from the temporal Landsat
5 and Landsat 8 for the period 1989-2022.

Sam Son is the famous coastal city of Thanh Hoa province,
is located about 16 km away from the Thanh Hoa city [24].
Despite being favored by tourists, Sam Son tourism also has to
face many challenges such as inappropriate resource exploita-
tion, climate change, and rising sea levels. Climate change
and rising sea levels have significantly impacted the process-
es of coastal erosion and sediment deposition. According to
research conducted by Cong Quan Nguyen and V.H. Pham
(2016), The northern and southern coasts of the Hoi River
estuary experience an accretion rate ranging from 5 to 10 me-
ters per year, whereas erosion at the mouth of the Hoi River
occurs at a slower rate of approximately 3-5 meters per year
[25]. The reduction in width caused by coastal erosion in Sam

Son has directly affected livelihoods, infrastructure, tourism
attractions, cultural and historical landmarks, seasonality,
and all tourism-related activities in the region [24].

This paper aims to evaluate the extent of coastal erosion
and sediment deposition along the Sam Son beaches over a
span of 33 years (1989-2022) through the analysis of remote
sensing data. Coastal erosion and deposition are indicators of
shoreline dynamics. The alterations of coastlines were iden-
tified through the analysis of NDWTI of Landsat images. Fur-
thermore, the Digital Shoreline Analysis System (DSAS) was
utilized to calculate the rates of coastal deposition and erosion
[26]. The erosion and deposition change were illustrated the
results based on five statistical variables: Net Shoreline Move-
ment (NSM), End Point Rate (EPR), and Linear Regression
Rate (LRR).

2. Study area

The Coastal Sam Son City is located in Thanh Hoa prov-
ince, which is famous for its picturesque beaches, drawing a
large number of tourists from Vietnam and abroad. The land-
scape of Sam Son is distinctly divided into four zones: the tid-
al saltwater zone, the high sandbar zone, the coastal zone, and
the mountainous zone. The territory of Sam Son consists of
two parts: mainland and sea. This is an advantage for Sam Son
to develop its maritime economy, aiming to become a strong
coastal city in the near future. However, Sam Son faces chal-
lenges related to natural disasters such as flooding, climate
change, rising sea levels, and shoreline change.

The coastline of Sam Son stretches approximately 26 ki-
lometers from Quang Tho Ward, along the Ma River and the
sea, to Quang Dai Commune. In recent years, the coastline of
Sam Son City has experienced notable changes, influenced by
both factors of natural origin and anthropogenic. Human ac-
tivities such as building hydroelectric dams and sand mining
contribute to coastal erosion and sedimentation. In addition,
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Fig. 4. Representation of a typical cross-plot showing LRR for shoreline change

Rys. 4. Reprezentacja typowego wykresu krzyzowego przedstawiajacego LRR dla zmiany linii brzegowej

natural factors such as climate change and rising sea levels
also lead to coastal erosion and sedimentation. The diminish-
ing beach area and alterations to the shoreline can profound-
ly affect tourism activities of Sam Son City, considering the
beaches are a primary draw for tourists. Moreover, coastal
erosion poses a threat to coastal infrastructure, leading to
economic losses.

In conclusion, the complexity of coastline change in Sam
Son City demands a multifaceted approach for effective res-
olution. Continuously monitoring the shoreline and imple-
menting suitable measures are essential to guarantee the long-
term sustainability of both the coastal environment and the
economic development in Sam Son.

3. Methodology and data
We obtained historical multi- temporal Landsat images
by downloading it from the United States Geological Survey

(USGS) earth explore website for the years 1989, 2001, 2013,
and 2022. Landsat-8 OLI and Landsat 5 TM images are with
the Word Geodetic System (WGS84) datum and projected
using the Universal Transverse Mercator (UTM) System, spe-
cifically in zone 48N. The detailed parameters of those images
are presented in Table 1.

The detailed methodology and objectives of the whole
study is presented in Figure. 2. First, shorelines were extract-
ed from Landsat in 1989, 2001, 2013 and 2022 using NDWL.
The NDWTI indexes were manually digitized the water - land
boundary. The manual digitizing method is seen as the most
straightforward technique for shoreline detection when deal-
ing with study sites that are not extensive [27] like Sam Son
city. The Digital Shoreline Analysis System (DSAS) tool was
utilized to analyze the multi-date shorelines and compute sta-
tistics regarding shoreline change.
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Fig. 6. Coastal accretion and erosion of Sam Son coast with EPR.

Rys. 6. Akrecja przybrzezna i erozja wybrzeza Sam Son z EPR

3.1. Shoreline Determination

The process of coastline detection using satellite data in-
volves the separation of land and water bodies [28]. There
are several water indexes such as Normalized Difference
Water Index (NDWI) [29], Automated Water Extraction
Index (AWEI) [30], and Modification of normalised differ-
ence water index (MNDWTI) [31]. In which, the normalized
difference water index (NDWI) is a sensitive indicator to
alters in body of water and it can be utilized for detecting
aquatic entities. It is generated from the near-infrared and
short-wave infrared bands of satellite images [32]. The nor-
malized difference water index (NDWI) can be calculated
from both the near-infrared and green bands of remote
sensing data [29]. One of the most commonly used water
indices for coastline extraction is the normalized difference
water index (NDWI) [33]. In this paper, the NDWI values
were calculated using the formula provided by Gao (1996) in
Equation (1).

NDWI = (NIR-SWIR) / (NIR+SWIR) (1)

Where: NIR is band 4 of Landsat 5 and band 5 of Landsat
8; SWIR is band 5 of Landsat 5 and band 6 of Landsat 8.

The NDWI is utilized for extracting coastlines by meth-
od of visual interpretation in shapefile format using QGIS.
Therefore, There are four coastlines corresponding to the
years 1989, 2001, 2013, and 2022.

3.2. Coastal erosion and deposition detection

Coastal erosion and accretion are determined by assessing
the rate of shoreline change. The DSAS tool was utilized in
this study to assess shoreline change. The alterations in the
shoreline were evaluated by integrating the positions of the
shoreline referenced to the established baseline. The chang-
es in the coastline were established by analyzing the inter-
sections of transects oriented perpendicular to the shoreline
[20]. In addition

It is essential to establish the baseline next to the series
of shoreline positions. Transects should be deployed perpen-
dicular to this baseline at a spacing determined by the user
to intersect the shorelines and establish measurement points.
The orientation of the transect through the shorelines is sig-
nificantly influenced by the position of the baseline. In this
paper, 854 transverse transects, each 1700 meters long and
positioned perpendicular to the offshore baseline, were creat-
ed at 30-meter intervals along the shoreline (Figure. 3).

The DSAS modul was employed to assess the erosion and
deposition rates of shoreline positions using the end point rate
(EPR), rate of shoreline change( RSC) and linear regression
(LRR) techniques. EPR was calculated as the ratio of the time
elapsed between the oldest and most recent coastline posi-
tions. Beside, The calculation of the rate of shoreline change in
the LRR method is based on the assumption of a linear trend
between the earliest and latest shoreline dates (Figure. 4).

In addition, The coastal erosion and deposition changes
were analysed respectively in period 1989-2001; 2001-2013,
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Rys. 9. Tempo erozji i osadzania si¢ w latach 2013-2022 w Sam Son

and 2013-2022 by rate of shoreline change( RSC) in following

equation (2):

RSC=NSM / time between oldest and most recent shoreline 2)
Where NSM (Net Shoreline Movement) is distance be-

tween oldest and most recent coastline

The RSC indicates nagative values of the coastal deposi-
ton, while positive values of coastal erosion.

4. Results and discussion
4.1 Overall coastal erosion and deposition state

The identification of beach conditions, particularly coast-
al erosion, relies significantly on the geomorphological attri-
butes of the coastline. The coastline is a dynamic system that
undergoes rapid and continuous evolution, and its trends are
monitored by mapping at different time intervals through
field data collection or satellite imaging [34]. Coastal ero-
sion and accretion are indicators of shoreline changes. The
LRR method has been utilized to analyze the rate of shore-
line change for Sam Son. According to the study, Sam Son
exhibited both erosion and deposition along its coastline. The
rate of 854 transects, erosion rates ranged from -0.12 m/year

to -29.74 m/year, whereas the deposition rate along the coast
ranged from 0.47 m/year to 11.22 m/year (Figure. 5)

Moreover, The end point rate (EPR) is calculated by divid-
ing the distance of shoreline movement by the time elapsed
between the oldest and the most recent shoreline. The EPR
suggests that stable and negligible coastal deposition dis-
tances are concentrated in Bac Son, Trung Son, Quang Vinh,
Quang Hung, and Quang Dai regions (Figure. 6). However,
the EPR shows that significant coastal deposition distance are
contributed in Quang Cu and Truong Son communes where
the EPR reached from 0.69 m/year to 10.57 m/year. In addi-
tion, coastal in Quang Cu region is erosed strongly with EPR
reached - 43.05 m/year.

The Figure. 7 shows the change of erosion and deposion
from 1989 to 2001. The RSC vary between -5.37m/year and
2.39m/year. The coastal deposition was focused in the northern
of Quang Cu ward from 0.5m/year to 2.39m/year and accretion
is insignificant in Trung Son, Bac Son, Truong Son and Quang
Vinh wards (below 0.5m/year). However, the shoreline was
erosed from —5.37m/year to — 0.5m/year that was distributed in
the Earthern of Quang Cu, Quang Chau and Quang Tien wards.

The change of erosion and deposition from 2001 to 2013
was shown in Figure. 8. Compared to the period from 1989
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Tab. 2. Factors influencing coastal tourism in Sam Son (Source: Nguyen and Tran, 2020)
Tab. 2. Czynniki wplywajace na turystyke przybrzezng w Sam Son

Areas Touristm activities

Limitations

Along the coast of
Ho Xuan Huong

Hotels, Public swimming
beaches, Shopping, Restaurant

Infrastructure has not fully invested, Sea level rise, Planning
is not synchronized

Quang Cu commune

Natural disaster risks; erosion; Environmental pollution;
Infrastructure is low; Services are not yet developed;
Landslide
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to 2001, the shoreline change in the period 2001-2013 was
increased rate strongly which ranged from -38.79 m/year to
36.54/year.

In the Quang Cu ward where is located adjacent to the
East Sea and next to Ma river in the Northern. In the North-
ern of Quang Cu ward, the shoreline was occurred both ero-
sion and deposition which was the same phenomenon in the
period of 1989-2001. However, the rate of erosion and depo-
sion in the period of 2001-2013 were higher one of the period
of 2001-2013. The value of erosion rate varied from -6.0 m/
year to -6.67m/year, while the deposition rate value ranged
from 4.22 m/year to 17.7 m/year. Beside, the rate of shoreline
changes in the Earthern of Quang Cu ward were also different

between the period 1989-2001 and the period 2001-2013. In
there, shoreline was deposited about 0,6 m/year in the period
1989-2001 and 17.36 m/year in the period 2001-2013, where-
as one was eroded significantly to -38.79 m/year in the period
2001-2013. In the Quang Chau and Quang Tien ward, the
shoreline was deposed strongly from 6.5 m/year to 36.5 m/
year. In addition, Quang Tien ward where was next to Quang
Cu was erosed about -6.67m/year.

In the period 2013-2022, the shoreline change in Sam Son
city was popular erosion (Figure. 9). The rate of erosion was
largest in Quang Chau ward reaching - 55 m/year approximate-
ly. On the contrary general erosion trend, Bac Son and Truong
Son were deposed strongly from 5 m/year to 35.1 m/year.
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5. Discussion

Analysis of the results of the shoreline changes method,
which we may regard as the reference method, reveals that
the Sam Son coastline has experienced both erosion and
deposition between 1989 and 2022. However, coastal ero-
sion and deposition were different on each regions in period
1989-2001, 2001-2013, and 2013-2022 respectively. Overall,
the rate of coastal erosion and deposition of Sam Son were
most notably characterized by the rate of shoreline changes
in Hoi estuary (Figure. 10) and Do river estuary (Figure. 11).
In this section, we used LRR to analysis general the rate of
erosion and deposition in during 1989-2022. Beside, we also
applied RSC to evaluate particularly about the rate of erosion
and deposition in each period 1989-2001, 2001-2013, and
2013-2022.

Figure. 10(a) shows LRR ranged from -1.7 to - 29.74. the
LRR values proved that the shoreline was erosed in during
period 1989-2022. However, as depicted in RSC in Figure.
10(b), the deposition process is specifically concentrated in
the southern part of the Hoi estuary, with rates reaching 17.69
meters per year during the period 2001-2013. This accretion
rate is the result of the transportation of sediment by the Ma
River. The Hoi estuary is situated in the downstream area of
the Ma River system, annually releasing millions (around 5.17
million) of tons of sediment into the sea. [35]. Contrastingly,
the northern region of the Hoi estuary witnessed substantial
erosion, characterized by erosion rates of -4.2m/year in pe-
riod 1989-2001, -38.79 m/year, and -6.67 m/year in period
2013-2022. In this region, coastal erosion is attributed to a
combination of natural elements and activities related to land
exploitation. Natural elements comprise climatic events like
storms, waves and increasing sea levels [36, 37]. Land ex-
ploitation activities contribute to coastal erosion, including
urban development, sand mining, infrastructure construc-
tion. One of the notable land exploitation activities involves
the establishment of tourism accommodation facilities, such
as the Sam Son FLC complex and Van Chai resort. Conse-
quently, sand mining in this tourist area has depleted the sed-
iment deposition source, and this activity also generates a tur-
bulent wave current that washes away the sediment, resulting
in coastal erosion.

Furthermore, after consulting with stakeholders in the
field, it has been recognized that the significant implications
of analysis outcomes have impacted infrastructure of tourism
[24], such as coastal erosion. The impacts of coastal erosion on
marine tourism services in Sam Son are presented in Table 2:

The Do river mouth, situated to the west of the Truong
Le mountain range, is the site where sedimentation and the
formation of Vinh Son Beach and Nam Sam Son Beach occur.
As a result of wave and tide action, sediment and sand get de-
posited, leading to an accumulation rate of up to 11.22 m/year
(Figure. 11(a)) in during 1989-2022. In the region of Do river
estuary, deposition processes was dominated with RSC value
reaching 35.1 in period 2013-2022 (Figure. 11(b)). The sed-
iment deposition at the mouth of the Do River provides the
foundation feature for the development of resort areas aimed
at catering to tourism. Currently, this area has undergone
sand filling and the establishment of boundaries to facilitate
the construction of resorts and hotels.

6. Conclusion

This study has utilized freely distributed multi-tempo-
ral Landsat satellite data and image processing techniques
to demonstrate that Sam Son city has experienced extensive
erosion and deposition between 1989 and 2022. In general,
deposition is more significant in the most part of Do River
estuary. However, erosion has been remarkable around the
area of Hoi estuary. Erosion and deposition of shoreline in
Sam Son are closely related to tourism activities. Therefore,
addressing the issue of coastline changes in Sam Son City is
essential to ensuring the sustainability of the local economy
and the long-term attractiveness of the region as a preferred
tourist destination.
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Monitorowanie erozji i osadzania si¢ na wybrzezu w miescie Sam Son, Wietnam - wktad danych
z teledetekcji

Badanie trendéw erozji i akrecji linii brzegowej jest istotne dla szerokiego zakresu badati prowadzonych przez naukowcow nadmorskich
i menedzeréw wybrzeza. Erozja i akrecja linii brzegowej wystepujg zarowno w wyniku proceséw naturalnych, jak i wplywu czlowieka.
Pewne obszary wzdtuz linii brzegowej w Sam Son ulegajq erozji i akrecji w wyniku naturalnych proceséw przybrzeznych i dziatan ludz-
kich, takich jak burze, fale, dziatalnos¢ turystyczna... Celem tej pracy jest zbadanie erozji i akrecji w Sam Son na przestrzeni 33 lat (1989-
2022). Linie brzegowe zostaly wyodrebnione z wykorzystaniem wieloczasowych obrazow satelitarnych Landsat, a wskaznik zmian linii
brzegowej zostat okreslony przy uzyciu systemow cyfrowej analizy linii brzegowej (DSAS). Wyniki tej pracy ilustrujg, ze zmiany linii brze-
gowej w Sam Son podlegajg znacznym i zréznicowanym fluktuacjom w réznych obszarach. W ujsciu rzeki Hoi wskazniki erozji wahajg
sie od -2,22 m/rok do -40,32 m/rok. Budowa FLC Sam Son jest jednym z czynnikéw przyczyniajgcych sig do utraty osadéw w potnocnej
czesci miasta Sam Son, ktora sgsiaduje z Morzem Wschodnim i rzekg Ma. Ponadto, wskaznik akrecji znaczgco wzrést, osiggajgc 9,7 m/
rok w ujsciu rzeki Do. Zjawisko osadzania sig osadéw stuzy jako podstawa do budowy hoteli obstugujgcych turystyke w Sam Son.

Stowa kluczowe: erozja, osadzanie sig, teledetekcja, DSAS, Sam Son
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Abstract
This paper presents a method for automatically detecting and analyzing offsets in GNSS (Global Navigation Satellite System)
position time series using the RMS (Root Mean Square) sliding-window approach. This technique identifies anomalies that indicate
offsets within the time series. To adjust parameters such as linear trends, seasonal signals, and offsets accurately, synthetic model of
GNSS position time series is utilized. The method is implemented in an automated program, pygps_ts, programmed by Python. The
effectiveness of this approach is validated using both synthetic and real data from CORS (Continuously Operating Reference Station)
stations in Vietnam. The results show that the program can accurately and efficiently detect and analyze offsets, identifying the epochs
and magnitudes of these offsets in various scenarios. This study offers a practical tool for GNSS data processing, which is especially
useful for tectonic studies and geodetic applications in Vietnam, where the continuous GNSS network is still developing. The study
demonstrates the potential of this method for broader applications in monitoring and analyzing GNSS data in different regions. s

accuracy and efficiency in offset detection and analysis.

Keywords: GNSS position time series, displacement tectonic, offset, sliding-window, CORS

1. Introduction

In recent decades, the Global Navigation Satellite System
(GNSS) has emerged as an indispensable tool in the field of
geodetic monitoring of Earth's crustal movements. Continu-
ous GNSS stations, campaign GNSS stations, and continuous-
ly operating reference stations (CORS) observe signals from
GNSS satellites [1], including USA’s GPS, Russia's GLONASS,
Europe's Galileo, Japan's QZSS, and China's BeiDou, enabling
the generation of position time series for monitoring stations.
With the advantage of continuous data and dense observa-
tion stations, these networks of GNSS stations facilitates the
monitoring and analysis of both short-term and long-term
variations in Earth's crust with millimeter-level accuracy [2].
These data are processed and analyzed to determine tempo-
ral displacements, including linear displacement, seasonal
variations, and offsets due to earthquakes, land subsidence,
or other geological phenomena. This information is crucial
for earthquake forecasting and understanding the processes
occurring within the Earth [3-5].

In processing and analyzing GNSS position time series
using geodetic methods, determining a mathematical mod-
el to comprehensively describe the recorded phenomena is
crucial. This approach helps in accurately and thoroughly
identifying the movement parameters of the GNSS stations
for various research purposes [6-9]. For GNSS stations mon-
itoring crustal displacement in Vietnam, the recorded phe-
nomena primarily include linear trends, periodic movements,
and offsets (or jumps) in the position time series [7, 10-12].
These offsets can be caused by various factors, such as tecton-
ic activities like earthquakes, or technical issues like station
location changes, antenna changes, or other technical errors.
These offsets significantly impact the accuracy of movement

parameter estimates in the GNSS position time series if they
are not detected and corrected [7, 13-16].

In the study on offset detection in GPS coordinate time
series, Amiri-Simkooei et al. [6] developed a method using
a functional model (including linear trends and periodic sig-
nals) and a stochastic model (including white noise and col-
ored noise). By integrating both models, the offset detection
method becomes more effective, improving the accuracy of
GPS time series analysis and interpretation. Bruni et al. [17]
applied the Sequential t-test Analysis of Regime Shifts meth-
od to identify the epoch and magnitude of offset in GNSS
data sets, showing that the offsets identified are split into
48% true-positive, 28% false-positive, and 24% false-nega-
tive events with synthetic data. This method was successfully
applied to a GPS time series spanning over 15 years in the
Po Plain, Italy, and was validated as effective when compared
with other observational techniques. Khazraei & Amiri-Sim-
kooei [18] investigated improving the performance of the
offset detection method in GNSS time series using a spline
function, referred to as As-mode. The GNSS coordinate time
series, including linear trends, seasonal signals, jumps, and
white noise combined with colored noise, were simulated to
compare performance. The results indicated a significant im-
provement in the overall performance of the algorithm, with
the true positive detection rate increasing to 61.1%. Addi-
tionally, in 90% of cases, the velocities of the stations were
estimated with an error of only 0.8 mm/year compared to the
simulated values. A novel approach in GNSS position time
series analysis involves the application of machine learning
techniques for offset detection. Crocetti et al. [16] utilized ten
machine learning algorithms to identify offsets in series at-
tributed to seismic events in Japan. The results demonstrate
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Rys. 1. Przesuwne okna w szeregach czasowych pozycji GNSS
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Rys. 2. Zaleznos¢ przesuniecia od wartosci skutecznej okna przesuwnego [22]

that the Random Forest method yielded the highest perfor-
mance, though it only attained an F1 score of 0.77, a recall of
0.78, and a precision of 0.76.

In Vietnam, the application of GNSS in crustal displacement
monitoring has been initiated and is in its early stages. GNSS data
processing is largely conducted using softwares such as Gamit/
GLOBK [19] or Bernese Bernese [20] with limited research on
GNSS position time series analyzing. In a study on absolute
displacements in the Tam Dao region, Vy Quoc Hai et al. [21]
processed data of 6 mesurement cycles in 1996 and 2006 of GPS
network using GPSurvey and Bernese software to determine the
displacements of observation stations. Due to the availability of
coordinate data at only 6 epochs, the motion of the observation
stations was described using linear trend function.

In studies conducted by Tran et al. [7, 12], the authors
processed data from the network of CORS stations across the
territory of Vietnam to determine the velocity vector field.
The daily GNSS position time series obtained were processed
using a comprehensive motion model including linear trends,
seasonal signals, and offsets. However, the epoch of the offsets
was not automatically determined.

Thus, it is evident that in Vietnam, study on analyzing
and processing the GNSS position time series to determine

crustal displacement parameters is still limited, representing
early-stage investigations. Studies in this field are crucial, par-
ticularly in light of the operationalization of the Vietnamese
national satellite positioning network (VNGEONET) which
is anticipated to catalyze continuous GNSS applications in
Earth science research. Moreover, both globally and in Viet-
nam, continuous GNSS networks are expanding spatially,
leading to an accumulation of increasingly voluminous data
over time. Consequently, processing the position time series
of these continuous GNSS networks will encounter challeng-
es associated with large and complex datasets. Therefore, it is
essential to study the application of algorithms and computa-
tional tools to facilitate swift, robust, and accurate analysis of
GNSS position time series.

This paper focuses on developing a method for the au-
tomatic detection and analysis of offsets in GNSS position
time series. The method utilizes an RMS (Root Mean Square)
sliding-window approach to analyze consecutive coordinates
within the time series. Subsequently, a synthetic model of the
GNSS position time series is employed to accurately adjust
the parameters of the model, including linear trends, sea-
sonal signals, and offsets, which are common and significant
phenomena at continuous GNSS stations in Vietnam. The
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method is then implemented as an automated GNSS position
time series analysis program using the Python programming
language. The method and the developed program are tested
using both simulated data and actual data from two CORS
stations of the TAST network in Vietnam.

2. Methodology
2.1. RMS sliding-window method for offset detection

This method relies on the variation of the root mean square
(RMS) of adjacent coordinates within a temporal window of
GNSS position time series to detect offsets [22]. An anomaly is
indicated when the RMS value of a corresponding window ex-
ceeds a threshold, indicating that this window contains an offset.

Sliding-window determination and RMS anomaly indentification:

Sliding-windows are determined by spanning consecutive
coordinates within the time series. For instance, for a compo-
nent coordinate {XI,XZ,. .. ,xn}, the first window spans from X, to
..), and so forth, un-

x,,.» the second window from x, to x

1+m’ 2+m’*

til the last coordinate (see Figure 1). Thus, with n coordinates,
there are n-1 sliding-windows.

The RMS value for each window is computed using the
formula (1):

(1

z:;'1:1("]' )

m—1

RMS; =

where X, is the j-th coordinate of the i-th window, and X, is the
average coordinate of n coordinates in the i-th window.

The number of coordinates in the sliding window, denot-
ed by m, is chosen to balance statistical significance and sen-
sitivity to offsets. Here, m = 7 meets these criteria based on
experimentation.

The threshold for indentifying RMS anomalies is set at 3
times the median value of RMS values, corresponding to a
99% confidence level [23], denoted as € as per Formula (2):

e = 3.med(RMS)

(2)
where med(RMS) represents the median of RMS values.

Figure 2 illustrates the relationship between the offset and
the RMS of the sliding window. In Figure 2, the upper plot
represents a time series of coordinates (green dots) from 2008
to 2011, exhibiting an offset at epoch 2010.175. The lower plot
represents the RMS series of corresponding sliding-windows
(red line), with anomaly RMS values corresponding to the
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Rys. 5. Schemat dziatania algorytmu programu pygps_ts

Tab. 1. Adjusted and design parameters of synthetic data

Tab. 1. Parametry korygowane i projektowe danych syntetycznych

iti Seasonal motion
Coordinate Pg;littli?’l“ Velocity Annual term Semi-annual term ozf:)szezt':t
a c d e f g
(m) (m/ndm) (m) (m) (m) (m) (m)

Designed -0.0100 0.0200 -0.0010 0.0010 -0.0020 -0.0020 0.2000
North Adjusted -0.0100 0.0201 -0.0010 0.0010 -0.0021 -0.0020 0.2000

Deviation 0 -0.0001 0 0 0.0001 0 0
Designed 0.0100 0.0100 -0.0200 -0.0050 0.0050 -0.0050 0.2000
East Adjusted 0.0101 0.0100 -0.0200 -0.0049 0.0050 -0.0050 0.1999
Deviation -0.0001 0 -0.0001 0 0 0.0001
Designed -0.0010 0.0200 0.0100 0.0100 0.0100 0.0010 0.2000
Up Adjusted -0.0010 0.0200 0.0100 0.0101 0.0100 0.0010 0.1999
Deviation 0 0 0 -0.0001 -0 0 0.0001

window containing the offset. It is evident that this anoma-
ly value is substantial (24.1mm), significantly exceeding the
threshold value (horizontal dashed green line).

Offset detection in sliding-windows:

After identifying the window containing an offset based
on anomalous RMS values, offsets within this window are
determined based on the deviation between consecutive co-
ordinates. Specifically, the absolute differences between con-
secutive coordinates within the window are computed. For
a window of 7 coordinates, this results in 6 deviation values
calculated as per Formula (3).

dif f = [lag — 21|, 1% — x5, e 127 — x6] (3)

Offset in the window occurs at the deviation with a value
greater than 3 times the median of deviations within the win-
dow (3.med(diff)).

Figure 3 illustrates the determination of offsets within
a window with anomalous RMS values. On the left side of
Figure 2, there is a series of 7 consecutive coordinates (blue
dots) with an offset at the 4th coordinate. On the right side,
there is a series of 6 deviation values calculated from these
7 consecutive coordinates (red dots). It is evident that, cor-
responding to the offset at the 4th coordinate, the deviation
value at the 3rd position is anomalous, significantly exceed-
ing the 3.med(diff). Thus, within the window corresponding
to anomalous RMS, an offset occurs at coordinate i if diffi_ls3.
med(diff).

The process of detecting offsets using the above method
is accurate, fast, and automated as it can be programmed. The
steps outlined above are summarized in the flowchart depict-
ed in Figure 4.

This method of offset detection has been implemented
as a module to automatically detect offsets in the GNSS co-
ordinate time series analyzing program 'pygps_ts' using the
Python programming language [24], which will be presented
in Section 2.3.

2.2. Synthetic model of GNSS position time series and esti-
mation of parameters of synthetic model

The GNSS position time series represents the spatial
coordinates of a GNSS station over time within a three-di-
mensional coordinate system [25]. This time series is visually
presented using mathematical equations to analyze the factors
contributing to the displacements of observation stations. The
predominant mathematical equation, or synthetic model, en-
compasses parameters that characterize these displacements,
specifically: (1) the initial position of the series, (2) tectonic
displacement, indicating the movement of the Earth's crust
over time (velocity), (3) seasonal motion, which captures
displacements based on seasonal patterns, and (4) steps. The
GNSS position time series is mathematically modeled using
equations for each coordinate component (North, East, Up),
as delineated in Equation (4) [26]:
y(t;) = a+ bt; + csin(2nt;) + dcos(2mt;) +

(4)

esin(4nt;) + fcos(4nty) + Z;.li] giH({t —T) + v
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Rys. 6. Szereg czasowy pozycji stacji OFFS

where t, represents the time of the coordinate y (referred to
as measurement coordinate), t=1,2,3,....,n; a denotes the ini-
tial position; b indicates the displacement velocity; ¢, d, e, and
f are parameters of seasonal motion (c and d are of annual
term, e and f are of semi-annual term); g represents the mag-
nitude of the offset at epoch T, (n, is the number of offsets in
the series); H(ti—Tj) is the Heaviside function, H(ti—Tj):O:O if
tiSTj and H(ti—Tj):l if tiSTj; v, represents the error term.

Assuming that the epochs T, of the offsets are known,
Equation (4) contains parameters representing the displace-
ments of the GNSS observation stations as unknowns

x=labcdef gigsw gn,]" (5)
it is expressed in matrix form as Equation (6)
y=Ax+v (©]

in which: A is the design matrix, v is the residual vector, and y
is the coordinate vector.

Equation (6) is adjusted by least squares. Neglecting the
noise, the unknowns is determined by formula (7):

x = (ATA)"1(ATy) (7)

The predicted coordinates are calculated using formula (8):

The residuals, calculated using formula (9), represent the
differences between the measurement coordinates and the
predicted coordinates, thus indicating the best fit of the ad-

justed model.

)

Therefore, utilizing a synthetic model to depict the GNSS
position time series enables us to estimate the parameters de-
scribing station displacement. A pivotal input parameter re-
quired for GNSS position time series featuring offsets is the
epochs of these offsets. The method proposed for offset detec-
tion base on the RMS sliding-window approach as outlined
in Section 2.1.

2.3. Development of an automated program for detection of
offsets in GNSS coordinate time series

In order to analyze GNSS position time series automati-
cally and accurately, we have developed a program in Python
named pygps_ts. This program can automatically detect the
epochs of offsets using the method we introduced above, and
calculate the displacement parameters of the series. The pro-
gram's algorithm flowchart is shown in Figure 5.

The steps for processing the position time series of pygps_
ts include:

1. Reading the position time series data: The input data is
a file containing the GNSS position time series in the format
used by the GAMIT/GLOBK [27], which includes informa-
tion on time and GNSS coordinate values over time.

2. Detecting offsets: Use the RMS sliding-window method
to identify and determine the epochs of offsets in the position
time series.

3. Formulating and solving the system of equations for
each coordinate component of the position time series: For-
mulate the system of equations for each coordinate compo-
nent using the determined epochs of offsets using Equation
(4). Solve this system of equations using the least squares
method to determine the unknowns, which are the displace-
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Tab. 2. Adjusted displacement parameters of BD61 and BTIN
Tab. 2. Skorygowano parametry przemieszczenia stacji BD61 i BTIN

BD61 BTIN
Displacement parameters

North East Up North East Up
Velocity (m/year) -0.0104 0.0229 | -0.0352 | -0.0054 0.0424 | 0.0020
-0.0007 0.0012 | -0.0004 | -0.0009 | -0.00004 | 0.0009

Annual term
0.0002 -0.0003 | -0.0062 0.0008 0.0016 | 0.0006
Seasonal motion (m)
-0.0012 -0.0003 | 0.0010 0.0007 -0.0008 | 0.0007
Semi-annual term

-0.0005 0.0015 | -0.0020 -0.0001 0.0003 0.0006

at 2020.0025 -0.0020 0.0115 0.0017 - - -
Amplitude of offsets (m) | at 2020.4540 - - -48.0265 | -223.431 | 0.0023

at 2020.8720 0.0031 0.0012 | 0.0267 - - -

ment parameters of the position time series (displacement
velocity, seasonal motion, and offset amplitude).

4. Calculating the residual and predicted position time se-
ries: Calculate the predicted coordinate series using Equation
(8) and the residuals using Equation (9).

5. Printing result: The output comprises the adjusted dis-
placement parameters (displacement velocity, seasonal motion,
and offset amplitude), along with the residual time series and
predicted coordinates. The adjusted displacement parameters
are saved in *.txt format, while the residual time series and pre-
dicted coordinates are saved in GAMIT/GLOBK format.

The program pygps_ts has been utilized as a comple-
mentary tool in various studies [7, 12, 22]. The entire source
code of this program is now freely available via the link DOI
10.17605/OSEIO/N7V4C.

3. Data, results, and discussion

To evaluate the accuracy and efficacy of the offset detec-
tion method and the developed program, two datasets were
employed: synthetic data and real data. The synthetic data is a
synthetic GNSS coordinate time series model deliberately de-
signed with a predefined offset. Meanwhile, the real data com-
prises GNSS coordinate time series from two stations within
the CORS network operated by Tudng Anh Company, expe-
riencing two offsets due to antenna changes during operation.

3.1. Synthetic data and results analysis

The synthetic GNSS coordinate time series model spans
three coordinate components — North, East, and Up — over
a three-year period from 2021.0 to 2024.0, for a station named
OFFES (Offset). This synthetic model encompasses a linear
trend, seasonal movements, and an offset at epoch 2022.5,
with specific values detailed in Table 1. Subsequently, the data
is perturbed with an error of 0 = £1mm following a normal
distribution to generate the "measurement” coordinate time
series. The designed GNSS coordinate time series for the
OFFS station is plotted as blue dots along the time and coor-
dinate axes in Figure 5.a.

The position time series of station OFFS is automatically
analyzed by pygps_ts. The results demonstrate accurate iden-
tification of the epoch of the offset at 2022.5, with the param-
eters of the position time series determined nearly identical to
their designed values (Table 1). The maximum deviation be-
tween the adjusted parameters and the designed ones is only
+0.0001 on the dataset perturbed by a random error of Imm,
as indicated in Table 1, which is negligible.

The processed coordinate time series of the OFFS station
is depicted in Figure 6. In Figure 6.a, the red line represents
the predicted coordinate series (fit line), closely aligning with
the measurement coordinates. Figure 6.b illustrates the resid-
uals of the measurement coordinate series, displaying a wrms
of Imm across all three coordinate components (North, East,
and Up), matching the magnitude of the added error, indicat-
ing the accurate determination of the predicted coordinate se-
ries, closely resembling the designed values (Table 1). In both
figures 6.a and 6.b, the vertical dashed blue line indicates the
detected offset in the coordinate time series.

Thus, with the synthetic data, the pygps_ts program accu-
rately identified the epoch of the offset at 2022.5, as designed
in the synthetic GNSS coordinate time series. The motion
parameters determined closely matched the designed values,
with the maximum deviation being only +0.0001, demon-
strating the effectiveness of the method and the program. The
wrms of the residual position time series precisely matches
the 1 mm noise level, indicating that the predicted coordinate
time series was accurately determined.

3.2. Real data and results analysis

The real data used in the study consists of GNSS coordi-
nate time series from two typical CORS stations within the
CORS network, operated by Tuong Anh Science and Technol-
ogy Equipment Joint Stock Company (TAST) in Vietnam. The
TAST network, consisting of nearly 200 stations, is renowned
for its stability and accuracy, attributed to the utilization of
Trimble's synchronous equipment technology. The selected
stations, BD61 and BTIN, were continuously observed for
approximately 1.5 years, spanning from 2020.0 to 2021.8.
These stations were chosen due to their representation of typ-
ical motion patterns observed on the Earth's surface in Viet-
nam, encompassing linear trends, seasonal movements, and
various offsets with differing amplitudes. Specifically, BD61
exhibits two small-amplitude offsets, while BTIN displays a
single but large-amplitude offset (refer to Figure 7).

The position time series of BD61 and BTIN were automat-
ically analyzed using the developed program pygps_ts, with-
out any parameter intervention, providing results in less than
a minute. The program accurately identified the epochs of the
offsets, leading to precise adjustments of the displacement pa-
rameters, predicted coordinate time series, and residual coor-
dinate time series of these stations.

Table 2 presents the adjusted displacement parameters of
BD61 and BTIN. showcasing two offsets with relatively small am-
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plitudes detected in the position time series of BD61, occurring
at epochs 2020.0025 and 2020.8720. At epoch 2020.0025, the off-
set in the East component is 0.0115 m, and at epoch 2020.8720,
it is 0.0267 m in the Up component. The amplitudes in the other
coordinate components are very small, on the order of millime-
ters, equivalent to the random noise of the time series.

Conversely, BTIN demonstrates a single offset at epoch
2020.4540, characterized by large amplitudes in the hori-
zontal components, specifically -48.0265 m in the North and
-223.431 m in the East, and minimal amplitude, 0.0023 m, in
the vertical component (Up).

Figures 7.a and 7.c illustrate the position time series
before (blue dots) and after adjustment (red line) for BD61
and BTIN, respectively, while Figures 7.b and 7.d depict
the residual coordinate time series (blue dots). Vertical
dashed blue lines indicate the identified epochs of offsets.
The predicted position time series (red line) accurate-
ly calculated from result adjustment, as demonstrated by
the residuals closely aligning with the horizontal "0" line.
The wrms values are maximal at 1.9 mm for the horizon-
tal components (North, East) and 7.6 mm for the vertical
component (Up).
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Thus, utilizing real data, the pygps_ts program processed
swiftly and accurately. It effectively identified small-amplitude
offsets at station BD61 and a large-amplitude offset at station
BTIN, showcasing the method and program's flexibility across
different scenarios. The wrms value of the adjusted coordinate
time series indicates precise reflection of input data and effec-
tive handling of offsets.

4. Conclusions

This study presents a novel method for automatic detec-
tion and processing of offsets in GNSS position time series,
utilizing the RMS sliding-window technique and synthetic
models. The developed method was implemented through
the pygps_ts program in Python and validated using synthet-
ic and real data.

The program accurately identified the epoch and magni-
tude of offsets, while processing GNSS coordinate time series
quickly and accurately. The results of processing synthetic
data showed that the determined displacement parameters
matched the designed values. The results of processing real
data from two CORS stations in Vietnam, with small-ampli-
tude offsets at station BD61 and large-amplitude offsets at sta-
tion BTIN, were accurately identified, demonstrating the ef-
fectiveness and accuracy of the method and program applied.

The program effectively identified the epoch and magni-
tude of offsets while ensuring quick and accurate processing
of GNSS coordinate time series. Evaluation with synthetic
data revealed that the determined displacement parameters
closely aligned with the designed values. Similarly, process-
ing real data from two CORS stations in Vietnam successfully
identified offsets of varying amplitudes, showcasing the meth-
od and program's efficacy and accuracy.

This study contributes a valuable method and tool for
GNSS data processing, particularly beneficial in tecton-
ic studies. Given the limited research and early deployment
stage of continuous GNSS networks in Vietnam, the present-
ed approach holds significant promise for advancing geodetic
studies in the region.
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Automatyczne wykrywanie i analiza przesunigé w szeregach czasowych pozycji GNSS przy uzyciu

metody przesuwanego okna RMS i modelu syntetycznego

W artykule przedstawiono metode automatycznego wykrywania i analizy przesunigé w szeregach czasowych pozycji GNSS (Globalnego
Systemu Nawigacji Satelitarnej) z wykorzystaniem metody przesuwanego okna RMS (Root Mean Square). Technika ta identyfikuje ano-
malie wskazujgce przesunigcia w szeregach czasowych. Aby doktadnie dostosowad parametry, takie jak trendy liniowe, sygnaly sezonowe
i przesunigcia, wykorzystuje sig syntetyczny model szeregéw czasowych pozycji GNSS. Metoda jest zaimplementowana w zautomatyzo-
wanym programie pygps_ts, napisanym w jezyku Python. Skuteczno$¢ tego podejscia potwierdza sig na podstawie zaréwno syntetycz-
nych, jak i rzeczywistych danych ze stacji CORS (ciggle dzialajgcej stacji referencyjnej) w Wietnamie. Wyniki pokazujg, ze program moze
doktadnie i skutecznie wykrywac i analizowa przesunigcia, identyfikujgc epoki i wielkos¢ tych przesunie¢ w réznych scenariuszach.
Niniejsze badanie oferuje praktyczne narzedzie do przetwarzania danych GNSS, ktore jest szczegdlnie przydatne w badaniach tekto-
nicznych i zastosowaniach geodezyjnych w Wietnamie, gdzie ciggla sie¢ GNSS wcigz sig rozwija. Badanie pokazuje potencjal tej metody
do szerszego zastosowania w monitorowaniu i analizie danych GNSS w réznych regionach. doktadnos¢ i skutecznosé w wykrywaniu
i analizie przesunigl.

Stowa kluczowe: szeregi czasowe pozycji GNSS, tektonika przemieszczen, przesuniecie, okno przesuwne, CORS
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Abstract
In Vietnam, when creating large-scale topographic maps using Global Navigation Satellite Systems (GNSS) technology combined with
Continuously Operating Reference Stations (CORS) and traditional electronic total station measurements, there will be shifts in both
horizontal and vertical positions. To address this issue, we perform map adjustments by updating the map in an assumed coordinate
system. In the assumed coordinate system, the shapes and elevation differences of the changed objects are accurately observed to meet
the requirements corresponding to the map scale. The coordinates and elevations of clear points on the map or control points in the
field obtained from different methods have differences that are larger than the permissible values according to the map scale. Applying
a 2-dimensional coordinate transformation and the geoidal height calculated for each point with its weight, the coordinates and
elevations of the points can be computed in a unified coordinate system.

Keywords: GNSS accuracy, topographic map, Geodetic Network

1. Introduction

Currently, Vietnam’s Ministry of Natural Resources and A
map is a scaled-down image that provides a generalized depic-
tion of a large part of the Earth's surface on a plane applying
various map projection methods. A topographic map is a type
of general geographic map, of which the contents include in-
formation about natural elements such as terrain, hydrology,
vegetation cover, and elements related to economy, culture, and
society such as population, road systems, bridges, service facili-
ties, public works, and administrative boundaries [1], [4].

In Vietnam, when creating large-scale topographic maps,
an optimal solution that is being widely applied is the com-
bination of GNSS/CORS technology and electronic total sta-
tions. The electronic total station is highly reliable, flexible,
and efficient in residential areas and vegetated areas. In con-
trast, GNSS/CORS technology, such as Real-Time Kinematic
(RTK) or Virtual Reference Station (VRS), enhances the ac-
curacy and increases the distance from the base station. Addi-
tionally, RTK is advantageous in providing quick observations
and economic efficiency in open areas, without relying on the
construction of control networks. However, GNSS/CORS
technology is based on the international WGS-84 coordinate
system and ellipsoidal heights, while topographic maps are
created on the national coordinate system of Vietnam (VN-
2000) using the UTM reference system and leveling heights.

Despite its advantages, the VN-2000 system is not yet a 3D
coordinate system and is not connected to the International
Terrestrial Reference Frame (ITRF). This limits the exploita-
tion of GNSS technology in determining spatial positions,
data acquisition and sharing, and international cooperation
to solve regional and global problems. Additionally, GNSS/

CORS technology provides ellipsoidal heights with the refer-
ence ellipsoid, but the Vietnam national height system uses
normal heights with the reference quasigeoid. To apply GNSS/
CORS technology in height measurement, the difference be-
tween the quasigeoid and the ellipsoid at each point must be
known. This requires a local quasigeoid model at the study
area with sufficient accuracy for using GNSS/CORS technolo-
gy as a replacement for traditional leveling methods [5].

In this study, a theoretical and experimental research is
conducted to draw specific conclusions about the solution of
combining surveying technologies in the creation of large-
scale topographic maps in Vietnam. This is a new direction
resquiring more extensive research and serious evaluation in
practical production to best utilize the advantages of the var-
ious surveying methods in the creation of topographic maps
in Vietnam.

2. Synchronization of topographic observation data
2.1 Coordinate Transformation between GNSS/CORS and
ITRF

The transformation of the GNSS/CORS coordinates to the
ITRF coordinate system ensures the consistency and accuracy
of geographic data worldwide. The coordinate transformation
between ITRF reference frames (ITRE 2019) or between the
VN-2000 coordinate system and ITRF is carried out using the
general formula [6] as follows:

X2 =T+ (1 +D)R"X, 1)

where X(2) and X(1) are the coordinate vectors in the VN2000
and ITRF systems, respectively, T is the translation vector be-
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tween the origions of the two systems, D is the scale factor, R
is the rotation matrix about the axes in radians [7].

1 —Rs R,
RT =|R; 1 R (2)
-R, R, 1

Since the value D.RT is a small quantity, the second-order
term can be neglected, and therefore (1.1) can be written as:

x| X T,
vl =lv| +|r,
Zley 1Zly LT3l
X] [0 —Rs R |[X (3)
+olr| «|Rs o -Rs||v
zlyy R, Ry 0 llzly

2.2 Conversion of the elevation of topographic points mea-
sured using GNSS/CORS technology to leveling height

There are different methods for height anomalies interpo-
lation, in which polynomial, kriging, collocation, and spline
interpolations are commonly applied. In this study, we apply
the polynomial interpolation method for each measurement
point by adding weighting factors, which are the inverse dis-
tances to the common points.

2.2.1 Interpolation of height anomalies using the polynomial
model

In order to interpolate height anomalies, common points
with known grid coordinates (x, y), ellipsoidal heights (H),
and leveling heights (hAy) are required, based on which the
height anomalies can be calculated [3]:

t=H-hY (4)

Those points with both known ellipsoidal and leveling
heights are termed as common points in this study. GNSS
technology provides us with highly accurate ellipsoidal
heights, but leveling heights are needed in practice. Therefore,
the transformation from ellipsoidal heights to leveling heights
is needed, which can be conducted using a global geoid mod-
el, such as OSU91A, EGM-96, or EGM2008. However, practi-
cal experiments indicated that global geoid models have low
accuracy in Vietnam. Additionally, an accurate local geoid
model has not been published so far in Vietnam.

To enhance the accuracy of height measurement using
GNSS/CORS technology in the creation of topographic maps,
we propose using high-precision level points in the survey-
ing area to create a local geoid model by which to adjust the
heights measured by GNSS technology. Based on the coor-
dinates of points measured using GNSS technology (X, Y,
Z) and leveling heights measured accurately in the national
height system, we generate a geoid model at each surveyed
point to transform the ellipsoidal heights to leveling heights
asin [3]:

hY=H - ¢ )

Depending on the number of existing common points in
the surveying area, the local geoid model takes the form of
a polynomial of zero-, first-, second-, or third-degree. The
equation of the height anomaly is of the form:

Ci=F(xi, yi) (6)

where (i is the height anomaly of the point located at the co-
ordinates xi , yi. The specific polynomial forms of the height
anomaly are as follows:

With 3 common points, the first-degree polynomial func-
tion is used to calculate 3 coefficients (0, A, B. With 6 com-
mon points, the second-degree polynomial function is used,
and with 10 common points, the third-degree polynomial
function is used. When the number of common points ex-
ceeds the number of coefficients, the least squares method is
employed to calculate the coefficients.

Taking { as the measurement with n common points, the
system of measurement equations is formed as follows (for
first-degree polynomial) [3]:

Zero-degre: (i=(0
First-degre: Ci = (0 + Axi + Byi (7)
Second-degre: Ci = (0 + Axi + Byi
+Cxi 2 + Dyi 2 + Exiyi
Third-degre: (i = (0 +Axi+Byi+Cxi 2 +Dyi 2
+ Exiyi + Fxi 3 + Gyi 3 + Hxi 2yi + Kxi yi 2

1 x Yy 1 a
Sl=|r 2 Lxpp

®)

C
o I |

Then, we can derive the system of correction equations:
Vi x oy 1 a &
H: = L)%

Cn

4
where vi is the correction for the anomalous height measure-

)

Xn Yo 1

ment (i. With the number of common points exceeds the
number of unknowns, the least squares method is applied
([vv]=Min) to form the system of normal equations [2]:

x oy 1 x y1 1 a
YoYe 1 xl% vz 1 X[b]
1 1] %

Xn  Yn Xn  Yn
X1 Y1 " C1

—l% 2 1) x| =0
Y 1 Cn
In the matrix form:
ATPA. X +ATPL=0

a cl
X = [b],L =%
¢ q"

We can then solve the parameter vector X and the uncer-

T

(10)

R

Xn

x oy 1
X Y2 1
xn y)l 1

where A =

tainty of the interpolation model:

a

X= [b] = R™1ATPL = QATPL (11)
c

S (12)

Using the obtained model parameters to calculate the
anomalous height for any GNSS measurement point P with
coordinates (xP, yP) by Equation (11). In solving for the
geoid model parameters, we consider the different influenc-
es of common points on the correction for each point. Spe-
cifically, for each measurement point, we calculate its own
model parameters with weights assigned to common points
as inversely proportional to the distances to the measurement
point:

Pi=1/Si or Pi = 1/Si2.
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Fig. 1. Workflow of coordinate transformation and conversion of GNSS/CORS points

Rys. 1. Proces transformacji wspétrzednych i konwersji punktéw GNSS/CORS

2.2.2. Transformation between WGS-84 Geocentric and VN-
2000 Grid Coordinates

With the coordinates of points (X, Y, Z) measured using
GNSS technology in the global geocentric coordinate system
WGS-84, we first transform them to the geocentric coordi-
nates X1, Y1, Z1 in the VN-2000 coordinate system, and then
to the geodetic coordinates B, L, H. Finally, the derived coor-
dinates B, L are converted to grid coordinates using the UTM
projection. At the same time, ellipsoidal heights are converted
to leveling heights [3]:

(XYZ)WGS-84 ---> (XYZ)VN-2000 ----> (BLH)VN-2000
---> (xyh)VN-2000

The transformation formulas are as follows:

a. Transformation of geocentric coordinates from WGS-
84 to VN-2000
X1=AX0+k.(X-@0.Y+40.Z)
Y1=AY0+k. (w0.X+Y-¢0.Z) (13)
Z1=AZ0+k. (0. X +0.Y +Z)
where k is the scale factor, w0, Y0, €0 are the Euler rotation
angles about the X, Y, Z axes, and AX0, AY0, AZ0 are the co-
ordinates of the center of the international WGS-84 system in
the VN-2000 system.

b) Conversion from geodetic coordinates (B, L) to grid
coordinates (X, y)
According to [3], we have:
x—X)= 2::—,,231'118 cosB1"% +
%pwsinBcoﬁB’(S—t,‘2+9112 +4nH)1" + (14)

Lésin Bcos® B(61-58% +1*)1"
720"

N
3 _ 42 2113
6p,,3cas BA-t*+n")1

N (1 )
5 2 5
+120 wg COS B(5—18t

N B1"+
=—cos
Y P

+t* + 14n% — 58t27%)1"

c) Conversion from grid coordinates (x, y) to geodetic co-
ordinates (B, L)
According to [3], we have:

o'ty o'ty
B, —B= z— 5+ 3t7 +nf —9tini)y*
1 2M1N1y 2M1N13( 1+ iy (16)
Pty 2 2y,,6
+-———= (61 + 90t{ + 45t;
720M1N15( 1 1)y

—_r P 2 4 p2yy3
NlmsB,y stcnsB,(1+2t1+n1)y + (17)

—120N§ TR 28t2 + 24t} + 602 + 8t2p2)yS

where X is the length of the meridian arc determined based
on the known latitude B, N is the radius of curvature of the
prime vertical. The coefficients I, M, N, t, h are calculated as
follows:
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Figure 1

Fig. 2. Components of Trimble R7 GNSS receivers
Rys. 2. Komponenty odbiornika GNSS Trimble R7

Fig. 3. Trimble R7 GNSS antenna
Rys. 3. Antenna GNSS Trimble R7

1=L-L0, (LO is the central meridian);
t=tgB; t1 =tgB1; h2 =e"2c0s2B ;
M = 0=’

(1-e?sin2B)3/2
a
N

 (1-eZsin2B)1/2

e and e are the first and second eccentricities, a is the semi
major axis of the Ellipsoid.

d) Conversion from geodetic to geocentric coordinates
To convert from the geodetic coordinates B, L, H to the
geocentric coordinates X, Y, Z of a point within the same co-
ordinate system, we use the following equation [3]:
X =(N + H)cos B.cos L
Y =(N + H)cos B.sin L (18)
Z =[N(1-e*)+H)sin B

e) Conversion from geocentric to geodetic coordinates

According to [3], we have:

Z + Ne’.sin B
R

H=7/sinB - N(1-e2);
R=(X2+Y2)1/2

¥
tgl = — gB =
& XAg

' (19)

2.2.3 Transformation of coordinates measured by GNSS/CORS
technology

The transformation of 2D coordinates from the first sys-
tem (xoy)1 to the second system (xoy)2 is carried out using
the Helmert transformation [2]:

[x:J:(xoj_Fm[C(‘)sa —sinaj[x] (20)
¥ Vo sina  cosa )\ y
which can be rewritten as:

x = X, + (m.cosa)x —(m.sin @)y

(21)

y = Yo +(m.sin @)x + (m.cosa)y
with the notations m.cosa =a; msina=b;, x,=c; y,=d.
X =ax-by+c

y = bx+ay+d 22)

we can from a system of correction equations as:

vx' = xa-yb+lc+lx véi Ix=-x

vy = ya+xb+ld+ly véi ly=-y’ (23)

Thus, we have a system of correction equations with 4 un-
knowns, which requires at least 2 common points to solve for
the unknowns a, b, ¢, d.

2.3.4 Workflow of 2D coordinate transformation

The process of coordinate transformation and conversion
of GNSS/CORS points to grid coordinates and leveling eleva-
tion is performed according to the workflow shown in Figure 1.

3. Experiment
3.1 Study area, data used, and instrument

The study area is located in Mu Cang Chai district, Yen
Bai province, with an area of 400 km*. Mu Cang Chii is a
highland district located in the western part of Yen Bai Prov-
ince. It is 185km away from the provincial center and 365km
away from the capital city of Hanoi. The district covers an area
of 120,095.83 hectares, most of which is mountainous terrain
originating from the Hoang Lien Son mountain range. This
includes many successive mountain ranges running in the
northwest-southeast direction, with streams and valleys be-
longing to the Red River and Da River basins between them.
The lowest absolute elevation is the Cao Pha field at 650m,
and the highest is the Lung Cung peak in Nam Co commune
at 2,963m above sea level. The terrain is heavily dissected, cre-
ating long slopes with an average gradient of 300m, though in
some places it reaches over 450m. It borders Van Ban District
of Lao Cai Province to the north, Muong La District of Son La
Province to the south, Van Yen and Van Chan Districts to the
east, and Than Uyen District of Lai Chau Province to the west.

The study area covers approximately 400km?, encompass-
ing the Mo De, Che Cu Nha, La Pan Tan, and De Xu Phinh
communes (figure 4). There are 5 national geodetic control
points 77423, 77432, 77434, 77437, and 77451, and 5 nation-
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Fig. 4. Study area in Mu Cang Chai district, Yen Bai province

Rys. 4. Obszar objety badaniami w okreg Mu Cang Chai, prowingja Yen Bai

al third-order level points III_09, III_7P, III_12, III_14, and
II1_17. The X, Y and H of these points are as in Table 1. The
measurement network consists of those mentioned national
geodetic control points and national third-order level points
as well as 30 unknown first-order traverse points. The mea-
surements are made using Trimble R7 GNSS receivers (figures
3 and 4), with horizontal and vertical fast static accuracies of
5mm + 0.5ppm and 5mm + 1ppm, respectively. The measure-
ments were carried out with 6 receivers over 8 60-minute stat-
ic measurement sessions.

3.2 Experimental procedure

The 30 GNSS points distributed across the entire study
area are measured using Trimble R7 GNSS dual-frequency
receivers based on the 5 national geodetic control points and
5 national third-order state leveling points. The observations
are then processed by the Trimble Business Center software.
The derived coordinates are subsequently adjusted using the
2D coordinate transformation, and the elevations of the mea-
surement points are converted to leveling heights using the
geoid undulation interpolation problem with the weight fac-
tor of P=1 and P = 1/§i2, where Si is the distance from the
measurement point to the nearest control point. Finally, the
results are analyzed and the experiment is concluded.

3.3 Results and discussion
The observations are processed using the Trimble Busi-
ness Center (TBC) with the results shown in Table 2. The co-

ordinates and elevations of the national third-order control
points measured by GNSS and processed by the proposed
workflow. The results are as shown in Table 3 and Table 4.

From Table 3, with coordinates and heights corrected
according to the chosen weight factor P=1, we have: [AA]=
0.127303, n = 39, m = +0.057 (m); with all corrections applied
to the coordinates and levels of the control points are non-zero.

From Table 4, with coordinates and heights corrected ac-
cording to the chosen weight factor P=1/S? we have: [AA]=
0.125443, n = 39, m = +0.056 (m) with all corrections applied
to the coordinates and levels of the control points are zero.

Tables 3 and 4 show the coordinates and elevations of the
national third-order control points measured by GNSS and
processed by the proposed workflow in this study. It is shown
that the height deviations of the points ITII_09, ITII_7B, ITI_12,
and ITI_14 are 0.023m, -0.012m, 0.013m, and -0.003m, respec-
tively, when P=1 is applied, while those for the same points are
0.000m when P=1/S? is applied. Therefore, using weight P=1/
S? has higher accuracy compared to using weight P=1.

From the corrections to convert GNSS-derived elevations
to leveling heights, and the leveling heights shown in Table 4,
we construct a site map and a height anomalies digital model
as follows on Fig. 5.

Figure 5 shows a contour map of interpolated height
anomalies determined based on the national leveling points,
and Figure 6 shows their corresponding digital model. It can
be concluded that the results based on the proposed workflow
in this study applying P=1/S” is highly reliable.
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Tab. 1. Coordinates and elevations of the national third-order level points and geodetic control points

Tab. 1. Wspdtrzedne i wysokosci krajowych punktow trzeciego rzedu i punktéw kontroli geodezyjnej

No Point name Coordinates of the national third-order level points
X(m) Y(m) H(m)

1 77423 2415895.97 430623.605 1405.150

2 77432 2409679.742 450301.045 787.160

3 77434 2408234.513 436219.215 1400.972

4 77437 2405746.667 444786.447 1321.099

5 77451 2399421.409 441772.429 1361.617

6 I11_09 2411130.052 437642.588 1127.604

7 I11_7p 2415807.232 433534.639 971.193

8 I_12 2408008.217 450468.008 899.032

9 II_14 2406462.48 448147.867 1430.969

10 _17 2398054.598 449225.164 1126.724

Tab. 2. GNSS processed coordinates
Tab. 2. Wspotrzedne przeliczone z pomiarow GNSS
WGS-84 coordinates
No Point name
X(m) Y(m) Z(m)

1 77423 -1441162.2847 5746484.0925 2358410.7752
2 77432 -1460685.7912 5743315.5849 2352476.7272
3 77434 -1447312.2826 5747860.7325 2351315.7667
4 77437 -1455834.6258 5746570.7882 2349004.4970
5 77451 -1453518.3229 5749615.1725 2343131.8469
6 DC1-01 -1449556.8312 5746183.4792 2354019.5203
7 DC1-02 -1450065.5566 5746100.7344 2353854.8807
8 DC1-03 -1451155.0426 5746451.2906 2351834.1915
9 DC1-04 -1451722.2769 5746382.7343 2351690.8972
10 DC1-05 -1458256.3442 5743960.0941 2353139.8973
11 DC1-06 -1458935.1637 5743773.5249 2352894.2997
12 DC1-07 -1460515.8402 5743913.2417 2351145.3561
13 DC1-08 -1460186.5905 5744310.8179 2350568.6649
14 DC1-09 -1461207.5309 5745169.6658 2348641.9460
15 DC1-10 -1461615.2307 5744886.6552 2348732.7435
16 DC1-11 -1452921.8315 5747402.4856 2348380.3853
17 DC1-12 -1452661.0998 5747360.7446 2348730.8786
18 DC1-13 -1454143.7086 5747322.3845 2347985.2397
19 DC1-14 -1454318.0662 5747441.2862 2347617.8883
20 DC1-15 -1455520.0755 5747086.8324 2347881.1862
21 DC1-16 -1455611.5684 5747211.3012 2347471.4612
22 DC1-17 -1452896.1308 5750091.7296 2342416.8262
23 DC1-18 -1453617.7817 5749821.1209 2342633.0695
24 DC1-19 -1454583.1420 5749004.4930 2344009.4154
25 DC1-20 -1455195.3580 5748771.5598 2344227.1410
26 DC1-21 -1456369.5582 5747921.5992 2345646.8400
27 DC1-22 -1457054.9876 5747880.9472 2345270.8530
28 DC1-23 -1458330.1120 5747518.4952 2345559.8015
29 DC1-24 -1458748.2721 5747491.0286 2345362.9305
30 DC1-25 -1458552.9290 5748342.5893 2343366.9848
31 DC1-26 -1459173.9030 5748188.2307 2343424.6805
32 DC1-27 -1460835.6911 5748030.7095 2341827.6246
33 DC1-28 -1461161.2425 5748053.4930 2341518.9026
34 DC1-29 -1442102.0335 5745271.1303 2359726.5703
35 DC1-30 -1442234.0701 5745509.8574 2358883.8895
36 III_09 -1448356.6812 5746225.3194 2353908.9780
37 II1_7pP -1443895.5225 5745411.8659 2358178.4849
38 II_12 -1461031.1133 5743974.7341 2350966.1604
39 II1_14 -1459050.2383 5745582.2676 2349720.6425
40 Imn_17 -1460817.0764 5748051.2827 2341798.1099
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The application of GNSS technology with the proposed al-
gorithm to derive horizontal coordinates and leveling heights
of points based on height anomalies of existing benchmarks
in the study area for large-scale topographic mapping has
both scientific and practical meanings in the context of Viet-
nam. This is because it meets technical requirements and eco-
nomicly efficient for large-scale topographic mapping. The
experiment over the study area of 400 km® with 5 to 10 bench-
mark points shows that the application of GNSS technology
with the proposed workflow ensures required accuracy for

large-scale topographic mapping in Vietnam. This method is
particularly practical in Vietnam when mapping with GNSS
technology in areas with difficult terrain such as border re-
gions, coastal areas, and islands.

4. Conclusions

The algorithm proposed in this study, which focuses on
the transformation of 2D coordinates and the determination
of leveling heights based on the height anomalies of existing
points within the designated study area, presents a compelling

Tab. 3. Corrections of GNSS to leveling heights using weight factor, P=1

Tab. 3. Korekty GNSS do wysokosci niwelacyjnych z wykorzystaniem wspoéfczynnika wagowego, P=1

Point Coordinates P=1 Correction Leveling _Level

No name height difference
X(m) Y(m) H(m) dx(m) dy(m) | dh(m) (m) (m)

1 77423 2415895.970 | 430623.605 | 1405.155 | -0.0002 0.0000 -3.830 1405.150 0.005
2 77432 2409679.742 | 450301.045 787.151 0.0001 0.0000 -3.373 787.160 -0.009
3 77434 2408234.513 | 436219.215 | 1400.960 0.0003 0.0000 -3.872 1400.972 -0.012
4 77437 2405746.667 | 444786.447 | 1321.090 0.0002 0.0000 -3.641 1321.099 -0.009
5 77451 2399421.409 | 441772.429 | 1361.620 | -0.0001 0.0000 -3.764 1361.617 0.003
6 DC1-01 2411134.251 | 438816.271 | 1403.489 | 0.0006 0.0000 -3.812 1403.482 0.007
7 DC1-02 | 2410963.048 | 439328.991 | 1383.433 | 0.0006 0.0000 -3.802 1383.409 0.024
8 DC1-03 2408858.463 | 440291.355 | 1196.748 0.0005 0.0000 -3.787 1196.746 0.002
9 DC1-04 | 2408696.452 | 440857.368 | 1210.878 | 0.0005 0.0000 -3.772 1210.861 0.017
10 DC1-05 | 2410293.655 | 447790.181 | 1057.615 | 0.0004 0.0000 -3.505 1057.605 0.010
11 DC1-06 | 2410068.473 | 448493.152 953.719 0.0003 0.0000 -3.470 953.738 -0.019
12 DC1-07 | 2408245.295 | 449984.621 792.189 0.0000 0.0000 -3.388 792.196 -0.007
13 DC1-08 | 2407598.360 | 449565.609 860.805 -0.0001 0.0000 -3.410 860.768 0.037
14 DC1-09 | 2405405.192 | 450336.384 | 1153.487 | -0.0004 0.0000 -3.361 1153.447 0.040
15 DC1-10 | 2405552.434 | 450801.616 | 1025.753 | -0.0004 0.0000 -3.334 1025.696 0.057
16 DC1-11 2405143.900 | 441757.248 | 1174.905 0.0003 0.0000 -3.755 1174.901 0.004
17 DC1-12 | 2405508.911 | 441516.086 | 1207.803 | 0.0003 0.0000 -3.762 1207.807 -0.004
18 DC1-13 2404690.436 | 442959.544 | 1234.728 0.0002 0.0000 -3.714 1234.735 -0.007
19 DC1-14 2404290.284 | 443097.949 | 1245.489 0.0002 0.0000 -3.709 1245.489 0.000
20 DC1-15 2404548.398 | 444350.776 | 1297.871 0.0001 0.0000 -3.660 1297.830 0.041
21 DC1-16 2404114.718 | 444407.387 | 1279.092 0.0001 0.0000 -3.658 1279.044 0.048
22 DC1-17 2398645.450 | 441049.791 | 1385.024 | -0.0001 0.0000 -3.790 1385.005 0.019
23 DC1-18 | 2398875.132 | 441816.383 | 1385.478 | -0.0001 0.0000 -3.763 1385.476 0.002
24 DC1-19 | 2400354.647 | 442957.514 | 1378.558 | -0.0001 0.0000 -3.718 1378.551 0.007
25 DC1-20 | 2400582.535 | 443608.796 | 1388.833 | -0.0001 0.0000 -3.692 1388.795 0.038
26 DC1-21 2402094.565 | 444960.613 | 1416.317 | -0.0001 0.0000 -3.635 1416.285 0.032
27 DC1-22 | 2401695.351 | 445633.474 | 1397.077 | -0.0002 0.0000 -3.604 1397.013 0.064
28 DC1-23 | 2401973.284 | 446959.125 | 1468.860 | -0.0003 0.0000 -3.540 1468.796 0.064
29 DC1-24 | 2401973.284 | 447370.374 | 1466.871 | -0.0003 0.0000 -3.519 1466.785 0.086
30 DC1-25 | 2399620.923 | 446964.634 | 1451.031 | -0.0005 0.0000 -3.536 1450.942 0.089
31 DC1-26 | 2399671.254 | 447604.477 | 1475.308 | -0.0005 0.0000 -3.503 1475.186 0.122
32 DC1-27 | 2398087.617 | 449248.372 | 1123.538 | -0.0009 0.0000 -3.406 1123.360 0.178
33 DC1-28 2397762.053 | 449557.178 | 1104.566 | -0.0010 0.0000 -3.386 1104.364 0.202
34 DC1-29 | 2417464.371 | 431836.793 | 1015.054 | 0.0001 0.0000 -3.822 1015.075 -0.021
35 DC1-30 2416583.970 | 431902.953 946.175 0.0001 0.0000 -3.831 946.189 -0.014
36 III_09 2411130.052 | 437642.588 | 1127.627 0.0005 0.0000 -3.834 1127.604 0.023
37 III_7P 2415807.231 | 433534.639 971.181 0.0003 0.0000 -3.840 971.193 -0.012
38 II1_12 2408008.217 | 450468.008 899.045 -0.0001 0.0000 -3.360 899.032 0.013
39 II1_14 2406462.480 | 448147.867 | 1430.966 0.0000 0.0000 -3.484 1430.969 -0.003
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Tab. 1. Coordinates and elevations of the national third-order level points and geodetic control points
Tab. 1. Wspdtrzedne i wysokosci krajowych punktow trzeciego rzedu i punktéw kontroli geodezyjnej

Point Coordinates P=1/S? Correction Leveling | Level
No name height difference
x(m) y(m) h(m) dx(m) | dy(m) | dh(m) (m) (m)

1 77423 2415895.970 430623.605 1405.150 0.0000 0.0000 -3.835 1405.150 0.0000
2 77432 2409679.742 450301.045 787.160 0.0000 0.0000 -3.364 787.160 0.0000
3 77434 2408234.513 436219.215 1400.972 0.0000 0.0000 -3.860 1400.972 0.0000
4 77437 2405746.667 444786.447 | 1321.099 0.0000 0.0000 -3.632 1321.099 0.0000
5 77451 2399421.409 441772.429 1361.617 0.0000 0.0000 -3.767 1361.617 0.0000
6 DC1-01 2411134.251 438816.271 1403.469 0.0010 0.0000 -3.833 1403.482 -0.0130
7 DC1-02 2410963.047 439328.991 1383.414 0.0010 0.0000 -3.821 1383.409 0.0050
8 DC1-03 2408858.462 440291.355 1196.740 0.0007 0.0000 -3.795 1196.746 -0.0060
9 DC1-04 2408696.452 440857.368 | 1210.872 0.0006 0.0000 -3.779 1210.861 0.0110
10 DC1-05 2410293.655 447790.181 1057.621 0.0004 0.0000 -3.499 1057.605 0.0160
11 DC1-06 2410068.473 448493.152 953.727 0.0003 0.0000 -3.462 953.738 -0.0110
12 DC1-07 2408245.295 449984.621 792.183 0.0000 0.0000 -3.393 792.196 -0.0130
13 DC1-08 2407598.360 449565.609 860.801 0.0000 0.0000 -3.414 860.768 0.0330
14 DC1-09 2405405.192 450336.384 | 1153.480 | -0.0003 | 0.0000 -3.369 1153.447 0.0330
15 DC1-10 2405552.433 450801.616 | 1025.744 | -0.0003 | 0.0000 -3.344 1025.696 0.0480
16 DC1-11 2405143.901 441757.248 | 1174.908 0.0002 0.0000 -3.751 1174.901 0.0070
17 DC1-12 2405508.911 441516.086 | 1207.806 0.0002 0.0000 -3.759 1207.807 -0.0010
18 DC1-13 2404690.436 442959.544 | 1234.733 0.0001 0.0000 -3.709 1234.735 -0.0020
19 DC1-14 2404290.284 443097.949 1245.493 0.0001 0.0000 -3.704 1245.489 0.0040
20 DC1-15 2404548.398 444350.776 | 1297.878 0.0000 0.0000 -3.653 1297.830 0.0480
21 DC1-16 2404114.718 444407.387 | 1279.098 0.0000 0.0000 -3.652 1279.044 0.0540
22 DC1-17 2398645.450 441049.791 1385.019 0.0000 0.0000 -3.795 1385.005 0.0140
23 DC1-18 2398875.132 441816.383 1385.474 0.0000 0.0000 -3.767 1385.476 -0.0020
24 DC1-19 2400354.647 442957.514 | 1378.558 | -0.0001 | 0.0000 -3.719 1378.551 0.0070
25 DC1-20 2400582.535 443608.796 | 1388.834 | -0.0001 | 0.0000 -3.692 1388.795 0.0390
26 DC1-21 2402094.565 444960.613 1416.321 | -0.0002 | 0.0000 -3.631 1416.285 0.0360
27 DC1-22 2401695.351 445633.474 | 1397.080 | -0.0002 | 0.0000 -3.601 1397.013 0.0670
28 DC1-23 2401973.284 446959.125 1468.863 | -0.0003 | 0.0000 -3.537 1468.796 0.0670
29 DC1-24 2401973.284 447370.374 | 1466.874 | -0.0004 | 0.0000 -3.517 1466.785 0.0890
30 DC1-25 2399620.923 446964.634 | 1451.032 | -0.0005 | 0.0000 -3.536 1450.942 0.0900
31 DC1-26 2399671.254 447604.477 | 1475.309 | -0.0005 | 0.0000 -3.502 1475.186 0.1230
32 DC1-27 2398087.617 449248.371 1123.537 | -0.0009 | 0.0000 -3.407 1123.360 0.1770
33 DC1-28 2397762.053 449557.178 | 1104.564 | -0.0009 | 0.0000 -3.388 1104.364 0.2000
34 DC1-29 2417464.372 431836.793 1015.062 | -0.0001 | 0.0000 -3.814 1015.075 -0.0130
35 DC1-30 2416583.970 431902.953 946.180 0.0000 0.0000 -3.826 946.189 -0.0090
36 III_09 2411130.052 437642.588 | 1127.604 0.0010 0.0000 -3.857 1127.604 0.0000
37 III_7P 2415807.232 433534.639 971.192 0.0000 0.0000 -3.828 971.192 0.0000
38 II1_12 2408008.217 450468.008 899.032 0.0000 0.0000 -3.373 899.032 0.0000
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Fig. 5. Height anomalies map [m] determined based on the leveling heights in the Mu Cang Chai study area.
Rys. 5. Mapa anomalii wysokosci [m] wyznaczona na podstawie wysokosci niwelacyjnych na obszarze badan Mu Cang Chai
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Fig. 6. Height anomalies digital model determined based on the level points in the Mu Cang Chai study area

Rys. 6. Cyfrowy model anomalii wysokosci okreslony na podstawie punktéw poziomu na obszarze badant Mu Cang Chai

case for the integration of GNSS technology. This integration,
when combined with the measured leveling heights of points,
has been shown to meet the stringent accuracy requirements
necessary for the creation of large-scale topographical maps.
This innovative approach leverages the power of GNSS
technology to capture precise measurements, thereby facili-
tating the accurate representation of geographical features on
a large scale. The results obtained through this method not
only meet but potentially exceed the standards set for topo-

graphical mapping, thereby offering significant potential for
future applications.

In the context of Vietnam, this proposal is particularly
relevant and feasible. The unique geographical conditions of
Vietnam, characterized by diverse landscapes including bor-
der regions, coastal areas, and islands, pose unique challenges
for mapping. The use of GNSS technology in these restricted
areas offers a practical solution, enabling accurate mapping
even in areas where traditional methods may fall short.
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Rozwigzanie poprawiajgce doktadnos¢ pozycji poziomej i pionowej punktéw mierzonych techno-

logig GNSS/CORS przy tworzeniu wielkoskalowych map topograficznych Wietnamu
W Wietnamie, podczas tworzenia map topograficznych na duzqg skale przy uzyciu technologii Global Navigation Satellite Systems
(GNSS) w polgczeniu z ciggle dzialajgcymi stacjami referencyjnymi (CORS) i tradycyjnymi pomiarami stacji catkowitej, wystgpig prze-
sunigcia zarowno w pozycjach poziomych, jak i pionowych. Aby rozwigzac ten problem, dokonujemy korekt mapy, aktualizujgc mape
w zatozonym uktadzie wspotrzednych. W zalozonym ukladzie wspotrzednych ksztalty i réznice wysokosci zmienionych obiektéw sq
doktadnie obserwowane, aby spetnial wymagania odpowiadajqgce skali mapy. Wspétrzedne i wysokosci wyraznych punktéw na mapie
lub punktow kontrolnych na polu uzyskanych z réznych metod majg roznice wigksze niz dopuszczalne wartosci wedtug skali mapy.
Stosujgc dwuwymiarowq transformacje wspotrzednych i wysokosé nad geoidg, obliczang dla kazdego punktu z jego wagqg, wspotrzedne
i wysokosci punktéw mogg byc obliczane w jednolitym uktadzie wspétrzednych.

Stowa kluczowe: dokfadnos¢é GNSS, mapy topograficzne, osnowa geodezyjna
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Abstract
This study presents a comprehensive methodology for core analysis of fractured basement rock at J/V “Vietsovpetro”. The process
begins with a detailed visual description of the core sample, followed by a fracture study to determine fracture density, azimuth,
strike, and dip. Probe permeability and radioactivity are measured using traditional methods. The conventional core plug sampling
approach is found to be unsuitable for highly heterogeneous fractured basement rock. A new core plug sampling approach is proposed,
which involves increasing the core plug diameter and sampling frequency to better preserve vug-macrofractures. Post-cutting core plug
analysis includes determining gas permeability, porosity, cut-off porosity, grain density, acoustic velocity, compressibility, capillary
pressure curves, and wettability. The study also highlights the need for additional analysis of initial residual water saturation in the
reservoir using preserved core, trace element analysis, and determination of radioisotope age. Certain parameters such as electrical
properties and cation exchange capacity are deemed unnecessary for fractured basement rock. The findings of this study are crucial for

improving the reliability of core analysis results and have significant implications for oil and gas exploration and production.

Keywords: core analysis, fractured basement, Bach Ho

1. Introduction

One of the key objectives of the most recent exploration
plan is fractured basement [1]. According to [2], there are
fractured basement reservoirs in over 25 basins in more than
30 nations. The most well-known is the White Tiger offshore
oil field located in Vietnam's Cuu Long Basin. The reservoir
has produced 180 MBBL cumulatively since it was found in
1986. Roughly 85% of Vietnam's hydrocarbon output comes
from fractured basement rocks [1, 3]. In addition, when pos-
sible fractured basement play fairways are identified early
on, oil companies may be encouraged to alter their drilling
strategy and focus instead of avoiding basement targets by de-
signing wells that optimally intersect the dominant fracture
systems [4]. Therefore, determining the characteristics of frac-
tured basement rocks is necessary. Some methods have been
published by many scientists around the world, such as using
high-resolution 3D seismic and logging datasets [2], geophys-
ical well log data [5], several qualitative and quantitative well
logging procedures [6], dual media approach [7], etc. In addi-
tion to using the available well logs, 2D seismic data, etc. the
basement reservoirs can be detected and assessed using the
core analysis results. These core analyses include description
for the rocks and determination of porosity, permeability, flu-
id saturation and grain density [5]. In every stage of the petro-
leum business, core retrieval and analysis are crucial. Reduc-
ing uncertainty in reservoir appraisal is the primary objective
of core analysis, which provides data typical of the reservoir
under in-situ conditions. Coring and core analysis technology
have been mentioned in many research. While [8] presented
an overview of current and future trends and advancements
in this technologies, [9] provided summary of hydrate cor-

ing management and analysis, [10] offered pressure-coring
methods in boreholes and in situ pressure core analysis. For
"intact" oil and gas reservoir features, core analysis offers the
only precise and quantitative assessment available. It ought to
offer the basis for evaluating formations in order to construct
both static and dynamic reservoir models [11]. According to
[12], core generated data have been merged with other field
data to reduce reservoir uncertainties that can't be solved by
other sources of information like well logging, well testing, or
seismic. Therefore, in order to improve the reservoir evalua-
tion procedures, they presented an overview of existing and
emerging advancements and trends in core analysis and cor-
ing technologies. In addition, since core damage is a major
problem during coring and handling, accurate data calibra-
tion for exploration is put at risk, therefore [13] have mainly
focused on identifying and mitigating it. In this paper, they
provided a useful manual for coring and downhole rock sam-
pling as well as explaining and analyzing the various coring
techniques. Recently, there area many studies have mentioned
cores and core analysis. Developments in gas hydrate drilling
investigations-related wireline pressure coring, core handling,
and core analysis were presented in study [14]. The obtained
results show that while gas hydrates have been the primary
focus of these applications thus far, the technology can also be
used to other unconventional hydrocarbon resources, partic-
ularly those associated with shale oil and gas. Besides, to assist
and calibrate the estimation of rock properties, [15] discussed
core analysis, applications, and coring types. The findings
show that real reservoir rock samples can only be obtained
via coring, and thus real reservoir rock can only be handled
through core analysis. In other study, based on the analysis
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Fig, 1. Location map of study area [17]

Rys. 1. Mapa lokalizacyjna obszaru badan [17]

of core, properties of basement fracture reservoir were deter-
mied. By identifying the orientation of the fractures, the most
suitable drill direction can be forecasted when looking for a
reservoir [16]. In order to minimize data uncertainties and
assure efficient quality control of test data, [11] described the
necessity for a core analysis management architecture and a
best practice guide for core analysis data collecting.

Up to now, a number of authors have conducted research at
Bach Ho field. While [17] conducted eismic attribute analysis in
Lower Miocene reservoir characterization, northeast Bach Ho
field, [18] make an effort to analyze the basement reservoir's
fracture distribution and to determine the variables affecting
the reservoir's quality in this zone, [19] researched on the pro-
duction performance of Bach Ho field's granite-fractured base-
ment reservoir, [20] presented the procedure to generate chem-
ical system at pilot scale and trial industrial application for
miocene reservoirs in Bach Ho field. However, no studies have
mentioned core analysis for fractured basement rock. Thus, the
aim of this study is to perform provides a thorough approach
for J/V "Vietsovpetro" core investigation of fractured basement
rock. The results of this study have important influences for oil
and gas exploration and production as well as for enhancing the
dependability of core analysis results. The contents mentioned
here are drawn from the experience of analyzing core for more
than 35 years at Vietsovpetro combined with the requirements
for core data that are necessary for the exploration, log inter-
pretation, reserve assessment, building field development plan
and enhancing oil recovery for Bach Ho fractured basement
reservoir.

2. Study area

According to information from the Vietnam Energy As-
sociation, Bach Ho mine was discovered in 1975 and began
operating on September 6, 1988. This is the largest oil field
on the continental shelf of the Cuu Long basin, located in the
Southeast, 145km from the coast of Vung Tau, exploited by
Vietsovpetro. Vietsovpetro did not begin to develop the Bach
Ho "buried-hill" until the middle of the 1980s. Figure 1 dis-
plays the location map of study area. At Bach Ho, igneous and
metamorphic rocks that have not undergone significant alter-
ation make up the majority of the matrix found in between
hydrocarbon-filled fractures [18]. Basal andesite, poocfia
diaba, and crystalline magmatic granitoid from the Jura and
Cretaceous ages make up the basement.

The unusual nature of the oil pay zones in the fractured
basement is attributed to their remarkably high levels of het-
erogeneity, anisotropy, and permeability. Because of the im-
pact of the Cuu Long Basin's tectonic context, the research
region is regarded as a narrow sub-thought and a tertiary
structural unit of small scale [17]. Figure 2 shows basement
distribution in the Bach Ho region, Cuu Long Basin, Vietnam.

3. Methodology and data
3.1. Core analysis before cutting core plugs (using original
core set)
* Core description

Visually describe the state of the core sample, color, pre-
liminary petrographic characteristics, degree of fracturing,
fracturing characteristics, oil trace... in order to preliminari-
ly identify the rock type, porous-permeability characteristics
and oil sign of the collected core set.

* Fracture study

The fracture density, fracture azimuth, fracture strike
and fracture dip are determined along entire oriented North-
South core set using traditional method. Obtained results
are presented in the form of histograms of fracture density,
true azimuth, true strike and fracture dip, and that are used
to correct FMS, FMI data, build an overall picture of fracture
density and fracture development orientation for the whole
reservoir. These results are useful for designing the new wells,
building well trajectory, choosing perforation interval, select-
ing well completion techniques, etc. Therefore, it is necessary
to take oriented core instead of traditional core to study frac-
ture system for the fractured basement reservoir.

* Determination of probe permeability

Probe permeability is measured along entire core set us-
ing traditional method. Obtained results were used to build
the permeability profile by depth for quick assessment of pro-
ductivity of the coring depth interval.

* Determination of radioactivity

Total radioactivity and elemental spectrum radioactivity
are measured along entire core set using traditional method.
Obtained data will be used to correct the depth of log data
(depth shift) and to calibrate gamma log data.
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3.2. Core plug sampling approach for fractured basement
rock

The conventional core plug sampling approach applied

to homogeneous sedimentary rock is no longer suitable for
highly heterogeneous fractured basement rock because the
small diameter standard core plugs (®<1.5") usually contain
only microfractures and tight matrix (the rock part contain-
ing vug-macrofractures is often broken during cutting core
plugs). This is the reason why the core analysis results will
not accurately reflect the porous-permeability characteristics
of the rock. In order to overcome this weakness, it is proposed
to apply the new core plug sampling approach to best preserve
the vug-macrofractures present in the rock by increasing the
core plug diameter (®>2") and increasing the core plug sam-
pling frequency.

o Conventional core plug sampling approach (Figure
2): Standard diameter core plugs of ®<1.5” are cut-
ted at regular intervals along the entire core set at a
frequency of 3-4 plugs/1 m core.

o New core plug sampling approach (Figure 3): Full
size cores are sampled from the top to the bottom
of core set by cutting the entire core set into sepa-
rated cylinders, or cutting large diameter core plugs
(O>2") at a frequency of 10-15 plugs/1 m core.

3.3. Core analysis after cutting core plug (using core plug)
* Determination of gas permeability

Full size cores or large diameter core plugs are proposed
to use to determine vertical and horizontal permeability using
traditional method, except some adjustments to the corehold-
er of measuring equipment. Thanks to the application of new
core plug sampling approach, permeability for almost entire
core set will be determined. The core permeability is used to
correct the permeability interpreting results by log, FMS, FMI
and welltest. Permeability data by FMS, FMI and welltest is
used to design new well position, build well trajectory, choose
perforating interval, build dynamic model.

* Determination of porosity

Full size cores or large diameter core plugs are recom-
mended to use to determine porosity using traditional meth-
od. Thanks to the application of new new core sampling ap-
proach, porosity for almost entire core set will be determined.
The core porosity is used to correct the porosity interpreting
results by log. Porosity by log interpretation is used to locate
new well position, build well trajectory, choose perforation
interval, assess OOIP, build geological model.

* Determination of cut-off porosity

Cut-off porosity is an important value used in log interpre-
tation to determine reservoir effective porosity. Effective porosity
is used for assessing OOIP, building reservoir geological model.

For sedimentary rock: Porosity usually has a strictly linear
relationship with gas permeability, therefore, porosity cut-off
is determined based on relationship between gas permeability
and porosity (Kg-®) corresponds to gas permeability cut-off
(Kg*). Gas permeability cut-off is determined based on rela-
tionship between gas permeability and oil permeability when
oil permeability is zero.

For fractured basement rock: Porosity has a very discrete
relationship with gas permeability (core data shows correla-
tion Kg-® has very low regression coefficient: <0.3), therefore,
the determination of cut-off porosity by traditional method
for sandstone is no longer applicable. Instead, porosity cut-off
(®*) is recommended to be determined based on the correla-
tion between dynamic porosity (®dyn) and effective porosity
(Deff) when dynamic porosity equals to zero {®dyn=def-
£*(1-Sro-Srw)}. The philosophy of this solution is that oil and
water coexisted in the vug-fractures will be immobile when
dynamic porosity is zero, i.e., then there is only residual water
and residual oil in the pore space (Srw+Sro=1).

* Determination of grain density
Grain density for fractured basement rock is determined
by traditional method. Grain density is used to calculate the
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porosity and correct the porosity interpreting results by log
density.

* Determination of acoustic velocity

Full size cores or large diameter core plugs are proposed to
use for determining the rock acoustic velocity using tradition-
al method. Acoustic velocity is used to calculate the porosity
and correct the porosity interpreting results by log acoustic.

Noted that, the relationship between acoustic velocity and
porosity for fractured basement rock is very weak, acoustic
velocity for one core plug (one porosity value) can be quite
difference when measuring direction changed (due to the ef-
fect of fracture development orientations in the core). Thus,
caution should be taken when using porosity interpreting re-
sults by acoustic log for this type of rock.

* Determination of compressibility

Full size cores or large diameter core plugs are proposed to
use for determining compressibility using traditional method.
Rock compressibility is used for OOIP assessment by material
balance method, reservoir simulation, etc.

There are some contradictory opinions about skeletal ef-
fect for fractured basement reservoir. Specifically, effective
overburden pressure increased due to reservoir pressure re-
duction during reservoir production will only impact on the
skeletal frame of the reservoir and no impact on reservoir
pore space (this can be occurred in the whole reservoir or
only locally). Therefore, caution should be taken when using
the compressibility for OOIP assessment and reservoir sim-
ulation.

* Determination of capillary pressure curves

Full size cores or large diameter core plugs are proposed
to use for determining capillary pressure curves using tradi-
tional method. Obtained capillary pressure curves showed
the coexistence of microfractures and vug-macrofractures in
the fractured basement rock. Those were well reflected by the
presence of two parts of capillary pressure curve with different
slope angles (that controlled by different forces - capillary and
gravity: Capillary force impacts on fluids in microfractures
and gravity impacts on fluids in vug-macrofractures). Based
on this physical basis, the cut-off macrofractures aperture can
be determined using capillary pressure value corresponding
to the abrupt change point of slope angles on the capillary

pressure curves. Calculated result shows that the cut-off mac-
rofractures aperture for Bach Ho fractured basement rock is
approximately 60 pum.

* Determination of wettability

Full size cores or large diameter core plugs are proposed
to use for determining the rock wettability using Amott meth-
od. The contact angle measuring method is not recommended
because the fracture surfaces are often very rough due to the
presence of secondary minerals, this leads to potential error
for the measured contact angle.

The rock wettability has a decisive influence on the selec-
tion of fluid that employed for displacing oil in the secondary
and tertiary production processes, decision of injecting gas or
water depends on rock wettability (oilwet or waterwet).

* Determination of oil displacement efficiency

It is necessary to determine the capillary oil displacement
efficiency (imbibition displacement) and hydrodynamic oil
displacement efficiency (forced displacement). Hydrodynam-
ic oil displacement efficiency is determined by traditional
method including water flood and gas injection. Full size core
or large diameter core are suggested to use to increase the
study pore volume and to increase the number of fractures in
the core aiming to enhance the reliability of the experimental
results. Oil displacement efficiency is used to calculate recov-
erable oil reserves and build FDP.

* Determination of relative permeability

Full size core or large diameter core plug is suggested
to use for experimental study to determine relative perme-
ability. The relative permeability is used to build FDP and
run reservoir simulation, etc. There are two methods for
determining relative permeability: Steady-state flow and
unsteady-state flow. The steady-state method is proposed
to use to determine relative permeability for fractured base-
ment rock based on:

o The rock specific porous structure (dual porosity and
dual permeability).

o The physic of flows in fractured medium: Forced dis-
placement in fractures only, not significant in matrix,
only spontaneous mechanism is efficient for recover-
ing matrix oil: expansion, capillarity, gravity drain-
age and dispersion.
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o The nature of steady-state flow method: Several
phases (oil, gas, and water) are injected simultane-
ously into the core sample at different volume ratio.
At each volume scale: The effective permeability is
determined directly using differential pressure be-
tween the two core ends and the saturation of each
phase is determined directly for the entire core pore
volume using the material balance method. For frac-
tured basement rock: Simultaneous phases flow oc-
curs mainly in macrofractures and at the same time
occurs the mass transfer between fluid existed in the
macrofractures and microfractures owed the phases
flowing time in the core elongated. These factors
make an important contribution to ensuring the high
reliability of relative permeability determination re-
sults.

o The nature of unsteady-state flow method: Only one
phase (gas or water) is injected into the sample to
displace oil at a relatively high flow rate (high rate to
eliminate the influence of capillary end effect). The
effective permeability and its corresponding satura-
tion of each phase are determined indirectly only at
the core outlet end cross-section after the water/gas
breakthrough by graphic or computed techniques.
For fractured basement rock: Simultaneous phases
flow quickly occurs only in macrofractures that driv-
en by strong viscous force, no occurrence of mass
transfer between fluid existed in macrofractures and
microfractures, these cause large error to the deter-
mined results of effective permeability and satura-
tion of each phase on the core output cross-section.
Therefore, it is not to suggest to use this method to
determine relative permeability for fractured base-
ment rock.

* Determination of the secondary mineral compositions

The secondary mineral compositions and their contents
are determined by traditional methods. Obtained results are
useful for designing well completion and choosing workover
solutions.

* Determination of rock types

Rock types are determined by petrographic analysis using
thin section. Each basement rock type has specific mineral
compositions and contents. The mineral composition and
content significantly influence the logging results including
GR, RHOB, NPHI. Thus, rock type is an important input data
that used for interpreting log RHOB, NPHI to determine po-
rosity (using BASROCK software).

4. Results and discussion

4.1 Parameters that do need to additionally analyze

* Determination of initial residual water saturation in the res-
ervoir using preserved core

For sedimentary rock (granular porous rock):

Residual water saturations are determined in laboratory
by different techniques (restored state cells, centrifuging).
The cut-off value of residual water saturation is determined
by well-known laboratory correlation of gas permeability and
residual water saturation (Kg-Srw) based on gas permeability

cut-off value. This data is used in resistivity log interpretation
to determine net pay and oil saturation for OOIP assessment.

For fractured basement rock: It is impossible to determine
the residual water saturation cut-off value by method applied
for sedimentary rock as mentioned due to the weak correla-
tion between gas permeability with residual water saturation
(regression coeflicient is very low: < 0.3). For this reason, the
residual water saturation (initial oil saturation) used to assess
OOIP for the Bach Ho fractured basement reservoir was tak-
en assumedly.

The potential error reserve of the Bach Ho fractured base-
ment reservoir (calculated with the assumed residual water
saturation value of 0.15 similar to the residual water satura-
tion for oil reservoir in fractured carbonate rock according
to world experience) and the fact that formation water has
not been encountered in more than 35 years of production
has posed the necessary to determine the actual residual wa-
ter saturation for this reservoir in order to correct OOIP and
improve production efficiency.

Residual water saturation of the Bach Ho fractured base-
ment reservoir can be determined accurately in the laboratory
using preserved core that taken with an oil-based mud (the
sample should be taken at the moment before injecting water
into the reservoir). However, due to the lack of previous ex-
perience working with fractured basement reservoir, Vietsov-
petro did not carry out taking preserved core to determine
the initial residual water saturation for the Bach Ho fractured
basement reservoir.

* Trace element analysis

Determination of trace elements, rare earth elements
present in magma rock with extremely small concentrations
in ppm to determine the origin and geodynamic context
forming magma rock.

* Determination of radioisotope age

Determine the absolute age of the rock (radioisotopic age
U-Pb, Rb-Sr, Sm-Nd, K/Ar,..) and the source domain of the
rock-generated magma lava (using isotope ratios - IR).

4.2 Parameters that do not need to analyze.
* Determination of electrical properties (formation factor and
resistivity index)

For sedimentary rock, formation factor and resistivity in-
dex are used to calculate water saturation by Archie’s equation
Swn=(a*Rw)/(Om*Rt) based on the abnormallyhigh resistiv-
ity at oil zones and abnormally low resistivity at water zones.
Calculating water saturation for fractured basement rock ac-
cording to Archie's equation is no longer appropriate because
this rock has a very high resistivity, thus cannot distinguish
oil-bearing zones from the tight matrix zones by log resistiv-
ity. Thus, it is no need to study core electrical properties for
fractured basement rock.

* Determination of cation exchange capacity (CEC)

CEC is perceived as the ability of some rock minerals (clay
minerals) to exchange ions with the ions that existed in con-
tacted water. This data is useful for correcting cementation
factor (m) and saturation exponent (n) for sedimentary rock.
However, as mentioned above, values of m and n were not
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investigated for fractured basement rock, thus, no need to de-
termine CEC for this type of rock.

5. Conclusions

This study introduces a novel core plug sampling method
for fractured basement rock, aiming to enhance the reliabil-
ity of core analysis results by better preserving vug-macrof-
ractures in large diameter core plugs and full-size cores. The
Amott method is advocated for determining wettability, while
the steady-state method is recommended for ascertaining rel-
ative permeability for fractured basement rock. The type of
rock is identified as a crucial input for log interpretation to
determine porosity. When utilizing rock compressibility for
fractured basement reservoirs, it is imperative to consider the
skeletal effect. The study finds it unnecessary to determine the
formation factor, resistivity index, or cation exchange capaci-
ty for fractured basement rock. Lastly, the study underscores

the necessity of using preserved core taken with oil-based
mud to determine the initial residual water saturation. This
is a critical step for correcting Original Oil In Place (OOIP)
for fractured basement reservoirs. These findings provide
valuable insights and recommendations for future research
and practices in the field of core analysis for fractured base-
ment rock. This study contributes significantly to the body of
knowledge and has potential implications for oil and gas ex-
ploration and production.

Acknowledgements

Thanks to the anonymous reviewers and editorial com-
ments for their invaluable comments in the earlier version,
which helped us to improve the manuscript's quality.

Conflicts of Interest
The authors declare no conflict of interest.

114

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society



Literatura - References

1.

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.

20.

Neff, P. The Habban Field and the fractured basement play in Yemen. in AAPG International Conference and Exhibition,
Istanbul, Turkey. 2014.

Bawazer, W, A. Lashin, and M.M. Kinawy, Characterization of a fractured basement reservoir using high-resolution 3D seis-
mic and logging datasets: A case study of the Sabatayn Basin, Yemen. PloS One, 2018. 13(10): p. €0206079.

Gutmanis, J., et al., Hydrocarbon Production from Fractured Basements Formations. Geoscience Limited, 40 pp. 2010.

Rodriguez, K., N. Hodgson, and A. Intawong. Fractured basement initial identification methodology. in 80th EAGE Confer-
ence and Exhibition 2018. 2018. European Association of Geoscientists & Engineers.

El Sharawy, M., Fractured basement reservoir identification using geophysical well log data, Gulf of Suez, Egypt. Pelagia Re-
search. Adv Appl Sci Res, 2015. 6(8): p. 17-35.

Abd El Rahman, A. and A. Lashin, Evaluation of the basement reservoir rocks in some selected wells in north Gulf of Suez
and south Sinai. Annals of Geological Survey of Egypt, 2004. 27: p. 459-477.

Neff, P. Integrated 3D Modelling of an Unconventional Fractured Basement Reservoir. in EAGE/SPE Joint Workshop-Closing
the Loop: Reservoir Simulation and Geophysical Measurements. 2011. European Association of Geoscientists & Engineers.

Al-Saddique, M., G. Hamada, and M.N. Al-Awad, State of the art: Review of coring and core analysis technology. Journal of
King Saud University-Engineering Sciences, 2000. 12(1): p. 117-137.

Burger, J., et al., Overview on hydrate coring, handling and analysis. 2003, Westport Technology Center.

Schultheiss, P, M. Holland, and E Rack, Borehole pressure coring techniques and core analysis at in situ pressure. Investiga-
tions in Geophysics, Society of Exploration Geophysicists, 2010.

McPhee, C., J. Reed, and I. Zubizarreta, Best practice in coring and core analysis, in Developments in petroleum science. 2015,
Elsevier. p. 1-15.

Ubani, C., Y. Adeboye, and A. Oriji, ADVANCES IN CORING AND CORE ANALYSIS FOR RESERVOIR FORMATION
EVALUATION. Petroleum & Coal, 2012. 54(1).

Ashena, R. and G. Thonhauser, Coring methods and systems. 2018: Springer.

Schultheiss, P, et al. Advances in wireline pressure coring, core handling, and core analysis related to gas hydrate drilling inves-
tigations. in Proceedings of the 9th International Conference on Gas Hydrates (ICGH 2017). 2017.

Badawy, A.M., et al., Coring and Core Analysis. Rock Properties and Reservoir Engineering: A Practical View, 2022: p. 9-15.

Riskha, H., et al., Characterization of Basement FRACTURE reservoir in FIELD ‘X’ South Sumatera Basin, based on the anal-
ysis of core and Fmi log. Journal of Geoscience, Engineering, Environment, and Technology, 2017. 2(2): p. 155-165.

Nguyen, H.M,, et al., Application of seismic attribute analysis in Lower Miocene reservoir characterization, northeast Bach Ho
field, Vietnam. Journal of Mining and Earth Sciences Vol, 2021. 62(6): p. 14-22.

Cuong, T.X. and J. Warren, Bach ho field, a fractured granitic basement reservoir, Cuu Long Basin, offshore SE Vietnam: A
“buried-hill” play. Journal of Petroleum Geology, 2009. 32(2): p. 129-156.

Thuc., P.D., Enhanced oil recovery solutions and technologies for final phase of granite basement reservoir of Bach
ho field Chapter 1: Granite fractured basement reservoir of Bach Ho field and production performance. Petroviet-
nam Journal, 2018. 2: p. 22-28.

Hoang, L., et al., Perfecting the technology to manufacture a chemical system to improve oil recovery coeflicient on
a pilot scale applying industrial testing to representative objects of Miocene sediments in Bach Ho field, Cuu Long
basin = Technology improvement to create eor chemical system at pilot scale and trial industrial application for
Miocene reservoirs in Bach Ho field, Cuu Long basin. 2022.(in Vietnames)

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society

115



Doswiadczenie w analizie rdzeniowej spekanej skaty podtoza w J/V “Vietsovpetro” w Wietnamie
W pracy przedstawiono kompleksowg metodologie analizy rdzeniowej spekanej skaly podtoza w J/V “Vietsovpetro”. Proces rozpoczyna
sig od szczegotowego wizualnego opisu probki rdzenia, po ktorym nastgpuje badanie peknie¢ w celu okreslenia gestosci, azymutu, ude-
rzenia i zanurzenia. Przepuszczalnos¢ sondy i radioaktywnos¢ mierzy sie tradycyjnymi metodami. Stwierdzono, ze konwencjonalna
metoda pobierania probek zatyczek rdzeniowych jest nieodpowiednia w przypadku bardzo niejednorodnych spekanych skat piwnicznych.
Zaproponowano nowe podejscie do pobierania prébek czopu rdzenia, ktdre polega na zwigkszeniu Srednicy czopu rdzenia i czestotliwosci
prébkowania w celu lepszego zachowania makropeknied typu vug. Analiza korka rdzeniowego po cieciu obejmuje okreslenie przepusz-
czalnosci gazu, porowatosci, porowatosci odcigcia, gestosci ziaren, predkosci akustycznej, Scisliwosci, krzywych cisnienia kapilarnego
i zwilzalnosci. W pracy wskazano takze na potrzebe przeprowadzenia dodatkowej analizy poczgtkowego nasycenia resztkowego wodg
zbiornika z wykorzystaniem konserwowanego rdzenia, analizy pierwiastkow sladowych oraz okreslenia wieku radioizotopowego. Nie-
ktére parametry, takie jak wlasciwosci elektryczne i zdolnos¢ wymiany kationdw, uwaza sig za niepotrzebne w przypadku spekanej skaty
piwnicznej. Wyniki tego badania majg kluczowe znaczenie dla poprawy wiarygodnosci wynikéw analiz podstawowych i majg znaczgce
implikacje dla poszukiwan i wydobycia ropy i gazu.

Stowa kluczowe: analiza rdzenia, spekane podtoze, Bach Ho
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Abstrakt
W ponizszym artykule przedstawiono i opisano urzgdzenie zaprojektowane w celu zapobiegania niekontrolowanemu naptywowi i
wyplywowi gazu z warstwa odwiertu podczas operacji naprawczych (serwisowych) przy uzyciu sprzetu wiertniczego do mechanicznego
wydobycia ropy naftowej przy uzyciu pretowej pompy wiertniczej.
W artykule opisano aktualnosé zastosowania urzgdzenia i zasade jego uzycia podczas wymiany pompy wglebnej wtyczkowe;.
Opisano budowe, charakterystyke i zasade dzialania urzgdzenia.

Stowa kluczowe: szyb naftowy, prace serwisowe, specjalne urzgdzenia, wiertnictwo

Wprowadzenie

Ze wzgledu na korzysci ekonomiczne i stabilng produk-
cje, wiekszoé¢ odwiertéw naftowych w $§wiatowej praktyce
jest wydobywana przy zastosowaniu pretowych wiertniczych
pomp z pretem wsuwanym. Metoda ta wykazala, ze jest wiary-
godna, ekonomiczna, autonomiczna, latwa w wykorzystaniu
i obstudze. Prostota konstrukeji urzagdzen powierzchniowych
i wglebnych umozliwia produkcje szerokiej gamy rozmiaréw
i konfiguracji urzadzen dla réznych warunkéw wglebnych
i powierzchniowych. Konstrukcja urzadzenia umozliwia ada-
ptacje procesu wydobycia do warunkéw eksploatacji przez
regulacje dilugosci skoku tloka, czestotliwoéé skokéw oraz
zmiane $rednicy pompy. Podczas eksploatacji sprzet wymaga
systematycznej konserwacji i kontroli. Umozliwi to zapobiec
usterkom i awariom sprzetu, a takze przestojom w produkcji
weglowodorow.

W celu przeprowadzenia obslugi technicznej i wymiany
sprzetu wiertniczego, zostaje wyciagniety z odwiertu . Proces ten
jest niebezpieczny i niesie wiele zagrozen. W celu bezpiecznego
wykonania prac podczas wymiany sprzetu wiertniczego (pompy
wglebne), odwiert zostaje zamkniety (wypelniony wazona plucz-
ka). Jednak podczas podnoszenia pomp wglebnych z odwiertu
moze dojé¢ do niekontrolowanego wycieku gazu z warstwa, co
prowadzi do awaryjnego wysadzenia odwiertu z powodu szyb-
kiego spadku ci$nienia w warstwie produkcyjnej. Zjawisko to jest
niebezpieczne dla srodowiska, ma negatywny wptyw na dalsza
eksploatacje odwiertu, a jego likwidacja wymaga znacznych na-
kladéw finansowych i czasu (Rys. 1).

W zwigzku z tymi faktami zdecydowano si¢ opracowa¢
urzadzenie, ktore zapewni bezproblemowy proces wymiany

pomp wglebnych wtyczkowych do produkeji ropy naftowej
bez zabijania odwiertu.

Analiza procesu wymiany ukladu z zastosowaniem tloko-
wej zerdziowej pompy wglebnej w przypadku mozliwosci
wystapienia wysokiego zagrozenia wyplywu gazu

Podczas eksploatacji odwiertu z zastosowaniem tlokowej
zerdziowej pompy wglebnej pewne wskazniki ulegaja zmia-
nie, co wskazuje na potrzebe naprawy sprzetu do odwiertow
naftowych. Brak zasilania, nagrzewanie si¢ polerowanego
preta i dym wydobywajacy si¢ z tréjnika wskazuja, ze pom-
pa przestala pompowa¢é produkty z odwiertu. Gaz, ktory jest
uwalniany z wind olejowych przemieszcza sie do glowicy
obudowy wzdtuz rur wydobywczych, a plyn chtodzacy urza-
dzenia na gltowicy odwiertu zostaje podgrzewany przez sity
tarcia i nie spetnia funkcji chlodzenia. W takim przypadku
konieczna jest naprawa pompy lub jej wymiany [1].

Naprawa odwiertow eksploatowanych za pomoca systemu
tlokowej zerdziowej pompy wglebnej polega na podnoszeniu
oraz opuszczaniu rur wydobywczych, eliminowaniu peknie¢,
odkrecaniu rur, sprawdzaniu i wymianie zawordw, wymianie
pomp, zniszczonego ttoka, ktéry utknal w cylindrze pompy
[2]. Rowniez potrzebe przeprowadzenia naprawy mozna zi-
dentyfikowa¢ na podstawie wynikéw dynamogramu lub pod-
czas pomiaru predkosci wynoszenia cieczy z dna odwiertu.
Na podstawie powyzszych czynnikéw podejmowana jest de-
cyzja o przeprowadzeniu prac remontowych na danym zlozu.

Przed przystapieniem do naprawy odwiertu, maszyna co-
fajaca jest czesciowo zdemontowana, jednostka podnoszaca
jest montowana, a odwiert jest wypelniony ptynem w celu za-
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Rys. 1. Erupcja ptynow ztozowych [6]

Fig. 1. Eruption of reservoir fluids [6]

blokowania odwiertu, ktéra zalezy od ci$nienia i wydajnosci
odwiertu.

Podczas zamykania odwiertu przewdd rurowy jest testo-
wany pod katem nieprzepuszczalnosci. Jesli przewod rurowy
jest zamkniety nalezy podnie$ pompe wtykowa na pretach
i wymien ja. Je$li przewdd rurowy nie jest zamkniety, nalezy
najpierw podnie$¢ pompe na pretach, a nastepnie wykona¢
pelne podniesienie przewodu rurowego za pomocg wsporni-
ka blokady pompy. W przypadku wykrycia usterek w pompie
nalezy ja wymieni¢ na nowa. Przewod rurowy jest napelniony
woda w celu sprawdzenia szczelnosci pompy i prawidlowego
oznaczenia przeszkody oraz obrdcenia jej z gniazda wsporni-
ka zamka. W tym przypadku woda z rur jest wysytana w dét,
zmywajac brud i czgsteczki piasku z powierzchni pretéw i we-
wnetrznej powierzchni rur, po czym pompa jest ponownie in-
stalowana na miejscu, a rury sg napelniane woda. Nastepnie
instalowane wyposazenie glowicy odwiertu i uruchamiony
jest podnoénik pompy [2].

Gléwne zagrozenia wynikajace z wymiany pomp podczas
naprawy odwiertow

Odwierty s3 uwazane za odwierty niebezpieczne, w kto-
rych mozliwe jest nagte uwolnienie plynéw warstwowych
(woda warstwowa, ropa naftowa, gaz, kondensat gazu), co
moze prowadzi¢ do pozaréw, zniszczenia wind, wypadkow
obstugi i negatywnego wplywu na srodowisko.

Najwazniejszg czescig odwiertu jako konstrukgji inzynie-
ryjnej jest glowica odwiertu, ktéra jest polaczona ze standar-
dowym wyposazeniem zgodnie z zatwierdzonymi schematami,
w zaleznosci od ztozonosci projektu odwiertu. Podstawg pra-
widlowej pracy odwiertu jest wykwalifikowana i profesjonalna
praca zespotu ludzkiego przy glowicy odwiertu [3].

W przypadku niekontrolowanego wyplywu ci$nienia for-
macji ropy lub gazu z odwiertu w wyniku braku lub utra-
ty szczelnoéci urzadzen zapobiegajacych wybuchowi lub ich
uszkodzenia, mozliwe jest powstanie (otwartej) fontanny
ropy naftowej i gazu (Rys. 1).

Otwarte fontanny swoim rozwojem wykraczajg poza te-
ren jednego obiektu (odwiertu) w strefie ochrony sanitarnej.
W otwartych fontannach mozliwy wplyw czynnikéw szkodli-
wych (plyn w warstwie formacji) na $rodowisko. Wycieki wy-
stepuja w wyniku niekontrolowanego (awaryjnego) wyplywu
z odwiertu, pekniecia rurociggéw naftowych na znacznym
obszarze, tworzac obszar skazenia.

Eksploatacja gazu i ropy naftowej jest uwazana za najbar-
dziej niebezpieczne miejsca w ktérych moze doj$¢ do awarii
w odwiertach, w ktdérych to przeprowadzane sg biezace na-
prawy i remonty. W zwigzku z powyzszym jeéli nie zosta-
ng podjete $rodki zapobiegawcze w celu ich wyeliminowa-
nia, eksploatacja gazu i ropy naftowej moze doprowadzi¢ do
otwartej fantanny, ktorej wystapienie jest niebezpieczne dla
$rodowiska poprzez niekontrolowane uwolnienie kondensatu
gazu, ropy naftowej i wody ztozowej do srodowiska. Elimina-
cja otwartych fontann, nawet na obecnym poziomie rozwoju
technologii, jest zlozonym i kosztownym procesem [4,5].

Gléwna przyczyna procesu intensywnej penetracji znacz-
nej iloéci gazu lub plynu ztozowego do odwiertu z jego poz-
niejszym podniesieniem do glowicy odwiertu i pojawieniem
si¢ depresji w ztozu, moze by¢:

o stale (podczas wiercenia, oczyszczania, operacji

geofizycznych i przestojow);

o okresowy (przy podnoszeniu, przekraczaniu predko-

$ci podnoszenia lub opuszczania, zjawisko ,ttoka”).

W przypadku braku depresji moze wystapi¢ proces pene-

tracji gazu lub plynu formujacego, ale jego charakter i in-

tensywno$¢ nie zalezg od dzialan obstugi. Gaz lub ciecze
wystepuja w nastepujacych warunkach:

o podczas plukania odwiertu i operacji awaryjnych,
gdy ci$nienie hydrostatyczne jest mniejsze niz ci$nie-
nie zlozowe;

o w trakcie pracy okreslonej w poprzednim akapicie,
po zatrzymaniu krazenia ptuczki w odwiercie;

o podczas operacji podnoszenia urzadzenia w od-
wiercie w wyniku drgan hydrodynamicznych;

o w wyniku dlugotrwalego braku obiegu wody w od-
wiercie w strefie nasyconej gazem;

. nagte zaburzenia rur odwiertu, rur wiertniczych, rur
do pompowania, a nastepnie zanik na dno odwiertu,
ktdre nie otrzymajg wody do ptukania z powodu za-
blokowania przestrzeni pierscieniowe;j.

Pojawienie si¢ gazu lub nowej porcji ropy naftowej z duza
iloécig gazu moze réwniez wystapi¢ przy wymianie pomp
zerdziowych, moze to prowadzi¢ do niebezpiecznej sytuacji,
ktéra z kolei moze nawet doprowadzi¢ do erupcji ropy naf-
towej. Przejaw tego zjawiska odbywa si¢ za pomoca przery-
wanej depresji na zloze. Wynika to ze zjawiska "ttoka", ktore
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Rys. 2. Schemat procesu wymiany pompy wpuszczanej, a) wydobywania ropy naftowej, b) podniesienie pompy, ¢) podnoszenie pomp na powierzchnie

Fig. 2. Schematic of the sump pump replacement process, a) oil extraction, b) pump lift, c) pump lift to the surface

ma miejsce, gdy pompa jest podnoszona z kolumny rury (Rys.
2). Kiedy pompa zaczyna si¢ podnosi¢ w odwiercie, objeto$é
pompy i rury wydobywcze, ktore zostaly zanurzone w pluczce
wiertniczej, sg zastepowane przez ptyn ztozowy ktory doply-
wa ze zloza do odwiertu w iloéci réwnej objetosci sprzetu,
ktora znajdowala sie ponizej poziomu dynamicznego plynu
w odwiercie i zaczyna podnosi¢ si¢ do gory, czyli w kierunku
gltowicy odwiertu. Proces ten jest bardzo nieprzewidywalny,
poniewaz do odwiertu moze trafi¢ duza ilo$¢ gazu ze zloza,
albo ropy naftowej, ktéra jest nasycona gazem rozpuszczo-
nym. Moze si¢ to zdarzy¢, gdy gesto$¢ plynu nie jest wystar-
czajaca by stworzy¢ odpowiedni nacisk na ztoze. Wiec ci-
$nienie hydrostatyczne bedzie mniejsze niz ci$nienie denne
dynamiczne, co doprowadzi do naglego i szybkiego wzrostu
poziomu plynu ztozowego w kolumnie rur wydobywczych ze
wzgledu na fakt, iz im wigcej gazu w cieczy, tym mniejsza jego
gesto$é, tym mniejsze ci$nienie hydrostatyczne jest mozliwe
do wytworzenia [7]

Sposoby i $rodki zapewniajace bezpieczna eksploatacje
procesu wymiany pomp pretowych z przyssawka
W celu zapewnienia bezpiecznej pracy przy naprawach
odwiertéw, na glowicy kolumny wydobywczej instalowany
jest sprzet zapobiegajacy wybuchom. Wyboru sprzetu zapo-
biegajacego wybuchowi dokonuje sie¢ w zaleznosci od rodza-
ju prac na odwiercie i ci$nienia w warstwie, charakterystyki
sekeji oraz biorac pod uwage mozliwo$¢ wykonania kolejnych
operacji technologicznych. Aby zapobiec przelaniu si¢ plynu
i wyciekowi gazu na gltowicy odwiertu podczas naprawy od-
wiertu, mozna zastosowaé nastepujace metody:
o zablokowanie odwiertu
o przy uzyciu warstw odcinajacych, ktore sg instalowa-
ne na dnie odwiertu
e  zmniejszenie ciSnienia porowego poprzez ograniczenie
wtrysku wody do sasiednich odwiertéw wtryskowych

Przygotowanie odwiertéw do naprawy, jak wspomniano
powyzej, obejmuje ich wyciszenie, czyli stworzenie warunkow
uniemozliwiajacych otwarte tryskanie i emisj¢ ropy naftowej
i gazu podczas demontazu wyposazenia glowicy odwiertu i pod-
noszenia sprzetu z odwiertu. Jest to metoda wyciszania odwier-

tow najczeéciej stosowana przy naprawie odwiertow eksploato-
wanych za pomoca pompy wglebna tlokowg zerdziowa [1].

Zakleszczenie odwiertu jest dozwolone, gdy plyn w od-
wiercie zostanie calkowicie lub czg¢$ciowo wymieniony z przy-
wréceniem obiegu lub bez niego. Jesli cz¢$ciowa wymiana
plynu z odwiertu naftowego nie jest dozwolona, kolumna
jest wypelniana plynem zakleszczajacym podczas pompo-
wania w celu absorpcji. Metoda zakleszczenia odwiertu jest
wybierana w zaleznosci od parametréw operacyjnych (wspot-
czynnik gazu, zawarto$¢ wody, odbidr, ci$nienie tloczenia, ci-
$nienie porowe) i metody jego dzialania. Specjalny sprzet do
zakleszczenia obejmuje jednostki pompujace lub myjace oraz
cysterny [1]. Zakleszczenie odwiertéw wyposazonych w sys-
tem pomp wglebna ttokowa zerdziows, jesli to konieczne,
odbywa si¢ w dwoch lub wigcej etapach. W przypadku nie-
wielkiego wyplywu ptynu odwiert pozostawia si¢ w spokoju
na czas wyparcia plynu przez ptyn zakleszczajacy i wykonuje
kolejny cykl zakleszczenia. Jeéli nie ma powrotu ze zbiornika,
to po wymianie objetoéci ptynu od ujscia do wejscia pompy,
odwiert jest zamkniety i czeka do momentu wymiany plynu
w pompie. W przypadku zakleszczania odwiertéw o wyso-
kim wspoélczynniku gazowym, duzym przedziale perforacji
i absorpcji ptynu zakleszczajacego w wysoce przepuszczal-
nych interwatach (zwrot ze zbiornika 200-300 m?*/dobe przy
ci$nieniu 10-12 MPa), objeto$¢ buforowa obszaru filtra jest
przewidziana do pompowania ptynu tlumionego lub ptynu
zlozonego. Bufor plynu jest pompowany do przedziatu per-
foracji, zatrzask glowicy odwiertu jest zamykany, a ptyn jest
wyciskany do formacji. Zawory sa zamykane na 20-30 minut
w celu wyréwnania cié$nienia. Jesli po otwarciu zawordéw nie
wystepuja objawy gazowe, transfuzje, wchtanianie zakleszczo-
nego plynu, rozpoczynajg si¢ prace naprawcze. Metoda ta jest
dos¢ efektywna, to znaczy zapewnia naprawe odwiertu bez
wydobycia gazu i ropy naftowej, ale jest niedoktadna, ponie-
waz trudno jest dobraé gesto$¢ plynu, ktora zapobiegnie cal-
kowitemu brakowi wydobycia gazu i ropy naftowej. Zajmuje
to rowniez duzo czasu i pieniedzy.

Podczas naprawy odwiertu wykorzystywany jest sprzet
zainstalowany u jego wylotu, ktory stuzy do eliminacji roz-
woju gazu i ropy naftowej oraz tryskania z odwiertu. Takim
sprzetem moze by¢:
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Rys. 3. Zawor zwrotny umieszczony w odwiercie oraz zasad pracy zaworu zwrotnego

Fig. 3. Check valve placed in the well and the working principles of the check valve

. prewenter;
o uszczelniacz;
e awaryjna plyta czolowa.

Po uzgodnieniu z serwisem, moze by¢ skierowany wnio-
sek do firmy prowadzacej prace naprawcze o zabezpieczenie
nieprzepuszczalnosci glowic odwiertéw takimi urzadzeniami
ktore beda zapewnia¢ warunki wyptywu bezpiecznej fontan-
ny i s3 wyprodukowane zgodnie z dokumentacja opracowana
techniczng i zatwierdzona przez autoryzowany serwis [8].

Prewentery sa zaprojektowane z mysla o nieprzepuszczal-
no$ci w obecnoéci lub braku rur w odwiercie.

Uszczelniacz jest przeznaczony do pokrywania przestrze-
ni rurowej kolumny rurowej, jeli jest mozliwos¢ wycieku. To
urzadzenie jest podlaczone do kolumny rurowej, ktéra jest
podnoszona z odwiertu w momencie rozpoczecia manifesta-
¢ji rozwoju gazu i ropy naftowej. W razie potrzeby kurek jest
przesuwany do pozycji zamknietej, co umozliwia uszczelnie-
nie przestrzeni rurki i nie pozwala na przedostanie si¢ plynu
pod ci$nieniem do otwartej przestrzeni [5].

Awaryjna plyta czolowa z zaworem (kranem) jest prze-
znaczona do nakladania si¢ na przestrzen rurowa obudowy
produkcyjnej w sytuacjach awaryjnych w procesie wymiany
pomp pretowych. Plyta czotowa jest przymocowana do ko-
lumny produkcyjnej i pofaczona ze sprzgtem glowicy odwier-
tu za pomoca sworzni i nakretek. Jego konstrukeja zapewnia
kontrole nad przestrzenia rury.

Zaletami takiego sprzetu sg prosta instalacja i obstuga.
Wady obejmuja fakt, ze podczas instalacji przestrzen rury jest
otwarty i istnieje mozliwos¢ przerostu produkeji gazu i ropy
naftowej do otwartej fantanny [6].

Dzisiaj istnieje réwniez jeszcze kilka rodzajow sprzetu,
ktory stuzy do zapobiegania otwartemu tryskaniu ropy i jest
umieszczany bezposrednio w odwiercie: korki, zawory steru-
jace, zawory glebokosci powrotu.

Tak wigc w omawianych powyzej urzadzeniach nie ma
gwarantowanej mozliwoéci kontrolowanego zamkniecia od-
wiertu, a takze odzyskania produkcji z odwiertu bez jego
pézniejszego zagospodarowania. W zwigzku z tym istnieje
potrzeba stworzenia urzadzenia, ktdre pozwoli na nalozenie
sie sznura rur, a nastgpnie wznowienie pracy odwiertu bez

uzycia skomplikowanego sprz¢tu pomocniczego i rozwijania
odwiertu.

Koncepcja specjalnego urzadzenia wspomagajacego prace
serwisowe w szybie naftowym podczas wymiany Zerdziowej
pompy wglebnej

Poniewaz istniejacy sprzet umozliwia czesciowa kontrole
procesu naprawy, a istniejace metody nie zapewniajg bezpie-
czenistwa podczas naprawy odwiertu w zwiazku z tym pojawi-
fo si¢ pytanie o stworzenie sprzetu, ktdry stworzy bezpieczne
warunki do przeprowadzania prac naprawczych w odwiercie,
a mianowicie podczas wymiany systemu pompy wglebnej tlo-
kowej zerdziowej w warunkach wysokiego wspdlczynnika
zagrozenia wyplywu gazu.

Majac na uwadze powyzsze opracowano koncepcje zawo-
ru zwrotnego pozwalajacego na bezpieczne prace serwisowe.

Przedmiotowy zawor zwrotny (rys.3) jest przeznaczony
do ostaniania przestrzeni rurowej pompy i sprezarki pod-
czas wymiany pompy wglebnej. Jednoczes$nie objetos¢ plynu
w odwiercie zostaje zachowana, w zwiazku z tym niemozli-
we staje si¢ pobranie nowej porcji ropy naftowej lub gazu ze
zbiornika. Poniewaz nie ma ropy naftowej nasyconej gazem
lub gazu pochodzacego ze zbiornika, gestos¢ ropy naftowej
na dnie nie zmniejsza si¢, a prawdopodobienstwo wypadkow
zwigzanych z wydobyciem gazu i ropy naftowej jest wyelimi-
nowane. Urzadzenie pozwala roéwniez na naprawe i wymiane
pomp bez zakleszczania odwiertu, co zmniejsza czas i pienia-
dze poswiecane na ten proces.

Zawor zwrotny sklada sie z cylindrycznego ptywaka 9
z tworzywa sztucznego, wykonanego w formie "odwrdconej
gory", umieszczonego w $rodku cylindrycznego korpusu 10.
Obudowa 10 jest polaczona z adapterem 4, na ktérym wy-
konany jest koniec wsporczy 5, a adapter jest polaczony
z tacznikiem przejSciowym 3, ktory jest potaczony z rurg 1.
W obudowie 10 zainstalowana jest sprezyna 11, ktéra opiera
si¢ jednym koncem na pltywaku 9, a drugim na pokrywie 12
i jest polaczona z obudowa za pomoca gwintu.

Podczas instalacji pompy 2 w odwiercie, filtr 6, ktory znaj-
duje si¢ pod pompami, przesuwa plywak w dot, jednoczesnie
$ciskajac sprezyne 11. W takim przypadku powierzchnie no-
$ne powierzchni czolowej 5 i plywaka 8 sg otwarte, a plyn ze
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Rys. 4. Schemat wskazujacy punkty do symulacji komputerowych: 1 - korpus, 2 - ptywak, 3 — pokrywa obudowy

Fig. 4. Diagram indicating points for computer simulations: 1 - body, 2 - float, 3 - housing cover

Rys. 5. Zastosowanie warunkow brzegowych do badanego modelu

Fig. 5. Application of boundary conditions to the model under study

zbiornika przeptywa przez otwory 7 korpusu urzadzenia 10 do
filtra pompy 6, a nastepnie do pompy 2. Podczas naprawy pom-
pa z filtrem unosi si¢ na powierzchnie, umozliwiajac sprezynie
przesuniecie ptywaka w gére do styku korica no$nego plywaka
8 z konicem noé$nym 5 adaptera 4. W takim przypadku prze-
strzen rury kolumny rurowej jest zablokowana.

Szczegdlng cechy zaworu zwrotnego jest to, ze obudo-
wa jest zamontowana nie na kolumnie rurki 10, ale na zla-
czu przejsciowym 3. To umozliwia przymocowanie innych
potrzebnych elementéw do przewodu rurowego, takich jak
trzon, kotwica gazowa (dobierana w zalezno$ci od warunkow
produkgji dla kazdego odwiertu indywidualnie). Sprezyna 11,
ktdra znajduje sie wewnatrz obudowy 10, pomaga ptywakowi
poruszaé si¢ w gore, pomimo obecnoéci czgstek mechanicz-
nych, ktore mogtyby zaktocaé jego ruch i blokowaé przestrzen
rury kolumny rurowe;j.

Taka konstrukcja zaworéw zwrotnych pozwala nie zmie-
nia¢ ukltadu elementéw w odwiertach podczas ich uzytkowania.

Zalety zawordw zwrotnych sg wiec nastepujace:

o mozliwo$¢ wymiany pompy bez zatykania odwiertu
(skraca czas naprawy i obniza jej koszty);

o zachodzenie na siebie dolnej czesci kolumny rur (za-
pobiega przedostawaniu si¢ plynu ze zbiornika do
odwiertu i tworzeniu sytuacji awaryjnej, ktéra moze
prowadzi¢ do otwartego tryskania).

Badanie funkcjonalnosci elementéw konstrukcji zaworow
zwrotnych z wykorzystaniem modelowania symulacyjnego [9]

Aby zbada¢ model 3D, nalezy najpierw rozwazy¢ warun-
ki pracy i materialy uzyte do jego konstrukcji. Model moze
pracowaé w temperaturze do 120°C przy ci$nieniu 15 MPa.
Wszystkie materialy zastosowane w modelu wykonane sg
ze stali 40 (chrom, nikiel), z wyjatkiem plywaka, ktory jest
wykonany z poliamidu 610. Po przeanalizowaniu schematu
sprezynowego zaworu gleboko$ci (Rys. 3), stwierdzono, ze

w powyzszych warunkach pracy wskazane jest zbadanie sta-
nu naprezenia i odksztalcenia nastepujacych czesci: plywaka,
obudowy i pokrywy obudowy.

Jednak w projekcie modelu wystepuje sprezyna, ktora jest
zastepowana odpowiednig reakcja podczas symulacji. W tym
celu nalezy uzy¢ specjalnej funkcji programu "zlacze-sprezy-
na" o wymaganej charakterystyce (normalna sztywno$¢ i na-
piecie wstepne).

Poniewaz model w warunkach roboczych bedzie dzia-
fal jako temperatura czynnika roboczego, ci$nienie i sita od
dzialania sprezyny, te warunki brzegowe zostang zastosowane
jednocze$nie (Rys. 5).

Tak wigc, zgodnie z Rys. 6, maksymalna warto$¢ naprezen
wystepujacych w badanym modelu pod wplywem sity sprezy-
ny, ci$nienia i temperatury wynosi 106 MPa. Poniewaz gra-
nica plastycznoéci cze$ci metalowych wykonanych ze stali 40
(chrom, nikiel) wynosi 245 MPa, wspolczynnik bezpieczen-
stwa jest rowny 246/106=2,32. Przy tej wartosci wytrzymato$¢é
konstrukcji jest zapewniona.

Maksymalny ruch jest obserwowany w ptywaku i wynosi
0,3 mm. Ze wzgledu na wielko$¢ szczeliny pozostajacej mie-
dzy korpusem a plywakiem, niemozliwe jest zablokowanie
tego ostatniego.

Warto$¢ cisnienia kontaktowego miedzy stykajacymi sie
powierzchniami plywaka i obudowy (Rys. 7) wynosi 117 MPa,
co jest wystarczajace do zapewnienia nieprzepuszczalnosci.

Podsumowanie

Wymiana osadzonych pomp zerdziowych w systemach
pomp wglebnych ttokowych zerdziowych jest procesem nie-
bezpiecznym ze wzgledu na zjawisko "pompowanie tlokowe",
ktdére wystepuje w momencie podnoszenia pompy, niekontro-
lowany wyplyw plynu ze zbiornika, a takze niekontrolowane
uwalnianie gazu z odwiertu. Moze to prowadzi¢ do wypad-
kow (otwarta fontanna ).
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Rys. 6. Rozklad naprezen réwnowaznych

Fig. 6. Equivalent stress distribution
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Rys. 7. Rozklad nacisku kontaktowego

Fig. 7. Distribution of contact pressure

Analiza istniejacych metod narzedzi zapewniajacych bez-
problemowa wymiane pompy wglebnych wykazala, ze sa one
do$¢ niedokladne i wymagaja dlugiego czasu na dostosowa-
nie parametrow, a takze zawieraja "czynnik ludzki". Na tej
podstawie opracowano projekt zaworu odwiertu powrotnego
w oparciu o dane z odwiertu "Dolina naftogazu". Opracowana
konstrukcja urzadzenia umozliwia zapewnienie bezpiecznego

$rodowiska podczas wymiany pomp zerdiowych w systemie
pomp wgtebnych tlokowych zerdziowych.

Za pomoca modelowania symulacyjnego zbadano ele-
menty zaworu zwrotnego i potwierdzono ich dzialanie
w okreslonych warunkach pracy, co zapewni skuteczno$é
dzialania.
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Concept of a Special Device to Support Maintenance Work in an Oil Well during Replacement of
a Rod Pit Pump

The following article introduces and describes a device designed to prevent uncontrolled inflow and outflow of gas from the wellbore layer
during repair (service) operations with drilling equipment for mechanical oil recovery using a rod-style drilling pump.

The article describes the actuality of the application of the device and the principle of its use during the replacement of the plug plunge
pump. The construction, characteristics and principle of operation of the device are described.

Keywords: oil well, service work, special equipment, drilling

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society 123



124 Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society



Increasing the Efficiency of Froth Flotation to
Maximize Production of Coking Coal Concentrates
in the Aspect of Sustainable Management of Natural
Resources

Daniel KOWOLY, Piotr MATUSIAK?, Sebastian JENDRYSIK?,
Agata CZARDYBON?Y, Karina IGNASIAK®, Joanna BIGDA®

) KOMAG Institute of Mining Technology, 44-100 Gliwice, Poland; ORCID 0000-0001-5547-376X
2 KOMAG Institute of Mining Technology, 44-100 Gliwice, Poland; ORCID 0000-0002-9393-4309
% KOMAG Institute of Mining Technology, 44-100 Gliwice, Poland; ORCID 0000-0002-6266-3411
Y Institute of Energy and Fuel Processing Technology, 41-803 Zabrze, Poland; ORCID 0000-0002-6115-0075
% Institute of Energy and Fuel Processing Technology, 41-803 Zabrze, Poland; ORCID 0000-0001-9201-9937
¢ Institute of Energy and Fuel Processing Technology, 41-803 Zabrze, Poland; ORCID 0000-0001-7083-5677

http://doi.org/10.29227/IM-2024-01-101
Submission date: 06-05-2024 | Review date: 11-06-2024

Abstract
Coking coal, due to its limited availability and the role and importance of steel as a raw material, essential in almost all industries,
has been on the list of critical raw materials in the EU for many years. The article presents the results of laboratory tests of impact of
the selected factors (feed parameters, process parameters, reagents) on the effectiveness of flotation, which is a commonly used method
for beneficiation of fine coking coal grains. The large number of variables and significant differences in results clearly indicate the
need for more detailed tests before each new application of flotation beneficiation technology. Selection of parameters that guarantee
maximization of production from the point of view of rational and sustainable management of resources while minimizing the negative

impact of the effects of this process on the environment should be the result of these tests.

Keywords: mineral resources, coking coal, froth flotation, efficiency of the process

1. Introduction

Coking coal, a critical raw material on the EU list [1], plays
a key role in production of steel, one of the key materials used
in construction and manufacture of machines, ships, cars and
everyday items. Despite the technologies being developed to
replace coke with green hydrogen, it is estimated that develo-
ping such a technology on a mass scale may still take several
dozen years [2,3]. Difficulty in replacing the coking coal and
its limited resources force the use of technological and design
solutions that enable maximizing the production of high-qu-
ality concentrates while minimizing coal losses in waste.

In turn, steam coal, despite the ongoing decarbonization,
resulting in a decline in its production and industrial use, will
still continue to be a component of the energy mix in the co-
ming years.

The production of hard coal with high quality parame-
ters requires continuous improvement of the beneficiation
technology and designs of the machines and devices used.
The beneficiation process, depending on the grain size of the
material (feed), is carried out in specialized machines and de-
vices, including heavy media baths, dense medium cyclones,
pulsating water jigs [4,5,6,7,8,9,10,11,12].

Very fine hard coal grains with a grain size below 0.5 mm
are most often enriched by froth flotation [13,14,15,16,17].

Flotation can be used both for coking coal and steam coal,
but in the case of the first one, much higher efficiency of the
process is achieved.

Flotation is a physicochemical process based on the use of
differences in the surface properties of useful mineral grains

and waste rock, and above all, differences in hydrophobici-
ty. In the case of hard coal, organic (coal) grains with hydro-
phobic surfaces are subject to flotation, while waste rock gra-
ins with hydrophilic surfaces, of high surface energy, do not
float [18, 19,20,21].

The process of flotation of coal sludge generally is carried
out in flotation machines, the so-called floaters.

A very important condition for an effective flotation
separation process is the proper grain composition of the
feed. The pioneer work on the relationship between partic-
le size and flotation recovery was carried out by Gaudin et
al. [22,23] Fig. 1 shows the dependence of flotation recove-
ry on the grain size for a variety of raw mineral, including
coal.

Although the coal flotation process is usually used for
grains <0.5 mm, there are also reports in the literature of suc-
cessful enrichment of grains coarser than <1 mm [24]. On the
other hand, it was found in [25] that the maximum grain size
that can be highly flotable is 0.589 mm.

A number of flotation kinetic models, which investiga-
ted the effect of particle size on the flotation process, can be
found in the literature. Analysis of the available information
showed that, despite significant differences in the grain size
ranges, expected for maximum carbon recovery, the extreme
grain sizes do not exceed 0.5 mm (maximum) and 0.074 mm
(minimum) [22,26,27,28,29,30].

Increasing share of the finest grains <0.045 mm, with low
floatability, in the flotation feed (grain class 0.5-0 mm) is an
equally important problem that negatively affects the efficien-
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Fig. 1. Flotation recovery depending on the grain size for a variety of raw mineral [22,23]

Rys. 1. Odzysk flotacji w zaleznosci od wielkosci ziaren dla réznych surowcéw mineralnych [22,23]

Fig. 2. 1Z12K flotation machine [own elaboration]

Rys. 2. Maszyna flotacyjna IZ12K [opracowanie wiasne]

cy of the flotation process despite the possibility of flotation
beneficiation of these grains. [31,32].

As a result of the most commonly used method of coal
mining — longwall shearer technology - significant amount
of very fine grains is formed, including grains <0.5 mm [33].

Such conditions justify research and development work
aimed at increasing the efficiency of the flotation process
in terms of both product quality parameters and process
costs.

The article presents the test results on the efficiency of the
flotation process for various ranges of grain size and different
shares of each grain class in the feed.

2. Industrial flotation machines

The process of flotation of coal mud in a mass manner is
carried out in flotation machines.

Flotation machines are most often classified according to
the method of aerating the suspension [34,35]. Based on this
criterion, three basic types of machines can be distinguished:
mechanical flotation machines, in which the aeration and
dispersion unit consisting of a rotor and a stator sucks in and
agitates the flotation suspension and disperses the air sucked
from the atmosphere, pneumo-mechanical flotation machi-
nes, in which the aeration and dispersion unit consisting of a
rotor and a stator agitates the flotation suspension and disper-
ses air supplied from the outside under pressure, pneumatic
floating machines, in which there is no rotor, and special de-
vices called aerators are used for air dispersion in the suspen-
sion. Compressed air is supplied from the outside or is sucked
in from the atmosphere.

In addition, other types of flotation machines are known,
not playing a significant role in industry, such as vacuum, cyc-
lone, electro-flotation and combined machines.

Another division identifies five categories of flotation ma-
chines: mechanical agitation flotation machine, inflatable agi-

tation flotation machine, flotation column, impeller flotation
machine and rod flotation machine [36].

In the Polish processing plants, coal mud beneficiation by
flotation almost exclusively uses pneumo-mechanical machi-
nes type IZ.

The KOMAG Institute of Mining Technology has develo-
ped a modernized version of the most popular pneumo-me-
chanical flotation machine - IZ12K (Fig. 2)

It is a trough-type machine and has a modular structure.
It consists of three two-rotor units with two-sided intake of
flotation foam.

Two-rotor units, each with a capacity of 13 m?, are con-
nected in a complete flotation machine in cascade, with the
first level being one unit (two working compartments), and
the next two units, set lower with a difference in the bottom
levels of the working compartments of 400 mm, are connec-
ted with the previous one by an intermediate box. After the
last working compartment, this flotation machine is equipped
with a tailings container. Each section is equipped with two
rotors, a mechanical driving system, a compressed air collec-
tor and stator located around the rotor as well as a bottom
channel. The flotation machine is equipped with an automatic
adjustment of the level of dregs in the trough. The coal bene-
ficiation process takes place during the movement of dregs in
the machine bed [37].

3. Laboratory tests

Two series of tests were performed, in which the grain size
range in the feed and share of each grain class in the above-
-mentioned materials were different.

Testing the impact of coking coal feed size distribution on
the efficiency of the flotation process was carried out at the
KOMAG Institute of Mining Technology on a specialized la-
boratory stand using a chamber (cell) with a capacity of 1400
cm?® (Fig. 3).
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Fig. 3. Stand for testing the flotation process [32]

Rys. 3. Stanowisko laboratoryjne procesu flotacji [32]

Rys. 6. Rozklad naprezen réwnowaznych

Fig. 6. Equivalent stress distribution

: Feed 0.5-0 mm Feed 0.3-0 mm
Grain class, mm
Output, % Ash, % Output, % Ash, %
0.5-0.3 22.35 18.34
0.3-0.045 39.21 23.83 50.49 23.83
<0.045 38.46 34.58 49.52 34.58
Suma 100.00 26.74 100.00 29.16

3.1. Testing methodology

The chamber (cell) of the flotation machine was filled with
water from the water supply system (processing water). Then,
a weighed portion of the feed was poured into the flotation
chamber, a flotation reagent was added in a given dose, ap-
propriate for a given portion of the feed, and the resulting
mixture was conditioned for 30 seconds at the rotor speed of
600 rpm. Then the process air valve (output equal to 2 dm?/
min) supplied by the rotor was opened and the rotor speed
was increased to 1040 rpm. The level of dregs in the flotation
chamber was refill with water, so that it remained 1 cm be-
low the overflow threshold. The flotation process was stopped
after 180 s. The flotation products were filtered and dried at
ambient temperature, and then weighed and the ash content
was determined in accordance with PN-ISO 1171:2002.

To assess the flotation results, apart from the ash content
in the products, recovery of combustible substance in the flo-
tation concentrate (¢) was used, calculated according to the
following relationship:

100-4

77 00—« W

where:

a - ash content in the feed %,

y - concentrate output %,

\ — ash content in the concentrate %.

3.2. Test results
3.2.1. Test series No. 1

Two materials with a grain size of 0.5-0 mm and 0.3-0
mm were the object of tests. Tested materials were obtained,
through dimensional classification, from the feed for a pul-
sating fine coal jig in the grain class of 30-0 mm from the
selected coking coal mine.

The results of the granulometric analysis of the above-
-mentioned materials are given in the Table 1.

The tested material had a significant amount of the finest
grains >0.045 mm, which amounted to 38.46% in the case of

the 0.5-0 mm grain class and as much as 49.52% in the 0.3-0
mm grain class. Due to the high content of such grains, the
feed with so narrowed grain size range should be considered
as of very low floatability.

Two complex flotation agents, marked as R1 and R2, were
used in the tests. The tests were carried out at densities of 60,
80 and 100 g/1. Agent doses of 0.4; 0.8 and 1.2 kg/Mg of dry
material were used.

The test results, using the R1 agent, i.e. ash content in pro-
ducts and recovery of combustible substance are given in the
Table 2.

The analysis of the results showed a clear effect of the
flotation agent dose on the parameters of the products and
the efficiency of the flotation process, especially in the case of
feed of grain size 0.5-0mm. Impact of the dose of the flotation
agent on the results concerned all the analysed quantities, i.e.
products yield, their ash content and recovery of the combu-
stible substance in the concentrate. With increasing the dose
of the agent, the ash content in tailings increased from 77.45%
(0.4 kg/Mg of dry material) to 80.97% (0.8 kg/Mg). The reco-
very of the combustible substance also increased from 64.01%
(0.4 kg/Mg) to 68.51% (1.2 kg/Mg). At the same time, the ash
content in the concentrate increased from 8.36% (0.4 kg/Mg)
t0 10.31% (0.8 kg/Mg).

The tests did not show the impact of material density on
the efficiency of the flotation process (both feeds).

Despite lower ash content in the concentrate in testing
the feed of grain size 0.3-0 mm, it should be stated that more
favourable results and higher efficiency of the flotation pro-
cess were obtained in tests with feed in the 0.5-0 mm class.

In most cases, for the 0.5-0 mm class, higher ash content
in tailings was obtained. In tests, in which the ash content in
tailings of 0.3-0 mm class was higher, lower ash content in the
concentrate was obtained for the 0.5-0 mm class.

In all tests, the yield of combustible substance in the con-
centrate was higher in the tests with the feed of 0.5-0 mm.

A very important issue in terms of the effectiveness of the
flotation process are the costs related mainly to the cost of
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Tab. 2. Parameters of flotation with use of R1 agent [38]

Tab. 2. Zestawienie parametréw procesu flotacji z wykorzystaniem odczynnika R1 [38]

Feed 0.5-0 mm
Concentration, Amount of Concentrate, % Tailings, % Recovery, %

g/l agent, kg/Mg Yield, % Ash, % Yield, % Ash, %
0.4 77.23 9.15 23.77 77.45 64.01

60 0.8 78.52 9.81 21.48 80.61 65.28
1.2 80.36 10.12 19.64 77.56 68.51
0.4 75.39 8.36 24.61 75.97 61.71

80 0.8 79.56 9.81 20.44 79.62 66.97
1.2 79.38 10.01 20.62 79.78 66.69
0.4 77.86 9.16 22.14 76.77 65.02

100 0.8 78.67 10.31 21.23 80.97 65.44
1.2 79.95 10.01 20.05 80.52 67.39

Feed 0.3-0 mm
i Concentrate. % Tailings. %
conce;;:atwn' as;\enl:gul:‘s;/oljlg Yield, % Ash, % Yield, % : Ash, % Recovery, %

0.4 67.25 7.87 32.75 67.09 53.10

60 0.8 65.87 8.18 34.13 62.68 52.52
1.2 71.52 9.59 28.48 72.63 57.31
0.4 73.36 11.77 26.64 70.21 60.41

80 0.8 70.10 8.49 29.90 68.70 56.30
1.2 77.49 12.32 22.51 82.41 63.55
0.4 76.12 11.61 23.88 79.36 62.19

100 0.8 70.90 9.60 29.10 72.03 62.79
1.2 78.87 12.30 21.13 81.06 65.80

the agent. With comparable product parameters, the higher
the reagent consumption, the lower the process effectiveness.

Therefore, special attention should be paid to the results
of testing the use of lowest amounts of the agent (0.4 kg/Mg),
especially in the case of the 0.5-0 mm grain size class. Regar-
dless of the feed density, in each case the ash content in the
concentrate was <10%, the ash content in tailings was higher
than 75%, and the recovery of the combustible substance was
not less than 64%.

Fig. 4 and 5 graphically show the comparison of parame-
ters of flotation products for the tested grain classes, obtained
at the extreme process parameters used during tests.

During the tests, a significant dispersion of results was ob-
served regarding the ash content in the separation products
and the recovery of combustible substance in the concentrate.

Use of the R2 reagent, despite the lower ash content in the
concentrate, resulted in a significantly lower efficiency of the
process due to the significantly lower ash content in tailings and
lower recovery of combustible substance in the concentrate.

In most cases, there was a relationship between the dose
of the flotation reagent and the parameters of products, espe-
cially of tailings, and the efficiency of the flotation process.
With the increase in the dose of the agent, the yield of tailings
decreased and, at the same time, the ash content in the abo-
ve-mentioned product increased. In the case of the 0.3-0 mm
grain class, a positive effect of the increase in flotation pulp
density was also observed.

Fig. 6 and 7 show a graphical comparison of the parame-
ters of flotation products for the tested grain classes, obtained
at the extreme process parameters used in testing.

3.2.2. Test series No. 1

Three materials with a grain size of 0.5-0 mm, 0.25-0 mm
and 0.125-0 mm, from the selected coking coal mine were te-
sted. The granulometric-ash composition of the raw material
is presented in Table 4.

The finest grains (<0.045 mm) had the largest share in the
analyzed grain sizes — 65.84%.

Ash content increased inversely proportional to the grain
size from 12.57% (0.5-0.25 mm) to 41.93% (<0.045 mm). Sub-
sequent tested feeds with grain size of 0.5-0 mm, 0.25-0 mm
and 0.125-0 mm had increasingly higher ash content.

Flotation agent R1 was used in the tests. The tests were
carried out at densities of 60 and 100 g/1. Agent doses of 0.4,
0.8 and 1.2 kg/Mg of dry material were used.

Parameters of the flotation process such as yield and ash
content in the products as well as the recovery of combustible
substance are presented in Table 5.

Analysis of the results showed a clear effect of the dose of
flotation agent and the density of flotation pulp on products
parameters and the efficiency of the flotation process for all
tested feeds.

With increase of the agent dose, the yield of the concen-
trate increased, but ash content in this product also increased.
At the same time, the ash content in tailings increased. A simi-
lar dependence was observed during the recovery of a com-
bustible substance. Increasing the density, for the same agent
doses, resulted in an increase in the yield of the concentrate
with a simultaneous increase in the ash content in tailings.

The tests clearly show the negative impact of narrowing
the grain size class and reducing the upper range of grains
on product parameters and process efficiency. As the size of
grains in the feed decreased, the quality parameters of the
separation products deteriorated. The ash content in con-
centrate of the tested classes of 0.5-0 mm, 0.25-0 mm and
0.125-0 mm increased and was in the range of 11.83-14.36%,;
12.44-16.43% and 15.01-18.48%, respectively, with a simul-
taneous increase in yields. The ash content in tailings decre-
ased in the analyzed size classes, in the ranges 60.54-79.79%;
60.86-74.86% and 60.63-72.99% respectively.

Figures 8-10 show the impact of the extreme process pa-
rameters during tests on the products quality parameters.
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Fig. 4. Comparison of qualitative parameters of the flotation products — pulp density 60 g/1, agent dose 0.4 kg/Mg (Ak — ash content in the
concentrate, Ao - ash content in tailings, € - recovery of combustible substances in the concentrate) [38]

Rys. 4. Poréwnanie parametréw jakosciowych produktow flotacji - zageszczenie 60 g/1, dawka 0,4 kg/T (Ak - zawartos¢ popiotu w koncentracie, Ao -
zawarto$¢ popiolu w odpadach e — uzysk substancji palnej w koncentracie) [38]

Ash content/Recavery, %

Fig. 5. Comparison of qualitative parameters of the flotation products (pulp density 100 g/1, agent dose 1.2 kg/Mg) [38]

Rys. 5. Poréwnanie parametréw jako$ciowych produktow flotacji (zageszczenie pulpy 100 g/l, dawka odczynnika 1,2 kg/T) [38]

Ash content/Recovery, %

Fig. 6. Comparison of qualitative parameters of the flotation products (pulp density 60 g/1, agent dose 0.4 kg/Mg) [38]

Rys. 6. Pordwnanie parametréw jako$ciowych produktow flotacji (zageszczenie 60 g/1, dawka 0,4 kg/T) [38]

Ash content/Recovery, %

Fig. 7. Comparison of qualitative parameters of the flotation products (pulp density 100 g/1, agent dose 1.2 kg/Mg) [38]

Rys. 7. Poréwnanie parametréw jako$ciowych produktow flotacji (zageszczenie pulpy 100 g/l, dawka odczynnika 1,2 kg/T) [38]

4. Conclusions

Reduced coal extraction associated with gradu-
al decarbonization should not limit further develop-
ment of technologies and design solutions for equip-
ment used in the mining industry, including the coal
processing. Due to the key role of coking coal in steel pro-
duction, further R&D work allowing for a constant increase
in the efficiency of both coal mining and processing is
justified.

Froth flotation is one of the important methods for bene-
ficiation of hard coal, including the stem coal.

Due to the increasing share of fine grains (<0.5 mm) in
run-of-mine and material sent to flotation, selection of para-
meters, including the optimal grain range of the feed in terms
of quality parameters of flotation products is an extremely im-
portant problem.

Testing the impact of the feed grain size distribution on
the flotation efficiency showed that narrowing the grain size
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Tab. 3. Parameters of flotation with use of R2 agent [38]

Tab. 3 Zestawienie parametréw procesu flotacji z wykorzystaniem odczynnika R2 [38]

Feed 0.5-0 mm
Concentration, Amount of Concentrate, % Tailings, % Recovery, %
g/l agent, kg/Mg Yield, % Ash, % Yield, % Ash, % ’
0.4 18.26 8.50 81.74 27.18 15.21
60 0.8 43.92 9.94 56.08 35.29 36.98
1.2 73.31 6.82 26.69 68.82 60.29
0.4 23.77 9.75 76.23 29.16 19.87
80 0.8 56.06 6.50 43.94 47.19 45.34
1.2 67.47 6.21 32.53 60.33 54.80
0.4 22.41 7.40 77.59 28.58 18.44
100 0.8 64.39 7.51 35.61 55.14 52.59
1.2 62.06 6.30 37.94 50.75 50.89
Feed 0.3-0 mm
Concentration, Amount of Concentrate, % Tailings, % Recovery, %
g/l agent, kg/Mg Yield, % Ash, % Yield, % Ash, % ’
0.4 21.58 9.26 78.42 34.44 16.89
60 0.8 54.67 9.27 45.33 48.66 43.91
1.2 65.58 8.30 34.42 64.57 51.73
0.4 27.02 8.19 72.98 35.80 21.09
80 0.8 57.40 7.32 42.60 54.97 44.83
1.2 65.76 9.33 34.24 63.97 52.19
0.4 28.93 7.75 71.07 33.95 23.09
100 0.8 63.10 8.08 36.90 65.05 48.67
1.2 71.67 10.27 28.39 73.81 57.22

Tab. 4. Granulometric-ash compositions of tested feeds for the flotation [38]

Tab. 4. Sktady granulometryczno-popiotowe nadaw doswiadczalnych do procesu flotacji [38]

L. Feed 0.5-0 mm Feed 0.25-0 mm Feed 0.125-0 mm
Grain size mm N N N
Yield, % Ash, % Yield, % Ash, % Yield, % Ash, %
0.5-0.25 11.32 12.57
0.25-0.125 9.47 15.8 10.67 15.80
0.125-0.045 13.37 18.24 15.08 18.24 16.88 18.24
<0.045 65.84 41.93 74.25 41.93 83.12 41.93
Suma 100.00 32.97 100.00 35.57 100.00 37.93

Ashcontent, %

Fig. 8. Ash content in the concentrate depending on pulp density and agent dose (A - density 60 g/l, dose 0.4 kg/Mg; B - density 100 g/l, dose 1.2 kg/Mg) [38].

Rys. 8. Zalezno$¢ zawartoéci popiolu w produkcie koncentratowym od zageszczenia pulpy i dawki odczynnika (A - zageszczenie 60 g/l. dawka 0,4 kg/T;
B - zageszczenie 100 g/1, dawka 1,2 kg/T) [38]

class and reducing the upper range of grain sizes in majority
of tests resulted in deterioration of quantitative and qualita-
tive parameters of the separation products and the decrease
in the efficiency of flotation i.e. the recovery of combustible
substance in the concentrate.

The test results clearly indicate that a high share of the
smallest, very difficult to float grains <0.045 mm has a defini-
tely negative impact on all product parameters. With the in-
crease in the percentage of fine grains in the feed, the quality
parameters of the products deteriorates. Therefore, it seems
that the separation of the above-mentioned grains from the
feed for flotation should significantly increase the process ef-
fectiveness.

The tests also confirmed the significant impact of the flo-
tation agent type on the efficiency of recovery of combustible

substance. The flotation agent, due to its high cost, is a signifi-
cant component of cost effectiveness of the process, therefore
it is extremely important to select the right type and dose of
the agent in terms of the expected and acceptable parameters
of the enrichment products.

Significant differences in the results require detailed tests
before each new application of flotation enrichment technolo-
gy. The tests, preceded by a grain size and ash analysis, should
include the selection of the type of flotation agent, its dose,
as well as other process parameters, including flotation pulp
density.

Proper selection of the process parameters can significan-
tly increase the efficiency of the flotation process, allowing
both to reduce the production costs of coal concentrates and
to maximize the production of high-quality assortments. The
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Tab. 5. List of selected parameters of the flotation process [38]

Tab. 5. Zestawienie wybranych parametréw procesu flotacji [38]

Feed 0.5-0 mm

c trati N A of Concentrate, % Tailings, % R o
oncentration, 9711 agent, kg/Mg Yield, % Ash, % Yield, % Ash, % ecovery, %o

60 0.4 58.75 11.83 41.25 60.54 45.36

0.8 70.41 14.33 29.59 75.77 55.46

0.4 66.67 13.07 33.33 68.80 52.14

100 0.8 71.55 13.79 28.45 75.84 56.42

1.2 73.67 14.36 26.33 79.79 58.85

Feed 0.25-0 mm

c trati | A of Concentrate, % Tailings, % R o
oncentration, 9/1 | ,gent, kg/Mg Yield, % Ash, % Yield, % Ash, % ecovery, %o

60 0.4 56.86 12.44 43.14 60.86 43.29

0.8 66.99 14.35 33.01 76.33 50.98

0.4 63.25 14.19 36.75 67.04 48.93

100 0.8 67.10 15.93 32.90 73.25 52.05

1.2 69.83 16.43 30.17 74.86 55.10

Feed 0.125-0 mm

c tratl . A of Concentrate, % Tailings, % R o
oncentration, g/ agent, kg/Mg Yield, % Ash, % Yield, % Ash, % ecovery, %o

60 0.4 53.35 15.01 46.65 60.63 39.99

0.8 61.21 16.43 38.79 67.93 46.57

0.4 59.50 16.13 40.50 64.08 45.72

100 0.8 64.01 18.32 35.99 69.71 49.51

1.2 66.04 18.48 33.96 72.99 51.04

Ashcontent, %

Fig. 9. Dependence of ash content in tailings on pulp density and the agent dose (A — density 60 g/1, dose 0.4 kg/Mg; B — density 100 g/, dose 1.2 kg/Mg) [38].

Rys. 9. Zalezno$¢ zawartoéci popiotu w produkcie odpadowym od zageszczenia pulpy i dawki odczynnika (A - zageszczenie 60 g/l. dawka 0,4 kg/T; B -
zageszczenie 100 g/l, dawka 1,2 kg/T) [38]
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Recovery of combustible substance, %

Fig. 10. Dependence of ash content in tailings on pulp density and the agent dose (A — density 60 g/1, dose 0.4 kg/Mg; B — density 100 g/l, dose 1.2 kg/Mg) [38]
Rys. 10. Zalezno$¢ uzysku substancji palnej w produkcie koncentratowym od zageszczenia pulpy i dawki odczynnika (A - zageszczenie 60 g/l. dawka 0,4

kg/T; B - zageszczenie 100 g/l, dawka 1,2 kg/T) [38]

end result will be a reduction in consumption of resources Higher efficiency of the process will also allow for the re-
and, above all, in the case of combustion of steam coal con- duction of coal losses in tailings, which will have an additio-
centrates, thus reduced emissions of pollutants. nal positive impact on the natural environment by reducing

The control system, which enables a wide selection of pro- the risk of spontaneous combustion of the material stored in
cess parameters and its increased control is an important ele- post-mining landfills (heaps).

ment that impacts the efficiency of the process and, as a result,
the quality parameters of the products.
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Kowol D. i inni. 2021. Zwiekszenie efektywnosci procesu wzbogacania miatéw wegli koksowych w klasie 20(30)-0 mm
w oparciu o zastosowanie nowoczesnych rozwigzan technologiczno-konstrukeyjnych ITG KOMAG (unpublished).

Zwigkszenie efektywnosci procesu flotacji pianowej dla maksymalizacji produkcji koncentratow

Wegiel koksowy z uwagi na jego ograniczong dostepnos¢ oraz role i znaczenie stali jako surowca, ktory jest niezbednym materiatem
wykorzystywanym praktycznie we wszystkich galeziach przemystu, znajduje sie od wielu lat na liscie surowcéw krytycznych w UE.
W artykule przedstawiono wyniki badan laboratoryjnych wplywu wybranych czynnikéw (parametry nadawy, parametry procesowe,
odczynnik) na skutecznos¢ procesu flotacji, powszechnie stosowanej metody wzbogacania drobnych ziaren wegla koksowego. Duza liczba
zmiennych i znaczqgce réznice w wynikach wyraznie wskazujg na koniecznosé prowadzenia szczegétowych badan przed kazdym nowym
zastosowaniem technologii wzbogacania flotacyjnego. Efektem tych badan powinien byc¢ dobor parametréw gwarantujgcych maksyma-
lizacje produkcji z punktu widzenia racjonalnej i zrownowazonej gospodarki zasobami przy zminimalizowaniu negatywnego oddzialy-

wegla koksowego w aspekcie zrownowazonej gospodarki surowcami naturalnymi

wania efektow tego procesu na Srodowisko.

Stowa kluczowe: zasoby mineralne, wegiel koksujgcy, flotacja pianowa, efektywnos¢ procesu
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Abstract
The paper concerns an analysis of waste management at VSB - Technical University of Ostrava (VSB-TUO). The paper focuses mainly
on mixed municipal waste, and paper and cardboard waste, which make up the largest part of all waste generated at this university.
The results of analyses of these three types of waste are presented. The analyses were carried out to determine the actual raw material
composition of the contents of the collection bins and to determine how full they were on collection days. The studies were carried out
within the framework of national waste legislation in line with European Union legislation. The results of these analyses served as the
basis for the development of a waste management concept at the university.

Keywords: waste management, municipal solid waste (MSW), mixed municipal waste (MMW), combustible waste, mixed municipal

waste analysis, biodegradable waste (BDW)

Introduction

Today's developed societies continue to struggle with a
huge amount of waste generated, resulting in significant dif-
ficulties in waste disposal. The increase in waste generated
seriously threatens human health and the environment. In
order to promote efficient waste management, it is impor-
tant to design and implement new tools that allow users to
reduce the amount of waste generated and improve waste
treatment. 1]

Today's universities can be compared to “small cities” with
large areas and a wide range of human activities affecting the
environment. State and international institutions require the-
se universities to integrate sustainable strategies into all their
activities in order to positively influence the social, economic,
and environmental well-being of both their immediate surro-
undings and the wider environment. [2] The importance of
universities in promoting sustainable development has been
emphasised in various groundbreaking declarations inclu-
ding the Talloires Declaration (1990), the Halifax Declaration
(1991), the Kyoto Protocol (1993), the Swansea Declaration
(1993), the Copernicus Charta and others. [3]

VSB - Technical University of Ostrava (VSB-TUO) is a
large university with an extensive campus and modern faci-
lities. The total number of students is approximately 11,000.
This number of students translates into the volumes of wa-
ste generated at the university. The purpose of this paper is

to analyse the waste generated at VSB-TUO and the current
methods of waste disposal in a university environment. Parti-
cular attention is paid to mixed municipal waste and so-called
combustible waste, which make up the largest part of waste
generated at this university. The data obtained from the waste
sampling process has been used to create a concept defining
how the university will manage and treat waste. In practice,
this means that, based on a study of the types and quantities
of waste generated by the university, a proposal was developed
for a strategy to manage waste in an efficient and environmen-
tally-friendly way, and to minimise its impact on the environ-
ment and promote sustainability.

Current status

VSB-TUO generates approximately 600 tonnes of wa-
ste annually [4,5,6,7,8], which is generated during the daily
activities of students and university staff, or visitors to the
area. According to Decree No. 8/2021 (Journal of Laws) on
the catalogue of waste and the assessment of waste properties
(Waste Catalogue), as amended [9], this waste is designated as
"Other waste" (O), which is the largest amount in the univer-
sity area, and "Hazardous waste" (H).

The largest part of the remaining waste is mixed munici-
pal waste (hereinafter “MMW?”) with the catalogue number
20 03 01, combustible waste which is listed under catalogue
number 20 01 01 and bulky waste with catalogue number 20
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Tab. 1. Observed SKO fractions depending on the classification level [15]

Tab. 1. Zaobserwowane frakcje SKO w zalezno$ci od poziomu klasyfikacji [15]

Poziom I Poziom II Poziom III
Paper Packaging Cardboard
the remaining
. Magazines, leaflets, and similar
Not packaging papers
Newspaper and office
Other
Plastics Packaging Foils
Hard plastics
PET colorless
Colored PET
PS
the remaining
Not packaging
Bio Kitchen Fruits and vegetables
Plant, fruit and vegetable remains
Other foodstuffs
From gardens and parks
Wood Only modified
Glass Packaging
Not packaging
Metals Packaging Ferromagnetic
Aluminum
The remaining
Not packaging Ferromagnetic
The remaining
Textiles Clothes
Other textile materials
Composite and beverage Beverage cartons (four-packs)
cartons
The remaining
Electrical equipment
Batteries and accumulators
Other waste Diapers and hygiene waste
Mineral waste
NO-other potentially hazardous
waste
Composite products
Other
Share less than 400 mm
Share below 20 mm Ash
Other organic substances
Share less than 10 mm Ash
Other organic substances

Tab. 2. Collection dates and sample weights of 20 03 01 - Municipal solid waste (container)
Tab. 2. Daty odbioru i masa prébek 20 03 01 - State odpady komunalne (pojemnik)

[ 19.05.2023 [ 01.06.2023 [ 13.07.2023 | 04.08.2023 [ 13.09.2023 | 11.10.2023 |
| 18.7 | 39.1 | 24.5 | 17.1 | 61.6 | 45.2 |

\ Date
\ Mass [kg]

Tab. 3. Collection dates and sample weights of 20 01 01 - Combustible waste (container)
Tab. 3. Daty odbioru i masa probek 20 01 01 - Odpady palne (pojemnik)

[ Date [ 19.05.2023 [ 01.06.2023 [ 13.07.2023 | 04.08.2023 | 13.09.2023 | 11.10.2023 |
[ Mass[kgl | 18.7 | 39.1 | 24.5 | 17.1 | 61.6 | 45.2 |

Tab. 4. Sampling period and total mass of 20 01 01 — Paper and cardboard (bag collection)
Tab. 4. Okres pobierania probek i masa catkowita 20 01 01 - Papier i tektura (odbior workow)

Date 24.05.2023 14.06.2023 12.07.2023 04.08.2023

Mass [kg] 17.3 27.4 18.4 17.9 38.3 46.5

19.09.2023 04.10.2023

Tab. 5. Sampling period and total mass of 20 03 01 — Municipal solid waste (bag collection)
Tab. 5. Okres pobierania probek i masa catkowita 20 03 01 - State odpady komunalne (zbieranie workéw)

Sampling period September - October 2023
Total mass [kg] 13.36

03 07. This waste is generated continuously throughout the
year. Irregularly generated waste includes, for example, con-
struction and demolition waste, and biodegradable waste
from environmental maintenance. [10]

Waste management at VSB-TUO is subject to the Wa-
ste Management Directive TUO_SME_05_005 version H
[11], which sets out the obligations of waste producers at
the university. Decision No. 194/22/OH, reference number

SMO/804179/22/0ZP/MA, dated 30.11.2022, issued by the
City of Ostrava (MMO). [12]

The decision approves the waiver of selective waste col-
lection at VSB-TUO. The decision could have been issued on
the basis of § 30(5) of the Act No. 541/2020 on Waste [13]
and is currently in force until 30 November 2026. [11,12]
The omission applies to the following types of waste [11]:
VSB-TUO is obliged to classify mixtures of waste into the
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Average composition of container MSW
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Fig. 1. Average raw material composition of mixed municipal waste in containers

Rys. 1. Sredni skfad surowcowy zmieszanych odpadéw komunalnych w pojemnikach

predominant type of waste for record-keeping purposes and
to classify the remaining mixture of unusable waste into the
second category under the catalogue number 20 03 01 Mixed
municipal waste”. [11]

University waste management system

Within the university (e.g. in the Rector's building), wa-
ste is collected by staff and students in waste bins of diffe-
rent capacities (e.g. 50 dm?® or 25 dm?®), which are placed in
corridors, teaching rooms, offices, and lecture halls. The bins
are labelled according to the type of waste that is collected
in them (e.g. as “municipal” (MW) or “paper+plastic” (PP)).

From the waste bins located in the university buildings,
the cleaning service staff collect selectively into three-ply pa-
per sacks, which are then put into the bins according to the
type of waste. These sacks are reused multiple times for their
intended purpose. From the sacks labelled as paper and pla-
stic, cleaning services staff segregate clean packaging paper
and plastic waste, which is collected separately in a paper bin
and a plastic bin. The remaining contents are stored in bins
labelled as combustible waste, where smaller wood waste is
also stored. It is this combustible waste and MMW that will
receive the most attention in this paper. [14]

A total of 100 bins for waste types 20 01 01 and 20 03 01
[14] are available at VSB-TUO in Ostrava-Poruba: 53 1100
dm? bins for MMW, 2 240 dm? bins for MMW, 7 120 dm?
bins for MMW, 37 1100 dm? bins for combustible waste, 1 240
dm’bin for combustible waste. The remaining bins on the site
are for clean waste, i.e. 8 240 dm” bins for plastics and 8 240
dm® bins for paper and cardboard. [15]

The contents of the MMW and combustible waste bins are
collected from the university campus three times a week. The
combustible waste (20 01 01), once collected from the site,
is further processed (crushing, homogenisation) and used as
certified fuel, which is burned in e.g. cement plants. MMW is
no longer used and is landfilled. [15]

As part of the optimisation of waste management at VSB-
-TUO, the project Supporting the Environmental Aspects of
University Operations was implemented in 2022, which is in
line with the university's strategic plan. As part of this project,
an analysis of the production of all types of waste at the uni-
versity over the past five years was carried out, with a parti-
cular focus on MMW and combustible waste, which account
for the largest part of annual production. The results of the

project identified deficiencies in waste segregation and devia-
tions in waste records. The data from the continuous records
are reported by an employee of the maintenance services to
the Integrated System for the Performance of Reporting Ob-
ligations (ISPRP), set up by the Ministry of the Environment.
The system is managed by the Czech Environmental Informa-
tion Agency (CENIA) and its task is to provide administrative
support, coordination, and development of this information
system. Data is therefore managed in the ISPRP system, and
the results from this data then allow the development of the
production of individual types of waste and changes in waste
production over different periods of time to be monitored.
Forecasts of waste generation can then be made using mathe-
matical models. [5]

In 2023, VSB-TUO participated in the student grant com-
petition for the Waste Management Optimisation project,
which is based on the project Supporting the Environmental
Aspects of University Operations and focuses on the analysis
and optimisation of waste management at VSB-TUO.

Methodology
Ministry of Environment (MZP) methodology for determin-
ing the composition of MMW, MW

The methodology for determining the composition of
MMW, MW is issued by the Ministry of the Environment
(MZP) in order to obtain and then statistically process in-
formation on individual components of MMW. [16] “The
purpose of the methodology is to establish procedures that
allow comparability and reproducibility of the results of field
surveys aimed at determining the composition of MMW, but
also of other types of MW (separately concentrated MW com-
ponents)”. [16]

The methodology divides the selected waste into three
levels, from basic classification to detailed waste. The me-
thodology identifies the first and second levels of sorting as
mandatory. It then divides the waste into different fractions
depending on the material. The waste is sorted on welded sie-
ves with a mesh size of 40 x 40 mm, 20 x 20 mm, and 10 x 10
mm. Waste with a diameter greater than 40 mm is sorted by
fraction and then shaken on individual sieves. The individual
oversieve, intersieve and subsieve fractions are weighed and
their weights recorded. [16]

The purpose of the waste sampling at the university was to
determine the quality of sorting of individual components of
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Fig. 2. Fraction of construction waste in a container for SKO

Rys. 2. Frakcja odpadéw budowlanych w kontenerze dla SKO

municipal waste, and then to assess the possibility of proper
waste management on the VSB-TUO campus. The sampling
process was carried out according to the methodology descri-
bed above for determining the composition of MMW, MW.
The sampling concerned 20 03 01 MMW, 20 01 01 Combusti-
ble waste and 20 01 39 Plastics.

Samples were taken in the area of the university's Rector’s
building, where waste is mainly generated in offices, meeting
rooms, corridors, and toilets. This area is home to the largest
container yard, where the majority of waste from university
buildings is collected and taken away.

Staff and students separate their waste into bins labelled
“municipal waste” and “paper and plastic”. In the morning, the
cleaning person segregates this waste into paper sacks, which
are then taken to the outside containers. The sacks labelled
“paper and plastic” are put into the combustible waste bin.

Sampling of the mixed municipal and combustible waste
that was taken from the containers took place between May
2023 and October 2023 at monthly intervals. A total of six
MMW containers with a total weight of 206.20 kg and six
combustible waste containers with a total weight of 165.8 kg
were sampled. In addition, MMW and paper and cardboard
waste samples were taken from the sacks on an irregular basis,
prior to being placed into the containers.

Sampling results

The figures for individual bin collections and their we-
ights are shown in Tables 2 and 3. The number of retrievals
from paper sacks for MMW waste, and paper, and plastics and
their total weight are provided in Tables 4 and 5.

Figure 1 shows graphically the determined average raw
material composition of the contents of the MMW bins. The-
se average values were calculated from the six analyses carried
out of the total weight of 206.20 kg of waste. Figure 2 clearly
shows that the composition was dominated by the following:
other waste (mainly sanitary waste), contaminated paper wa-
ste (mainly contaminated office paper), packaging plastic wa-
ste, biodegradable waste, and finer mesh fractions. The larger
share of the remaining waste fraction was due to the presence
of mineral waste (building materials, plaster, bricks), which,
however, should be placed in large-capacity bins.

The largest part of the subsieve fraction consisted of smal-
ler pieces of food, tea bags and paper up to 40 mm in diame-
ter. The fraction up to 20 mm mainly contains soiled paper
and smaller pieces of food, while the fraction up to 10 mm
mainly consists of bio-waste such as coffee beans and dust.
The samples also contained electrical equipment, including
extension, and connecting cables, and wire residues.

Figure 3 shows graphically the determined average raw
material composition of the contents of the combustible waste
bins. These average values were calculated from the six analy-
ses carried out of a total weight of 165.8 kg of waste. As can
be seen from this sample, wastes were found that should not
be placed in the 20 01 01 waste bins. These were specifically:
glass, bio-waste, and electrical equipment (cables) and from
the other waste group (minerals): waste, composite products
such as shoes and bags, sanitary waste, ND). [16]

Figure 4 shows the average MMW raw material compo-
sition in the sacks before being put into the containers. The
subsieve fraction was mainly of biological origin and included
coffee beans and smaller pieces of food. The paper and car-
dboard fraction was mainly contaminated paper, including
shredded office paper. The weight of this sample was 21.68 kg.

Figure 5 graphically shows the average raw material com-
position of the paper and cardboard waste collected from the
sacks prior to being placed in the combustible waste bin. The
total weight of the sample was 13.61 kg. Unlike the sample
from the bin, it does not contain glass fractions. The sample
consisted mainly of the paper and cardboard fraction, whe-
re shredded office paper predominated. The second largest
component was plastic waste, consisting mainly of packaging
material. Smaller pieces of bio-waste, coffee beans and pieces
of paper from shredders were also present in all the subsieve
fractions.

Figure 6 graphically shows the raw material composition
of the waste collected from the plastic waste bin. The total we-
ight of the sample was 13.81 kg. As can be seen, this sample
included waste that should not be put into the plastic waste
bins 20 01 39. These were in particular: composite products,
soiled paper, biodegradable waste, metal waste, glass, wrap-
ping paper and textile waste. The subsieve fractions mainly
contained smaller pieces of bio-waste and coffee beans.

From the figures above, it can be seen that all MMW sam-
ples are dominated by the paper and cardboard fraction as
well as plastic waste. In the paper and cardboard fraction, the-
re was paper from shredders, ordinary office paper and wrap-
ping paper. Although this type of paper is recyclable, by being
concentrated in the bins designated for MMW, it is mixed
with other fractions such as the bio-waste fraction, resulting
in contamination and making it non-recyclable. There was
also a significant proportion of the plastics fraction, which
could be segregated appropriately into bins designated for
plastic waste. There was a glass fraction in almost all samples.
Glass should be disposed of separately in the glass waste bins
located in the corridors of the University. For the MMW sam-
ples and combustible waste from the containers, waste elec-
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Fig. 3. Average raw material composition of combustible waste in containers
Rys. 3. Sredni sklad surowcowy odpadéw palnych w pojemnikach
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Fig. 4. Average raw material composition of mixed municipal waste in bags
Rys. 4. Sredni skfad surowcowy zmieszanych odpadéw komunalnych w workach

trical equipment was found, including connection and power
cables. These should also be separated for proper disposal or
recycling. A one-off sampling of a plastic waste bin detected
undesirable waste fractions, especially other waste, especially
composite products, but also paper, metal, glass, textiles, and
biodegradable waste.

The analyses also revealed that the containers are not fil-
led effectively and are disposed of incompletely. Data from
OZO Ostrava a.s. shows that the average weight of waste in
a 1.1 m® bin is 54 kg for mixed municipal waste and 27 kg
for combustible waste. The Czech Agency for Environmental
Information (CENIA) reports [18] that the specific mass of
mixed municipal waste is 160 kg per 1 m>. In addition, it can
be seen from Table 5 that during sampling carried out at VSB
TUO as part of the Waste Management Optimisation project
at VSB TUO, the average weight of waste in 1.1 m® bins on
the day of collection was 34.4 kg for MMW and 30.2 kg for
combustible waste.

From the above data, it can be concluded that the filling
of bins is not optimal. The optimal solution would therefore
be to obtain underground containers with a larger volume,
equipped with a hydraulic press. This would lead to the export
of filled containers and, at the same time, and to making the
space on the VSB-TUO campus more visually attractive.

Conclusions
The result of the analysis was that waste segregation at the
university was not effective. Action has been taken to avoid

these shortcomings. Inconsistent labelling of the collection
bins is also a problem.

During sampling, it was found that the contents of the wa-
ste bins partly do not correspond to the composition of the
waste that should be placed in the bins. Electrical equipment
was found in the containers for MMW, which should be put
in the bins intended for electrical waste, and mineral waste,
which should be collected in large-capacity bins. A similar
case was also found in the bins for combustible waste, where
electrical waste was found. In addition, it was noted that there
was a significant component of paper and cardboard in the
MMW containers, including contaminated office paper. If this
paper had been placed separately in the bins designated for
paper and cardboard, it would not have needed to be mixed
with other MMW components.

Proposals for measures to improve waste management at
VSB-TUO

. Increased education of operational services staff,
university staff and students in the field of waste ma-
nagement.

o Switching to an underground bin system equipped
with a hydraulic press as part of making the univer-
sity grounds more visually attractive and in coopera-
tion with the waste collection company. The advan-
tage of underground containers is primarily to save
space. Although they look like small rubbish bins
at the top, their volume under the surface is usually
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Fig. 5. Average raw material composition of combustible waste in bags
Rys. 5. Sredni sklad surowcowy odpadéw palnych w workach
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Fig. 6. Average raw material composition of plastic waste in a container
Rys. 6. Sredni sklad surowcowy odpadéw tworzyw sztucznych w pojemniku

Tab. 6. Average mass of MSW and combustible waste in container (1m?) on the day of its export

Tab. 6. Srednia masa MSW i odpadéw palnych w kontenerze (1m*) w dniu ich wywozu

Data origin 0ZO Ostrava a.s. Data obtained by sampling
Types of waste MSwW combustible waste MSW combustible waste
Average mass [kg] 54 27 34.4 30.2

three times that of a regular bin. Another advanta-
ge is undoubtedly making the surroundings more
visually attractive, which consists primarily in the
elimination of rubbish lying on the surface, but also
in the minimisation of unpleasant odours, especially
during the summer months. Due to their large volu-
me, as well as the lower temperatures underground,
they do not need to be emptied as often as classic
above-ground containers.

Ensuring selective collection of selected municipal
waste (paper, plastics) preferably by 2025, but by
2030 at the latest. [14]. The transition to selective
collection will therefore be smooth and there will be
sufficient time for this.
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Abstrakt

Bezpieczetistwo energetyczne patistwa to m.in. zabezpieczenie potrzeb odbiorcéw w zakresie paliw i energii. Jednym z elementow
polityki energetycznej jest infrastruktura magazynowa, ktéra umozliwia przechowywanie zapasow gazu ziemnego oraz paliw.
Jest realizowana poprzez magazyny powierzchniowe i podziemne. Szczegolne wazna jest rola tych drugich z uwagi na oferowane
pojemnosci, ale tez mozliwe do uzyskania parametry technologiczne procesu magazynowania.

Jednym z dogodnych miejsc do budowy magazynéw podziemnych gazu i paliw sq ztoza soli kamiennej, w ktérych wykonywane sq
kawerny magazynowe. Polska z racji korzystnego dostepu do solnych formacji geologicznych posiada w tym zakresie duze mozliwosci
budowy podziemnej bazy magazynowej zaréwno dla gazu ziemnego, jak i dla paliw ptynnych.

Proces dekarbonizacji sektora energetycznego zmusza do poszukiwania nowych zrédet energii, ktore z czasem zastgpig w systemie
energetycznym paliwa kopalne. Odpowiedzig na to wyzwanie stajq si¢ odnawialne Zrédla energii (woda, wiatr, storice), ktorych zaletq
jest niewyczerpywalnosc, z drugiej zas wadg ich niesterowalnos¢ z uwagi na uzaleznienie od warunkéw klimatycznych/pogodowych.
W artykule oméwiono mozliwosci budowy kawernowych podziemnych magazynéw gazu oraz energii, zwracajgc uwage na te drugie,
jako przysztosciowe rozwigzania konieczne do wykorzystania w systemie energetycznym. Na tle bazy zasobowej soli kamiennej

wskazano miejsca potencjalnej lokalizacji przyszlych magazynéw kawernowych.

Stowa kluczowe: zloza soli, kawerny solne, podziemne magazyny gazu, podziemne magazyny energii

Wprowadzenie

Ustawowym celem polityki energetycznej panstwa (PEP) jest
zapewnienie bezpieczefistwa energetycznego rozumianego jako
stan gospodarki, ktory umozliwia pokrycie biezacego i perspekty-
wicznego zapotrzebowania odbiorcow na paliwa i energie w spo-
s6b technicznie i ekonomicznie uzasadniony, przy zachowaniu
wymagan ochrony $rodowiska [16]. W 2021 r. zostal ogloszony
dokument Polityka energetyczna Polski do roku 2040 (PEP2040),
w ktorym sprecyzowano 8 celow szczegotowych, obejmujacych
caly fanicuch dostaw energii — od pozyskania surowcow, przez
wytwarzanie i dostawy energii (przesyl i rozdziat), po sposob jej
wykorzystania i sprzedazy [13]. Jednym z celéw szczegdlowych
jest dywersyfikacja dostaw i rozbudowa infrastruktury sieciowej
gazu ziemnego, ropy naftowej i paliw ciektych.

W celu dalszego wzrostu bezpieczenstwa energetycznego
panistwa, zalozenia polityki energetycznej zakladaja, ze do se-
zonu zimowego 2030/2031 nastapi rozbudowa podziemnych
magazynow gazu. Planowane jest uzyskanie pojemnosci min.
4 mld m® (obecnie jest to ok. 3,3 mld m’, tj. wzrost o bli-
sko 1/3 aktualnej pojemnosci) oraz zwiekszenie maksymalnej
mocy odbioru gazu z instalacji magazynowych - z obecnych
53,5 mln m*/dobe do min. 60 mln m*/dobe (wzrost o ok. 1/6).

Gwaltowna zmiana sytuacji geopolitycznej w Europie,
do ktorej doszto na poczatku 2022 r., zmusila wiele panstw,
w tym Polske, do zweryfikowania stanu bezpieczenstwa ener-
getycznego kraju. To z kolei wymusza aktualizacje PEP2040,
uwzgledniajac wczeéniejsze zalozenia zwigzane z dekarboni-
zacjg energetyki. Miejsce wegla jako surowca energetycznego
ma przejaé na pewien czas gaz ziemny, ktory docelowo bedzie
réwniez eliminowany z rynku energii na rzecz odnawialnych
zrodet energii (OZE) oraz energetyki jadrowe;.

W tej perspektywie waznym elementem majacym wplyw
na bezpieczenstwo energetyczne panstwa s3 zgromadzone
rezerwy (zapasy) kluczowych nosnikéw energii, w tym gazu
ziemnego. Temu celowi sluza podziemne magazyny gazu
(PMG). Podejmowane sg pierwsze proby przeksztalcania ma-
gazynow gazu na magazyny energii - w tym przypadku maga-
zynowanym medium bedzie wodor oraz powietrze.

Podziemne magazyny gazu

Magazynowanie gazu ziemnego moze mie¢ charakter dhu-
goterminowy ze wzgledow strategicznych na wypadek kryzy-
sOéw (np. wojna, embargo, katastrofa), koniunkturalnych (zwia-
zanych z ceng gazu na rynkach $wiatowych) badz sezonowy
(wyréwnanie popytu i podazy w zaleznoéci od pory roku).
Moze mie¢ tez charakter krétkoterminowy (wyréwnanie popy-
tu szczytowego w okresie dobowym badz kilkudniowym).

Klasyczne magazynowanie gazu ziemnego sprowadza sie
do budowy powierzchniowych zbiornikéw gazu [dotyczy tyl-
ko gazu w postaci skroplonej (LNG - Liquefied Natural Gas)],
ktére narazone sa na réznego rodzaju zagrozenia np. strate-
giczno-militarne. Zajmuja przy tym tereny, ktore moglyby by¢
wykorzystane w inny sposob. Ponadto same w sobie stanowia
potencjalne zagrozenie ekologiczne dla przyleglego obszaru.
Nie bez znaczenia sg tez koszty budowy i utrzymania takich
magazynow, przy relatywnie niewielkiej kubaturze magazy-
nowej.

Powyzsze argumenty przemawiaja za budowa magazynow
podziemnych réznych formacjach geologicznych, w tym zto-
zach soli kamiennej.

Podziemny magazyn gazu to zbiornik o duzej pojemno-
$ci magazynowej. Celem podziemnych magazynéw gazu jest
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Rys. 1. Lokalizacja magazynow gazu w Polsce [5]

Fig. 1. Location of gas storage facilities in Poland [5]

Tab. 1. Podstawowe parametry magazynow gazu w Polsce [4]

Tab. 1. Basic parameters of gas storage facilities in Poland [4]

Magazyn Pojemnosé czynna Dobowa maksymalna moc Dobowa maksymalna moc
min m? GWh min m® GWh min m* GWh
PMG Wierzchowice 1300 14729 9,60 107,5 14,40 158,4
PMG Huséw 500 5650 4,15 46,7 5,76 64,6
PMG Strachocina 460 5212 3,84 43,7 3,36 37,9
PMG Brzeznica 100 1126 1,44 16,2 1,44 16,1
PMG Swarzéw 90 1013 1,00 11,2 0,93 10,4
PMG razem 2450 27730 20,03 225,3 25,89 287,4
KPMG Mogilno 581 6471 9,60 106,9 18,00 200,5
KPMG Kosakowo 295 3291 2,40 26,8 9,60 107,0
KPMG razem 876 9762 12,00 132,7 27,60 307,5
LACZNIE 3326 37 492 32,03 358,0 53,49 594,9

PMG - podziemny magazyn gazu w sczerpanym zlozu gazu ziemnego
KPMG — kawernowy podziemny magazyn gazu w ztozu soli kamiennej

sezonowe oraz strategiczne przechowywanie gazu ziemnego,
co przyczynia si¢ do zwigkszenia niezawodnoéci systemow
gazowniczych i bezpieczenstwa energetycznego regionu oraz
kraju.

Wyréznia si¢ trzy rodzaje zbiornikow [19]:

o porowo-szczelinowe, do ktorych zalicza si¢ prze-
strzenie w sczerpanych lub czesciowo wyeksploato-
wanych zlozach weglowodoréw oraz zawodnione
struktury geologiczne;

o  kawernowe, wykonane w poktadowych lub wysado-
wych utworach solnych;

o  kubaturowe, poprzez wykorzystanie wyeksploatowa-
nych kopaln np. wegla kamiennego, ale takze w groty
skalne.

Do tych zbiornikéw moze by¢ wttaczany gaz pod odpo-
wiednim ci$nieniem, ktéry w normalnych warunkach zajmu-
je objetos¢ miliardow metréw sze$ciennych.

W $wietle ustawy [15] ten sposdb magazynowania okre-
$lany jest jako ,...podziemne bezzbiornikowe magazynowa-

>

nie substancji...” i dotyczy nie tylko gazu ziemnego, ale takze
np. ropy naftowej, wodoru, powietrza itp.

Pierwszy podziemny magazyn gazu powstal w 1915 r. w re-
jonie Ontario (Kanada). W krotkim czasie powstato ich kilka-
naécie na terenie USA. Polska w tym zakresie byla pierwszym
panstwem europejskim, ktdra juz w 1954 r. stworzyta podziem-

ny magazyn gazu w wyeksploatowanym zlozu gazu ziemnego

Roztoki koto Jasta. Utworzony wéwczas magazyn mial pojem-
no$¢ ok. 35,5 mln m* gazu i funkcjonowat do 1980 r.

Na koniec 2023 r. na $wiecie dziatalo 678 podziemnych
magazynéw gazu, z czego 446 w Ameryce Pdlnocnej, a 139
w Europie. Laczna pojemno$¢ wszystkich zbiornikéw wyno-
sita 429 mld m?, z czego 38% na terenie Ameryki P6tnocnej,
a26% w Europie [2]. Na podstawie analizy dostepnych Zrédet
[2] [1] szacuje sig, ze w kawernach solnych zlokalizowano ok.
100 magazynow gazu (na kawernowy podziemny magazyn
gazu moze skladac si¢ od jednej do nawet kilkudziesieciu ka-
wern) stanowiacych ok. 8% globalnej pojemnosci PMG. Ak-
tualnie w Polsce dziala 7 magazynéw - Rys. 1, a ich tgczna
pojemno$¢ wynosi ok. 3,3 mld m® - Tab. 1.

Formacje solne i ich rozmieszczenie na terenie Polski

Na terenie Polski wyrdznia sie trzy formacje solonosne:
miocenska, triasowg oraz cechsztynska [10]. Nie jest przesada
stwierdzenie, Ze sol kamienna zalega niemal na calym teryto-
rium kraju, kwestia jest tylko gleboko$¢, na jakiej wystepuje.

Miocenskie sole kamienne wystepuja w zapadlisku przed-
karpackim i sg reprezentowane przez 7 z16z, w tym zloza
Wieliczka, Barycz, Lezkowice i Bochnia, gdzie eksploatacja
zostala zakoniczona. Pozostale 3 — Rybnik, Siedlec i Wojnicz,
z racji duzej gltebokosci, skomplikowanej budowy geologicz-
nej, zmiennej migzszo$ci, zagrozenia wodnego i gazowego nie
sg brane pod uwage jako potencjalnie mozliwe do wykorzy-
stania w kierunku magazynéw gazu ziemnego [8].
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Rys. 2. Rozmieszczenie cechsztynskich ztdz soli w Polsce [7]
Fig. 2. Distribution of Zechstein salt deposits in Poland [7]

ZYoza triasowe sg zlokalizowane w dwdch rejonach Pol-
ski: pomiedzy Gorzowem Wielkopolskim i Zielong Géra oraz
pomiedzy Poznaniem i Lodzig. Zalegaja na glebokosci co naj-
mniej 1100 m, a ich migzszos¢ nie przekracza 25 m. Z tych
dwoch powodéw zloza te nie sa uwzgledniane w bilansie su-
rowcowym Polski, jako ze nie maja znaczenia gospo—darcze-
g0, a z racji niewielkiej migzszosci nie nadaja si¢ do budowa-
nia w nich kawern magazynowych gazu [10].

Cechsztynska formacja solono$na stanowi okoto 93%
udokumentowanych zasobéw bilansowych soli kamiennej
w Polsce. Osady solne tej formacji zajmuja 2/3 powierzchni
Polski i stanowig podstawowe Zrédlo jej pozyskiwania. Zto-
za cechsztynskie o znaczeniu gospodarczym mozna podzieli¢
na trzy podstawowe rejony wystepowania: pélnocny - obej-
mujacy wyniesienie Leby, srodkowopolski pomiedzy Lodzia
a Szczecinem, oraz potudniowo-zachodni obejmujacy obszar
Legnicko-Glogowskiego Okregu Miedziowego - Rys. 2.

Sole cechsztynskie wystepuja w postaci dwoch form zlo-
zowych: poktadowej oraz jako wysady. Forma pokladowa jest
charakterystyczna dla rejonu péinocnego oraz potudniowo-
-zachodniego, natomiast rejon $rodkowopolski stanowig wy-
sady solne.

Najwieksze zloza pokladowe rozpoznano w rejonie pol-
nocnym [9]. Sg to gtéwnie sole najstarsze (Nal) budujace po-
kiad o migzszosci ponad 220 m, zalegajacy na glebokosci od
490 do 1285 m. W obrebie tego poktadu rozpoznano w kate-
gorii C1 i C2 trzy jego fragmenty: zloze Leba o powierzchni
okoto 50 km?, ztoze Zatoka Pucka o powierzchni okoto 100
km? oraz ztoze Mechelinki o powierzchni okoto 9 km?”.

Zloze w rejonie pélnocnym charakteryzuje sie stosun-
kowo prosta budowsa i niewielkim stopniem zaangazowania
tektonicznego. Zlokalizowane pomigdzy dwoma warstwami
anhydrytu stanowiacego bardzo dobre horyzonty izolacyjne
posiada do$¢ jednolity stan mineralny.

W chwili obecnej zagospodarowywane jest jedynie zto-
ze Mechelinki (rejon Kossakowa) w kierunku kawernowego

podziemnego magazynu gazu. Perspektywicznie istnieje moz-
liwosé¢ zagospodarowania zloza w kierunku KPMG w rejonie
Wladystawowa, Jastrzebiej Gory, Lebcza, Lisewa, Pucka i Bia-
fogardy. W rejonach tych migzszo$¢ ztoza wynosi od 130 do
200 m, a glebokos¢ zalegania miesci sie w przedziale od 620
do 820 m.

Drugim rejonem wystepowania soli cechsztynskich w for-
mie pokladowej jest rejon poludniowo-zachodni (por. Rys. 2).
Jest to monoklina przedsudecka, a sol kamienna wystepuje
w nadktadzie rud miedzi na obszarze LGOM. W kategorii B
rozpoznano fragment tej formacji nalezacy do zloza Kazmie-
rz6w na obszarze gorniczym Sieroszowice 1. Na obszarze tym
wystepuja najstarsze sole kamienne (Nal). Pokfad o zmiennej
migzszosci, od kilkunastu do 200 m zawiera czysta sdl ka-
mienng o zawartoéci NaCl od 75,56 do 99,82%, $rednio 98%.
Poktad zalega na glebokosci od 830 do 1270 m, nad poktadem
rudy miedzi, od ktérego odizolowany jest warstwa anhydry-
tu dolnego (A1d), natomiast strop poktadu zamyka anhydryt
gorny (Alg). Poktad soli jest silnie zaburzony tektonicznie
z pojawiajacym si¢ anhydrytem $rédsolnym (Als).

Na terenie LGOM w jego pétnocno-zachodniej czgéci wy-
stepuja jeszcze trzy ztoza soli mlodszych o migzszo$ci 30-110
m wystepujacych na glebokosci okoto 1230 m (Na3) oraz
1340-1380 m (Na2), natomiast zloze soli (Na4) o migzszosci
do 44 m zalega 1100-1280 m ponizej poziomu terenu. Pokta-
dy te - podobnie jak poklad soli najstarszych (Nal) - cha-
rakteryzuja sie skomplikowang budows i tektonika. Ztoza te
nie s3 obecnie zagospodarowane goérniczo, cho¢ najbardziej
migzsze czesci pokladéw soli moga by¢ brane pod uwage jako
potencjalne miejsce do KPMG, np. [14].

Trzeci rejon - srodkowopolski - w istotny sposob odbiega
w swojej formie i budowie od z16z tej samej formacji wyste-
pujacych w rejonach pétnocnym i potudniowo-zachodnim.
Jest to pas wysadow solnych rozciggajacych si¢ od Lodzi po
Szczecin (por. Rys. 2). Udokumentowano 9 wysadow, wérod
ktorych dwa zostaty wykreslone z rejestru zasobow, a to za
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Rys. 3. Kawerny solne w trzech typach wystapien solnych: A - poktad, B - poduszka solna, C — wysad [6]

Fig. 3. Salt caverns in three types of salt occurrences: A — seam, B - salt cushion, C - diapir [6]

ODNAWIALNE ZRODLO
ENERGII

np. elektrownia wiatrowa

ELEKTROLIZA

KAWERNA SOLNA

Zatlaczanie

Wysad solny

Rys. 4. Schemat wytwarzania, zattaczania i odbioru wodoru [17]

Fig. 4. Scheme of hydrogen production, injection and collection [17]

przyczyng istniejagcych wezeéniej, a obecnie zlikwidowanych
kopalfi w Wapnie i Inowroclawiu.

Aktualnie roboty gornicze prowadzone sg na trzech wysa-
dach: Mogilno, Géra i Klodawa.

W dwdch pierwszych Inowroclawskie Kopalnie Soli ,,So-
lino” S.A. prowadzi eksploatacje otworowa ,,na mokro”, a po-
wstale kawerny ukierunkowane sg na podziemne magazyny
paliw ptynnych i gazu. W wysadzie klodawskim od 1956 r.
nieustannie wydobywa s6l metoda ,,na sucho” Kopalnia Soli
»Klodawa” S.A., prowadzac roboty gornicze w 6 polach na
glebokosci od 475 do 820 m.

Mozliwoé¢ budowy kawerny magazynowej w ztozu soli
zalezy od wielu czynnikéw. Poniewaz s3 to przestrzenie po-
wstale w procesie tugowania, istotnym czynnikiem jest podat-
no$¢ skal solnych na tugowanie. O ile sole kamienne i potaso-
wo-magnezowe charakteryzuja sie wysoka lub bardzo wysoka
podatno$cig na ten proces, tak wystepujace w zlozach sol-
nych skaly weglanowe, siarczanowe itp. juz lugowalne nie s3.
W zwigzku z tym pierwszg przestanka w wyborze lokalizacji
kawerny bedzie brak wystepowania soli potasowo-magnezo-
wych (z uwagi na zbyt duzg podatno$¢ na lugowanie w sto-
sunku do soli kamiennych) oraz skat nielugowalnych.

Réwnie istotng kwestig jest forma ztoza. Ztoza solne wy-
stepuja w formie pokladéw, poduszek solnych i wysadow
(diapirow) - Rys. 3.

Projektujac kawerne w zlozu pokladowym nalezy przy
ustalaniu jej lokalizacji znalez¢ takie miejsce, w ktorych nie
beda wystepowaly sole potasowo-magnezowe oraz skaly nie-
tugowalne. Nalezy przy tym zwrdci¢ uwage na koniecznoéé
pozostawienia calizn solnych wokdt kawerny, stanowiacych
filary miedzykawernowe oraz stropowg i spagowa pétke bez-
pieczenstwa (por. Rys. 3A). Zloza pokladowe umozliwiajg
lokalizacje wielu kawern w danym rejonie, jednak ich po-
jemno$¢ bedzie uzalezniona od migzszoéci poktadu, co prze-

klada si¢ na wysoko$¢ kawerny. Ztoza poktadowe wydajg sie
by¢ atrakcyjng lokalizacja dla kawern magazynowych z uwagi
na stosunkowo prosta budowe geologiczng. Ograniczeniem
moze jest na og6l migzszo$¢ pokladu. W chwili obecnej eks-
ploatowanych jest 10 kawern sktadajacych si¢ na KPMG Ko-
sakowo, wykonanych w ztozu pokladowym.

Forma zlozowa w postaci poduszki solnej wydaje si¢
atrakcyjniejsza z uwagi na lokalnie zwiekszong migzszoéé
poktadu (por. Rys. 3B), co moze mie¢ bezposredni wplyw na
pojemnos¢ kawerny. Jest to jednak forma o bardziej skompli-
kowanej budowie wewnetrznej niz poktad - mozna spodzie-
wac si¢ wystapien soli potasowo-magnezowych oraz utwordéw
nietugowalnych. Kolejng trudno$¢ sprawia szczegdtowe roz-
poznanie geologiczne z uwagi na duza gleboko$¢ zalegania
oraz nieregularno$¢ zloza w rejonie poduszki. Z tych powo-
déw obecnie nie przewiduje si¢ wykonywania kawern w po-
duszkach solnych.

Atrakcyjng formg zlozowa dla posadowienia kawern
magazynowych sg wysady (diapiry) solne (por. Rys. 3C).
Cho¢ charakteryzuja si¢ skomplikowana budowa wewnetrz-
ng, w tym wystgpieniami soli potasowo-magnezowych oraz
utwordw skalnych nietugowalnych, to wskutek rozpoznania
robotami wiertniczymi mozna znalez¢ lokalizacje, w ktorych
w calym profilu przyszlej kawerny wystepuja miazsze i mniej
wiecej jednorodne utwory soli kamiennej. W takiej sytuacji
mozliwe jest wykonanie kawerny o znacznej wysokosci, nawet
ok. 1 km. Obecnie dziatajacy KPMG Mogilno eksploatuje 14
kawern wykonanych w wysadzie solnym.

Kawerna solna jako magazyn gazu ziemnego
Magazynowanie ciektych weglowodoréw w kawernach
solnych uzyskanych w procesie tugowania zostato opatento-
wane w Niemczech w 1916 r., ale po raz pierwszy zastosowane
dopiero w potowie XX w. (USA i Wielka Brytania). Techno-
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Rys. 5. Schemat sprezania powietrza i jego wykorzystania w turbinach [20]

Fig. 5. Diagram of air compression and its use in turbines [20]

logia ta zaczela sie gwaltownie rozwijaé, a magazynowanym
medium stal si¢ rowniez gaz ziemny. Szacuje sig, ze w chwili
obecnej na $wiecie eksploatowanych jest ok. 1,5 tys. kawern
tugowniczych w zlozach soli. W Europie wykorzystywane sa
gléwnie na potrzeby magazynowania gazu ziemnego.

Niewatpliwie zalety tego sposobu magazynowania wynika-

ja z szeregu czynnikow, ktore wskazuja wlasnie ztoza soli ka-
miennej jako najkorzystniejsze srodowisko, a wynikaja z [11]:

o powszechnoéci wystepowania ztdz soli w wielu krajach;

o specyficznych warunki hydrogeologiczne panujace
w zlozach solnych - szczelno$¢ gorotworu solnego;

o korzystnych wlasciwoéci geomechaniczne soli ka-
miennej, tj. zwiezlo§¢, nieprzepuszczalnosé, pla-
styczno$¢ odksztalcen;

o obojetnosci chemicznej soli wzgledem wigkszosci
magazynowanych substancji;

o duzej miazszosci z16z solnych, umozliwiajaca budo-
we magazynéw podziemnych znacznej objetosci.

Magazynowanie podziemne w znacznym stopniu eli-
minuje badz ogranicza niebezpieczenstwa i ucigzliwos¢ dla
$rodowiska, jaka stwarza magazynowanie powierzchniowe.
Szczegdlnie istotne sg trzy aspekty:

o bezpieczenstwo - podziemny magazyn jest mniej
wrazliwy na pozar, atak terrorystyczny czy dziatania
wojenne;

e ochrona terenu - w pordéwnaniu ze zbiornikami
na powierzchni majacymi pomieéci¢ podobne ilo-
$ci produktu co magazyny podziemne, musza zaja¢
duze powierzchnie. W odniesieniu do zbiornikéw
podziemnych, efektem powierzchniowym sg jedynie
niewielkie instalacje obstugujace te zbiorniki, ktore
staosunkowo ltatwo mozna wkomponowaé w kra-
jobraz lub w infrastrukture — dotyczy to zwlaszcza
magazyndw gazu. W przypadku podziemnych ma-
gazynow produktéw cieklych sprawa jest bardziej
zlozona, gdyz na powierzchni musza pozostaé zbior-
niki na solanke manewrows;

o finansowy - koszty inwestycyjne i pdzniej eksplo-
atacyjne magazynéw podziemnych, w pordéwna-
niu z kosztami budowy i eksploatacji tradycyjnych
zbiornikéw podobnej pojemnosci na powierzchni sg
znacznie mniejsze.

Podstawowymi parametrami opisujacymi KPMG sa: po-
jemno$¢ czynna, moc zatlaczania gazu, moc odbioru gazu,
wielko$¢ bufora (poduszki gazowej) oraz mozliwos¢ wykona-
nia wielu cykli w ciagu roku [19]. Jak wynika z dotychczaso-
wych doswiadczen, magazyny kawernowe stwarzajg najlepsze
warunki w zakresie zatlaczania i odbioru gazu przy réwno-
czesnym zapewnieniu wielocyklicznosci pracy (por. Tab. 1).
Précz wymienionych czynnikéw technologicznych oczekuje
sie, ze kawerna magazynowa bedzie szczelna, zapewni odpo-
wiednig temperature i ci$nienie magazynowania oraz zacho-
wa dlugotrwalg stateczno$¢ geomechaniczna.

Kawerny przeznaczone na potrzeby magazynowania sub-
stancji uzytecznych, w tym gazu ziemnego, muszg by¢ szczel-
ne. Niespelnienie tego warunku w przypadku magazynowa-
nia weglowodoréw ciektych moze prowadzi¢ do skazenia wod
podziemnych, a w przypadku wydostania si¢ gazu ziemnego
moze doprowadzi¢ do eksplozji na powierzchni (wypadek
taki miat miejsce w 2001 r. w Hutchinson, Kansas, USA, zgi-
nely wowczas 2 osoby). S6l kamienna jako osrodek o wia-
$ciwoéciach plastyczno-lepkich oraz o przepuszczalnosci
w normalnych warunkach rzedu 10-21 m* zapewnia szczel-
noé¢ podziemnego magazynu, jeéli tylko cztowiek swa dzia-
talnoscia jej nie zniszczy. Zagrozeniem dla szczelnoéci moga
by¢ porowate przewarstwienia skal niesolnych w obrebie serii
solnej, a takze przewarstwienia szybko rozpuszczalnych soli
magnezowo-potasowych, ktére moga stworzy¢ drogi migracji
magazynowanego produktu poza ztoze soli. Dlatego kawerny
magazynowe nalezy lokowa¢ w strefach ztoza spelniajacych
odpowiednie warunki geologiczne.

Magazynowanie gazu zwigzane jest z wykorzystaniem jego
$cisliwoéci. Kawerny solne po oprdznieniu z solanki wypelnia-
ne s3 gazem zmiennym ci$nieniem, ok. 10-20 MPa. W zwiazku
z tym pojemno$¢ robocza oznacza ilo$¢ gazu, jaka moze by¢
wtloczona do kawerny. W zwiazku z tym istotne sa wartoéci
minimalnego i maksymalnego cisnienia gazu w kawernie.
Utrzymywanie zbyt niskiego ci$nienia w kawernie bedzie skut-
kowato przyspieszonym procesem konwergencji, a w konse-
kwencji zmniejszeniem objeto$ci magazynowej. W skrajnym
przypadku moze doprowadzi¢ do utraty przez kawerne sta-
tecznosci geomechaniczne;j. Z kolei maksymalne ci$nienie gazu
w kawernie nie moze przekroczy¢ wytrzymatoéci skaly solnej,
co z kolei w przypadku zbyt wysokiego ci$nienia moze dopro-
wadzi¢ do mikroszczelinowania gérotworu, a tym samym do
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Rys. 6. Potencjalne miejsca lokowania kawern Magazynowych w utworach soli kamiennych w Polsce [6]

Fig. 6. Potential locations for locating storage caverns in rock salt formations in Poland [6]

utraty szczelnoéci. Poniewaz rocznie odbywa sie kilka, a czasem
nawet kilkanascie cykli zattaczania i odbioru gazu, nalezy liczy¢
sie z postepujaca konwergencja objeto$ciowa kawerny, wynika-
jaca z wlasno$ci reologicznych gérotworu solnego. Szacuje sie,
ze po 15 latach eksploatacji objeto$¢ kawern zmniejsza si¢ $red-
nio o ok. 13%, natomiast po 30 latach o ok. 24% [12].

Kawerna solna jako magazyn energii

Proces dekarbonizacji sektora energetycznego spowo-
dowal w ostatnich latach gwaltowny rozwéj odnawialnych
zrédel energii (OZE). Zrédla oparte na energii stonecznej
i energii wiatru s3 jednak niestabilne, silnie uzaleznione od
warunkow pogodowych, ale takze od pory dnia i pory roku.
Na rynku pojawiaja sie nadwyzki energetyczne, w zwiazku
z czym operatorzy sg zmuszeni do ograniczania produkcji
energii elektrycznej w elektrowniach konwencjonalnych oraz
jej pobdr z OZE [3].

Cze$ciowym remedium na te problemy jest magazyno-
wanie energii elektrycznej, ktére moze by¢ realizowane m.in.
w kawernach solnych. No$nikiem energii elektrycznej w tym
przypadku moze by¢ woddr, ktory jest traktowany jako paliwo
przyszlosci, zastepujac w najblizszych latach paliwa kopalne.
Obecnie trwajg prace nad metodami jego szybkiej i wydajnej
produkgji (z uwzglednieniem kwestii ekonomicznych), trans-
portu oraz magazynowania.

Konwersja energii elektrycznej na wodér odbywa sie
w procesie elektrolizy wody, a wigc w procesie wymagaja-
cym energii elektrycznej. Do tego procesu mozna wykorzy-
sta¢ nadwyzki energii z biezacej produkeji przez OZE. Proces
elektrolizy nie jest zbytnio skomplikowany, jest procesem bez-
piecznym, a co najistotniejsze, jest procesem ekologicznym.
Tak pozyskany wodér otrzymal przydomek ,,zielonego” wo-
doru, gdyz cykl produkcyjny jest zeroemisyjny. W kontekscie
energetyki odnawialnej tak pozyskany wodor wydaje sie by¢
bardzo atrakcyjny. Wodér mozna magazynowaé w kawernach
solnych, ktére wg obecnej wiedzy sg najlepszym rozwiazaniem
w przypadku koniecznoéci przechowania duzej ilo$ci wodo-

ru w diuzszym horyzoncie czasowym. Tak zmagazynowany
wodor mozna wykorzysta¢ do produkeji energii elektrycznej
z wykorzystaniem np. turbin wodorowych napedzajacych
generatory pradu czy tez wodorowych ogniw paliwowych.
Ten proces wytwarzania energii elektrycznej rowniez jest ze-
roemisyjny. Schemat wytwarzania i magazynowania wodoru
w kawernach solnych przedstawiono na Rys. 4.

W 2021 r. w Wielkiej Brytanii funkcjonowaly 3 kawerny
solne posadowione na glebokosci 350-450 m o tacznej obje-
todci 210 tys. m>. 3 kolejne w USA na gtebokosci 800 m (strop
kawerny) o objetosci ponad 500 tys. m®. Szacuje sie, ze ka-
werna solna o objetosci 200 tys. m®, posadowiona na glebo-
kos$ci 1000-1200 m p.p.t. i maksymalnym dennym ci$nieniu
magazynowania 17 MPa pozwoli na zmagazynowanie okoto
2200-2400 Mg wodoru, tj. okolo 82,5 GWh [18].

Alternatywa dla wodoru jako noénika energii moze by¢
sprezone powietrze. Nosnik ten jest uwazany jako jeden z naj-
drozszych, poniewaz proces sprezania jest niezwykle energo-
chlonny. W zwiazku z tym sprezanie powietrza moze odby-
wac si¢ w okresach, w ktorych energia elektryczna jest tania
(noc, weekendy) lub mozna wykorzysta¢ energie pochodzaca
z nadwyzek OZE. Do magazynowania energii w postaci spre-
zonego powietrza CAES (ang. Commpressed Air Energy Sto-
rage) mozna wykorzysta¢ kawerny solne. Pierwsza tego typu
instalacja powstala w 1980 r. w Niemczech zapewniajac wy-
twarzanie 250 MW mocy elektrycznej [20].

Kawerny wykorzystywane obecnie do magazynowania
gazu ziemnego moga by¢ w przyszlosci wykorzystane jako
magazyny energii w postaci wodoru lub sprezonego powie-
trza, pod warunkiem utrzymania dotychczasowych parame-
trow technologicznych takich jak: ci$nienie magazynowania
noénika energii, temperatura, dopuszczalne przeplywy itp.
Co najwyzej pewnym modyfikacjom bedzie musiata ulec
cze$¢ naziemna, jak np. wymiana sprezarek gazowych na elek-
tryczne, uzupelnienie instalacji o ekspander gazu sprzezony
z generatorem, uktady magazynowania ciepta i chfodu, uklad
potaczen.
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Mozliwo$¢ budowy nowych magazynow energii w polskich
zlozach soli kamiennej

Polska posiada bardzo duzy potencjal magazynowania
energii w utworach soli kamiennych, zaréwno w zlozach po-
ktadowych, jak i wysadowych - Rys. 6. Potencjal ten ograni-
cza si¢ do zt6z cechsztynskich, ktére wystepuja na znacznych
obszarach Polski. Ztoza miocenskie i triasowe z racji skompli-
kowanej budowy wewnetrznej i niewielkich migzszosci nie s3
brane pod uwage.

Miejsca potencjalnych lokalizacji kawern w formach po-
ktadowych wystepuja w potnocnej Polsce (5 obszaréw, 3 udo-
kumentowane zloza soli i 18 pojedynczych otworéw wiertni-
czych), w czg$ci poludniowo-zachodniej kraju (11 obszaréw,
jedno udokumentowane zloze soli i 9 pojedynczych otwordw
wiertniczych). Potencjalne lokalizacje w formach wysado-
wych to pédinocno-zachodnia Polska, region szczecinski (7
struktur wysadowych) oraz w Polsce centralnej (4 wysady).

Szczegllnie atrakcyjne wydaja sie lokalizacje blisko wy-
brzeza Baltyku, a to z racji mozliwoéci poboru wody morskiej
do tugowania kawern oraz zrzutu solanki do morza. W przy-
padku pozostatych lokalizacji gléwnym problemem moze by¢
odbior solanki, ale tez mozliwoéci poboru wody do celow
technologicznych na czas budowy kawerny.

Wikazane na Rys. 6 potencjalne lokalizacje w wielu przy-
padkach wymagaja udokumentowania, gdyz sa rozpoznane
jedynie otworami wiertniczymi.

Z uwagi na skomplikowang sytuacje geopolityczng w Eu-
ropie konieczne jak najszybsze podjecie decyzji budowy kolej-
nych magazynéw kawernowych, majac na uwadze, ze proces
budowy trwa ok. 5-10 lat.

Podsumowanie

Polska posiada doskonala baze zasobowa z16z soli ka-
miennej, ktéra z powodzeniem moze by¢ wykorzystana na
potrzeby budowy podziemnych magazynéw gazu i energii.
Obecnie w strukturach solnych funkcjonuje jeden Podziemny
Magazyn Ropy i Paliw (Géra k/Inowroclawia) oraz dwa Ka-
wernowe Podziemne Magazyny Gazu (Mogilno k/Inowrocta-
wia i Kosakowo k/Gdyni). W najblizszych latach przewiduje

si¢ budowe kolejnych kawernowych magazynéw gazu. Nie-
watpliwie bedzie to mie¢ korzystny wplyw na bezpieczenstwo
energetyczne panstwa, w szczegdlnosci w kontekscie dekar-
bonizacji systemu energetycznego. Magazyny w zlozach soli
kamiennej, oprécz duzej pojemnosci operacyjnej, pozwalaja
na szybkie zatlaczanie i odbiér magazynowanego medium.
Ma to istotne znaczenie w okresie, w ktérym wegiel brunatny
i kamienny bedzie zastgpowany gazem ziemnym, co z kolei
bedzie wymagalo stworzenie odpowiedniego zaplecza do ma-
gazynowania gazu.

Docelowo energetyka ma zosta¢ oparta na odnawialnych
zrodtach energii, ktérych wada jest okresowo$¢ produkeji wy-
nikajaca gléwnie z warunkéw klimatycznych/pogodowych.
W zwigzku z tym bedzie istniala konieczno$¢ budowy no-
wych magazynéw energii, ktorych zadaniem bedzie buforo-
wanie nadwyzek produkcyjnych energii i jej zwrot do systemu
w okresach niedoboru. Oprécz nowych magazynéw energii
zajdzie konieczno$¢ przeksztalcenia na ten cel istniejacych
magazynow gazu, co jest technicznie mozliwe.

Rozw6j magazynow energii pozwoli na efektywny odbior
i konwersje energii elektrycznej pozyskiwanej za posrednic-
twem odnawialnych zrédet energii. W wyniku przeprowadzo-
nej konwersji medium magazynowym moze zosta¢ wodor lub
sprezone powietrze. Odwrocenie procesu konwersji pozwoli
za pomocg turbin gazowych i generatoréw na wytworzenie
energii elektrycznej.

Poniewaz odnawialne zrodla energii postrzegane sa jako
przyszto$¢ energetyczna Europy, eliminujac z systemu ener-
getycznego paliwa kopalne, niewatpliwie przyczyni si¢ to do
ochrony $rodowiska naturalnego. W tym kontekscie Polska
w perspektywie najblizszych lat moze stworzy¢ pokazna baze
magazynowa energii w zlozach soli kamiennej, ktéra pozwo-
li na zachowanie bezpieczenstwa energetycznego panstwa.
Wskazanie potencjalnych lokalizacji przysztych kawern ma-
gazynowych pokazuje, ze cz¢$¢ z nich moze by¢ zrealizowana
bez istotnych szkod srodowiskowych (dotyczy kawern zloka-
lizowanych w pasie nadmorskim). W przypadku pozostatych
lokalizacji konieczna bedzie budowa infrastruktury zwigzanej
z odbiorem i przerdbka uzyskanej solanki.
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Possibilities of Storing Natural Gas and Energy in Salt Formations in Poland
The state's energy security includes, among others: securing customers' fuel and energy needs. One of the elements of energy policy is stora-
ge infrastructure, which enables the storage of natural gas and fuel stocks. It is carried out through surface and underground warehouses.
The role of the latter is particularly important due to the capacities offered, but also the technological parameters of the storage process
that can be obtained.
One of the convenient places to build underground gas and fuel storage facilities are rock salt deposits, where storage caverns are construc-
ted. Due to favorable access to salt geological formations, Poland has great opportunities to build an underground storage base for both
natural gas and liquid fuels.
The process of decarbonization of the energy sector forces us to look for new energy sources that will, over time, replace fossil fuels in the
energy system. The answer to this challenge are renewable energy sources (water, wind, sun), the advantage of which is inexhaustibility,
but on the other hand, the disadvantage is that they are uncontrollable due to their dependence on climate/weather conditions.
The article discusses the possibilities of building cavern underground gas and energy storage facilities, paying attention to the latter as
future solutions necessary for use in the energy system. Against the background of the rock salt resource base, potential locations of future
cavern storage facilities were indicated.

Keywords: salt deposits, salt caverns, underground gas storage facilities, underground energy storage facilities
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Abstract

The article proposes a comprehensive methodology for geometrization of a mineral deposit. Based on existing concepts of
geometrization, a set of methods for building a geometric model of a mineral deposit is developed. In the course of geometrization
of mineral deposits, the authors of the research widely use geo-information systems. Geological exploration and survey data are
used as the basis for geometrization. The most widely used estimation methods are considered when developing the methodology
for estimating mineral reserves. The modified method of parallel vertical sections proves to be the most effective way to estimate the
reserves of deposits of complex geometric shapes. The authors develop the methodology for determining optimal location of sections
in relation to the mineral deposit under estimation. Both geostatistical estimation methods implemented in geo-information systems
and a multidimensional heuristic estimation method developed by the authors of the research are used for geometrization purposes.
This set of mining geometric methods enables actual and predictive geometrization of a mineral deposit and estimation of its reserves.
The geometrization methodology developed by the authors makes it possible to rationally plan mining operations and increase mining
enterprise efficiency.

Keywords: comprehensive methodology for geometrization, geo-information system, geostatistical estimation methods, multidimensional

heuristic estimation method, parallel vertical sections

1. Introduction

Modern industrial production requires extraction of a
large amount of mineral resources [1]. The current tenden-
cy of growing needs for raw materials in production leads to
the need to increase the volume of mining. Quantitative and
qualitative characteristics of minerals must meet modern re-
quirements determined by complexity of production process-
es. Improving efficiency of mining operations involves solving
a number of problems related to mining processes in different
conditions of mineral deposit development. This requires a
clear understanding of the mining enterprise and the rock
massif. Geometrization of mineral deposits makes it possible
to assess geological and technological characteristics of min-
eral deposits developed by mining enterprises [2-6].

Sustainable mining is an essential condition for providing
the national economy with the necessary resources [7]. Devel-
opment of mining depends on investments based on estimations
of mineral reserves. Various methods of estimating mineral re-
serves are grounded on a comprehensive mining and geometric
estimation of a mineral deposit [8]. Selecting the optimal, i.e. the
most appropriate in different mining and geological conditions,
method for estimating mineral reserves is the most important
task of geometrization of a mineral deposit [9]. Comprehensive
estimation and modelling of mining production can contribute
to the efficient design and planning of performance of a mining
enterprise or a system of mining enterprises [10].

A digital model of a deposit built on the basis of survey
measurements and geological exploration data enables a com-
prehensive mining and geometric estimation of a mineral de-
posit [11-14]. Such a model can provide a qualitative ground
for performing mining geometric calculations, creating min-
ing and graphic documentation [15], building topographic
surfaces and calculating volumes of minerals. The mining and
geometric model of a mineral deposit based on its compre-
hensive geometrization is shown in Fig. 1.

Improvement of the technology for mining minerals is
based on application of information on the geometric struc-
ture of a mineral deposit [16-17]. Efficient design of a mining
enterprise is possible due to geometrically substantiated pa-
rameters of mining operations. Efficient extraction of miner-
als is a priority of mining production [18-21]. For example,
in [22, 23], authors show that the results of scientific stud-
ies based on the geometrization data help solve not only the
problems of the ore formation theory but also the practical
tasks concerning improvement of methods for predicting the
prospective areas within the deposit.

Mineral processing is an integral part of mining produc-
tion. The technology for enrichment of minerals depends on
their physical and chemical properties, water content, im-
pacts of the nature of mineral occurrence in the rock mass
on properties of the raw materials supplied to mining and
processing enterprises. Geometrization-based information
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Fig. 1. Mining and geometric model of the deposit in the open pit of Slavyanskyi chalk-lime plant

Rys. 1. Model gérniczy i geometryczny zloza odkrywkowego Zaktadu Wapna Kredowego Slavyanskyi

provides the foundation for mineral deposit estimation
and subsequent development of the mineral enrichment
technology [24].

Various scopes of mining require monitoring mineral
resources based on an integrated estimation of the mineral
deposit. Exploitation of mineral deposits inevitably results in
rock massif disturbances [25]. This leads to unstable geome-
chanical conditions of rocks and mine workings. Mining and
geometric methods of estimation provide control of the rock
massif condition, without which stable performance of the
mining enterprise is impossible [26-28].

Concentration of stresses around mine workings may lead
to losses of their integrity [29, 30]. Geometric methods for
estimating geophysical processes are an integral part of mine
safety [31]. The impact of mining operations on the surround-
ing rocks and the surface of the mining enterprise should be
carefully estimated. Based on such estimations, activities are
carried out to ensure stability of rocks [32-36].

The impact of mining on nature is an important issue.
Different types of impacts have different consequences. Min-
eral mining and processing should be conducted in a way
that minimizes their impact on nature and a mining enter-
prise. Estimating and modelling the environmental impact
of a mining enterprise is the most important task that arises
during the mining process. The amount of pollutants in the
air is the most important indicator of the condition of the
environment. This issue is particularly relevant in open pit
mining, especially when it comes to minerals containing toxic
useful components. Assessment of such pollution and reduc-
tion of its impact on the environment should be performed
with a high degree of responsibility [37].

At mineral deposits with high geological variability, there
is a problem of estimating the spatial occurrence of minerals.
This reduces efficiency of mineral resources estimation based
on the results of geological exploration. Geostatistical and
heuristic methods of estimating geological characteristics of
the deposit enable reducing the impact of variability on the
mineral reserves estimation and determining geological char-
acteristics of the deposit with higher accuracy [38-43].

Methods of heuristic self-organization are the most in-
teresting methods of mining and geometric estimation of
mineral deposits. They are characterized by various efficiency

and based on different mathematical methods. They are the
most flexible and adaptable as well. In combination with geo-
statistical methods for estimating mineral deposits, heuristic
methods are very efficient for estimating deposits with high
geological variability. Development and application of these
methods is very promising for estimating and modelling min-
eral deposits [44-46].

Thus, the presented research aims to create a geometri-
zation methodology allowing a comprehensive mining and
geometric estimation of the mineral deposit, and ensuring
efficient performance of the mining enterprise.

2. Methods

The majority of researches on geometrization of mineral
deposits are based on P.K. Sobolevsky’s concept on geome-
trization of shapes, properties, conditions of rock occurrence
and subsoil processes [47].

This concept of geometrization underlies graphical and
analytical methods of building a mining and geometric mod-
el of the deposit, estimating deposits of various geometric
shapes as well as mineral reserves, that are developed and
proposed by the authors. In addition, the authors of the pres-
ent research have created a comprehensive methodology for
mineral deposit geometrization.

A major disadvantage of the idea of geometrization based
on the concept of the geochemical field and the topographic
surface is that in the current system only one deposit charac-
teristic is depicted. Simultaneous imaging of multiple charac-
teristics is difficult and does not create a comprehensive mod-
el of the deposit if these characteristics are built as isolines.
This disadvantage is addressed by applying mathematical
operations with topographic functions according to certain
rules that take into account genetic characteristics of the set of
deposit characteristics. This formal set of characteristics pro-
vides a description of variability of the geological structure of
the deposit parts or the entire deposit.

Under the general approach, variability arises when tran-
siting, first, from considering individual characteristics to
considering their totality; second, from studying the nature of
spatial variability of individual characteristics to considering
their combined impact on the overall variability factor, taking
into account relationships between the characteristics.
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Rys. 6. Potencjalne miejsca lokowania kawern Magazynowych w utworach soli kamiennych w Polsce [6]

Fig. 6. Potential locations for locating storage caverns in rock salt formations in Poland [6]

Any characteristic of the deposit P can be determined in
a system of spatial-temporal coordinates P=£(x, y, z, t). In this
case, location of a characteristic in the x coordinate system is
commonly referred to as geochemical, geological, spatial, ran-
dom. If in the coordinate system a multidimensional vector of
various characteristics of the deposit P=f(P1, P2, ..., Pn) is de-
termined, location of such a system of characteristics is called
a vector field. However, such a name cannot be recognized as
convenient. A system of spatially located deposit characteris-
tics is called a spatial-factor field.

Each characteristic of this field can be formally described
individually and exist as a spatial-factor field of an individual
characteristic. The complete set of various characteristics of
the deposit is specified by a system of spatial-factor fields of
individual characteristics, which is described by a function of
the type:

B =F[6,(c.p)eh (.
P, =F[f2[x.p];¢2[x.p):|; (1)

B = F[fn [x.p];q:n[x.p]].
where f(x, p) is the regular component of the spatial-factor

field; @, 1(x, p) is the random component of the spatial-factor
field or variance of the model.

The analysis of properties of individual fields and their
systems is based on mining and geometric analysis of the de-
posit and topographic functions.

The variability model is expressed as a topographic func-
tion of the following type:

V= flx, 3, 2). )

This topographic function is scalar. If it is differentiated,
it is transformed into a vector-topographic surface described
by the expression:

_ AP

RV (3)

where AP is the section of the isolines; Al is the distance be-
tween adjacent profiles in the direction of the gradient.

To differentiate the variability at geological exploration
network points located on the plan, values of the main gra-
dients are calculated and the isogradients, which are deriv-
atives of the given surface, are built on them. Isogradient
surfaces are built on the basis of difference of the obtained
characteristics in a given interval and allow finding any val-
ues within this interval and performing predictive model-
ling of deposit characteristics, as well as solving problems
related to predicting and modelling spatial location of min-
eral reserves.

If necessary, coeflicients of variability of the characteris-
tics are calculated and accuracy of building the plans is as-
sessed. If the accuracy of the model meets the requirements,
the plans of the isolines are sufficiently informative.

The relationship between the network parameters and the
error of determining the useful layer thickness is further es-
tablished by comparing the amount of reserves obtained from
the geological exploration data and that calculated from the
exploitation data.

This error is determined as the mean square deviation of
the surfaces of isothicknesses, built according to experimental
parameters of the geological exploration networks, from the
true surface, built according to the exploitation data, by the
formula:

m= i\/g (4)

where ZA” is the total of squares of value deviations from the
true surface; n is the number of points where deviations are
determined.

Predictive modelling of mineral reserves is based on
building vector-gradient fields of the useful layer thickness-
es of mineral reserves. This process enables establishing reg-
ularities of spatial distribution of mineral resources, as well
as managing reserves during exploration and exploitation of
mineral deposits [48, 49].

These starting points for field differentiation and field gra-
dient determination, known in the general rigorous mathe-
matical field theory, enable new approaches to creating a geo-
metric understanding of the deposit structure variability and
solving problems of geological exploration and mining.
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Fig. 2. Deviation of the position of boreholes plotted on the plan based on data of surveys and processed images

Rys. 2. Odchylenie polozenia otwordéw wiertniczych, naniesione na planie na podstawie danych pomiarowych i przetworzonych zdje¢

The geostatistical analysis of the deposit provides an op-
portunity to assess the relationship between parameters of the
exploration network and variability, to clarify distribution of
the qualitative characteristics of the deposit, and improve ac-
curacy of deposit reserves estimation. The geostatistical meth-
od of kriging is implemented in detail in geo-information
systems used for geometrization of mineral deposits [50-52].

Within the framework of the comprehensive methodol-
ogy for mineral deposit geometrization, the authors of the
present research develop a method of mining and geometric
modelling based on multidimensional heuristic self-organi-
zation of the function of deposit characteristics location [53].
The function looks like:

f, =[cf (@l x] + by x7)" x (al,x5 + b, x5 )P - .
(af,x3 + by, x3)7 x (af x} +bg,xp)° - (5)
(a%x] + b5, x3)7 x . (ag, X7 + b, x7)°].

E (%, %X,,...%, ) =d7 [ (x,X,,....%, ) +

(6)
H, (%%, X ) o+ (XX, 0 X ) et
P(x,.x%,....%,) = g"[E(X.X,....X, ) +
+F, (X, X500 X, ) o+ E (X0, ,.,%, )P +h°, )

where x are the function arguments determined from reliable
geological exploration data; a, b, ¢, e, g, h are the numerical
coefficients obtained during modelling; p is the power calcu-
lated by (7).

In (5) - (7), the process of repetitive calculation cycles re-
sults in complicating the mathematical model of the deposit.
The search for the functional relationship between the deposit
characteristics takes place in worked-out areas of the depos-
it. While calculating, the factors are determined that impact
distribution of the modelled characteristic most of all. Thus,
the optimal type of functional relationship between geolog-
ical characteristics is determined. The calculation cycles are
performed according to the criterion of the modelling accu-
racy increase. The set of algorithms included in the described
modelling method make this mathematical model very flexi-
ble, which allows it to be used in complex mining and geolog-
ical conditions at deposits with high variability of geological
characteristics. This makes it possible to describe very com-
plex mathematical relationships between geological charac-
teristics, distinguish the regular component of a multidimen-
sional geochemical field, and estimate the error of modelling.

Large errors occur when processing maps and plans that
can be used as a basis for modelling. These are made when
building plans, or result from incorrect recognition of infor-
mation on maps and plans due to their poor physical condi-
tion, or are related to inaccurate connection to the coordinate
grids of the original image, etc.

To study these errors, two models are built for each open
pit. One of them uses vectorized information from scanned
plans, and the other is built on survey data. Then, the two
models are compared for identity. Deviation of the values
makes about 7% (Fig. 2).

Thus, accuracy of the volume calculations based on the
data obtained by processing the scanned plans is much lower
than that of the calculations based on the survey and geologi-
cal exploration data. Survey and geological exploration data is
a priority for geometrizaton of mineral deposits.

The comprehensive methodology for geometrization of
mineral deposits created by the authors widely employs such
geo-information systems as Micromine, K-mine, Surfer, and
Autocad. These systems have detailed methods for estimation
and geometrization of mineral deposits including geostatisti-
cal ones which are of particular interest given the complex ge-
ometry of mineral deposits. This methodology has been used
for geometrization of Ukrainian mineral deposits of various
shapes and complexity.

Mining enterprises most commonly use the following
methods to calculate solid mineral reserves: vertical and hor-
izontal sections, arithmetic mean, geological blocks, produc-
tion blocks, polygons, triangles, isolines, isohypse, average
dip, equal dip areas, etc.

The parallel section method is the most common for es-
timating reserves of ore deposits, as these deposits are char-
acterized by highly variable morphology and very uneven
distribution of the useful component. The section method
divides the mineral body into a number of blocks located be-
tween parallel lines of the exploration network.

Depending on the geological exploration network, the
method of vertical or horizontal sections can be used. For ex-
ample, if the deposit is explored with vertical or inclined bore-
hole profiles, the vertical section method provides the most
complete direct use of all geological data obtained during ex-
ploration drilling.

To apply the horizontal section method in this case, it is
necessary to average the geological data obtained from these
boreholes and project them as individual points on the hor-
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Rys. 3. Fragment powierzchni triangulacyjnej cyfrowego modelu odkrywki Pivdennyi GZK. Eksperymentalne bloki kopalniane s3 wyréznione kolorem
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Fig. 4. Mine block with sections for calculating volumes

Rys. 4. Blok kopalniany z sekcjami do obliczania objeto$ci

AN

Fig. 5. Fragment of the triangulation surface of the pit after mine block extraction

Rys. 5. Fragment powierzchni triangulacyjnej wyrobiska po wydobyciu bloku kopalnianego

izontal section plane, which complicates the calculation of
mineral reserves and inevitably reduces its reliability. On the
contrary, if there are a number of mine working levels with
underground horizontal boreholes, it is more expedient to use
horizontal sections for calculating mineral reserves.

A huge advantage of the parallel section method is that
it enables clear demonstration of geological features of the
deposit, namely, the morphology of mineral bodies, the dis-
tribution of certain ore types and grades, the nature of min-
eralization changes along the dip, strike and thickness of the
deposit. This method makes it possible to calculate reserves in
the case of extremely complex deposit contours and availabil-
ity of ore or non-ore layers.

In the general case of using the method of parallel sec-
tions, the volume of the block is calculated by the formula:

V:ll[s‘ ;SZ]+IZ(52;S3]+.N+IH(S“ +2S“*']

where S is the area of the section; 1 is the distance between

(8)

the sections at the right angle to the dip; n is the number of
sections.

When using the section method, the area of the ore body
is determined for each section. Section areas are mostly de-
termined by automated methods based on known plan-height
coordinates of the digital section model. Depending on the
shape and relative sizes of the areas in adjacent sections, vol-
umes of blocks are calculated using the formulas of the pyr-

amid, truncated pyramid, cone, wedge, etc. The average con-
tent of useful components in the sections is determined as the
weighted average of the ore intervals of individual workings.
If the geological sampling network of a mineral deposit is un-
even, it is advisable to determine the content of the miner-
al component as a weighted average of the block areas using
geostatistical estimation methods such as kriging.

The above data should be used for determining block pa-
rameters. Blocks are usually singled out between two explora-
tion profiles, but in the case of a dense network of exploration
workings, sometimes it is possible to include several sections
in a block.

If the dip of mineral bodies is long, blocks formed by
two sections are excessively large and it is advisable to divide
them into several independent blocks, especially when there
are significant vertical changes in the nature of the mineral
distribution.

Most mineral deposits are limited by complex surfaces. It
is impossible to accurately reproduce and identify them based
on exploration data. Therefore, the principle of transforming
complex bodies into simpler ones, within which reserves are
estimated, underlies all geological exploration-based methods
of reserve estimation.

The vertical section method is used to calculate volumes of
complex block figures consisting of objects of different types
that can be located in several different layers or pit benches
and have a complex section profile.

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society

155



\\\\

i\i\‘,‘ﬁ'\f“\\\

— ‘.\\\-\\\\

M \ TR |\§ i'hv...

\ \\\

Fig. 6. Fragment of the triangulation surface of a mine block divided by parallel section planes

Rys. 6. Fragment powierzchni triangulacyjnej bloku kopalnianego, podzielonego réwnoleglymi plaszczyznami przekroju
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Fig. 7. Formation of sections to determine the volume

Rys. 7. Tworzenie przekrojow w celu okre$lenia objetosci

Fig. 8. Form of experimental mine blocks: 1 - straight elongated block; 2 -

intermediate variation; 3 - block of a sharply rounded geometric shape

Rys. 8. Forma eksperymentalnych blokéw kopalnianych: 1 - blok prosty wydtuzony; 2 — zmienno$¢ posrednia; 3 — bryla o ostro zaokraglonym ksztalcie
geometrycznym

3. Results and their discussion

The methodology for geometrization of mineral deposits
developed in the present research has been applied to geom-
etrization and modelling of Ukrainian mineral deposits, e.g.
the deposit at Pivdennyi Ore Mining and Processing Plant
(GZK).

The specifics of calculating volumes by the method of sections
in geo-information systems used in the present research consists
in building triangulation surfaces at the initial stage (Fig. 3).

The volume between two triangulation surfaces can be
determined within a specified area of the mineral deposit lim-
ited by a closed contour exemplified in Fig. 4.

This method employs information on the condition of
the pit surface at the beginning and the end of a certain time
interval to calculate volumes with possible determination of
volumes within a closed contour or multiple contours. For
this, there should be indicated pit contours at the beginning
and the end of the reporting period in different layers of the

model. This information may be presented in the form of con-
tours of workings, bench edges, surfaces, etc., which, in turn,
are represented in the form of splines, polylines, surfaces,
point elevation marks, etc. Based on these data, the contour
of the mineral reserves in the XY plane is determined within
which the reserves are estimated. A triangulation surface is
built based on the set of objects describing information on the
pit boundaries at the beginning and the end of the reporting
period. The volume is found based on the difference in sur-
faces at the beginning and the end of the reporting period.
Volumetric difference fragments with a positive mark are con-
sidered balance rock mass, and those with a negative mark are
considered off-balance rock mass (Fig. 5)

Triangulation surfaces are built based on data from all ob-
jects included in each layer category. Triangulation surfaces
are built for the new and old boundaries of a pit bench.

Next, the triangulation surfaces are intersected with ver-
tical planes and the contours of intersection figures are deter-
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Fig. 9. Mine blocks of various shapes with sections for calculating volumes at the Pivdennyi GZK pit

Rys. 9. Bloki kopalniane o réznych ksztattach z przekrojami do obliczania objetosci w kopalni Pivdennyi GZK
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Cross-sections line direction, degrees

Fig. 10. Dependency of the calculated volume of a mine block of complex geometric shape on the direction of the line of vertical sections at different
distances between the sections: 1, 2, 5, 10, 20 - dependencies at distances of 1 m, 2 m, 5 m, 10 m and 20 m, respectively

Rys. 10. Zalezno$¢ obliczona objetosci bloku kopalnianego o skomplikowanym ksztalcie geometrycznym od kierunku linii przekrojéw pionowych, przy
réznych odlegtosciach miedzy przekrojami: 1, 2, 5, 10, 20 - zaleznosci w odlegtosciach odpowiednio: 1 m, 2 m, 5m, 10 mi20 m

mined. Subsequently, the solution to the problem is reduced
to solving the standard problem of calculating volumes by the
method of parallel sections (Fig. 6).

This method is based on the parallel vertical section meth-
od and involves availability of a digital pit surface at the be-
ginning and the end of the deposit mining. A contour, or a set
of contours, that allows singling out the determined amounts
of rock mass into categories is also taken into account. Such
categories include, for example, accessed commercial mineral
reserves, mineral reserves prepared for extraction, technolog-
ical reserves, mineral reserves on individual mining horizons,
balance and off-balance reserves within geological contours,
reserves with a certain content of useful component.

At the same time, a reporting documentation package is
generated for the calculated figure and all the necessary cal-
culations are performed. The report contains a calculation
table with calculations of the area for each section, as well as
a graphical representation of each vertical section at a given
scale (Fig. 7).

The method of estimating mineral volumes is studied on
experimental modelled mine blocks of three main geometric
shapes: a straight elongated block, a block of a sharply round-
ed geometric shape and the intermediate variation. For statis-
tical data, the method of horizontal and vertical sections and
that of arithmetic mean are used to calculate the volume of
the obtained figures. The geometric shapes of the blocks are
shown in Fig. 8.

The methods of horizontal and vertical sections employ
sections located radially, parallelly and arbitrarily relative to
each other. Each of the methods proves to produce more ac-
curate results with certain shapes of the figures. That is, the
method of parallel vertical sections provides a more reliable
calculation of volume when applied to estimating a straight
elongated block. The radial arrangement of vertical parallels
provides higher accuracy in estimating rounded blocks. This
is logical, since these methods are developed to determine

amounts of rock mass in blocks of the geometric shape corre-
sponding to these methods. To universalize the arrangement
of vertical sections, the following procedure is employed: the
point of the centre of the surface formed by the closure of the
contour within which the volume is determined on the plan is
used for arrangement of sections. Through this surface, in the
north direction, a block strike line is drawn, perpendicular
to which vertical sections are built. The line is then rotated
at an angle of one degree, and the procedure is repeated. The
obtained volumes are summarized in a table of calculated
volumes of the block. As a result of these operations, angu-
lar ranges are determined within which the calculated values
of volumes remain unchanged. These ranges are combined
to provide minimum angular rotation values for calculating
volumes and vary at different enterprises due to employment
of different mining systems. The values of the rotation angles
at which volumes of blocks differ sharply, become reference
values for estimation of the block mineral reserves.

The calculation of volumes is carried out for mine blocks
of different shapes at the Pivdennyi GZK pit, to clarify the im-
pacts of different shapes of the calculated figures on calcula-
tion accuracy. Three shapes of mine blocks are chosen on dif-
ferent horizons: a straight elongated block, a sharply rounded
block and the intermediate variation (Fig. 9).

At the same time, it is noted that reduction of distanc-
es between the sections leads to reduction of the difference
between the obtained maximum and minimum values of the
volumes calculated for all the section rotation options. There-
fore, at the second stage of the experiment, an attempt is made
to minimize the distance between sections. For this purpose,
the volume in the given blocks is calculated several times with
a gradual fixed reduction of the distance between the sections.
The following distances are chosen for the volume calculation:
20 m; 10 m; 5 m; 2 m and 1 m (Fig. 10).

When analyzing the obtained results, it is concluded that
with a certain reduction of the distance between sections, nu-
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Fig. 11. Mining and geometric model of magnetic iron reserves distribution at the Pivdennyi GZK pit. The gradient shows the change in the
percentage of the useful component content

Rys. 11. Model gérniczy i geometryczny rozkladu zasobow zelaza magnetycznego w kopalni Piwdennyj GZK. Gradient pokazuje zmiang procentowej
zawartosci skladnikéw uzytecznych

merical values of the calculated volumes of a block are equal
at different orientation of the sections relative to the center of
the surface formed by the closed limiting contour. In addi-
tion, the calculated values of volumes are equal to those ob-
tained by other methods. It follows that this method can be
used as a universal one for any geometric shape of the block
with even greater accuracy. Volumes are calculated more ac-
curately due to a greater number of sections that describe the
contour of the figure, the volume of which is being calculated,
in more detail. Optimal distances between sections are ob-
tained empirically, their use confirms efficiency of the method
of parallel vertical sections programmatically implemented in
geo-information systems. A feature of the method is the abil-
ity to automatically arrange sections at optimal distances due
to employment of geo-information systems. This eliminates
the need to use other methods of calculating volumes of indi-
vidual blocks of different geometric shapes.

Comprehensive estimation and geometrization of the
deposit at the Pivdennyi GZK pit is performed employing
geostatistical methods of estimation implemented in geo-in-
formation systems, as well as heuristic methods of estimation
developed by the authors of the research. Comprehensive ge-
ometrization results in a mining and geometric model of min-
eral reserves distribution at the Pivdennyi GZK pit (Fig.11).

The resulting mining and geometric model of the depos-
it makes it possible to effectively plan both short- and long-
term mining activities of the mining enterprise. The model
describes the actual and predicted distribution of minerals
by area and depth of the mineral deposit. The model enables
geometrization of mineral deposits of complex geometric
shapes with different detailing. The results of geometrization
of individual parts of the deposit form the basis for creation of
a complex mining and geometric model of a deposit.

4. Conclusions

Thus, the comprehensive methodology for geometriza-
tion of mineral deposits developed by the authors provides an
opportunity of efficient geometrization of mineral deposits.
The set of methods included in the methodology enables es-
timation and calculation of mineral deposit reserves with an
error not exceeding 6-8%, depending on the amount of vari-
ability of the deposit characteristics. This results in rational
and efficient mining operations.

It is advisable to perform geometrizaton of mineral de-
posits of various geometric shapes using the modified method
of vertical parallel sections by selecting the optimal direction
of sections and the optimal distance between them. It is ex-
pedient to determine the optimal arrangement of sections
applying geo-information systems, which programmatically
implement various ways of estimating mineral reserves.

Comprehensive geometrization of a mineral deposit re-
quires extensive use of geostatistical and heuristic methods
of estimation, which enable actual and predictive geometri-
zation of a mineral deposit in conditions of high variability of
the spatial occurrence of minerals.

Further development of the methodology for geometriza-
tion of mineral deposits consists in developing methods based
on detailed geometrization of mineral deposits, as well as de-
veloping and creating geostatistical and heuristic methods of
estimation enabling comprehensive geometrization of miner-
al deposits of various geometric complexity.
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Kompleksowa metodologia geometryzacji zt6z mineratow

W artykule zaproponowano kompleksowg metodologie geometryzacji z16z kopaliny. Na podstawie istniejgcych koncepcji geometryzacji
opracowano zestaw metod budowy modelu geometrycznego ztoza kopaliny. W procesie geometryzacji zt6z kopalin autorzy badan sze-
roko wykorzystujqg systemy geoinformacyjne. Podstawq geometryzacji sq dane z badan geologicznych. Przy opracowywaniu metodologii
szacowania zasobow kopalin uwzgledniane sq najczesciej stosowane metody. Zmodyfikowana metoda rownoleglych przekrojow piono-
wych okazuje sig najskuteczniejszq metodg szacowania zasobéw zt6z o skomplikowanych ksztaltach geometrycznych. Autorzy opraco-
wujg metodyke wyznaczania optymalnej lokalizacji przekrojéw szacowanego ztoza kopaliny. Do celow geometryzacji wykorzystywane
sg zaréwno metody estymacji geostatystycznej stosowane w systemach geoinformacyjnych, jak i opracowana przez autoréw wielowymia-
rowa metoda estymacji heurystycznej. Ten zestaw gorniczych metod geometrycznych umozliwia rzeczywistg i predykcyjng geometrig
zloza kopaliny oraz oszacowanie jej zasobéw. Opracowana przez autoréw metodologia geometryzacji pozwala racjonalnie planowac
dziatalno$¢ gérniczq i zwigkszac efektywnos¢ przedsigbiorstwa gérniczego.

Stowa kluczowe: kompleksowa metodologia geometrii, system geoinformacyjny, geostatystyczne metody estymacji, wielowymiarowa
heurystyczna metoda estymacji, rownolegle przekroje pionowe

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society 161



162 Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society



Modeling the Impact of Hydraulic Fracturing
of Amber-Bearing Rocks by a Flooded Jet in the
Erosion Chamber on Mining Productivity

Valerii KORNIYENKOV, Yevhenii MALANCHUK?, Vitalii ZAIETS?,
Mpykola KOZIARY, Olexandr VASYLCHUK®, Wiktoria SOBCZYK®

Y Doctor of Engineering, Professor, Department of Mineral Deposits Development and Mining Engineering, National University of Water
and Environmental Engineering, Soborna str, 11, Rivne, Ukraine

? Doctor of Engineering, Professor, Department of Automation, Electrical Engineering and Computer-Integrated Technologies, National
University of Water and Environmental Engineering, Soborna str, 11, Rivne, Ukraine

% PhD, Associate Professor, Department of Mineral Deposits Development and Mining Engineering, National University of Water and
Environmental Engineering, Soborna str, 11, Rivne, Ukraine; email: v.v.zayets@nuwm.edu.ua

* Doctor of Pedagogical Sciences, Professor, Department of Theoretical Mechanics, Engineering Graphics and Machine Sciences, National
University of Water and Environmental Engineering, Soborna str, 11, Rivne, Ukraine

*PhD, Associate Professor, Department of Mineral Deposits Development and Mining Engineering, National University of Water and
Environmental Engineering, Soborna str, 11, Rivne, Ukraine

9 Prof. DSc, PhD, Eng. Faculty of Energy and Fuels, Dept. of Sustainable Energy Development, AGH University of Science & Technology,
Krakow, Poland

http://doi.org/10.29227/IM-2024-01-105
Submission date: 13-05-2024 | Review date: 24-06-2024

Abstract

The article discusses the concept of socio-economic and strategic development of the Rivne region (Ukraine), especially the exploration,
testing and industrial exploitation of strategic mineral resources. The concept envisages the use of energy-efficient technologies for raw
material extraction, especially for amber deposits. It points out that conventional methods of amber extraction are harmful to the
environment, and suggests the use of complex methods, such as mechanical and hydraulic technologies.

The article examines the challenge of implementing geotechnological methods at mining enterprises and assesses its complexity in
mining science and practice. Scientific research in this area has been conducted, but comprehensive studies of the sampling and
extraction methods of amber are still significant and relevant for the national interest.

Moreover, the article reports the results of research on the formation of a jet in a hydraulic monitor and the application of a telescopic
hydraulic monitor to extend the range of rock fragmentation, including an analysis of jet parameters and the dynamics of hydraulic
rock breaking, such as amber-bearing rocks. The conclusions relate to the linear expansion of the jet, the reduction of axial velocity with

the increase of hydrostatic pressure and the efficiency of the telescopic hydromonitor to extend the fragmentation range.

Keywords: amber, hydromonitor, submerged jet, destruction, parameters

Introduction

The article outlines the concept of socio-economic and
strategic development of the Rivne region of Ukraine, focus-
ing on the exploration, testing and industrial exploitation
of strategic mineral resources, located in the subsoil of this
region. The concept proposes the creation and implementa-
tion of innovative energy-saving technologies for raw ma-
terial extraction at various stages of sampling, testing and
development of deposits, enhancing their energy efficiency
through automation of technological processes, reducing
costs, and ensuring environmental sustainability of operat-
ing conditions. Among other minerals, the development of
amber deposits has been identified as a priority. However,
the conventional and widespread open method is harmful to
the environment. Analytical review and experience indicate
that such technologies should rely on the use of integrated
extraction methods that combine both mechanical and hy-
draulic technologies.

Evaluation of the problem status has revealed that the
successful implementation of geotechnological methods at
mining enterprises is one of the most promising tasks in this
area, but also very challenging in mining science and practice.

To date, scientists have conducted research and achieved
scientific results on this problem in the leading schools of
mining and related sciences, but comprehensive studies of
sampling and extraction methods, technology parameters
for a significant improvement in the extraction completeness
cannot be applied to amber deposits.

Therefore, the development of theoretical and applied
foundations of mechanical-hydraulic technology for testing,
trial operation and development of amber deposits is an ur-
gent scientific and practical problem of important national
importance.

1. Disintegration of Host Rocks by Hydromonitor Jets

The jet formation in the hydraulic monitor depends on the
water flow encountering different supports on its way to the
nozzle, which cause turbulization and cavitation of the flow,
reducing the quality and parameters of the hydraulic monitor
jet. The jet is finally formed in the nozzle, which transforms
the static pressure of water into the kinetic energy of the jet,
and as the nozzle cross-section decreases with a constant wa-
ter flow rate, its speed increases. Meanwhile, the head loss in
the nozzle increases, which is proportional to the square of
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Fig. 1. Diagram of the flooded jet: r0 — nozzle radius; o - pole of jets; uo - initial jet outflow velocity; um — the speed of the jet along its axis; u —
velocity of the jet at an arbitrary point along the cross-section; r - current jet radius; I — current jet length; 11 - jet length given pole

Rys. 1. Schemat zalanego strumienia: r0 — promien dyszy; o — stup dysz; uo - poczatkowa predko$¢ wyplywu strumienia; um - predko$¢ strumienia
wzdtuz jego osi; u — predkoé¢ strumienia w dowolnym punkcie przekroju; r — aktualny promien strumienia; 1 - aktualna dtugo$¢ strumienia; 11 - dtu-
go$¢ strumienia na danym biegunie

the flow rate. In the final section of the nozzle, static pressure
without head loss is converted into velocity head.

The speed of the jet departure, the water flow rate and the
diameter of the hydraulic monitor nozzle are determined by
the formulas:

u, =¢\2gH (1)

0= uS el @)
d,=0,52 % (3)

S, - cross-sectional area of the nozzle outlet;
H - pressure;

Q - consumption;

¢ — speed ratio (¢ = 0,92-0,9b);

B=ae;

a - jet compression ratio (a=1).

According to Prandtl’s boundary layer theory, the jet dis-
persion is caused by the turbulent exchange between it and
the surrounding fluid, and the viscosity is the reason for the
formation of vortices at the interface between the jet and the
liquid. These vortices impede the jet motion and increase its
mass by drawing in fluid from the outside. Figure 1 illustrates
the jet structure common to all types and its main elements.

The jet structure is defined by geometric (length of the
initial and main jet sections, expansion angle) and hydraulic
(initial flow speed from the nozzle, axial speed and flow speed
across the jet cross-section) parameters [1-5].

The structure and initial parameters of the jet match the
conditions for the water flow formation in the channels. Tur-
bulence of the water flow in the supply channel, irregularity
of the longitudinal speed profile of the jet, turbulence of the
water flow at the nozzle entrance, and cavitation at high heads
are factors that reduce the jet compactness and, consequently,
its effective length. Besides them, the jet parameters are affect-
ed by the viscosity and density of the medium where the jet
propagates. Hydraulic and geometric parameters determine
the most important jet indicators in contact with the rock -
impact force and specific dynamic pressure [6-11].

The decay of a free submerged jet is caused by its expan-
sion due to turbulent exchange with the environment under

the effect of inertial forces and surface tension [12-16]. In a
non-free flooded jet, the same viscous friction forces and me-
dium resistance have a greater role because of its higher den-
sity compared to the jet substance density (Figure 2).

The medium density can increase due to its pressure in-
crease, for example, hydrostatic, because of the production
deepening. As a result, the hydrodynamic parameters of the
flooded jet worsen. This happens during hydraulic sandblast-
ing of oil well bottomhole zones. The results of measuring the
dynamic pressure of the jet at different depths are shown in
figure 3. The graph shows that hydrostatic pressure up to a
depth of 200-300 meters significantly deteriorates the jet pa-
rameters. Studies have also revealed that the effect of the me-
dium density increase with the hydrostatic pressure increase
is related to the presence of air bubbles in the liquid flowing
out through the nozzle.

The hydromonitor jet, when traveling in the air at a cer-
tain distance from the nozzle at the end of the initial section,
almost falls apart and can be described by a statistical analysis
of the individual elements of the moving water-air mixture.
The general form of the fluid mechanics equations for turbu-
lent motion of discrete media has no solution.

Some researchers [23-28, 32] have found empirical rela-
tionships of jet parameters on the distance to the nozzle for
specific conditions.

Hydromonitor jets can virtually break rocks of any hard-
ness. However, jet fracture is mainly used in the development
of weakly cohesive and loose rocks (sands, loams, clayey
sandstones, siltstones, etc.) and less frequently semi-rocky
rocks (coal, mudstones, marls, shales, limestone sandstones,
and so on) [33-39].

According to the results of many experimental studies, it
has been determined that the destruction mechanism is due
to the simultaneous action of various forces and depends on
the characteristics of rocks and the conditions of the jet flow
[40-43]. With the destruction of weakly cohesive and loose
rocks as a result of the pulsating action of the jet, the bond
between the individual particles of the erosion rock is broken.
As a result of filtration of part of the water into the pores of
loose rocks, they are moistened and wetted, which leads to a
change in the adhesion force of the particles. In addition, in
an unflooded face, the mass of water of the jet, which accu-
mulates in the funnel, bursts it and, as a result, stresses arise
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Fig. 2. Change in the length of the initial section of the jet depending on the outflow velocity: 1 - water; 2 - glycerin; 3 - oil: 4 — mercury; 1
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length of the initial section of the jet (mm); 1 - jet speed (m/s)

Rys. 2. Zmiana dlugosci poczatkowego odcinka strumienia w zaleznosci od predkosci wyplywu: 1 — woda; 2 - gliceryna; 3 — olej: 4 - rte¢; 1

- dlugos¢

pocz.

poczatkowego odcinka strumienia (mm); u —predko$¢ strumienia (m/s)
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Fig. 3. Dependence of the dynamic head of the jet (P ) on the hydrostatic pressure (P ) of the aqueous medium at the pressure at the outlet of the
nozzle of 20 MPa
Rys. 3. Zalezno$¢ wysokosci dynamicznej strumienia (P,) od ciénienia hydrostatycznego (P ) oérodka wodnego przy cisnieniu na wylocie dyszy, wyno-
szacym 20 MPa

in the massif, contributing to the emergence of cracks and the
detachment of individual pieces of rock.

The shear resistance of cohesive soils is expressed by Cou-
lomb's formula

T=c+og e (4)
o, - effective normal voltage;
T — shear stress;
¢ - angle of internal friction;
¢ - specific adhesion.
For cemented sands and similar rocks
T =c+(o -prlig e (5)

o - full normal voltage;

p, — neutral voltage equal to the hydrostatic pressure of water
in the pores. For loose sands, you can take the specific adhe-
sion to be zero.

To break weakly cohesive and loose rocks, the jet pressure
at the contact must exceed the shear resistance [45-48].

The structure of the massif can be destroyed by creating
a hydraulic gradient for very loose water-saturated soils and
quicksand, which have a specific ratio of fractions and a de-
gree of water saturation.

Investigation of hydrodynamic characteristics of the jet in
mechanical-hydraulic extraction of amber. The study involved
measuring the dynamic pressure of the flooded jet along its
axis and across its cross-section at various distances from the
nozzle depending on the nozzle diameters, water pressure,

and the effect of the hydrostatic pressure of the amber deposit
on the jet parameters.

To conduct field studies on the exposed layer of the Klesiv
amber deposit in the Rivne region, a bench installation was
built (Figure 4). A layer with a thickness of 3 meters from top
to bottom consists of different-, medium- and fine-grained
host rock, the strength of which is characterized by an adhe-
sion coeflicient of 0.03, 0.035 and 0.045 MPa. The telescopic
barrel is placed at a distance from the face and closed with
a jet cut-off to avoid erosion when measuring the fixed wa-
ter pressure on the nozzle. Before the experiment, the pit was
filled with water to a depth of more than 1 meter. In the course
of the experiment, the time of operation of the jet and the
pressure of water on the nozzle were fixed. After the experi-
ment, the hydraulic mixture was pumped out of the chamber
by a hydraulic elevator, and the formed cavity was measured
(50, 53-54, 56, 58].

The bench installation enabled the experiment conditions
to be as close as possible to the full-scale ones, to vary the
pressure of the pressure water in front of the nozzle in a wide
range and to measure the dynamic pressure of the jet along
the axis and in its different sections.

It is well known that destructive processes are quite hard
to model with physical similarity. It will be shown later that
even a more stable process of mineral transportation is quite
hard to model.

The dynamic pressure was measured by a receiving noz-
zle, which moved in three mutually perpendicular planes
with the help of a system of adjusting bolts. The experiment
started with mounting, centering and securing the nozzle
and breaker plate. Then, a container measuring 2.5x1.5x1.5
m was filled with water, air was released from the impulse
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Fig. 4. Stand for field studies of hydraulic destruction of minerals in a flooded environment: 1 -mineral, 2 - underlying rocks; 3 — assembly crane;
4 - hydroelevator, 5 - hydraulic elevator header; 6 — hydromonitor device, 7 - rotator, 8 — headband, 9 - technological barrel, 10 - nozzle, 11 - jet
cut-off, 12 - cable block system, 13 — pump, 14-16 - latches, 17, 18 - flexible high-pressure hoses, 19 - container for hydraulic mixture, 20 — control
panel
Rys. 4. Stanowisko do badan terenowych hydraulicznego niszczenia mineraléw w $rodowisku zalewowym: 1 — mineral, 2 - skaly lezace pod spodem;
3 - dzwig montazowy; 4 — winda hydrauliczna, 5 - glowica windy hydraulicznej; 6 — urzadzenie hydromonitorowe, 7 - rotator, 8 — opaska nagtowna,
9 - beczka technologiczna, 10 - dysza, 11 - odcigcie strumienia, 12 — uklad blokéw kablowych, 13 - pompa, 14-16 - zatrzaski, 17, 18 - elastyczne weze
wysokocisnieniowe, 19 — zbiornik na mieszanke hydrauliczng, 20 - panel sterowania
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Fig. 5. Distribution of axial velocity (U, ) along the length of the flooded jet (1) for conoidal-cylindrical nozzles with diameters (mm) of 23 (curve 1),
15 (curve 2), 11 (curve 3), respectively at water pressures P = 1.6 MPa
Rys. 5. Rozktad predkosci osiowej (U, ) na dtugosci zalewanego strumienia (1) dla dysz stozkowo-cylindrycznych o $rednicach (mm) odpowiednio 23
(krzywa 1), 15 (krzywa 2), 11 (krzywa 3), przy ci$nieniu wody P, = 1,6 MPa

tubes, the set pressure on the nozzle was set and measure-
ments were taken.

As a result of the experiments, the distribution of the dy-
namic pressure of the jet along its axis for nozzles of different
diameters was obtained (Figure 5). After processing the ex-
perimental data and presenting them in the form of a dimen-
sionless dependence, it was established that this dependence
of the tested nozzles and pressures at a hydrostatic pressure
of 1 m of water column is described by an equation similar
to [61-69]

u, 0,96

u, 0,29+‘L’l (®)
rp(

u, - initial jet outflow velocity;

1 - jet length;

u, - axis jet velocity;

r, - nozzle radius;

a_ - jet structure coefficient at low hydrostatic pressure (a0 =

0,068).

On the stand, the distribution of the flow velocity along
the cross-sections of the jet from different nozzles in the pres-
sure range of 0.4-1.6 MPa at a distance from 1 to 20 nozzle
diameters was determined. Figure 6 shows velocity diagrams
in different cross—sections of a jet with a 23 mm nozzle. In the
boundary layer, the flow velocity is low and its value fluctu-
ates greatly due to the turbulent exchange of the jet and the

environment. Therefore, in order to identify the pattern of ex-
pansion of the jet of the hydromonitor, there was a The depen-
dence of the flow velocity on the distance on the axis of the jet
r,..» at which the velocity of the jet is half of the axial velocity
in the same section, is constructed in a dimensionless form

u=0,5u_(Figure 6 a, 6 b)

m

—_ ex,{( o2 m} 7)
U 0,5u,,

Experimental data also show a linear expansion of the jet
with an opening angle of o = 20°

o
Tosu, /T = thI /d, (8)

Study of the influence of the nozzle immersion depth on
the parameters of the flooded jet. A special bench installation
consisted of a chamber, which is a sealed pipe segment with a
diameter of 400 mm and a length of 1500 mm, where the bar-
rel of the hydraulic monitor is inserted. A measuring impulse
tube of the pressure sensor is inserted from the other end of
the chamber along the axis of the nozzle, which is secured and
centered with a locking device.

The experiment starts with the installation and fixation
of the nozzle and the receiving impulse tube at distances of
4, 10 and 20 nozzle diameters. When water is delivered to the
chamber through the nozzle, the required value of hydrostatic
pressure corresponding to the nozzle immersion is set in the
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Fig. 6. Distribution of the flow velocity (u) of the flooded jet along the radius (r) of the cross-sections at distances from the nozzles (a) - 1 - 4d ;
2- 10 du;3-20d, (po = 1.6 MPa, dn = 23 mm); (b) - the same dependence in dimensionless form in the range of water pressure changes r_ =
0.4-1.6 MPa and nozzle diameters d_ = 11-23 mm
Rys. 6. Rozktad predkosci przeptywu (u) zalanego strumienia wzdtuz promienia (r) przekrojow w odleglosciach od dysz (a) - 1-4d ;2-10d ;3 - 20
d, (po = 1,6 MPa, dn = 23 mm); (b) - ta sama zalezno$¢ w postaci bezwymiarowej w zakresie zmian cisnienia wody r, = 0,4-1,6 MPa i $rednic kré¢cow
d =11-23 mm

Fig. 7. Universal dimensionless dependence of the axial velocity of the flooded jet (U, /U,) of the hydromonitor nozzle on its length (I/du) in sections
0, 1,2, 3: 1 - at hydrostatic pressure p =1 meter of water column; 2 - p =20 meters of water column; 3 — p =40 meters of water column; 4 — p =60
meters of water column

Rys. 7. Uniwersalna bezwymiarowa zaleznos¢ predkosci osiowej zalanego strumienia (U_/U,) dyszy hydromonitora od jej dtugoéci (I/du) w przekrojach
0, 1,2, 3: 1 - przy ci$nieniu hydrostatycznym p =1 metr stupa wody; 2 - p =20 metréw stupa wody; 3 - p =40 metrow stupa wody; 4 - p =60 metréw
stupa wody

chamber using a relief valve and a pressure gauge. Then, the
value of the axial dynamic pressure of the jet is measured.

The effect of hydrostatic pressure on the axial velocity in-
creases with a decrease in the pressure at the nozzle outlet
and practically does not depend on the nozzle diameters. The
graph in Figure 7 shows that in the same jet cross—sections at
a constant initial pressure with increasing hydrostatic pres-
sure, the axial velocity decreases according to a linear law.
um
Z =1-kp, 9)
k - angular coefficient depending on initial pressure at
nozzle inlet. For the conditions of the experiment k = 0,12-
0,0054.

In the semi-empirical theory of the submerged jet [70,
73], the initial and boundary conditions of its flow are taken
into account by the coefficient of the flow structure (a), em-
pirically. Under our conditions, a dependence was obtained
for differentinitial water pressures

1

a=
c—bp,

(10)

¢ - a constant equal to 16;
b - research coefficient.

Values of coefficient b are determined according to exper-
imental data. For pressures (p0) 0.4; 0.8; 1.2; 1.6; 2.0 MPa; the
b values are respectively 1.950; 1.471; 1.002; 0.560; 0.100.

The productivity of hydraulic fracturing per cycle was
determined by dividing the volume of the product by the
time of its formation. The specific water flow rate per 1 m®
of destroyed mineral was calculated as the ratio of water
flow through the nozzle to the mineral volume destroyed
during this cycle. Specific energy intensity was defined as
the ratio of jet power to hydraulic fracture productivity per
cycle.

Figure 8 shows the dynamics of the host rock destruction.
The graph shows three stages in the destruction process. At
the first stage, a narrow channel 1.1-1.7 m long is formed in-
tensively, the extraction volume reaches 27%; in the second -
the channel is expanded and deepened, the extraction volume
increases to an average of 57%; At the third stage, the destruc-
tion productivity drops sharply, on average, the extraction
volume is 16% and the channel length hardly increases, reach-
ing about 2 m after 2-2.5 minutes.

As the face moves away from the nozzle, the fracture rate
decreases (Figure 9, a), and the specific water flow rate increas-
es (Figure 9, b). The distance from the face, at which the de-
struction of the mineral occurs, increases with an increase in
the diameter of the nozzle. For example, with a water pressure
of 1.5 MPa and nozzles of 11, 15, 23 mm, this distance is 1.2,
respectively; 1,8; 2.05 m (Figure 10). As the water pressure in-
creases, the fracture rate increases, and the specific water flow
rate decreases and remains practically constant at a pressure of
1-1.5 MPa. The same happens when the diameter of the nozzle
increases.
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Fig. 8. Dynamics of hydraulic destruction of weakly cemented sand by a flooded jet from a single nozzle in time: 1,2, 3 - Q =f(t); 4, 5,6 -1p = (1),
respectively at p, = 1.5; 1.0; 0.5 MPa

Rys. 8. Dynamika niszczenia hydraulicznego piasku stabo zacementowanego przez zalany strumier z pojedynczej dyszy w czasie: 1, 2, 3 - Q =f(t); 4, 5,
6 - 1p = f(t), odpowiednio przy p, = 1,5; 1,0; 0,5 MPa
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Fig. 9. Dependence of productivity (P ) and specific flow rate (Q ) and hydraulic fracture range or distance to face (L ) on the value of pressure of
pressure water (p,):a - Pp :f(LP); 6 - QP:f(LP); 1, 2, 3 - for nozzle diameters of 11, 15 and 23 mm

Rys. 9. Zalezno$¢ wydajnosci (P ) i jednostkowego natezenia przeplywu (Q,) oraz zasiggu szczeliny hydraulicznej lub odleglosci od $ciany (L ) od war-
tosci ci$nienia wody pod cignieniem (p,): a - Pp =f(LP); 6- QP:f(Lp); 1,2, 3 - dla dysz o $rednicach 11, 15i 23 mm

The productivity of destruction of a mineral flooded by a
jet depending on (p, = 0,5-2 MPa, d =11-23 mm, L_ 5o 2 m)
is described by empirical dependence (Figure 10).

One way to improve fracture performance is to use a special
hydromonitor head, in which the jet of the side front nozzle ro-
tates around the face perimeter. The head rotation is due to the
jet reactive force. The jet of the central nozzle makes a cut in the
host rock layer, and the rotating jet of the side nozzle, with one
exposure plane, reflects the rock and widens the cut. As a result,
a cavity will be formed, the size of which depends on the angle
of the side nozzle inclination to the axis of the telescopic barrel
and on the pressure of the pressurized water.

The fracture features and performance of the head are
similar to those of a single nozzle. At the same time, the pro-
ductivity is 2.5 times higher, and the minimum values of ener-
gy intensity and specific water consumption are 1.2-1.5 times
lower. Increasing the side nozzle diameter, e.g. from 15 to 23
mm, gives a 50% increase in productivity at fracture. The op-
timal angle of the side nozzle is 50°.

The relationship between the main parameters of the flood-
ed jet and the fracture is determined by the specific pressure
needed for the destruction of a weakly cemented mineral with
an adhesion coefficient of 0.030-0.045 MPa and an internal
friction coefficient of 0.30-0.45. Table 1 shows the average val-
ues of the actual fracture range and specific pressure of the jet.

After analyzing the experimental data, generalized depen-
dencies of fracture productivity (Pp) on jet power (N) were
obtained

P, =2,0N"™ th (11)

Taking into account the well-known expression for the
power of the jet, the formula will take the form
P, =165d,p,"*10™*, th (12)

One way to improve fracture performance is to use a hy-
draulic monitor with a telescopic barrel. By delivering the
fracture mechanism to the face with a telescopic shaft, the
fracture range can be increased by the shaft length (up to 10
m) and the jet kinetic energy can be used effectively due to the
nozzle constantly approaching the developing face.

The host rock destruction in the flooded face was tested
by delivering the head to the massif with a telescopic shaft.
During the tests, when the head was delivered to the face, the
water pressure was 1.5 MPa, and when it was delivered back, it
was 0.5 MPa. The destruction was done by sector approaches
by undercutting the layer along the sole, made of the loosest
rock. The undercutting roadway diameter stabilized and aver-
aged 1.6-1.8 m in all tests.

One of the important aspects for the technology of min-
eral extraction is the calculation of the angle between two
undercutting workings, which prevents the creation of an
undestroyed pillar. With a cutting roadway width of 1.8 m
and a chamber radius of 8-9 m, the optimal angle between
approaches is 15°.

2. Conclusion

The modeling studies determined the distribution of the
hydromonitor flow speed across the jet cross-sections in the
pressure range of 0.4-1.6 MPa at a distance of up to 20 nozzle
diameters. A linear expansion of the jet with an opening an-
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Fig. 10. Dependence of the average productivity (P ) and fracture range (L) on water pressure (p ): 1,2, 3 - P =f(p ) d, = 11, 15, 23 mm; 1', 2" ,3' -

1P=f(pc) atd, =11, 15,23 mm

Rys. 10. Zaleznos¢ sredniej produktywnosci (P ) i zasiegu pekania (L) od cisnienia wody (p,): 1,2,3 - P =f(p ) d,, =11, 15,23 mm; 1, 2’3" - 1 =f(p )
przy clH =11, 15,23 mm

Tab. 1. Dependence of the fracture range of the host rock on the diameter of the nozzle

Tabela 1. Zaleznos¢ zasiegu pekania skaly macierzystej od $rednicy kroéca

Diameter Actual fracture range Distance from the nozzle, where the specific
nozzles, mm of the host rock, m pressure jet is equal to 0.050 MPa

23 2,10 2,16

15 1,74 1,17

11 1,15 0,73

Tab. 2. Dependence of the Fracture Efficiency of the Host Rock on the Type destructive mechanism

Tab. 2. Zalezno$¢ skutecznosci pekania skaty macierzystej od rodzaju mechanizmu niszczacego

'!'ype of . de:tar:ieion Average capacity, | Pitoma vitrzata Energy intensity,
destruction mechanism (limit), m t/h waters, m3/t kWh/t
Single nozzle diameter
1 MM 1,15/(1,76) 19,76/76,40 0,76/0,197 0,31/0,08
15 MM 1,74/(2,10) 31,30/126,20 1,10/0,28 0,45/0,11
23 MM 2,10/(2,05) 82,00/149,00 0,72/0,50 0,29/0,20
Hydromonitor head diameter
5 MM 2,0/(2,5) 147,00/258 0,603/0,340 0,25/0,14
23 MM 2,6/(2,7) 184,00/330 0,680/0,375 0,27/0,15
Hydromonitor head with telescopic
barrel length 4.5 m, nozzle diameter
23 mm, feed rate 2.55 m/min 7,2/(7,3) 335/474 1,193/0,888 0,44/0,32

gle of 20° was established. In the same jet sections, the axial
velocity decreases linearly with a coeflicient of 0.12-0.0054,
depending on the initial pressure at the nozzle outlet, as the
hydrostatic pressure increases.

A flow structure coefficient of 0.068 was also found for
different initial water pressures. The hydraulic destruction

dynamics of rocks containing amber was studied, where three
stages of the fracture process with different channel sizes and
extraction volume intensities were identified respectively at
27%, 57% and 16%. The telescopic hydraulic monitor allows
increasing the destruction range up to 10 m with stabilization
of the undercutting roadway diameter of 1.6...1.8m.
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Modelowanie wptywu hydraulicznego pekania skat bursztynosnych przez zalewany strumien w

komorze erozji na wydajnos¢ gornictwa
W artykule oméwiono koncepcje rozwoju spoteczno-gospodarczego i strategicznego obwodu rowieriskiego (Ukraina), w szczegblnosci po-
szukiwania, badania i przemystowej eksploatacji strategicznych zasobéw mineralnych. Koncepcja zaktada zastosowanie energooszczed-
nych technologii wydobycia surowca, zwlaszcza ze zt6z bursztynu. Autorzy zwracajg uwage, ze konwencjonalne metody wydobywania
bursztynu sq szkodliwe dla srodowiska i sugerujg stosowanie metod skomplikowanych, takich jak technologie mechaniczne i hydraulicz-
ne.
W artykule podjeto problematyke wyzwan zwigzanych z wdrazaniem metod geotechnologicznych w przedsigbiorstwach goérniczych oraz
dokonano oceny ich ztozonosci w nauce i praktyce gérniczej. Prowadzono badania naukowe w tym zakresie. Kompleksowe badania
metod pobierania probek i wydobywania bursztynu sq nadal istotne z punktu widzenia interesu narodowego.
Ponadto w artykule przedstawiono wyniki badan nad powstawaniem strumienia w monitorze hydraulicznym oraz zastosowania te-
leskopowego monitora hydraulicznego do poszerzania zasiggu fragmentacji skat, w tym analize parametrow strumienia i dynamiki
hydraulicznego kruszenia skal, m.in. skat bursztynonosnych. Wnioski dotyczg rozszerzalnosci liniowej strumienia, zmniejszania sig
predkosci osiowej wraz ze wzrostem cisnienia hydrostatycznego oraz skutecznosci hydromonitora teleskopowego w zwigkszaniu zasiegu
fragmentacji.

Stowa kluczowe: bursztyn, hydromonitor, zanurzony strumie#, zniszczenie, parametry
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z systemem sejsmoakustycznym ARES-5/E.

Abstrakt
W artykule przedstawiono koncepcje pneumatycznego wzbudnika fal sejsmicznych oraz pierwsze rezultaty testu prototypu. W
zatozeniach, konstrukcja Zrodla ma by¢ dostosowana do warunkéw podziemnej eksplantacji wegla tj. z zachowaniem wymogéw
iskrobezpieczeristwa. Wzbudzanie ma odbywac si¢ w krétkich odstepach czasu, rzedu kilku minut, co umozliwi wysokorozdzielcze w
czasie monitorowanie predkosci roznych typow fal sejsmicznych. Quasi ciggly pomiar pozwoli na dokladniejsze Sledzenie zmian pola
naprezen w rejonie wydobycia zmniejszajgc tym samym ryzyko wystgpienia tgpnigcia. Projektowane Zrédlo bedzie wspolpracowato

Stowa kluczowe: Zrédlo sejsmiczne, wzbudnik sejsmiczny, hazard sejsmiczny w kopalni, tgpnigcie gérotworu, wstrzgsy gornicze, system

sejsmiczny

1. Wprowadzenie

Dla bezpieczenstwa pracy w gornictwie kluczowym za-
gadnieniem jest utrzymanie stabilno$ci wyrobisk. Proces
wydobycia zaburza réwnowage goérotworu i powoduje wyste-
powanie niebezpiecznych koncentracji naprezen mogacych
wywolywacé tragiczne w skutkach tgpniecia [1].

Bezpo$redni, punktowy pomiar skladowych naprezen,
jakkolwiek mozliwy przy uzyciu réznych czujnikéw, to ze
wzgledu na trudny dostep, objetos¢ i zmienno$¢ kontrolowa-
nego obszaru w otoczeniu $ciany wydobywczej oraz koszty
z tym zwigzane nie jest stosowany praktycznie.

Zdecydowanie lepszym i tanszym sposobem do rozpo-
znania goérotworu i oceny zmienno$ci naprezen jest wykorzy-
stanie predko$ci rozchodzacych sie w nim fal sejsmicznych
wzbudzanych naturalnymi wstrzasami, ktore zazwyczaj wy-
stepuja w poblizu miejsc koncentracji naprezen lub odpalany-
mi tadunkami wybuchowymi.

W celu uniezaleznienia rozpoznania pola naprezenia w go-
rotworze od wstrzasow, ich rozkladu i ewentualnych bledow
lokalizacji autorzy zaproponowali, skonstruowali oraz wstepnie
przebadali quasi ciagty, impulsowy, tani i fatwy w uzyciu wzbu-
dnik fali sejsmicznej WZB Typ 2. Iskrobezpieczny, pneumatycz-
nie sterowany wzbudnik WZB Typ 2 wykorzystywany bedzie
do wyznaczania predkosci rozchodzenia sie¢ fali sejsmicznej od
miejsca jej wywolania do miejsca rejestracji przez czujniki geo-
fonowe rozmieszczone w obrebie $ciany wydobywczej. Pozwoli
to unikna¢ stosowania procedur zwigzanych z uzyciem matych
tadunkéw wybuchowych w kopalniach metanowych.

2. Stan aktualny rozwoju systeméw sejsmicznych do oceny
zagrozenia tapaniami z wykorzystaniem metod aktywnych
stosowanych na biezaco

W ostatnich latach w rozwoju systeméw sejsmicznych do
oceny zagrozenia tapaniami w podziemnych zakladach gorni-
czych obserwuje si¢ dazenie do wdrazania aktywnych metod
sejsmicznych szczegdlnie w rejonach $cian wydobywczych,
gdzie to zagrozonych jest znaczace. Prace w tym kierunku
zainicjowane zostaly skonstruowaniem, wdrozeniem i prze-
badaniem w latach 2000-2003 w KWK Bielszowice w ramach
projektu PCZ-003-20 realizowanego w Rudzkiej Spotce We-
glowej wspdlnie z Centrum EMAG, Centrum Mechanizacji
i Automatyzacji Gérnictwa KOMAG i Gléwnym Instytutem
Goérnictwa GIG systemu pt. ,,System monitorowania i wizuali-
zacji oraz sterowania procesem pracy kompleksu $cianowego
w restrukturyzowanych kopalniach wegla kamiennego”. Opra-
cowano wowczas pierwszy w Polsce system do kontroli i klaste-
ryzacji zjawisk dynamicznych w stropie [2] i system GEOTO-
MO do okreslania wzglednych zmian naprezen przed frontem
$ciany wydobywczej z wykorzystaniem organu urabiajacego
kombajnu [3]. Nowe mozliwosci funkcjonalne tych systemow
umozliwity dokonywanie na biezaco oceny zagrozenia tapa-
niami. Kolejnym krokiem rozwoju bylo opracowanie, w latach
2014-2016 systemu pt” Innowacyjne metody i system do oceny
zagrozenia tapaniami na podstawie probabilistycznej analizy
procesu pekania i geotomografii online” o akronimie INGEO
[4]. Prototyp niekomercyjny systemu INGEO, przeznaczony
byl do oceny zagrozenia tgpaniami w kopalni, w szczegélno-
$ci w rejonie $ciany wydobywczej. System stanowil kontynu-
acje rozwoju znanych i stosowanych w gornictwie systeméow:
sejsmicznego ARAMIS M/E i sejsmoakustycznego ARES-5/E.
Cechowaly go nowe, innowacyjne technologie (cyfrowa trans-
misja sejsmoakustyczna, $wiattowodowy dotowy koncentrator
pomiarowy). Systemy wyposazone byly rowniez w narzedzia
do sejsmicznej tomografii pasywnej [5]. Uzyskana nowa jakoé¢
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Rys. 1. Zdjgcia prototypu niekomercyjnego wzbudnika WZB Typ 1 w systemie INGEO
Fig. 1. Photos of non-commercial seismic source prototype WZB Type 1 as a part of INGEO system

Pes
Rys. 2. Zdjecia prototypu zoptymalizowanego wzbudnika WZB Typ 2 z plyta udarowa i obudowa

Fig. 2. Photos of the optimized seismic source prototype WZB Type 2 with an baseplate and steel case

Tab. 1. Poréwnanie parametréw wzbudnika WZB Typ 1 oraz WZB Typ 2
Tab. 1. Comparison of parameters of WZB Type 1 and WZB Type 2 inductor

Parametry WZB Typ 1 (INGEO) WZB Typ 2 (prototyp)

Energia uderzenia ~3001] ~150]
Zasilanie (powietrze) 8-10 bar 3-6 bar
Gabaryty (bez uchwytéw) @ 430 x 340 mm 350x200x280 mm
Waga (bez ptyty udarowej) ~50 kg ~25 kg
Magazyn energii Sprezyny Powietrze
Konstrukcja kafara CTT EMAG PS-80 (OLI)

rejestrowanych danych stanowita odpowiedz na rozwijajace sie
trendy na $wiecie w wykorzystaniu systemow sejsmoakustycz-
nych (mikrosejsmicznych) do monitorowania rejonu wyrzutéw
gazéw [6] oraz przebiegu hydroszczelinowania. W projekcie
INGEO podjeto réwniez préobe rozszerzenia funkcjonalnosci
systemu pomiarowego o nowe rodzaje czujnikéw (deformacji,
naprezen, polozenia kombajnu) oraz aktywnego wzbudnika
sejsmicznego WZB Typ 1. Zasadnicza niedogodnoscig za-
projektowanego wzbudnika byly waga oraz duze rozmiary, co
zniechecalo potencjalnych uzytkownikéw od jego stosowania
i wdrozen.

Dla utrzymania koncepcji systemu i dalszego doskona-
lenia podjeto zasadnicze dzialania upraszczajac jego kon-
strukcje i zmniejszajac jego rozmiar i wage, kierujac sie do-
$wiadczeniami opisanymi w pracy [7]. Dazono réwniez do
zminimalizowania liczby stosowanych wzbudnikéw w syste-
mie i zmniejszenia liczby koniecznych przebudow.

3. Pneumatyczny wzbudnik fali sejsmicznej WZB Typ 2

Na rysunku 1 przedstawiono wzbudnik WZB Typ 1 za-
projektowany podczas realizacji projektu INGEO. Zasilaniem
urzadzenia jest sprezone powietrze kontrolowane przez iskro-
bezpieczny elektrozawér SEMI-2/P. Energia magazynowana
jest w trzech sprezynach napinanych przez pneumatyczne
sifowniki.

W celu zoptymalizowania konstrukcji wzbudnika zmie-
niono zasadniczo jego zasade dzialania. Wyeliminowano spre-

zyny gromadzace energie potencjalng i napinajace je sitowniki
pneumatyczne, zastepujac je masa i ukladem pneumatycznym
pelniagcym role sprezyny pneumatycznej nadajacej masie uda-
rowej wzbudnika w krétkim czasie duza energie kinetyczna.
Pozwolito to zredukowaé wage urzadzenia ulatwiajac jego
stosowanie. Duzg zaletg jest réwniez zastosowanie gotowe-
go komponentu o sprawdzonej konstrukeji produkowanego
seryjnie przez firme OLI mlota pneumatycznego typu PS-80
[8]. Korpus wzbudnika wykonano z odlewu aluminiowego,
jednak ze wzgledu na konieczno$¢ zapewnienia iskrobez-
pieczenstwa urzadzenia dodano stalowa oslong. Na rysunku
3.2 przedstawiono zdjecia konstrukgji prototypu wzbudnika
WZB Typ 2. Konstrukeja sklada si¢ z miota pneumatycznego,
iskrobezpiecznego sterowania oraz obudowy.

W tabeli 1 przedstawiono poréwnanie parametréw wzbu-
dnika WZB Typ 1 z projektu INGEO, oraz nowego prototypu
WZB Typ 2.

4. Karta pomiarowa REX_LAN Systemu ARES-5/E
Rejestrowanie i gromadzenie danych podczas pomiaru
wzbudnikiem WZB Typ 2 umozliwia zmodyfikowana wer-
sja popularnego systemu sejsmoakustycznego ARES-5/E.
Modyfikacja polega na zamontowaniu karty REX_LAN do
jednostki rejestrujacej systemu ARES-5/E. Zmodyfikowana
karta jest w pelni kompatybilna z dotychczas uzywana karta
REX. Réznica polega na dodaniu 8 kanalowego przetworni-
ka A/C oraz udostepnieniu wysokorozdzielczego cyfrowego
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Rys. 3. Schemat pomiarowy testu wzbudnika WZB Typ 2 (czerwona kropka). K18 i K17 (niebieskie tréjkaty) — czujniki geofonowe

Fig. 3. Underground settings of seismic source WZB Typ 2 (red dot) test. Geophones K18 and K17 are marked by blue triangles

1 2 3 4 6 8 7T 8 9 40 1112 13 44 156 168 17 18

";j’|||12||11|:||||:__ |
PEELIINMERENERERA RN

- GEOFON K18
Gu ..: -' ' ] . ] oEOFON KT
d)g - : . e

-
Czas [s]

Rys. 4. Ponad 800 s ciaglej rejestracji systemem ARES 5/E wraz z nowg kartg REX_LAN. Czerwong strzatkg zaznaczonol8 wzbudzen zrédlem WZB
Typ 2 odebranych geofonami K18 i K17. (a) rejestracja K18 w domenie czasu, (b) rejestracja K18 w domenie czgstotliwosci, (c) rejestracja K17 w
domenie czasu, (d) rejestracja K17 w domenie czestotliwoéci

Fig. 4. Over 800 s continuous recording of the ARES 5/E with REX_LAN card. The red arrows the seismic source events are marked. (a) K18 in time
domain, (b) K18 in frequen-cy domain, (c) K17 in time domain, (d) K17 in frequency domain
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Rys. 5. Pojedyncze uderzenie wzbudnika WZB Typ 2 zarejestrowane przez geofony K17 oraz K18 .rejestracja K18 w domenie czasu (a) i
czestotliwosci (b), rejestracja K17 w domenie czasu (c) i czestotliwosci (d)

Fig. 5. Single strike of the seismic source WZB Type 2 recorded by geophone K17 and K18. K18 in time domain (a) and frequency domain (b). K17 in
time domain (c) and fre-quency domain (d)

strumienia danych sejsmicznych wysytanych portem LAN.
Rozwigzanie to konsoliduje sposdb cyfrowej transmisji da-
nych z systeméw ARAMIS M/E, ARES-5/E oraz INGEO.
Nowy sposob transmisji dostarcza cyfrowy zapis strumienia
danych sejsmicznych oraz zasadniczo upraszcza wspolprace
systemu ARES z systemem ARAMIS. Modyfikacja umozli-
wia wykorzystanie programowego detektora impulséw sej-
smoakustycznych oraz wykorzystanie rejestrowanych danych
systemu do stosowania w nowo opracowanych metodach
analiz systemu INGEO.

5. Testowanie prototypu wzbudnika WZB Typ 2
Testowanie wzbudnika przeprowadzono w KWK ROW
Ruch ,,Ryduitowy” w dniu 24 kwietnia 2021 roku, w rejonie
$ciany III-E-E1, w pokladzie 713/1-2. W czasie pomiaru nie
prowadzono robot wydobywcezych. Wzbudnik zostal zamon-
towany w $rodku poktadu wegla na 4 kotwach o diugosci 2,5
m kazda. Schemat pomiarowy przedstawiono na rysunku 3.
Fale sejsmiczne generowane wzbudnikiem WZB Typ 2
odbierano geofonami K18 oraz K17 (Rys. 3). Geofony o cze-
stotliwo$ci rezonansowej 28 Hz podlaczono do iskrobezpiecz-

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society

177



l||;I[|1I‘|||n

'".|f| i

[bit]

Amplituda

bl

Sygnat/Szum
[d8]

] 3

v
Numer wrbudrenia

\ wi ".‘1" A A A AR A

[
Cras [s)

"

Rys. 6. Wynik sumowania 16 uderzen prototypu wzbudnika WBZ Typ 2 jako sumarycznej rejestracji geofonu K17 (a) . Stosunek sygnatu
uzytecznego do szumu w zaleznosci od ilosci uderzen (b)

Fig. 6. The result of 16 shots stacking on the waveforms recorded at K17 (a) and correspond-ing S/N ratio (b)

nego systemu sejsmoakustycznego ARES-5/E. Rozmieszczo-
no je odpowiednio 30 m od wzbudzenia (geofon K18) oraz
okoto 200 m od wzbudzenia fali po przeciwlegltej stronie
$ciany, w chodniku nad$cianowym 2-E-E1 (geofon K17). Sys-
tem ARES-5/E pracowal w trybie ciaglej rejestracji z nowa
karta REX_LAN. Czestotliwo$¢ probkowania wynosita 4000
Hz. Podczas testu zarejestrowano impulsy wywolywane ude-
rzeniami wzbudnika podczas jego testowania. Na rysunku 4
przedstawiono rejestracje geofonéw K18 oraz K17 w dzie-
dzinie czasu i czestotliwosci podczas 18 uderzen wzbudnika
dokonywanych w odstegpach co 30 sekund. Na rejestracje na-
kladaja sie naturalne wstrzasy wystepujace na $cianie. Rejon
badan byl obszarem kopalni o duzej aktywnosci sejsmicznej.
Rysunek 5 przedstawia rejestracje pojedynczego uderze-
nia w dziedzinie czasu i czestotliwosci. Trzeba zaznaczy¢, ze
s3 to pomiary podczas postoju $ciany i tlo sejsmiczne jest
bardzo niskie. Mozna zaobserwowa¢, ze sygnal odebrany 30
m od Zrédla sejsmicznego (geofon K18) charakteryzuje sie
czestotliwosciami widma do okofo 1400 Hz. Ten sam sygnat
odebrany po drugiej stronie $ciany po przebyciu okoto 200 m
(geofon K17) ma zredukowane widmo do okoto 500 Hz.
WZB Typ 2 w zalozeniach ma dostarcza¢ wysokoroz-
dzielczego zapisu sejsmicznego fal propagujacych przez cala
$ciane (na wzoér aktywnej tomografii sejsmicznej) w krot-
kich odstepach czasu. Pojedyncze wzbudzenie, jak pokazuje
rysunek 5c¢ i 5d nie przedstawia wysokiego wspolczynnika
sygnatu uzytecznego do szumu (S/N). Jednym ze sposobow
poprawy S/N jest sumowanie sekwencji uderzen. Na rysunku
6. przedstawiono wynik sumowania 17 uderzen. Do sumowa-
nia wykorzystano korelacje pomiedzy sejsmogramami z geo-
fonu K18 nastepujacych kolejno po sobie wzbudzen (Rys. 4
czerwone strzalki). Po zsumowaniu okofo 10 uderzen uzy-

skano znaczacy wzrost S/N rzedu 20 dB. Otrzymana paczka
fal sejsmicznych zaznacza si¢ wyraznie juz od okoto 0,1 s do
0,5 s, sugerujac obecno$¢ zaréwno fal objetosciowych jak i fal
dyspersyjnych oraz przypuszczanie fal wielokrotnie rozpro-
szonych.

5. Wnioski

Przeprowadzone testy prototypu zoptymalizowanego
wzbudnika pneumatycznego WZB Typ 2 wykazaly mozliwo$é
jego zastosowania do skutecznego wzbudzania fali sejsmicz-
nej w warunkach podziemnej eksploatacji wegla. Gtéwnym
celem konstrukgji tego urzadzenia jest umozliwienie fatwego
i prawie ciaglego monitorowania predkosci rozchodzenia sie
fal sejsmicznych i posrednio oceny wystepowania miejsc groz-
nych koncentracji naprezen. Wykonane badania dowiodty, ze
system sejsmoakustyczny ARES-5/E z analogowa transmisja
sygnalow byl w stanie zarejestrowa¢ fale sejsmiczne réznego
typu po przeciwleglej stronie $ciany. W docelowym rozwia-
zaniu systemu wiele elementéw wymaga udoskonalenia. Ko-
nieczna jest rejestracja zapisu bezposrednio przy wzbudniku
do wykorzystania jej jako znacznik czasowy sumowania, jak
réwniez oszacowania energii uderzenia czy poprawy roz-
dzielczosci sumowanych sejsmogramoéw. Wzbudnik w wersji
komercyjnej bedzie moégl by¢ wyzwalany z powierzchni, co
pozwoli na pomiar podczas produkeji. Cyfrowa transmisja
danych oraz nadajniki z przetwornikami A/C montowane
przy geofonach (system INGEO) zwigksza dynamike rejestra-
cji. Z kolei uproszczona konstrukcja wzbudnika i zmniejszo-
na jego masa do okolo 25 kg uczyni go bardziej przyjaznym
w stosowaniu i przyczyni si¢ do szerszego wdrazania najbar-
dziej skutecznych aktywnych metod oceny zagrozenia tapa-
niami w gérnictwie.
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Instrukcja obstugi ,,Mlot pneumatyczny typu PS-80” firmy OLL

Pneumatic Seismic Source for Monitoring Velocity Changes of Seismic Waves in Underground

In the article, the concept and the first test of the seismic source WBZ Type 2 were presented. The idea is to construct the seismic source
tailored for underground measurement requirements, including intrinsically safety demand. The source will be triggered every few minu-
tes or less, which gives the ability to track seismic velocity changes with high accuracy in time. Quasi-continuous measurement allows to
monitor stress field changes, and in consequence, reduce the hazard of rockburst. The WZB type 2 will be compatible with the ARES-5/E

Coal Mining Conditions

seismic system.

Keywords: seismic source, seismic hazard in mine, rockburst, mining-induced seismic events, seismic mon-itoring system
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Abstrakt

Mimo trwajqgcej od kilku lat pandemii Covid-19 nie stabnie zainteresowanie eksploatacjg z16z zalegajgcych na dnie morz i oceanéw
na duzych glebokosciach. Zostalo opracowanych wiele nowych koncepcji eksploatacji z16z morskich. Powstato wiele konsorcjow
zainteresowanych dziatalnoscig gorniczqg na morzach i oceanach. 1 chociaz najbardziej zaawansowane przedsigwzigcie Firmy
Nautilus-Minerals nie zakoticzylo si¢ jak dotgd sukcesem ale od strony badawczej i technologicznej poczynito ogromny krok do
przodu. Prawdopodobnie eksploatacja na skalg przemystowg rozpocznie si¢ w najblizszych latach zwlaszcza na wodach EEZ
(Exclusiw Economic Zone). W ostatnim czasie wladze Wysp Cooka udzielily trzy licencje na tego typu dziatalnosé. Na wodach
miedzynarodowych musimy niestety jeszcze poczekal na rozwigzania prawne satysfakcjonujgce wszystkie zainteresowane strony.
Eksploatacja z16z szelfowych prowadzona jest z powodzeniem réznymi metodami w wielu regionach na swiecie (Karlic, 1984; Depowski
et al., 1998; Abramowski, Kotlifiski, 2011; Niedoba 2015, SPC 2013; Sharma, 2017) jednak siggniecie po ztoza masywnych siarczkéw
polimetalicznych czy konkrecji polimetalicznych zalegajgcych na duzych glebokosciach stawia przed naukowcami i inZynierami
bardzo duze wymagania. Jednym z najwigkszych jest opracowanie metody transportu urobku z dna na powierzchnie morza.
Autorzy od kilku lat prowadzq badania teoretyczne i eksperymentalne nowych koncepcji transportu z dna morskiego, wyniki ktorych
przedstawili w publikacjach (Filipek, Broda: 2016, 2017, 2018, 2019, Broda, Filipek, Tora 2023).

W trakcie rozwaza roznych koncepcji transportu z dna morskiego z wykorzystaniem modutu autonomicznego, zwrécilismy uwage na
straty energii podczas wymiany medium roboczego migdzy autonomicznym modutem transportowym a otoczeniem (wodg morskg).
W artykutach (Filipek, Broda 2018, 2019) skupilismy si¢ nad pozytywnym aspektem tej wymiany, ale niemniej sq to jednak straty
energii . W niniejszej publikacji autorzy analizujg jakg czes¢ tej energii mozna wykorzystaé (w autokompresji) i jaki ma to wplyw na

bilans energetyczny modutu transportowego.

Stowa kluczowe: gérnictwo morskie, transport z duzych glebokosci, autonomiczny modut transportowy

1. Wstep

Od kilku lat autorzy prowadzg badania zwigzane z trans-
portem urobku z dna morskiego na powierzchnie (Filipek,
Broda 2015, 2016, 2017, 2019, 2023, Broda, Filipek, Tora
2023) bedacym ciagle najwiekszym problemem technicznym
w gornictwie morskim (odkrywkowym) a zwlaszcza kiedy
transport urobku odbywa sie z duzych gleboko$ci. Liczne
opracowania dotyczace dotychczas stosowanych rozwigzan
opartych o metody: czerpakowo-linowg CLB (continuareline
bucket), hydrauliczng HP (hydraulic pumping,) air-liftu ALP
(air-lift pumping) czy mieszane (Sharma 2017, SPC 2013, The
Royal Society 2017) dalekie sg od ideatu. Ich najwi¢kszg wadg
jest duza energochtonnos¢ generujaca wysokie koszty. Dlate-
go ciagle prowadzone sa badania nad nowymi rozwigzania-
mi, w ktérych zaréwno eksploatacja jak i transport odbywaly
by si¢ w sposob mato ucigzliwy dla $rodowiska (Jones DO
iinni, 2019).

W naszych badaniach naukowych postanowili$my spoj-
rze¢ na ten problem z perspektywy nowego Zrédla energii
opartego o koncepcje wykorzystania, jako zrodla energii do
transportu z dna morskiego, procesu przemiany fazowej ciala
stalego lub cieczy w stan gazowy lub ciala statego w ciecz, kt6-

ra to ide¢ w formie podsumowania wczesniejszych publikacji
autorzy przedstawili w artykule (Broda, Filipek, Tora 2023).

Charakterystyczng wlasnosécig odrdzniajacy tg koncepcje
od rozwigzan stosowanych aktualnie jest mozliwo§¢ wyko-
rzystania (w kolejnym cyklu) czeéci energii, ktéra zostata wy-
generowana lub jest konieczna do zapoczatkowania procesu
wynurzania modutu transportowego. W dotychczas stosowa-
nych metodach CLB czy HP, transportu urobku z dna mor-
skiego, catkowita energia, ktéra musieliSmy uzy¢ jest bezpow-
rotnie tracona. We wczeéniejszych artykutach (Filipek, Broda
2017; Broda, Filipek, Tora 2023) zaproponowaliémy i omdéwi-
lismy cztery koncepcje wykorzystanie przemiany fazowej do
transportu z dna morskiego, ktére przedstawiono na Rys. 1.

Ciekawym rozwigzaniem wartym wspomnienia jest kon-
cepcja przedstawiona na rys. 1b umozliwiajagca odzyskanie
nawet do 90% energii. Zostala ona omoéwiona w publikacji
»The theoretical basis of the concept...” (Filipek, Broda 2017,
Broda, Filipek, Tora 2023). Natomiast koncepcje w wersji
rys.lcirys.ld zostaly omdéwiono w kolejnych artykulach (Fi-
lipek, Broda 2017, 2018).

W niniejszym artykule koncentrujemy sie na nie omawia-
nym do tej pory szczegélowo przypadku rys.la. W metodzie
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Rys. 1. Ilustracja przedstawiajaca cztery koncepcje realizacji wykorzystanie przemiany fazowej z ciala stalego lub cieczy w stan gazowy do transportu
urobku z dna morskiego (Broda, Filipek, Tora 2023)

Fig. 1. Illustration showing four concepts for implementing the phase transformation from a solid or liquid to a gaseous state to transport spoil from the
seabed (Broda, Filipek, Tora 2023)

tej rozwazamy ruch jednego modulu transportowego z danej
glebokosci na powierzchnie. Na glebokosci, z ktérej rozpo-
czyna sie proces wynurzania musimy doprowadzi¢ do sytu-
acji, w ktorej catkowita gestos¢ modutu (wraz z transportowa-
nym urobkiem) musi by¢ mniejsza niz gesto$¢ otaczajacej go
wody. Realizujemy to wykorzystujac medium transportowe,
ktérym jest czynnik roboczy - ciecz lub gaz o gestosci mniej-
szej od wody co automatycznie zainicjuje proces wynurzania.
W niniejszej publikacji nie koncentrujemy si¢ na sposobie
zainicjowania procesu wynurzania, co omawialiémy we wcze-
$niejszych artykutach (Filipek, Broda 2016, 2017) przyjmujac
w naszych rozwazaniach, ze proces ten (wynurzanie) jest juz
zainicjowany. Przyjmijmy, ze wykorzystanym czynnikiem ro-
boczym jest azot. Jak wiadomo przy tak wysokich ci$nieniach
panujacych na dnie oceanéw w miejscach wystepowania ztoz
mineratéw interesujacych z punktu widzenia gospodarki, ge-
sto$¢ skompresowanego azotu jest znaczna i tak na glteboko-
$ci 10 km wynosi ok 600 [kg/m?]. Natomiast na powierzchni
(czyli przy ci$nieniu atmosferycznym) wynosi 1.1 [kg/m’].
Wynika z tego, ze przy zalozeniu stalej objetosci zajmowanej
przez medium transportowe musimy si¢ pozby¢ nadmiaru
rozprezajacego sie azotu, tak aby ci$nienie wewngtrz mo-
dutu zréwnowazylo sie z ci$nieniem otoczenia lub przyjeto
warto$¢ bezpieczng dla konstrukcji. Jednak to nie kryteria
bezpieczenstwa decyduja o koniecznoéci wymiany medium
roboczego z otoczeniem, a kryterium fizyczne. Rozwazany
modul transportowy po wynurzeniu i roztadowaniu urobku,
musi mie¢ gestos¢ wieksza od otaczajacej go wody morskiej.
We wczesniejszych publikacjach (Filipek, Broda 2017; Broda,
Filipek, Tora 2023) przedstawiono kilka sposobow rozwigza-
nia tego problemu. W zwigzku z tym, w niniejszym artykule
nie bedziemy omawia¢ tej kwestii. Zaznaczy¢ jednak nalezy,
ze w proponowanych rozwigzaniach konieczne jest wyrow-
nanie ci$nienia wewnatrz modulu z otoczeniem. Realizujemy
to jak schematycznie przedstawiono na rys. la poprzez upust
medium transportowego (w tym przypadku azotu) do otocze-
nia. Niestety zwigzane jest to z duzg stratg energii.
Eger = [y p(W)V(R)dh (1)
Gdzie: E - calkowita strata energii w rozwazanym procesie
wynurzania;

p(h) - ci$nienie na danej glebokoéci;

V(h) - objeto$¢ uwolnionego do otoczenia na danej gtebokos-
ci czynnika roboczego.

Nadmienmy tu, Ze swobodne rozprezanie powodujace
straty energii, charakteryzujace si¢ zmniejszaniem gesto$ci mo-
dulu, jest cecha pozytywng pozwalajaca na zwigkszenie masy
transportowanego urobku w procesie wynurzania. Natomiast
w rozwazanej niniejszej publikacji dotyczacej koncepcji rys.la
zajmiemy si¢ probg wykorzystania tej traconej bezpowrotnie
do otoczenia energii i zastanowimy sie jaka czes¢ tej energii E_
jeste$my w stanie wykorzystaé. Przy czym nie zapominajac, ze
caly czas zachodzi swobodna wymiana masy z otoczeniem be-
daca Zrodlem energii w procesie autokompresji. Do tego celu
wykorzystamy wzmacniacz ci$nienia. Do symulacji zachodza-
cych proceséw, z uwagi na to, ze przyjetym medium roboczym
jest gaz azot, ktorego gesto$¢ jest $cisle uzalezniona od ci$nienia
i temperatury (otoczenia), wykorzystamy dane rzeczywiste po-
brane ze strony NOAA dla wybranego punktu EX1504L2.

2. Wzmacniacz ci$nienia

Wzmacniacze ci$nienia funkcjonujg na rynku od wielu lat
pozwalajac m.in. na utrzymanie niskiego poziomu ci$nienia
w systemach sieci zasilajagcych maszyn, ktére wymagaja wy-
sokiego ci$nienia roboczego. Wzmacniacz ci$nienia posiada
trzy przylacza oznaczone najczesciej jako WE czyli wejscie,
WY wryijscie oraz E odpowietrzanie. Do przytacza WE pod-
faczamy dostgpne Zrédlo sprezonego medium. Na wyjsciu
WY otrzymujemy wzmocniony sygnal wejsciowy (ci$nienie).
Natomiast przylacze E stuzy do tzw. odpowietrzenia czyli po-
zbycia si¢ do otoczenia medium nie wykorzystanego w pro-
cesie wzmacniania. Zgodnie z przedstawionym schematem
wzmacniacza na rys.2 w konstrukcji urzadzenia mozemy
m.in. wyrdézni¢: komory napedowe A i B, komory spreza-
nia A i B, cztery zawory zwrotne, zawor przelaczajacy oraz
regulator ci$nienia. Praca urzadzenia odbywa si¢ w dwoch
naprzemiennych, powtarzajacych sie cyklach. Sprezone me-
dium poprzez zawor regulacyjny dostarczane jest do komory
napedowej A oraz sprezania B poprzez zawory zwrotne, po-
wodujac ruch posuwisty tloczyska. W konsekwencji nastepu-
je kompresja medium znajdujacego si¢ w komorze sprezania
A. Poprzez zaw6r zwrotny sprezone medium podawane jest
na wyjécie WY. W tym samym czasie z komory napedowe;j
B poprzez zawoér przelaczajacy medium dostarczane jest do
zaworu odpowietrzajacego E. Po osiggnigciu kranicowego po-
fozenia tloczyska, uklad przelacza si¢ w taki sposob, ze po-
szczegdlne komory pracujag w analogiczny jak poprzednio
powodujac ruch ttoczyska w przeciwna strone, gdzie komory
oznaczone A pelnig funkcje komor B i na odwrot.
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Rys. 2. Schematy przykladowych wzmacniaczy ci$nienia firmy SMC

Fig. 2. Schematics of sample SMC pressure amplifiers (http:\ https://www.smc.eu/pl-pl/products/vba-wzmacniacz-cisnienia~169589~nav)
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Rys. 3. Schematy pracy wzmacniacza ci$nienia

Fig. 3. Pressure amplifier operation diagrams

Zasada dzialania wzmacniacza ci$nienia oparta jest o pra-
wo Pascala i jest podobna do zasady dzialania prasy hydrau-
licznej (réznica $rednicy tlokéw przeklada si¢ na réznice ci-
$nien). Przykladowe wzmacniacze ci$nienia firmy SMC VBA
przedstawia rys.2.

Producent réwniez podaje procedur¢ doboru modelu
wzmacniacza i konfiguracji calego ukladu sieci zasilajacej.
W konstrukeji wzmacniaczy ci$nienia nalezy zwrdci¢ uwa-
ge, Ze aby zawor przelaczajacy zadzialal, musi tloczysko wraz
z dwoma tlokami posiada¢ odpowiedni ped, ktory ksztatto-
wany jest roznicg ci$nien migdzy obszarami ci$nienia wej-
$cia i ci$nienia odpowietrzania. Nalezy mie¢ na uwadze, Ze
dodatkowe straty ci$nienia w pracy wzmacniacza (poza za-
worem przelaczajacym); przylaczami (WE, WY, E), oporami
ruchu tloka powoduje praca zaworéw zwrotnych. Dla kaz-
dego typu wzmacniacza producent podaje charakterystyki
tych urzadzen, w szczegdlnosci wartosci uzyskanego cisnie-
nia po stronie WY (wzmacnianego) oraz odpowiadajacy mu
wydatek przeplywu. Niestety warto$ci strat producent nie
podaje. Z tego tez powodu na tym etapie naszych rozwazan
teoretycznych te straty okreslimy w sposob posredni. W tym
celu zdefiniujemy wspolczynnik a (5), ktdrego wartos¢ bedzie
informowala nas posrednio o stratach. Straty te zwigzane sa
ze spadkiem ci$nienia na zaworach zwrotnych i na zaworze
przefaczajacym oraz tarciem elementéw mechanicznych.
Konstrukcja wzmacniacza ci$nienia kompensuje wymienione
straty w bardzo prosty sposob poprzez dobieranie $rednicy
tloczyska.

3. Okreslenie parametréw pracy wzmacniacza ci$nienia
pracujacego w module transportowym

W celu okreélenia interesujacych nas parametrow, a szcze-
golnosci ich wplywu na prace wzmacniacza ci$nienia postu-
zymy si¢ uproszczonym schematem jego dziala przedstawio-
nym na rys. 3. Z uwagi na to, ze powyzej zdefiniowali$my
wspoltczynnik a, ktérego warto$¢ informowata nas posrednio

o stratach, na schemacie pracy wzmacniacza pominigto za-
wor regulacyjny, zawory zwrotne, zawor przelaczajacy oraz
tarcie elementéw mechanicznych. Ponadto z uwagi na fakt,
ze najistotniejsze jest przedstawienie idei pracy wzmacnia-
cza ci$nienia wybrano jego najprostsza posta¢ skladajaca sie
z dwoéch identycznych wspotpracujacych ze soba sitownikéw
o tych samych przekrojach powierzchni tloka S.

Jak wida¢ na schemacie ttoczyska silownikéw o tych
samych polach przekroju S, s3 ze sobg sztywno polaczone
stanowigc tak naprawde jeden element. Poniewaz tak jak to
wczedniej zdefiniowali$my, rozwazamy dwa takie same si-
townik, w zwiazku z tym réwniez skok ttoczyska L jest taki
sam dla obu. Przy czym tak zdefiniowany parametr L czyli
skok ttoczyska (sitownika pneumatycznego) to odlegloé¢ po-
miedzy koncem tloczyska w stanie wsunietym (komora A)
i wysunietym (komora A). Tak przyjeta budowa wewnetrz-
na wzmacniacza ci$nienia generuje dwa identyczne obszary
A i B. Wewnatrz tych obszaréw porusza si¢ tlok rozdzielajac
kazdy z nich, na dwa dodatkowe obszary o zmiennej obje-
toéci w funkcji ruchu tloczyska. Komory napedowe A i B sg
to te obszary, w ktorych zmienno$¢ objetosci wynika tak na-
prawde z ruchu tloka napedzanego tltoczyskiem. Natomiast
komory sprezania A i B sa to te obszary, w ktérych zmien-
no$¢ objetosci wynika ze zmiany polozenia zaréwno tloka
jak i poruszajacego si¢ w tym obszarze ttoczyska. Przyjmujac
do rozwazan ruch ttoczyska przedstawiony na rys. 3 rozkltad
sit w sitownikach mozemy przedstawi¢ ponizszym réwna-
niem:

@1+ D) —Sp) —peS+ (01 +0)S — (P, + PSS —Sp) =0 (2)

Nadmienié trzeba w tym miejscu, ze w przypadku ru-
chu tloczyska w przeciwng strong co jest réwniez zwigzane
z zamiang warto$ci w rozwazanych obszarach czyli komory
oznaczone symbolem A pelnig funkcje komér B i na odwrot,
otrzymujemy dokladnie identyczne réwnanie (2).
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Rys. 4. Schematy modutu transportowego z uwzglednieniem tylko obszaru autokompresji

Fig. 4. Schemes of the transport module taking into account only the autocompression area

Stad po przeksztalceniach réwnania (2) otrzymujemy:

P (25 —Sp) —p(S—Sr) =0 (3)
Czyli
p1 (28 — S7) = p. (S — S7) (4)

Zdefiniujmy teraz bezwymiarowy wspdlczynnik o, ktore-
go warto$¢ zawsze bedzie mniejsza od jednego.
S-Sr

a=—"a <1 (5)

Po obustronnym podzieleniu réwnania (4) przez po-
wierzchnie tloka S i uwzglednieniu wspotczynnika a mamy

pi(1+a) =pa (6)

Z zaleznosci tej (6) mozemy wyznaczy¢ warto$¢ cisnienia
p, (7),

1+a
Pp=p1—>2 (7)

a

ktérego wartos$¢ zawsze bedzie wieksza od dwoch.
Mozemy réwniez réwnanie (6) zapisa¢ w innej postaci (8)

pil(1 —a) + 2a] = pa (8)

Mnozac réwnanie (8) przez powierzchnie tloka S i uwzgled-
niajac chwilowe polozenie tloka (L-x(t)) gdzie x(t) przyjmuje
wartosci z zakresu od 0 do L otrzymujemy postac (9),

p1S[(1 — @) + 2a][L — x(2)] = pzSa[L — x(2)] )

ktéra to posta¢ wyraza zasade zachowania energii poniewaz
wymiar jednostki jest [J].

Wroéciwszy do réwnania (8) mozemy go przeksztalci¢ do
postaci (10)

1_
2pr=p2— PlTa (10)

Uwzgledniajgc cisnienie p_e czyli otoczenia otrzymujemy
nastepujaca posta¢ rownania (10)
Pwy = 2pywe = (Pz + pe) — Dstr
1-a (11)

Dstr = Pwe p

Analizujac réwnanie (11) widzimy, Ze aby wzmocnienie
wzmacniacza ci$nienia nie bylo mniejsze niz dwa to suma
wszystkich strat ci$nienia nie moze by¢ wigksza od cztonu p_ .
Ponadto wyraznie wida¢, ze przyjety bezwymiarowy wspot-
czynnik a wyrazony zaleznoscia (5) informuje nas w sposob
posredni o stratach w analizowanym urzadzeniu. Nadmieni¢
nalezy rowniez, ze w przypadku kiedy p_osiggnie warto§¢
2p, . a nie bedzie odbioru medium o ciénieniu p _<2p  to
uklad przestanie pracowa¢ osiggajac stan réwnowagi réwna-
nie (11).

Nalezy zwréci¢ uwage, ze przedstawiony powyzej wy-
wod jest nie do konca precyzyjny i moze wprowadza¢ w blad.
Wiadomo, ze wartosci ci$nienia w poszczegélnych komorach
wzmacniacza ci$nienia sg §cisle uzaleznione od potozenia tlo-
czyska. Natomiast w trakcie wyprowadzenia zaleznosci (11)
nic na ten temat nie bylo méwione. Wyjasniamy to ponizej.
Réwnanie (2) jest poprawne a wiec rownanie (11) tez. Wspo-
mnieli$my wcze$niej, ze rownanie (9) tak naprawde przedsta-
wia zasade zachowania energii i w rozwazanym przypadku
spelnia funkcje podobna do réwnania Bernoulliego (Rober-
son, Crowe 1995; Roberson, Cassidy, Chaudhry 1995), w kt6-
rym rowniez wystepuja wspolczynniki strat tzw. X - straty
liniowe oraz { - straty lokalne (Walden, Stasiak 1971). Ponad-
to réwnanie Bernoulliego mozemy przedstawia¢ w réznych
postaciach, w ktérych poszczegdlne cztony moga przyjmowac
jednostki np. wysokos$ci [m], ci$nienia [pa] i dalej bedzie ono
wyrazalo zasade zachowania energii. Wprowadziwszy wspot-
czynnik a mozemy zdefiniowac straty ci$nienia p_ i podobnie
jak w réwnaniu Bernoulliego uwzglednia ono straty na tarcie
wewnetrzne oraz straty miejscowe w plynie zwigzane z lep-
koscia i nagtymi zmianami przekrojéw itd. Jezeli ci$nienie
w zewnetrznym ukladzie podiaczonym do przylacza WY jest
nizsze niz wyznaczone z réwnania (11) to do momentu kiedy
si¢ nie zrownowaza w komorze sprezania nastepuje sprez do
odpowiedniej wartosci bez wymiany medium na zewnatrz.
Dzieje sie to kosztem zmniejszenia objeto$ci komory spreza-
nia B co jest uwarunkowane przesuwaniem sie¢ ttoczyska. Tak
wiec warto$¢ ci$nienia okreélona réwnaniem (11) informuje
nas o maksymalnej wartosci ciénienia p, jakie wzmacniacz
ci$nienia moze wygenerowaé. Warto$¢ ta jest jednak $cisle
zwigzana z osiagnieciem odpowiedniego potozenia ttoczyska.
Polozenie to mozna wyznaczy¢ znajac warto$¢ P,y Dla tej
warto$ci nalezy okredli¢ warto$¢ gesto$ci medium sprezane-
go i majac ta wartos¢ mozna wyznaczy¢ jej objeto$¢, a wiec
i polozenie ttoczyska. Nalezy jednak zauwazy¢, ze dla gazéw
zaleznoé¢ gestosci od ci$nienia nie jest liniowa nawet dla
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Rys. 4. Schematy modutu transportowego z uwzglednieniem tylko obszaru autokompresji

Fig. 4. Schemes of the transport module taking into account only the autocompression area

przemiany izotermicznej. Dlatego dalsze rozwazania nalezy
przeprowadzi¢ dla konkretnego przypadku.

4. Charakterystyka pracy modulu transportowego w pro-
cesie wynurzania.

Dla przyjetego punktu odniesienia EX1504L2 maksymal-
na gleboko$¢ na jakg zanurzyl sie ROV wyniosta 4824.53 [m].
Ciénienie zarejestrowane na tej gtebokosci przyjmuje warto$é
P,=P, 492.14 [bar] a temperatura wody morskiej t,=1.48 [°C].
Gesto$¢ azotu dla przyjetego cisnienia p_H oraz temperatu-
ry t_wynosi ¢,=441.30 [kg/m®] i zakladamy, Ze jest to war-
to$¢, ktora umozliwia rozpoczecia procesu transportu urob-
ku przez modul na powierzchni¢. Zmiana wartoéci gesto$ci
azotu bedzie miata oczywiscie wptyw na site wyporu modutu
i tak, gdy wzroénie rozwazany obiekt bedzie opadal na dno
morskie. Natomiast gdy zmaleje, proces wynurzania modu-
tu transportowego bedzie charakteryzowal si¢ zwiekszeniem
jego predkosci poruszania sie ku powierzchni. Tak przyjete
parametry odpowiadajace za gesto$¢ azotu w module trans-
portowym bedg pierwszym poziomem odniesienia (inaczej
punktem startowym, punktem bazowym od ktérego zacznie-
my analize¢). Schemat modutu przyjetego do analizy przedsta-
wiono na rys.4. Obszar zajety przez medium czyli w naszym
przypadku azot jest podzielone na dwa réwne obszary V,
oraz V_ a wiec wa:Vwe. Na rys.4 umieszczony jest réwniez
wzmacniacz ci$nienia, ktory oznaczony jest wspotczynnikiem
a charakteryzujacy starty wystepujace w nim.

W chwili rozpoczecia procesu wynurzania ci$nienie
w analizowanych obszarach jest réwne ci$nieniu zewnetrzne-

mu i wynosi p_ = p, =p,=p, Analogicznie jest z warto$ciami

wy
gestosci azotu V\; rozwazanych obszarachp  =p  =p,,acoza
tym idzie réwniez masy mwy = mwe s3 sobie rowne. W mo-
mencie trwania wynurzania parametry fizyczne charaktery-
zujgce prace modutu transportowego beda ulegaly zmianie.
Co zostalo zilustrowane na rys.5.

Do analizy przedstawionej na rys.5 zalozono, ze warto$¢
bezwymiarowego wspolczynnika a okreslajacego w sposob
poéredni straty wewnetrzne wzmacniacza ci$nienia wynosi
0.95. Na osi argumentéw naniesiono kroki, dla ktérych ana-
lizowano numerycznie wartoéci fizyczne obrazujgce procesy
zachodzace podczas autokompresji modutu transportowego
przy wykorzystaniu wzmacniacza ci$nienia zdefiniowanego
w rozdziale trzecim. Natomiast 0§ warto$ci przedstawia udzia-
ty procentowe analizowanych wielko$ci fizycznych. W miare
postepu procesu wynurzania generuje si¢ réznica miedzy ci-

$nieniem wewnetrznym w obszarze V,  a ci$nieniem otocze-
nia czyli zewnetrznym. To uruchamia prace wzmacniacza ci-
$nienia, ktéry tloczy medium robocze do obszaru V. kosztem
zasysanego medium z obszaru V_, oczywiscie czg$¢ medium
roboczego jest uwalniana do otoczenia za pomoca upustu
oznaczonego litera E rys.4. Wzrost masy w obszarze wa ge-
neruje wzrost zaréwno cisnienia p__ (linia ciagta) jak i gesto-
Sci p,,, (linia przerywana). Natomiast w obszarze V,  zgodnie
z zasadg zachowania masy maleje warto$¢ cisnienia p_, (linia
ciaggta) jak rowniez gestosci p , (linia przerywana). W anali-
zowanym przypadku punktem konca procesu jest osiggnie
powierzchni oraz co jest oczywiste ci$nienie otoczenia osiaga
warto$¢ cisnienia atmosferycznego p, —oraz (pwy—patm):Z(patr
.~P..) co jest uwarunkowane réwnaniem (11). Na wykresie
rys.5 przedstawiono réwniez liniami kropkowanymi stosunek
catkowitej masy czynnika roboczego zawartego wewnatrz
moduly transportowego jakim jest w rozwazanym przypad-
ku azot w trakcie procesu wynurzania m _+m,_ do catkowitej
masy w momencie rozpoczecia wynurzania m, +m, , dla

Hwy
trzech réznych wariantéw objetosci V. iV, .

5. Wnioski

W niniejszym artykule skupili$émy si¢ nad zastosowaniem
wzmacniacza ci$nienia do autokompresji. Urzgdzenie to pra-
cuje autonomiczne jezeli tylko pojawi sie¢ odpowiednia rézni-
ca ci$nien miedzy przylaczami WE a tzw. odpowietrzaniem
E i nie potrzeba zadnej dodatkowej formy energii do jego za-
silania. Dlatego zdaniem autoréw jego zastosowanie w trans-
porcie urobku z dna morskiego na powierzchnie otwiera
nowe mozliwoéci, ktére dotychczas wymagaly dodatkowego
zrodla energii. Brak informacji o wewnetrznych stratach ci-
$nienia analizowanego urzadzenia, ktdre jest pomijane przez
producentéw stwarza problemy natury dokladnego opisu
zachodzacych proceséw w wzmacniaczu ci$nienia. Problem
ten rozwigzano definiujgc bezwymiarowy wspolczynnik a
(5), ktory w sposob posredni informuje o stratach wymienio-
nych w niniejszym artykule. Nadmieni¢ w tym miejscu nalezy
réwniez, co w artykule nie zostato poruszane, ze za pomocg
tego bezwymiarowego wspotczynnika mozemy réwniez mo-
delowa¢ wzmocnienie urzadzenia (8) co bedzie poruszane
w kolejnych artykutach. Autorzy zdaja sobie sprawe, ze zasto-
sowanie wzmacniacza ci$nienia w niestabilnych warunkach
pracy wynikajacych ze zmiany w procesie wynurzania rézni-
cy ci$nienn miedzy przytaczami WE a tzw. odpowietrzaniem
E, moze stworzy¢ sytuacje, ze tloczysko moze przyjac pozycje
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(9), ktéra uniemozliwi dalszg prac¢ wzmacniacza mimo dal-
szego wzrostu roznicy ci$nienia zasilajacego urzadzenie. Jest
to kolejne zagadnienia do dalszej analizy w kolejnych artyku-
fach. Analiza pracy wzmacniacza wydaje si¢ dos¢ skompliko-
wana poniewaz rdwnanie wyjsciowe (2) zalezy od polozenia
tloczyska a tak naprawde od wynikajacej z tego potozenia
gestosci medium w analizowanej objetosci, a to generuje
warto$¢ ci$nienia. Niestety zalezno$¢ gestosci od cisnienia
nie jest liniowa. Najkorzystniejsze wydaje si¢ analizowanie
pracy wzmacniacza ci$nienia wychodzac z zasady zachowa-
nia masy. Przesuwajacy si¢ ttok przy spetnieniu zasady zacho-
wania masy bedzie generowal zmiane gestosci, ktora to war-
tos¢ bedzie odpowiedzialna za warto$¢ ci$nienia, ktére musi
spetnia¢ réwnanie (2). T3 metode zastosowano do numerycz-
nej analizy pracy wzmacniacza ci$nienia rys. 5. Dodatkowo
w tej analizie musimy uwzgledni¢ wartosci ViV, tworzg-
ce wspélna przestrzen fizyczng ze wzmacniaczem ci$nienia,
w ktdrej zachodzg interesujace nas procesy. Przeanalizowano
prace rozwazanego ukladu dla trzech réznych wartosci V, o
iV, co zostalo przedstawione na rys. 5 (linia kropkowana).
Okazalo si¢ ze rozktady zmiany ci$nienia p_/p, oraz p /p,
tak naprawde pokrywaja sie dla tych trzech przypadkéw rys.
5 i maksymalna odchytka w stosunku do krzywej bazowej
Ve Ve (linia ciagla) osiaga maksymalng warto$¢ dla n = 30,
czyli osiagniecia powierzchni, wynosi w obu przypadkach
0.15 [%]. Podobnie jest w przypadku gestoéci. Dla V, =0.(81)
V,, maksymalna zmiana p_ wynosi 0.11 [%] a dla p  wynosi
0.07 [%]. Natomiast w przypadku V| =1.(2) V.| maksymalna
zmiana p,  wynosi 0.07 [%] a dla p_ wynosi 0.11 [%]. Oczy-
wiscie w odniesieniu do krzywej bazowej i dla punktu n = 30.
W przypadku upustu masy do otoczenia (krzywe kropkowa-

ne) widzimy na rys.5 znaczne odchylenia od krzywej bazowej.
W punkcie n = 30 dla waO'(Sl)wa wynosi -2.01 [%] czyli
zmalata wymiana masy z otoczenie adla V, =1.(2) V.| wynosi
1.84 [%] czyli wzrosta. W przypadku krzywej bazowej maksy-
malny upust czyli bezpowrotna strata medium do otoczenia
wynosi 5.25 [%] w odniesieniu do calkowitej masy medium
roboczego w chwili rozpoczecia wynurzania. Ta niewielka
bezpowrotnie tracona (w analizowanym przypadku) masa
w medium transportowym przeklada si¢ na znaczny wzrost
ci$nienia w obszarze sprezania oraz znaczacy spadek ci$nienia
w obszarze rozprezania rys.5. Obszar sprezania w naszym ro-
zumieniu zwigzany jest z akumulacjg energii. Natomiast ob-
szar rozpre¢zania posiada jeszcze znaczng energie, ktéra moz-
na jeszcze zagospodarowa¢ miedzy innymi do zwigkszenia
sprezu w objetodci V. . W niniejszym artykule nie wyjasniamy
juz tej kwestii, z uwagi na fakt, ze osiagniete rezultaty w po-
faczeniu z wezesniejszymi koncepcjami transportu urobku ku
powierzchni rys.1 spelniaja nasze oczekiwania, pozwalajac na
ich dalsze rozwiniecie.

Na rys.5 naniesiono réwniez zmiang¢ energii jakie za-
chodza w rozwazanych obszarach V| i V w przypadku
V,,=V_we. Przedstawiono je za pomocg kolek. I tak strata
energii E_ w stosunku do wartosci poczgtkowej w momen-
cie rozpoczecia procesu wynurzania medium transportowego
lezy powyzej krzywej obrazujgcej zmiany gestosci p - (linia
przerywana). Natomiast strata energii E_  w stosunku do war-
tosci poczatkowej obrazuja punkty, ktore prawie pokrywaja
si¢ z krzywg zmiany gestosci p_ (linia przerywana) rys.5. Cal-
kowita strata energii zwigzana z wymiang masy z otoczeniem
w rozwazanym przypadku wynosi E_ =3.96 [%] i jest porow-
nywalna z pozostalymi dwoma analizowanymi wariantami.
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Autocompression as a Method of Accumulating Waste Energy during the Emergence of an Auto-

nomous Transport Module using a Change in Buoyancy

Despite the Covid-19 pandemic lasting for few years, the interest in the exploitation of deposits lying at the bottom of seas and oceans
at great depths has not been waning. Many new concepts for the exploitation of sea deposits have been developed. Many consortia were
established, interested in mining activities in seas and oceans. And although the most advanced venture of Nautilus-Minerals has not
been successful so far, it has made a huge leap forward in terms of research and technology. The exploitation on an industrial scale is
most likely to start in the coming years, especially in the waters of the EEZ (Exclusive Economic Zone). Recently, for example, the Cook
Islands authorities have granted three licenses for this type of activity. In international waters though, we must, unfortunately, still wait
for legal solutions satisfying all interested parties. The exploitation of shelf deposits is successfully being carried out with various methods
in many regions around the world (Karlic, 1984; Depowski et al., 1998; Abramowski, Kotlifiski, 2011; Niedoba 2015, SPC 2013; Sharma,
2017); however, reaching for deposits of massive polymetallic sulphides or polymetallic nodules lying at great depths places considerable
demands on scientists and engineers. Among the heaviest ones is the development of a method of transporting spoil from the bottom to
the sea surface. For several years, the authors have been conducting theoretical and experimental research on new concepts of transport
from the seabed, the results of which were presented in numerous publications (Filipek W.,, Broda K .: 2016, 2017, 2018, 2019, Broda,
Filipek, Tora 2023).

While considering various concepts of transport from the seabed using an autonomous module, we paid attention to energy losses during
the exchange of the working medium between the autonomous transport module and the surroundings (sea water). In the articles (Filipek
W, Broda K. 2018, 2019) we focused on the positive aspect of this exchange, but nevertheless these are energy losses. In this publication,
the authors analyze what part of this energy can be used (in autocompression) and what impact it has on the energy balance of the
transport module.

Keywords: marine mining, transport from great depths, autonomous transport module
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Abstrakt
Zjawisko kolmatacji wystepuje w przyrodzie wszedzie tam, gdzie dochodzi w osrodkach porowatych do przeplywow cieczy niosgcych
zawieszone czgstki stale. Nawet ,,najczystsza” woda doplywajgca do studni po pewnym czasie spowoduje jej zakolmatowanie, a tym
samym spadek jej wydajnosci, co jest zjawiskiem negatywnym.
Badania prowadzone w naszym osrodku od lat 60-tych ubieglego wieku [1,4-14] doprowadzily do opracowania matematycznego
opisu zjawiska kolmatacji [4-8,13,14] oraz przeprowadzenia szeregu eksperymentéw jqg weryfikujgcych [9-14]. Uzyskane wyniki
wykorzystano rowniez podczas préb uszczelnienia gorotworu wokét wyrobiska gorniczego [12].
W niniejszym artykule podjeto probe okreslenia obszaru K w przypadku przebiegu zjawiska kolmatacji zachodzgcego zgodnie
z kinetykqg pierwszg, oraz podania zaleznosci opisujgcych rozktad cisnienia h(x,t) dla przeplywu bez kolmatacji i z kolmatacjg bez
linearyzacji wyrazenia e(x,t)” w otoczeniu €, gdzie € okresla porowatos¢ osrodka w funkcji potozenia i czasu.
Okreslenie obszaru K pozwala nam na jednoznaczne wyprowadzenie dokladnego rozkladu cisnienia h(x,t) podczas przeplywu
z kolmatacjq przez osrodek porowaty bez linearyzacji, a nastgpnie poréwnania rozwigzan ukladu rownan kolmatacji metodg
linearyzacji i metodg doktadng przy wykorzystaniu bezwymiarowej postaci funkcji &.
W trakcie prowadzenia badarn eksperymentalnych préba dopasowania rzeczywistego zjawiska do opracowanego modelu
matematycznego obarczona byla duzg niepewnoscig wynikajgcg prawdopodobnie z zastosowania linearyzacji czlonu e(x,t).
W artykule autorzy wyjasniajg co generuje odstgpstwo metody przyblizonej od dokladnego rozwigzania oraz zwracajg uwage, ze
dokladne rozwigzanie bardziej oddaje sens fizyczny matematycznego modelu opisu zjawiska oraz zdefiniowanych wspétczynnikow

kolmatacji a w szczegélnosci parametru e ,

Stowa Kluczowe: filtracja, kolmatacja, przeplyw z wymiang masy i pedu, wymiana pedu

Wstep

Ze zjawiskiem kolmatacji w przyrodzie mamy do czy-
nienia tam, gdzie wystepuje przeplyw cieczy niosacych za-
wieszone czastki stale przez os$rodki porowate. Zjawisko to
moze mie¢ znaczenie negatywne, jak w przypadku doptywu
wody do studni, powodujac zakolmatowanie, a tym samym
spadek jej wydajno$ci. Natomiast zaleze¢ nam bedzie na jak
najintensywniejszym jego przebiegu wszedzie tam gdzie po-
trzebujemy ograniczy¢ albo wrecz wyeliminowa¢ wodoprze-
puszczalnos¢ o$rodka porowatego, np. przy uszczelnianiu wa-
téw przeciwpowodziowych, tam czy gorotworu przy pracach
podziemnych ograniczajac doptyw wod do wyrobisk.

Wida¢ wigc, ze znajomo$¢ mechanizméw przebiegu tego
zjawiska jak i jego opisu teoretycznego i praktycznego wraz
z opracowaniem metod okreslania parametréw odpowie-
dzialnych za jego przebieg ma duze znacznie.

Do badan zjawiska kolmatacji [2,3] nasz o$rodek wiaczyt
si¢ w latach 60-tych ubieglego wieku [1,4-14]. Prowadzo-
ne w naszym osrodku badania doprowadzily do powstania
teorii kolmatacji [4-8,13,14] oraz przeprowadzenia szeregu
eksperymentow ja weryfikujacych [9-14]. Zdobyte wowczas

doswiadczenie wykorzystano réwniez podczas prob uszczel-
nienia gérotworu wokdt wyrobiska gorniczego [12].

Zjawisko kolmatacji moze wedlug teorii kolmatacji prze-
biega¢ w rozny sposob, opisany trzema kinetykami procesu
kolmatacji [5,14]. Niestety w trakcie prowadzenia ekspery-
mentu, czy badan ,in situ” bardzo trudno jest okresli¢, we-
dlug ktorej kinetyki aktualnie przebiega zjawisko kolmatacji.
Konieczne wigc jest posiadanie metody pozwalajacej na okre-
$lenie w czasie i przestrzeni obszaru K zachodzenia zjawiska
dla poszczegdlnych kinetyk.

W niniejszym artykule autorzy skoncentrowali si¢ na
okresleniu obszaru K w przypadku zjawiska kolmatacji prze-
biegajacego zgodnie z kinetyka pierwsza, oraz podaniu zalez-
noéci opisujacych rozktad ci$nienia h(x,t) dla przeplywu bez
kolmatacji i z kolmatacja bez linearyzacji wyrazenia e(x,t)
w otoczeniu ¢, gdzie € okresla porowato$¢ osrodka w funkeji
polozenia i czasu.

Rozwazania nasze przeprowadzono dla o$rodka jedno-
rodnego charakteryzujacego si¢ stalo$ciag powierzchni wta-
sciwej a(x) = a i statoscig wspélczynnika kolmatacji a (x)
=a,
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Rys. 4. Schematy modutu transportowego z uwzglednieniem tylko obszaru autokompresji

Fig. 4. Schemes of the transport module taking into account only the autocompression area

Vx € [0, L]

a(x) = a - powierzchnia wla$ciwa

Vx €[0,L] a (x)=a - wspétczynnik kolmatacji

Wielkoé¢ L opisuje maksymalny liniowy zasieg zjawiska
kolmatacji zachodzacego w jednorodnym osrodku porowatym.
Na Rys.l przedstawiono taki wyidealizowany o$rodek
przyjety w naszych rozwazaniach, gdzie:
q(t) - predkosc¢ filtracji;
e(x,t) - porowatos$¢ osrodka;
h(x,t) - rozklad ci$nienia;
h(0,t) - ci$nienie na poczatku rozpatrywanego osrodka;
h(L,t) - ci$nienie na koncu rozpatrywanego osrodka;
L - dlugo$¢ oérodka porowatego.

Wedlug teorii kolmatacji [14] ten przypadek opisany jest
ukladem trzech réwnan rézniczkowych czastkowych: bilansu
transportu (1), kinetyki procesu kolmatacji (2) i ruchu (3)[14].

ON(x,t) _ds(x, t) (1)

a(t) 9x Fr 0 - réwnanie bilasu transportu
a ! t . . .
SE’;; ) _ —a,q(t)N(x,t) - rownanie kinetyki procesu  (2)
Oh(x,t) v a? . ’ _ . ,
. ag 2D q(t) - réwnanie ruchu (3)

gdzie: N(x,t) — koncentracja unoszonych czastek zawiesiny;
a - wspotczynnik odstepstwa [7,9];

v — wspolczynnik lepkosci kinematycznej;

g - przyspieszenie grawitacyjne.

Wyprowadzenie dokladnego rozkladu ci$nienia h(x,t) pod-
czas przeplywu z kolmatacja przez osrodek porowaty - bez
linearyzacji

W celu wyznaczenia rozkladu ci$nienia h(x,t), musi-
my najpierw z réwnania (1) i (2) wyliczy¢ funkcje ®(x,t).
W zwigzku z tym przeksztal¢my réwnanie kinetyki (2) proce-
su kolmatacji do ponizszej postaci (4) zakladajac oczywiscie,
zeaq(t) =0

1 de(xt)

N(x' t) - _aoq(t) at

(4)
i wprowadzmy go do réwnania bilansu transportu (1). Po

prostych przeksztalceniach otrzymamy:

d%e(x,t)
dtox

de(x,t) _

P 0 (5)

+a,

Powyzsze réwnanie calkujemy wzgledem czasu t otrzy-
mujac:

de(x.t)
dx

+ ape(x, t) = p(x) (6)

Nieznang funkcje @(x) znajdujemy w oparciu o warunek
poczatkowy (7)

Vx €[0,L] e(x,0)=-¢, ™)
dostajac zalezno$¢ (8)
vx €[0,L] ¢(x) = aye,, (8)

ktéra wstawiona do réwnania (6) po prostych przeksztatceni-
ach pozwala zapisa¢ go w ponizszej postaci:

vx € [0,1] vt € R* %+ ay(e(x,t) —£,) = 0 9)

Otrzymane réwnanie roézniczkowe rzedu pierwszego
mozna przedstawi¢ w postaci (10)

de(x,t) _
g(x,t)—&, @0 dx (10)
lub (11)
g(x,t)—g,=0 (11)

Rozwazmy najpierw zalezno$¢ (11), z ktérej wynika, ze
Vx € [0,L] Yt ERY e(x,t) =&, (12)

Natomiast z réwnania bilansu transportu (1) i warunku
a,q(t) # 0 otrzymujemy

Vx € [0,L] Vt ER"  e(x,t) =&, = N(x,t) = const (13)

Ostatecznie uwzgledniajac réwnanie kinetyki procesu (2)
dochodzimy do spostrzezenia, ze

Vx € [0,L] Vt € R* e(x,t) =5, = N(x,t) = 0. (14)

Otrzymana zaleznos$ci opisuje wiec proces przeplywu czy-
stej wody przez osrodek porowaty.

Zajmiemy sie teraz cztonem (10) przy zalozeniu, ze e(x,t)
-g, %0,z ktérego wynika, ze t # 0. Po scalkowaniu réwnania
(10) otrzymujemy zalezno$¢ (15)

Inle(x,t) — g,] = —a,x +YP(1), (15)

ktéra po prostych przeksztalceniach i podstawieniu ¢(t) =
ey(t) doprowadza do wyniku w postaci réwnania (16).
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g(x,t) = &, + P(t)e ¥ (16)

Musimy teraz okresli¢ zalezno$¢ funkcji ¢ od czasu - ¢(t).
Skorzystamy z réwnania kinetyki procesu (2) i rozwigzemy je
dla przypadku, gdy x = 0. Mamy:

2909 = —a,q(t)N(0, 1) (17)

Poniewaz do rozwazanego obszaru wplywa zawiesina
o stalej w czasie koncentracji mozemy zapisa¢ warunek brze-
gowy W postaci:

YtERT N(0,t)=n (18)

Rozwigzanie ogoélne réwnania (17) z warunkiem brzego-
wym (18) opisane jest wiec ponizsza zaleznoscia:

£(0,t) = —na, [ q(t)dt + C (19)
Z warunku poczatkowego (7) wynika, ze C = g czyli

£(0,t) = £, — na, [ q(t)dt (20)
Stad po prostych przeksztalceniach otrzymujemy

¢(t) = —na, [ q(t)dt (21)

Ostatecznie mozemy przedstawi¢ rozwigzanie réwnania
(16) w postaci

Vx ERT Vt € RT —{0}:aoq(t) # 0

e(x,t) = g, — na e %" [q(t)dt (22)

przedstawiajacej rozklad porowatoéci o$rodka przy przeply-
wie z kolmatacja, realizowanym przy przyjetych zalozeniach.
Pozostaje nam teraz tylko sprawa wyjasnienia, co si¢ dzieje,
jezeli t=0. Jak wida¢ réwnanie (22) przechodzi w postaé (14), co
jest przeciez oczywiste, bo w chwili zerowej proces kolmatacji
spelniajacy warunek poczatkowy (7) nie moze zachodzi¢.
Podsumowujac teraz nasze dotychczasowe rozwazania,
poszukiwang funkcje &(x,t) ostatecznie mozemy przedstawié
jak nizej:
vx €[0,L] VtE R :a,q(t) =0 &(x,1)

£ - proces bez kolmatacji (23)

a

£, —na,e "% [ q(t)dt - proces z kolmatacja (24)

Zajmiemy si¢ teraz okresleniem obszaru K zachodzenia
zjawiska. Z réwnania (23) wynika, ze obszar K dla przeply-
wow bez kolmatacji mozna przedstawi¢ w postaci

k={(xt):x€[0,L],teER*} (25)

czyli caly obszar objety przeplywem.

Okreslenie obszaru K dla przeptywu z kolmatacja jest za-
daniem skomplikowanym z uwagi na trudno$¢ wyznaczenia
w sposob bezposredni czasu zakonczenia przebiegu zjawi-
ska. Zatem przyjeliémy metode posrednia. Proces kolmatacji
zostanie zakonczony jezeli wszystkie pory oérodka ulegna
wypelnieniu, czyli e(x,t)=0. W oparciu o to, z réwnania (24)
wynika, ze

Jome= q(tyde < =2 (26)

0 nag

a w konsekwencji obszar K mozemy przedstawi¢ w postaci

K= [(x, t):x €[0,L],t €0, tj’;”"”q(t)dt == m} (27)

nag
Przejdzmy teraz do wyznaczenia poszukiwanego rozkla-
du ci$nienia. Wprowadzmy oznaczenie
0=2aa? (28)
g
i wstawmy je do réwnania ruchu (3), ktére w konsekwencji
przyjmie postac:

Oh(xt) _ _ , a(®)
ax Qea(x,t) (29)

Scatkujmy go teraz w granicach od x do L.

[y dx = —0q(0) [} 5 (30)

x 2 (xt)

W wyniku catkowania otrzymujemy ponizsze réwnanie
okreslajace rozklad cisnienia w o$rodku porowatym

h(x,t) = h(L,t) + 2q(t) ffzsf;‘t) (31)

Jako pierwszy przypadek rozwazymy rozwigzanie powyz-
szego rownania dla przeptywu bez kolmatacji. Z dotychczaso-
wych naszych rozwazan wynika (23), ze w takim przypadku
e(x,t) = g, ,a wiec

h(x,t) = h(L,1) + 0q(t) 5 (L — %) (32)

Otrzymana zalezno$¢ (32) opisujaca rozklad ci$nienia
przy przeplywie bez kolmatacji zostala zilustrowana graficz-
nie na rys. 2 i jest zgodna z przebiegami obserwowanymi
w trakcie eksperymentow.

Drugi przypadek to ten, w ktérym w trakcie przeptywu
przez osrodek porowaty cieczy niosacej zawieszone czastki
stale dochodzi do ich wymiany z o$rodka ciektego do stalego
- kolmatacji. Prowadzi to w konsekwencji do uzmiennienia
rozkladu porowatosci co zostalo wyrazone zaleznoscia (24).

&(x,t) = g, — na,e"%* f q(t)dt
Poniewaz wiadomo [14], ze
Ja®dt =) (33)
to zalezno$¢ (24) mozemy zapisaé w postaci (34).
£(x, t) =&, —na,Q(t)e"%x (34)

Po wstawieniu otrzymanego réwnania (34) do réwnania

ruchu w postaci (31) otrzymujemy
h(x,t) = h(Lt) + Qq(t) [} e73(x, t)dx = (35)
h(L,t) + 0q(t) [\[g, — na,Q(t)e %*] 2dx

Aby rozwigzaé powyzsze rownanie najpierw obliczmy cal-
ke nieoznaczong w nim wystepujaca. I tak
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Rys. 2. Rozktad cisnienia w osrodku porowatym przy przeplywie bez kolamatacji

Fig. 2. Pressure distribution in a porous medium during flow without colmatage

[e2(x, t)dx = [[&

_ —agay _ 3g,—2na,Q(t)e”
[ZIn(E na,Q(t)e %*) — ¢, © o0y @(t)e—car)?

—na,Q(t)e %] 3dx =
itV 2a,x + C‘l] (36)

Za ea
Przechodzac do calki oznaczonej otrzymujemy
f: 3 (x, D)dx = j;[su —na,Q(t)e %*] 2dy =

1 { £p—na, Q(t)e~ %ol
2a5¢! £o—na,Q(t)e”%*

[3eo-2na,Qt)e~ %0k 3s,—2na,Q(t)e” %"
et e + 20 =)

(37)
Wprowadzajac nowe oznaczenie
: 1 v a®
Q=0 2«,,53 = a; a:osg (38)

mozemy poda¢ ostatecznie zwigzek opisujacy rozklad ci$nie-
nia h(x,t) dla przeptywu z kolmatacja, jak nizej
sp—nagQ(t)e el 3s,—2nayQ(t)e Tl

hx.t) = R(L.0) + 2q(t) {2 e 0 |y nagomemsely (39)

3oy ZnasQ(e) 7" ]+ 2a,(L — 1)}

(20—nao Q(t)e™0*)?

W tym miejscu warto przypomnie¢ dotychczasowe przy-
blizone réwnanie opisujace rozklad cisnienia h(x,t) otrzyma-
ne przy pomocy linearyzacji wyrazenia g[x,t]” w otoczeniu g,
[7,14]. Po drobnych przeksztalceniach w celu ujednolicenia
zapisu, postac¢ tego rownania jest nastepujaca

h(x,t) ~ h(L,t) + () [GQ(t)”é—‘:"(e*‘*G” — gl + 2, (L — x)] (40)

Z dotychczasowych badan [14] wiadomo, ze rozklad ci-
$nienia przy przeplywie z kolmatacja w chwili t = 0 jest taki
sam jak dla przeptywu bez kolmatacji (32). Czyli jest opisany
funkcja liniowa o réwnaniu

h(x,t) = h(L,1) + 0q(D) 5 (L — x) = h(L, 1) + 209Dt (L — x) (41)
Wprowadzajac do réwnania (39) dla t=0 Q(0) =0 widzi-

my, Ze otrzymane rozwigzanie jest analogiczne z réwnaniem
(41), co pokazano ponizej:

£o—na,Q()e” %ok
2o Qt)e 0"

2iln1=0

h(x,t) = h(L.,t) + 2q(t) 1 21n

(42)
[3zo—2nap@(t)e™®F  3g,-2na,Qt)e"*o]
© LizomnaaQ(t)e o (so-naoQit)e~0%)?]

a5, 3eg] _
ol F—a|=0
5 5%

+2a,(L —x)

Na zakonczenie tego artykulu chcieliby$Smy przedstawi¢
rozklad ci$nienia h(x,t) (39) w funkcji: porowatosci o$rodka

e(x,t), rozkladu koncentracji unoszonych N(x,t) oraz wylapa-
nych P(x,t) czastek kolmatanta.

Dla rozkladu porowatosci opisanego réwnaniem (24)
iz uwzglednieniem réwnan (33) i (34) rozklad cisnienia moz-
na przedstawi¢ zaleznoscia (43)

h(x.2) = h(L.) + 2q(t) {2 i e, [%(f)” *2@‘;“] +2a,(L—x)} (43)

Z kolei rozklad zatrzymanej masy w o$rodku P(x,t) opisa-
ny jest ponizszg zaleznos$cia [14]:

P(x,t) = na,Q(t)e %~ (44)

W konsekwencji wiec rozklad ci$nienia h(x,t) mozemy
przedstawi¢ nastepujaco:
£o—P(Lt) [320—2P(Lt) _ 325—2P(xt) _
h(x,1) = h(L.£) + Bq(6) {2 i ey (e.,fp(x‘mz]”“a@ 0}
(45)

Poniewaz funkcje N(x,t) okreslajaca rozklad koncentracji
unoszonych czastek opisuje zalezno$¢ (46) [14]
N(x,t) = ne~%~* (46)

to rozklad ci$nienia h(x,t) przybierze posta¢ réwnania (47)

Eo—@QUONCLE) _ | [36-2aQONLE) _ 3e—2a.QUN(xD)]
h(x,1) = h(L8) + () {2 1n 2 | eore@(INLE) (oo )]

20— Q(EIN(x.t)
2a,(L — 1)}

(47)

Poréwnanie rozwiazan ukladu réwnan kolmatacji metoda
linearyzacji i metoda doktadna

Poréwnujgc réwnania (39) i (40) mozna zauwazy¢, ze roz-
nig si¢ tylko jednym czlonem. Jezeli przedstawimy zalezno$¢
(40) w formie

h(xt) = h(LE) + 1(0) -A(x, D)

—na,Q(t)e %k [3g, — 2na,Q(0)e”%"  3e, — 2na,Q(t)e”"*

] +2a,(L—x)

A = zln —naQ(De e = |{e, —na Qe wl)? (e, — na,Q(t)e )2
(48)
natomiast réwnanie (39) w postaci
h(x,t) =h(L, ) + Oq(t) - B(x, t)
B(x.0) = 6Q(0) % (e=5e* — e=eL) 1 2a, (L —x) (49)

to o odchylce decyduje wtedy réznica miedzy czlonami
A(x,t) i B(x,t). Najprosciej odchylke ta mozemy zdefiniowaé
w postaci wspdlczynnika §(x,t) bedacego stosunkiem A(x,t)
do B(x,t).
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Rys. 3. Graficzna ilustracja zmiennosci parametru X

Fig. 3. Graphical illustration of the variability of the X parameter

f0 =5

oln o™ na,Q(t)e %k [3g, — 2na,Q(t)e %+  3g, — 2na,Q(t)e**]
g, —na,Q(De—%* 2|, —na,Q(f)e-%)2 _ (¢, — na,Q(De-%")Z|

B 600 T2 (e~ — e=e1) + 20, (L — %)

+ 2a,(L —x)

(50)

Z uwagi na nieokre$lono$¢ w czasie zakonczenia procesu
kolmatacji powyzsza posta¢ tego réwnania (50) jest trudna do
analizy i sformulowania jaki$ ogélnych wnioskéw. W zwigzku
z tym nalezy je przeksztalci¢ do innej postaci, ktora by od-
zwierciedlala dowolny fizyczny proces kolmatacji. Wprowa-
dzajac bezwymiarowa zmienng y

vx €[0,1] y=%;ye[0,1] (51)
Oraz bezwymiarowa zmienng z
vzel01] z= %‘3@ (52)
otrzymujemy uniwersalne réwnanie (53).
NG = e e [

6z(e~%Y — e~%) + 2a,(1 —y)

Ze wzgledu na charakter jednostek wielkosci x i L bezwy-
miarowo$¢ wspotczynnika y jest oczywista. Watpliwosci moze
wzbudzaé bezwymiarowos$¢ parametru z, a moze powinni$my
zapisa¢ go w postaci funkcji zaleznej od czasu z(t). Bezwy-
miarowo$¢ parametru z wynika z warunku (26) okreslajacego
czas t zakonczenia przebiegu zjawiska kolmatacji i zaleznosci
(27) okreslajacej jego obszar. Jezeli z=0 oznacza to, ze proces
kolmatacji dopiero rozpoczat sie i czas t=0. Natomiast w przy-
padku gdy z=1 proces kolmatacji zakonczyl si¢. Nie posiada-
my jednak informacji o czasie jego trwania. Parametr z jest
wigc bezwymiarowy i informuje nas o stopniu zaawansowa-
niu procesu bez wnikania w czas jego przebiegu. Tak zdefinio-
wana funkcja §(y,z) (53) daje narzedzie do bezwymiarowego
poréwnania dwdch zaleznosci (39) i (40). Oczywiscie w réw-
naniach tych wystepuja parametry takie jak a_o oraz e_o, ale
sg to warto$ci stale.

Na wykresie rys. 3 przedstawiono liniami cigglymi zalez-
nos¢ bezwymiarowego wspotczynnika §(y,z) od parametru y
dla jedenastu wartoéci z bedacymi informacja o stopniu za-
awansowania procesu kolmatacji. Tak jak to wida¢ w opisie
po prawej stronie wykresu, kazda krzywa odpowiada innej

wartosci z zaczynajac od 0 a koficzac na wartoéci 1, przy przy-
jetych parametrach o oraz e, wynoszacych odpowiednio 0.5
i 0.7. Ponadto dla z=0,6 co odpowiada stopniu zaawansowa-
nia procesu kolmatacji w 60%, naniesiono dwie krzywe ozna-
czone pogrubionym kropkowaniem w celu zilustrowania, jaki
wplyw ma zmiana parametru g, na rozklad &(y,z). Przyrost
warto$ci zostal zobrazowany kierunkiem zwrotu strzalki.
Krzywe zostaly wykreslone dla wartosci ¢ =0.4 oraz & =0.6
przy wartosci a =0.5. Podobnie zilustrowano (krzywe krop-
kowane) wplyw zmiany parametru a dla z=0,8 na rozklad
&(y,z). Tak jak w poprzednim przypadku, przyrost wartosci
zostal zobrazowany kierunkiem zwrotu strzalki. W tym przy-
padku krzywe zostaly wykreslone dla wartosci a =0.6 oraz
a =0.8 przy wartodci e =0.7.

O$ argumentéw y zostala celowa przesunieta do warto-
$ci &(y,z)=1. Ta warto$¢ informuje nas, ze bez wzgledu na to,
ktora zalezno$cig bedziemy liczy¢, (39) czy (40), otrzyma-
my takie same wartosci. Jest to jedyny przypadek, w ktérym
wynik otrzymany metoda przyblizong pokrywa si¢ z meto-
da dokladng. Pamietajmy, Ze réwnanie (39) jest rownaniem
otrzymanym wprost z rozwigzania ukladu réwnan (1), (2)
i(3), a wersja (40) to tylko forma przyblizona, ale dotychczas
byta stosowana do analizowania procesu kolmatacji. Stosujac
zalezno$¢ przyblizong (40) dla zakresu §(y,z)<1 otrzymane
wyniki opisuja zawyzony stopien zaawansowania procesu kol-
matacji, a wspotczynnik &(y,z) informuje o ile. W przeciwnym
przypadku gdy &(y,z)>1 otrzymane wyniki opisuja zanizony
stopient zaawansowania procesu kolmatacji i w tym przypad-
ku réwniez wspotczynnik §(y,z) informuje nas o ile.

Whioski:

Przedstawiony tok rozumowania pozwala na dokladniej-
szy pod wzgledem matematycznym opis przebiegu zjawiska
kolmatacji — w oparciu o zalozenia teorii kolmatacji propo-
nowane przez Profesora Alfreda Trzaske [14] z uwzglednie-
niem pierwszej kinetyki procesu kolmatacji. Wedtug dotych-
czasowej metody, z uwagi na skomplikowana pod wzgledem
matematycznym posta¢ réwnan rézniczkowych opisujacych
zachodzace zjawisko kolmatacji, przyjmowalo sie uproszczo-
na posta¢ funkeji e(x,t)?* linearyzujac ta funkcje w otoczeniu
g, [5,14]. Wspdlczesne narzedzia obliczeniowe pozwolily
nam rozwigza¢ uklad réwnan opisujacych pierwsza kinetyke
(1),(2),(3) w sposob bezposredni bez stosowania przyblizen
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w postaci linearyzacji. Potrzeba doktadniejszego rozwigzania
wynika z rozbiezno$ci pomiedzy otrzymanymi rozkladami
podczas badan laboratoryjnych a przebiegami wynikajacy-
mi z symulacji komputerowej opartej o linearyzacj¢ cztonu
e(x,t)3.

Analizujac krzywe na Rys.3 mozna wysuna¢ wniosek, Ze
dotychczasowe stosowanie formy przyblizonej opisu pro-
cesu kolmatacji obarczone bylo znaczacym bledem, tym
wiekszym im proces zblizal si¢ do konca. Ponadto formuta
ta (40) nie miala mechanizmu, ktéry informowat by nas, ze
proces kolmatacji juz zmierza ku koncowi lub si¢ zakonczyl.
Wynika to z faktu, ze postac zaleznosci (40) nie uwzglednia
warunkow (24), (26) przez co funkcja nie zmierza asymp-
totycznie do okreslonej wartosci. Jest to jedna z przyczyn
rozbiezno$ci pomiedzy metoda przyblizona i dokladng co
generuje odchytke. Druga przyczyna generowania odchytki
jest zwigzana z tym, ze zgodnie z zaleznoscia (49) Zle wy-
znaczona warto$¢ wspolczynnika B(x,t) ma wplyw na btedna
warto$¢ q(t), a to ma wplyw na niewlasciwy rozklad cisnie-
nia h(x,t). W przypadku przeplywu z kolmatacja realizowa-
nego przy stalej roznicy ci$nien, wymuszona rdznica ci$nien
narzuca jakie wartosci moze przyjac iloczyn q(t) B(x,t). Jest
to mechanizm samoregulacji procesu i z matematycznego

punktu widzenia proces nadal trwa, chociaz fizycznie juz si¢
zakonczyl.

W przypadku funkeji (39) dazy ona do asymptoty zgodnie
ze zdefiniowanymi warunkami (24) i (26). Bardzo wazng ce-
cha zaleznosci (39) jest zobrazowanie sensu fizycznego wspot-
czynnika kolmatacji a0. Z postaci tej wynika jasno, ze moze
ona przybiera¢ jedynie wartoséci z przedziatu [0,1]. Warto$ci
0 odpowiada brak wychwytu przeptywajacych czastek kolma-
tanta lub przeplyw czystej cieczy, a wartosci 1 odpowiada sy-
tuacja, w ktorej osrodek wychwytuje wszystkie przeplywajace
czastki kolmatanta, czyli wyplywa czysta woda, co z fizycz-
nego punktu widzenia jest prawie niemozliwe. Dotychczas
stosujac metode przyblizong przyjmowano ten wspotczynnik
jako parametr empiryczny o wartosci umozliwiajacej dopa-
sowanie rzeczywistych pomiaréw laboratoryjnych do symu-
lacji komputerowej. W ten sposob jego interpretacja fizyczna
wzbudzata wiele kontrowersji i byla niejasna.

W trakcie prowadzenia badan eksperymentalnych okre-
$lenie wedlug jakiej kinetyki przebiega proces obarczone jest
duza niepewnos$cia wynikajaca prawdopodobnie z zastosowa-
nia linearyzacji czlonu &(x,t)? réwniez w pozostatych kinety-
kach. Autorzy obecnie pracuja nad znalezieniem bezposred-
niego rozwigzania rowniez dla kinetyki drugiej i trzeciej.
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Pressure Distribution in a Porous Medium During the Colmatage Phenomenon Accurring
According to the First Kinetics without Linearization of the Expression Defining the Porosity of

the Considered Medium as a Function of Position and Time

The phenomenon of colmatage occurs in nature wherever there is a flow of fluid carrying suspended solid particles through porous media.
Even the "cleanest” water flowing into the well after some period of time will become clogged and therefore its efficiency will decrease,
which is a negative phenomenon. Research conducted in our center, since the 1960s [1,4-14], has led to: a theoretical description of the
phenomenon of colmatage [4-8,13,14] and a number of experiments verifying it [9-14]. The obtained results were used during tests to seal
the rock mass around a mining excavation [12].

This article attempts to determine the area K in the case of the colmatage phenomenon occurring in accordance with the first kinetics, and
to identify/formulate relationships describing the pressure distribution h(x,t) for the flow without colmatage and with colmatage without
linearization of the expression e(x,t)” in the surroundings e , where € determines the porosity of the medium as a function of position and
time. Determining the area K allows us to clearly derive the exact pressure distribution h(x,t) during flow with colmatage through a porous
medium without linearization, and then compare the solutions of the system of colmatage equations using the linearization method and
the exact method using the dimensionless form of the & function. During the experimental research, the attempt to match the actual phe-
nomenon with the developed mathematical model was burdened with high uncertainty, probably resulting from the use of linearization
of the e(x,t)” term. In the article, the authors explain what generates the deviation of the approximate method from the exact solution and
point out that the exact solution better reflects the physical meaning of the mathematical model for describing the phenomenon and the
defined colmatation coefficients, the parameter ¢ , in particular.

Keywords: filtration, colmatage, flow with mas and momentum exchange
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Abstract

The article presents the energy situation of Finland, with particular emphasis on energy resources. The introduction describes the
geographical location of Finland, the population, the political system, and the wealth of Finnish society against the background of
the European Union. Attention is paid to relatively low total and per capita carbon dioxide emissions. The energy mix, which is
overwhelmingly based on renewable energy sources and nuclear power, especially for electricity generation, is also presented. Despite
the fact that Finland has been focusing on increasing the share of renewables in its energy mix for years, as well as developing nuclear
power plants, to ensure a continuous supply of energy, it is necessary to import both electricity itself and energy raw materials, with a
particular focus on fossil fuels. The main part of the article focuses on presenting the consumption of crude oil, natural gas, and coal
in the years 1980-2022. The directions of imports of these energy sources, which have changed after Russia's invasion of Ukraine, are
also shown. Ensuring a continuous supply of energy resources from economically and politically stable countries will ensure Finland's
energy security and development opportunities in the coming years.

Keywords: coal, oil, gas, wood, energy resources

Introduction

Finland is located in the northern part of Europe. It has
a population of 5.6 million [18], and its capital and largest
city is Helsinki. Finland is a democratic, parliamentary re-
public. The Finnish Parliament has 200 elected members and
exercises legislative power. The prime minister is appointed
by the president, who is elected by a direct vote for a term
of six years. Energy matters are handled by the Ministry of
Economic Affairs and Employment. The ministry's main
tasks include developing energy markets and security of sup-
ply, promoting renewable energy and energy efficiency, and
regulating nuclear power. The ministry is also tasked with
implementing emissions trading and coordinating national
climate policy preparation and implementation [23]. Finland
is one of the richest countries in Europe, with a high quality
of life. Finland ranks ninth in the European Union in terms
of GDP per capita. This indicator is EUR 39,000 and is well
above the EU average (EUR 35,500 thousand). Finland's share
in the EU GDP is 1.8% [10]. Finland's energy policy plays a
key role in the country's pursuit of sustainable development,
economic competitiveness, and minimizing its impact on the
environment, with a particular emphasis on carbon neutrali-
ty. In 2022, carbon dioxide emissions in Finland amounted to
34.1 million tonnes [1], which is 6.09 tonnes per capita. It is
worth mentioning that in 2003 CO2 emissions amounted to
74.9 million tons [1]. Coal-fired power generation is responsi-
ble for more than 50% of Finland's emissions, which accounts
for less than 5% of total electricity generation [5].

The most important branches of the Finnish economy
are the industry, mainly electronics, mechanical, and metal
industries, as well as the wood, chemical, and petrochemi-
cal industries [27]. The wood industry has been one of the

basic industries in this country for years. Forests cover more
than 75% of Finland. There are 20.3 million hectares of forest
land suitable for timber production and 2.5 million hectares
of scrub. According to the Natural Resources Institute Fin-
land, the total annual tree felling in 2023 amounted to about
82 million cubic meters, of which 14% was energy wood, i.e.
forest chips for heating and power plants and firewood for
single-family houses [21]. The growth of Finnish forests ex-
ceeds the annual deforestation, so forest resources are con-
stantly increasing. Therefore, the amount of carbon dioxide
sequestered in forests is increasing [15].
Figure 1 shows the location of Finland on the map.

Energy mix

The Finnish energy mix is diverse, however, it is renew-
able sources together with nuclear energy that are of funda-
mental importance in this country. Figure 2 shows the per-
centage share of individual energy sources in 2021 in Finland.
It is clear that renewable energy sources account for almost
half of the Finnish energy mix. Nuclear power comes second,
followed by crude oil, and coal.

Figure 3 shows the percentage share of individual sourc-
es in electricity generation in 2021. In this infographic, the
most important role is played by renewable raw materials
such as biofuels and biomass, mainly forest biomass. Nuclear
power comes second, followed by solid fossil fuels, and then
natural gas.

Wind energy in the context of renewable energy is one
of the fastest growing sectors — the location of the analyzed
country offers significant potential in this area. At the end of
2022, 1,393 wind turbines with a total capacity of 5,677 MW
were installed. They generated 14.1% of Finland's electricity
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Rys. 3. Fifiski miks energii elektrycznej w 2021 roku. Zrédlo: praca wlasna na podstawie [12]

consumption in 2022. [25]. Hydropower is also crucial to Fin-
land's location due to numerous floods.

Nuclear power also plays a crucial role, accounting for as
much as 20% of the country's energy mix in 2021. Currently,
there is an increase in interest in this area of energy. This is
confirmed by the construction of the first nuclear reactor in
Europe in over 15 years in Finland, which began commer-
cial operation in April this year. Moreover, Finland is the first
country in the world to conduct activities involving the final
disposal of radioactive waste, which is one of the main prob-
lems regarding nuclear energy.

Despite Finland's long-standing focus on increasing the
share of renewable energy sources in its energy mix, or devel-
oping nuclear-based power generation, to ensure continuous
energy supplies, it was necessary to import both electricity
and energy resources, with particular emphasis on fossil fuels.
Figure 4 shows the electricity demand in 2022 by generation
source and including imports.

The electricity demand indicated above in 2022 shows that
energy imports covered more than 40% of the total demand.
In the previous year, i.e. 2021, the total electricity consump-
tion was 1,357 PJ, or as much as 245 GJ/person per year [8].

Energy security

Energy security indicators are very important for a coun-
try's energy policy, especially considering the question of en-
ergy imports. The analysis of these indicators is accompanied
by several benefits. First, it is the ability to assess and manage
risks and threats to the energy sector by identifying potential
problems - the risk of dependence on energy imports, insta-
bility of energy markets, or threats to energy infrastructure.
Strategic planning is also an equally important aspect, e.g. in
the area of diversification of energy sources, investments re-
lated to energy infrastructure, or the issue of energy efficiency
itself. All of the above factors strive for the energy security of
a given country and the stability of the economy.

Based on publicly available figures, it is possible to present
various indicators concerning energy security, depending on
the development of the energy sector in a given country.

Considering domestic energy production, energy source,
and domestic energy consumption, it is possible to obtain
a percentage of the energy independence index, which is a
measure of the degree of a country's dependence on energy
imports. The higher the value of the energy independence ra-
tio (index), the more self-sufficient the country is in terms of
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Rys. 4. Zapotrzebowanie na energie elektryczng w 2022 roku z uwzglednieniem zrédet wytwérczych oraz importu energii elektrycznej. Zrédto: [11]
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Rys. 6. Tabelaryczne przedstawienie wskaznikéw zaleznosci importowej dla Unii Europejskiej oraz Finlandii od rosyjskich paliw z podzialem na typ
paliwa. Zrodlo [12]

energy and less dependent on energy supplies from external
sources. In Finland, in 2021, it was 58.5% [6], which means
that 58.5% of the country's total energy demand was met by
domestic power generation, while the remaining 41.5% had to
be imported from other suppliers.

One of the most important energy security indicators,
closely related to the energy independence ratio, is the import
dependence ratio. Its value is calculated based on data such as
import, export, and consumption of the energy source. Figure
5 illustrates in tabular form Finland's import dependencies for
individual fuels in the years: 2000, 2010, 2019, and 2020.

In 2020, Finland recorded one of the lowest levels of this
indicator among EU countries. This value was 42.4% at that
time, which indicates a high level of energy security in the
supply of energy resources [2, 12, 26]. Therefore, comparing
2022 with 2000, when this value was at the level of 56.6%, one
can notice a significant, positive decrease in this area [12].

An equally important indicator is the one showing the
share of renewable energy sources in final energy consump-
tion, which in 2020 for Finland was also one of the highest
in the EU and amounted to 27.2% [2]. This figure shows the
extent to which Finland is diversifying its energy sources, thus
becoming independent of coal or gas supplies from unpre-
dictable countries.

Currently, all of the above indicators have changed pos-
itively, unfortunately only as a result of the 2022 Russian in-
vasion of Ukraine. For years, the European Union, including

Finland, has underestimated the threats from Russia, even
though the security of energy supplies and energy resources
is of great importance. Figure 6 shows the import dependency
ratios on Russian fuels for the European Union and Finland
broken down by fuel type: natural gas, oil, and coal.

Natural gas

Natural gas does not play a significant role in the country's
energy policy, as it accounted for only 5% of the primary ener-
gy supply in 2021, and in 2022 its share decreased to 3%. Un-
til Russia's invasion of Ukraine, most of the gas was brought
in by pipeline from Russia through the Imatra interconnec-
tion point. Russia cut off gas supplies in 2022, as state-owned
supplier Gasum rejected Gazprom's demand for payment in
Russian rubles. However, Finland has not been completely cut
off from gas, as the Balticconnector gas pipeline connecting
Finland with Estonia was put into operation in 2020 [7]. It
allowed gas to be sent from a storage facility in Latvia and
from Lithuania from the Klaipeda gas terminal. In 2021, gas
imported via the Balticconnector met 23% of the country's
needs (Finland 2023) [11]. However, in October 2023, name-
ly on October 8, the gas pipeline was damaged. Initially, the
cause of the accident was unknown, but the authorities of Fin-
land, Estonia, and most European Union countries suspected
sabotage. As claimed, it could have been an action by Russia
against NATO countries [20]. It was later determined that the
damage was caused by the Chinese ship Newnew Polar Bear,
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flying the flag of Hong Kong, when its anchor hit the gas pipe-
line. [13, 17]. In April 2024, the repair of the gas pipeline was
completed [14, 24]. In addition to the pipeline, three small
LNG terminals are also used, and since this year the Floating
Storage Regasification Unit has begun operating, allowing for
the import of 5 billion m® of gas per year. This is a remarkable
number for such a sparsely populated country, so there are
plans to supply gas to neighboring countries such as Lithua-
nia, Latvia Estonia, and perhaps also Poland [9]. Finland has
no problem with access to natural gas.

Fig. 7 shows the consumption of natural gas in the years
1980-2022.

Natural gas consumption has been systematically decreas-
ing for twenty years, so Finland has not and will not have any
problem meeting its gas needs in the near future.

Crude oil

Since the end of the 1970s, oil consumption has been
steadily decreasing. However, the decline is not as spectacu-
lar as in the case of natural gas. Oil is used in transport, and
although there are ambitious plans to replace it with biofuels,
hydrogen, or to increase the electrification of transport, it is
still of great importance to the Finnish economy.

The oil consumption in the years 1980-2022 is presented
in Fig. 8.

For many years, Finland imported oil from the Soviet
Union and then from Russia. In 2021, imports from Russia
accounted for 84% of Finland's oil imports. In 2022, the sit-
uation changed dramatically. Imports from Russia amounted
to only 17% [19]. Since mid-2022, Finland has completely
stopped importing oil from Russia. Currently, crude oil is im-
ported mainly from Norway, but also from the United King-
dom, the United States of America, and Denmark.

Coal

After World War II, coal was one of the primary ener-
gy resources not only in Finland but also in other Europe-
an countries and the United States of America. In the case of
Finland, the peak of its consumption fell in 2003. Later, its
importance began to decrease, which is related to the energy
policy of Finland and the entire European Union.

Figure 9 shows the coal consumption in Finland between
1980 and 2022.

It is clear that the demand for coal is declining, and pol-
icies aimed at climate neutrality are further accelerating this
process.

Fig. 10 presents a comparison of fossil fuel consumption
in Finland in the years 1980-2022. The charts show that the
consumption of all fossil fuels is decreasing, but the consump-
tion of natural gas and coal is decreasing the most.

Conclusions

The share of fossil fuels in Finland's energy mix is steadi-
ly decreasing. The presented data shows that Finland has not
been very severely affected by the lack of energy supplies from
Russia. Some of the raw materials have been replaced by sup-
plies from other countries, but in general, Finland has already
decided to move away from fossil fuels and replace them with
renewables and low-carbon nuclear energy. The consumption
of natural gas, oil, and coal is steadily decreasing, which is a
result of the government's policy aimed at achieving climate
neutrality by 2035. This is more ambitious than the European
Union's goal of achieving climate neutrality in 2050 but look-
ing at the direction and pace of change in the country's energy
policy, it is quite achievable. Based on the Climate Change Act
[22], updated on July 1, 2022, it has become a legal obligation
to promote a sustainable economy and protect biodiversi-
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Rys. 10. Poréwnanie zuzycia paliw kopalnych. Zrédto: praca wlasne na podstawie [1]

ty; this can only be achieved by implementing green energy ing new nuclear technologies, with a particular focus on small
sources that do not negatively impact the environment. This and modular SMRs (Small Modular Reactors).

goal was set in the document “Carbon Neutral Finland 2035 -

National Climate and Energy Strategy;” [4], placing particular Source of financing

emphasis on carbon neutrality, increasing energy efficiency, The publication of the article was financed by the AGH
implementing a national hydrogen strategy, and incorporat- University of Krakow research subvention no 16.16.210.476.
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Znaczenie paliw kopalnych w miksie energetycznym Finlandii

W artykule przedstawiono sytuacje energetyczng Finlandii szczegolny nacisk kladgc na surowce energetyczne. We wstgpie opisano po-
tozenie geograficzne Finlandii, ludnosé, system polityczny oraz zamoznos¢ spoleczeristwa firiskiego na tle Unii Europejskiej. Zwrocono
uwage na stosunkowo niskg emisje dwutlenku wegla zaréwno o0gélng jak i przeliczong na mieszkatica. Pokazano miks energetyczny, kto-
ry w zdecydowanej wigkszosci bazuje na odnawialnych Zrédlach energii oraz na energetyce jgdrowej, zwlaszcza w zakresie wytwarzania
energii elektrycznej. Pomimo tego, ze Finlandia od lat koncentruje si¢ na zwigkszaniu udziatu odnawialnych Zrédel energii w swoim
miksie energetycznym, a takze rozwija elektrownie jgdrowe, w celu zapewnienia cigglych dostaw energii, konieczny jest zarowno import
samej energii elektrycznej jak i surowcow energetycznych, ze szczegolnym uwzglednieniem paliw kopalnych. Wiasnie temu zagadnieniu
poswigcono duzq czes¢ artykulu przedstawiajgc zuzycie ropy naftowej, gazu ziemnego oraz wegla w latach 1980-2022. Pokazano tez kie-
runki importu tych surowcéw, ktore ulegly zmianie po napasci Rosji na Ukraing. Zapewnienie cigglych dostaw surowcéw energetycznych
z panistw stabilnych gospodarczo i politycznie zapewni Finlandii bezpieczeristwo energetyczne i mozliwosé rozwoju w kolejnych latach.

Stowa kluczowe: wegiel, ropa, gaz, drewno, surowce energetyczne
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Abstrakt

Artykut dotyczy zagadnienia zastosowania innowacyjnego rozwigzania stuzgcego do czyszczenia maszyn i urzgdzeti znajdujgcych
sie w wyrobiskach gérniczych z zastosowaniem technologii UCT (Underground Cleaning Technology). Podczas czyszczenia podawana
jest pod cisnieniem mieszanina gazéw sktadajgca sic w glownej mierze z dwutlenku wegla (suchy 16d), ktéry sublimujgc zwieksza
efektywnos¢ czyszczenia. Podczas prac powstaje zapylenie powietrza wynikajgce z obecnosci w wyrobisku nagromadzeri pytu
weglowego i kamiennego oraz z emisji pytéw z procesu czyszczenia. W artykule przedstawiono wyniki pomiaréw rozktadu zapylenia
na stanowisku pracy oraz w jego otoczeniu. W procesie czyszczenia zastosowano aktywne sposoby redukcji zapylenia powietrza
za pomocg suchego odpylacza filtracyjnego. Badaniami objeto réwniez strumieti powietrza na wlocie do odpylacza oraz na jego
wylocie. Na podstawie wykonanych pomiarow in situ oceniono wplyw metody czyszczenia urzgdzen gorniczych na stan powietrza w
wyrobisku oraz mozliwosci zastosowania technologii UCT w podziemnych zaktadach gorniczych.

Stowa kluczowe: zapylenie powietrza, zwalczanie zapylenia powietrza, suchy odpylacz filtracyjny, frakcja wdychalna, frakcja respirabilna,

technologia UCT

1. Wprowadzenie

W procesie urabiania i transportu wegla oraz skal to-
warzyszacych powstaja duze iloéci pylu przemystowego. Ze
wzgledu na miejsce jego powstawania w goérnictwie jako pro-
filaktyke zbiorowa pracownikéw wykorzystuje si¢ gtownie
zraszanie (na organach maszyn urabiajacych, przesypach,
kruszarkach) oraz urzadzenia odpylajace typu mokrego i su-
chego wspolpracujace z systemami wentylacji odrebnej [3, 4,
9]. Zwalczanie zapylenia w kopalniach wegla kamiennego ma
na celu ograniczy¢ [3, 4, 5, 6]:

o powstawanie i osiadania pyléw w strefie niebezpiecz-
nej, ze wzgledu na zagrozenie wybuchem pylu we-
glowego,

o negatywne oddzialywanie na zdrowie pracownikéw
spowodowane wdychaniem pyléw przemystowych za-
wierajacych wolng krzemionke SiO2, ktéra powodu-
je zwldknienie tkanki ptucnej oraz dziala toksycznie
réwniez na inne narzady organizmu ludzkiego.

Najprostsza metoda pomiaru stezenia pylu [mg/m?] jest
oznaczanie wagowe pylu wdychalnego (frakcja wdychalna)
oraz pylu respirabilnego (frakcja respirabilna) w jednostce
objetosci powietrza.

W warunkach kopalnianych najczesciej do pomiaru in-
dywidualnej ekspozycji na pyl w srodowisku pracy pod zie-
mig uzywa sie pylomierzy grawimetrycznych CIP 10. Srednie

stezenie pylu przy pomocy CIP 10 oblicza si¢ z zaleznosci
zdefiniowanej jako iloraz zmierzonej masy pytu oraz iloczynu
czasu pomiaru i natezenia przeptywu powietrza w urzadzeniu
[9]. Od 21 sierpnia 2018 roku wedlug [11] obowiazujace Naj-
wyzsze Dopuszczalne Stezenia (NDS) wynosza:

o dla pyléw zawierajacych (wolna) krystaliczng krze-
mionke od 2 do 50 mg/m? i powyzej 50 mg/m®: 0,1
mg/m?;

o dla pyléw wegla (kamienny, brunatny): frakcja wdy-
chalna 10 mg/m?, frakcja respirabilna 2 mg/m?®.

Wedlug [11] frakcja wdychalna to frakcja aerozolu wnika-
jaca przez nos i usta, ktéra po zdeponowaniu w drogach odde-
chowych stwarza zagrozenie dla zdrowia, okreslona zgodnie
znorma PN-EN 481. Natomiast frakcja respirabilna to frakcja
aerozolu wnikajaca do drég oddechowych, ktora stwarza za-
grozenie dla zdrowia po zdeponowaniu w obszarze wymiany
gazowej, okreslona zgodnie z normg PN-EN 481. W przypad-
ku pytow wegla obowigzuje jednoczesne oznaczanie stezen
frakeji respirabilnej krzemionki krystaliczne;.

2. Sposoby redukcji zapylenia w warunkach kopalnianych
Urzadzenia odpylajace ze wzgledu na budowe i zasade
dzialania mozna podzieli¢ na odpylacze mokre oraz suche.
Stanowig one wazny element systemu wentylacyjnego w cza-
sie drazenia wyrobisk, ktéry ma zapewnic bezpieczne warunki
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Rys. 1. Budowa i zasada dzialania odpylacza mokrego HCN firmy CFT [3]

Fig. 1. Construction and principle of operation of the CFT Wet Scrubber - HCN type [3]
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Rys. 2. Budowa suchego odpylacza powietrza typu HBKO 1/500 [3]
Fig. 2. Construction of a dry deduster - HBKO 1/500 type|[3]

pracy [5, 6, 8]. Odpylacze mokre dzialaja na zasadzie oczysz-
czania powietrza zawierajacego pyl, poprzez przechwycenie
czastek stalych zawieszonych w powietrzu przez kropelki
wody, a nastepnie oddzielenie kropli wody od powietrza. Spe-
cjalne dysze generujg kurtyne wodng oddziatujaca na zasysa-
ne zanieczyszczone powietrze. Mieszanina pylu, wody i po-
wietrza przeplywa przez ,,demister” (odmgtawiacz), w ktérym
nastepuje dalsze ich mieszanie. Skraplacz oddziela szlam
i pozostato$ci wody od powietrza, a oczyszczone powietrze
opuszcza system przez wentylator, ktéry wytwarza odpowied-
nie podci$nienie. Wentylator umieszczony jest w strumieniu
powietrza czystego. Oddzielona mieszanina wody i pylu jest
odpompowana do zbiornika w celu sedymentacji. Zbiornik
ten moze by¢ umieszczony razem z urzadzeniem badz od-
dzielnie. Oczyszczona po sedymentacji woda ponownie wraca
do dysz skraplajacych przy uzyciu pompy strumieniowej [3,
4]. Budowa mokrego odpylacza HCN przedstawiona zostata
narys. 1 [3].

Redukcja pylu w powietrzu metoda suchg odbywa sie
w zakladach goérniczych przy pomocy suchych odpylaczy fil-
tracyjnych. Odpylacze suche zatrzymuja pyl na materiale fil-
tra, a nastepnie sg oczyszczane za pomocg powtarzanego cy-
klicznie impulsu pneumatycznego, skierowanego w kierunku
przeciwnym do zasysanego powietrza [3, 4]. Budowa odpyla-
cza suchego HBKO firmy CFT przedstawia rys. 2.

Odpowiednia numeracja na rysunku 2 oznacza:

1 - wlotowy lutniociag zasysajacy powietrze zapylone,

2 - wylot z odpylacza powietrza oczyszczonego,

3 - samonosne elementy filtrujace,

4 - przenosnik zgrzeblowy,

5 - stacja wentylatoréw dGAL7-300/300,

6 — ttumik.

Zapylenie powietrza powstaje na kazdym etapie eks-
ploatacji gérniczej, przygotowania i transportu urobku.
Zgodnie z [1, 10] opracowano innowacyjne rozwigzania
poprawiajace wydajno$¢ i bezpieczenstwo pracy maszyn
w gornictwie. Okre§lono innowacyjna technologie czysz-
czenia i konserwacji urzadzen zainstalowanych w strefie

zagrozenia wybuchem metanu i/lub pylu weglowego, w tym
w wyrobiskach gérniczych - technologia UCT (Undergro-
und Cleaning Technology). Technologi¢ UCT opracowala
i zaadoptowala do stosowanie w atmosferze kopalnianej
firma 3N Solutions. Metoda UCT polega na wykorzystaniu
tzw. suchego lodu, to jest dwutlenku wegla w fazie stalej,
ktéry kierowany jest na zanieczyszczony element. W wy-
niku zjawiska sublimacji generowany jest dodatkowy stru-
mien energii pozwalajacy na oderwanie zanieczyszczen
z czyszczonej powierzchni [1].

UCT umozliwia czyszczenie podzespoldw, instalacji,
urzadzen zabudowanych w strefach wybuchowym bez ko-
niecznodci ich wylgczania z eksploatacji i demontazu oraz
transportu na powierzchnie lub w strefe niezagrozong wybu-
chem. Technologia UCT charakteryzuje si¢ bardzo wysoka
skutecznoscig usuwania zbrudzen na poziomie 90-95%. Usu-
wane zanieczyszczenia stanowia zaolejenia, pyly przewodzace
i nieprzewodzace, tlenki metali, zanieczyszczenia organiczne,
sadze z frontu instalacji, ale réwniez z dalej zdeponowanych
podzespoléw bez koniecznoséci ich demontazu. Usuniecie sze-
rokiego spektrum zabrudzen podczas czyszczenia zapobie-
gnie szybkiemu adsorbowaniu si¢ kolejnych zanieczyszczen
wplywajacych na obniZenie parametréw pracy i trwalo$ci
oraz niezawodno$ci urzadzen. Zalegajace i nieusuniete za-
nieczyszczenia z przestrzeni pracy moga powodowaé awarie,
ktére skutkowa¢ beda przestojem generujacym straty ekono-
miczne. Moga przyczyni¢ sie¢ do powstania pozaréw oraz po-
wodowacl szybsze zuzywanie si¢ podzespotow, co skutkowaé
bedzie koniecznoécia wyltaczenia instalacji lub ich wymiany.
Oproécz lepszych parametréw pracy poprawie ulegnie réwniez
poziom bezpieczenstwa maszyn oraz osob obstugujacych te
maszyny. Dokladne usuwanie wszelkich zabrudzen jest klu-
czowe dla zachowania prawidtowego i bezpiecznego funkcjo-
nowania urzadzen. Schemat urzadzen ukladu UCT przedsta-
wiono na rysunku 3.

3. Metodyka badan
Badania kopalniane funkcjonalnosci uzytkowej prototypu
suchego odpylacza filtracyjnego (rys. 4) wchodzacego w sktad
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Rys. 3. Schemat ukladu technologii UCT: 1 — modul transportowy, 2 - sprezarka, 3 — modut elektryczny, 4 - odpylacz, 5 - mieszalnik [10]

Fig. 3. UCT technology layout diagram: 1 - transport unit, 2 - compressor, 3 - electrical unit, 4 — deduster, 5 — mixer [10]
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Rys. 4. Budowa prototypowego odpylacza suchego: 1 - zespot oczyszczania powietrza, 2 — zespot odbioru zanieczyszczen, 3 — dyfuzor, 4 - uchwyt
ztacza kablowego, 5 — pulpit sterowniczy, 6 - zawiesie, 7 — zespét pneumatyczny, 8 - pneumatyczne sterowanie czyszczeniem [2]

Fig. 4. Construction of a dry deduster prototype: 1 — air purification unit, 2 - pollution collection unit, 3 - diffuser, 4 - cable connector holder, 5 - con-
sole, 6 - lifting sling, 7 — pneumatic unit, 8 - pneumatic cleaning control [2]

technologii UCT byly przeprowadzone w kopalni wegla ka-
miennego LW ,Bogdanka” S.A. w chodniku tasmowym 2fN
w polu Nadrybie. Na rysunku 4 przedstawiono rzut prototy-
powego odpylacza suchego jako element redukujacy zapyle-
nie powietrza w technologii UCT a na rysunku 5 jego widok
podczas badan w LW ,,Bogdanka” S.A.

Badania pilotazowe technologii UCT w atmosferze kolo-
nialnej prowadzono w chodniku tasmowym 2fN, w ktérym
zidentyfikowano nastepujace zagrozenia naturalne:

o I stopien zagrozenia metanowego,

e  pomieszczenie ze stopniem "a" niebezpieczenstwa

wybuchu metanu

o klasa B niebezpieczenstwa wybuchu pytu weglowego,

. zagrozenie wodne I stopien,

e zagrozenie pozarowe IV grupa,

o zagrozenie klimatyczne: niezagrozone/I,

o radiacyjne - niezagrozone,

o wyrzutami gazow i skal - nie wystepuje,

e  tgpaniami - nie wystepuje.

Chodnik wykonany byt w obudowie LP o przekroju 16,2
m?. Pomiary zapylenia przy pomocy urzadzenn CIP 10 dla
frakeji wdychalnej i respirabilnej oraz pomiary $redniej pred-
kosci powietrza w przekroju wyrobiska zostaly przeprowa-
dzone wg. schematu pokazanego na rysunku 6, a stanowisko
czyszczenia zostalo przestawione na rysunku 7. Na schemacie
zaznaczono kolejne punkty pomiarowe: 1 - 1 m od miejsca
czyszczenia, 2 - 10 m od miejsca czyszczenia, 3 - przed odpy-
laczem, 4 - 1 m za odpylaczem, 5 - 1 m od wylotu odpylacza.

Badania mialy na celu potwierdzi¢ poprawne dzialanie
prototypu technologii UCT zwlaszcza w kwestii poziomu ste-
zenia pylu w wyrobisku kopalnianym.

4. Wyniki badan

W wyrobisku goérniczym LW Bogdanka - chodnik ta-
$mowy 2fN pomiary zapylenia powietrza wykonywano za
pomocg pylomierzy grawimetrycznych CIP-10. Przed przy-
stapieniem do badan przeprowadzono szczegélowa ocene
stref z wybuchowym pytem weglowym, w celu wyselekcjo-
nowania stref zabezpieczajacych, w ktérych badania nie
zaburzalyby procesu eksploatacji gorniczej i nie wplywaly-
by na stezenie i rozkltad frakcyjny pylu weglowego oraz in-
tensywno$¢ osadzania jego poszczegdlnych frakeji. Do ba-
dan wybrano chodnik tasmowy 2fN zlokalizowany w polu
Nadrybie. Zgodnie z Dz.U. 2018 poz. 1286. Rozporzadze-
nie Ministra Rodziny, Pracy i Polityki Spotecznej z dnia
12 czerwca 2018 r. w sprawie najwyzszych dopuszczalnych
stezen i natezen czynnikéw szkodliwych dla zdrowia w $ro-
dowisku pracy [11], pomiarom poddano frakcje wdychalne
oraz respirabilne pyléw emitowanych podczas czyszczenia.
Pomiary $redniego stezenia pylu frakcji wdychalnej i respi-
rabilnej realizowano metoda grawimetryczna, stuzaca do
oznaczania indywidualnej ekspozycji na pyt w srodowisku
pracy pod ziemia. Srednie stezenie pytu obliczano z zalez-
nosci zdefiniowanej jako iloraz zmierzonej masy pyltu oraz
iloczynu czasu pomiaru i natezenia przeplywu powietrza
przez pylomierz. Pomiaré6w masy miseczek filtracyjnych
przed pomiarami i po, wykonano w laboratorium chemicz-
nym LW ,Bogdanka” S.A. Na podstawie zgromadzonych
na miseczkach filtracyjnych pyléw, wykonano badania che-
miczne stezenia krzemionki krystalicznej frakeji respirabil-
nej. Wyniki pomiaréw laboratoryjnych wyrazono w mg/m?>.
W sumie podczas prac dotowych z wykorzystaniem prototy-
pu UTC, wykonano 36 serii pomiarowych z wykorzystaniem
pytomierzy CIP-10 (rys. 8).
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Rys. 5. Odpylacz suchy podczas badan w LW ,,Bogdanka”

Fig. 5. Dry deduster during tests at LW "Bogdanka"

Rys. 6. Schemat pomiarowy badan zapylenia podczas pracy prototypu suchego odpylacza: A - odpylacz, B - stanowisko pracy

Fig. 6. Measurement diagram of air dust tests during operation of the dry deduster prototype: A — deduster, B — workstation
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Rys.7. Stanowisko czyszczenia: 1 - dysza, 2 — ssawa, 3 — przewdd ssacy, 4 — brudna czes¢ wymiennika, 5 - czysta czgé¢ wymiennika

Fig. 7. Cleaning station: 1 - nozzle, 2 - suction nozzle, 3 - suction pipe, 4 — dirty part of the exchanger, 5 - clean part of the exchanger

Badania dotyczyly pomiaru stezenia pylow frakeji wdy-
chalnej i respirabilnej oraz zawartosci krystalicznej krze-
mionki w pylach frakcji respirabilnej. W wybranych punk-
tach pomiarowych (rys. 6) zlokalizowane byly pylomierze,
ktore indywidulanie zbieraly probki pylow frakeji wdychalnej
i respirabilnej na wlocie i wylocie z odpylacza oraz w odle-
glodci 1 m i 10 m od stanowiska czyszczenia. Na podstawie
zebranych prob badawczych (miseczek pomiarowych z mate-
rialem filtracyjnym) przeprowadzono analize laboratoryjna,
na podstawie ktorej okreslono stezenia zapylenia powietrza
w wybranych punktach pomiarowych. Dla uzyskanych wyni-
kéw okreslono réwniez maksymalny blad pomiarowy. Wyniki
uzyskanych pomiaréw i analiz przedstawiono w tabeli 1 i 2.

Najwyzsze st¢zenia zapylenia powietrza wystepuja w naj-
blizszym otoczeniu miejsca czyszczenia, tj. w odlegtosci 1m
od stanowiska operatora oraz w wyrobisku na wylocie z odpy-
lacza. Te dwa punkty pomiarowe zlokalizowane byty najblizej
miejsca czyszczenia. Wraz z oddalaniem sie¢ od stanowiska
operatora stezenia obu badanych frakcji malejg i w odleglosci
10 metréw stezenie frakcji wdychalnej wynosi tylko 2,1 mg/
m?, a frakgji respirabilnej 1 mg/m?>.

Na rozprzestrzenianie chmury zanieczyszczen pylowych
duze znaczenie ma predkos¢ powietrza w wyrobisku kopal-
nianym. W trakcie procesu czyszczenia mierzono $rednia
predkos¢ powietrza w przekroju wyrobiska v, [m/s] anemo-

metrem skrzydelkowym pAS4 w odleglos$ci 1m oraz 10 m
przed i za stanowiskiem pracy. W trakcie 24 serii pomiaro-
wych, $rednia predkos¢ powietrza oscylowata w przedziale od
0,66 do 0,72 m/s (tab. 2).

Podsumowujac wykonane badania zapylenia, mozna
stwierdzi¢, ze stezenia zanieczyszczen powietrza nie prze-
kraczaja wartosci dopuszczalnych okreslonych w [11]. Steze-
nie krzemionki krystalicznej réwniez miesci si¢ w przedziale
warto$ci dopuszczalnych (ponizej 0,1 mg/m?), jednak warto
zauwazy¢, iz w punkcie 1 jak i 4 (wedlug tabeli 1) stezenie
to zbliza si¢ do gérnej wartoéci dopuszczalnej, ale jej nie
przekracza. Spowodowane to moze by¢ emisja wtorna pylow
zalegajacych na wyposazeniu znajdujacym si¢ w wyrobisku
oraz ruchem powietrza wywotanym praca odpylacza i dyszy
czyszczacej, a w szczegdlnosci nadmuchem strumienia mie-
szanki czyszczacej przez operatora. W odlegloéci 1m od od-
pylacza stezenie krystalicznej krzemionki byto ponizej progu
wykrywalnosci. Na podstawie wykonanych pomiaréw mozna
stwierdzi¢, iz technologia UCT nie powoduje przekroczen
dopuszczalnych pozioméw zapylenia powietrza w wyrobisku
goérniczym i moze by¢ stosowana do wykonywania prac czysz-
czenia pod ziemia.

Srednie stezenie zapylenia w chodniku tasmowym 2fN
wynosito dla frakcji wdychalnej 288,3 pg/m® a respirabilnej
172,6 pg/m?® (tto zanieczyszczen). Na stanowisku czyszcze-
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Rys. 8. Pylomierze CIP-10 - chodnik tasmowy 2fN w LW Bogdanka [10]

Tab. 1. Wyniki pomiaréw zapylenia powietrza w chodniku tasmowym 2fN za pomoca pytomierza CIP-10
Tab. 1. Results of air dust measurements in a 2{N belt gallery using a CIP-10 dust meter

Fig. 8. CIP-10 dust meters — 2{N belt gallery at LW Bogdanka [10]

X . o Stezenie
Frakcja wdychalna Frakcja respirabilna Kkrzemionki
L Miejsce pobrania krystalicznej
P prébki - Btad L Btad - frakcja
Stezenie, N Stezenie, h .
me/m? pomiaru, mg/m? pomiaru, |respirabilna,
€ mg/m? mg/m? mg/m?3
Chodnik tasmowy 2fN
1|-1m od miejsca 9,40 +1,60 1,95 +1,40 |0,089£0,020
czyszczenia
Chodnik tasmowy 2fN
2|{- 10m od miejsca 2,11 40,66 1,00 +0,66 | 0,014+0,004
czyszczenia
Chodnik tasmowy 2fN
5,10 41,20 1,50 +1,30 | 0,015+0,004
- przed odpylaczem
4| Chodnik tasmowy 2N | +0,94 1,19 +0,74 |0,096+0,032
- 1m za odpylaczem
Chodnik tasmowy 2fN Ponizej
5|-1m od wylotu 3,70 +0,52 1,58 40,49 dolnego
odpylacza zakresu

Rys. 9. Czyszczone urzadzenia dotowe

Fig. 9. Cleaned underground equipment
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Tab. 2. Wyniki pomiaréw $redniej predkosci powietrza podczas procesu czyszczenia

Tab. 2. Measurement results of the average air velocity during the cleaning process

Srednia predkos$¢ powietrza w chodniku taémowym 2fN

Ver [m/s]
Lp. Proces czyszczenia Pomiar 10m Pomiar 1m Pomiar Im Pomiar 10m
przed przed za za
stanowiskiem | stanowiskiem | stanowiskiem | stanowiskiem
czyszczenia czyszczenia czyszczenia czyszczenia
1 Czyszczenie silnika kolejki 0,71 0,68 0,70 0,72
Scharf
i tacznik
2 Czyszczenie wytgcznika 0,72 0,69 0,70 0,71
elektrycznego
Czyszczenie obudowy lam
E vy lampy 0,69 0,66 0,68 0,70
elektrycznej
Czyszczenie podktadek
4, yszezenie p 0,70 0,67 0,69 0,71
mosieznych
5. Czyszczenie [?odzespo!ow 0,70 0,68 0,69 0,72
hydraulicznych
Czyszczenie wymiennika
6. ) ) 0,72 0,70 0,70 0,71
chtodnicy powietrza

nia - stezenie pyléw w powietrzu zasysanym przed odpylacz
wynosito 9400 pg/m? i dla frakcji respirabilnych 1950 pg/m?,
ktére mozna uzna¢ jako stezenie na wlocie do odpylacza. Na-
tomiast na wylocie (w strumieniu powietrza oczyszczonego)
z odpylacza zarejestrowano warto$ci odpowiednio 155,7 pg/
m®i95,8 pg/m>.

Uzyskane wyniki pomiaréw potwierdzaja wysoka sku-
teczno$¢ odpylania a dzialanie odpylacza wyraznie poprawia
warunki (obniza stezenie pytow) w wyrobisku gorniczym.

5. Podsumowanie i wnioski

Badania kopalniane efektywno$ci zbierania zabrudzen
oraz efektywnosci odbierania chmury zabrudzen przy wy-
korzystaniu prototypu technologii UCT byly przeprowa-
dzone w kopalni wegla kamiennego LW ,Bogdanka” S.A.
w chodniku taémowym 2fN w polu Nadrybie. Do badan
wytypowano: zesp6l napedowy (silnik) ciagnika kolejki pod-
wieszanej, wylacznik elektryczny i jego podzespoly, obudo-
we lampy, podkladki mosiezne, podzespoly hydrauliki, wy-

miennik chlodnicy powietrza. Pomiary wykonywane byly
w réznych odlegtosciach od stanowiska czyszczenia, w celu
okreslenia wplywu technologii UCT na $rodowisko miejsca
pracy oraz jego otoczenie. Z przeprowadzonych badan in situ
wynika, ze zaréwno dla pytéw frakeji wdychalnej jak i respi-
rabilnej nie doszto do przekroczen $rednich wartosci zapyle-
nia na stanowisku operatora, jak réwniez w odlegtosci 10 m
od miejsca czyszczenia. Zapylenie powietrza na wylocie od-
pylacza jest bardzo niskie, co poprawia stan powietrza (jego
czysto$¢) w wyrobisku. Z tego wzgledu metoda czyszczenia
urzadzen dofowych UCT moze by¢ stosowana w atmosferze
kopalniane;j.

Projekt NCBiR POIR.01.01.01-00-0968/20-02: ,Opraco-
wanie innowacyjnej technologii czyszczenia urzadzen w wa-
runkach zagrozonych wybuchem metanu i/lub pylu weglo-
wego w miejscu ich zabudowy z wykorzystaniem dwutlenku
wegla w postaci stalej - UCT (Underground Cleaning Tech-
nology)”.
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Test of Air Dust in the Mine Conditions during Operation of a Compact Dry Deduster Prototype
In the article the problem of using an innovative solution for cleaning machines and equipment located in mining excavations using Un-
derground Cleaning Technology (UCT) is concerned. During cleaning, an under pressure gas mixture, consisting mainly of carbon dioxide
(dry ice), which sublimates and increases the cleaning efficiency, was fed. During the work, air dust from the presence of accumulation
of coal and stone dust in the excavation and dust emissions from the cleaning process was created. The results of measurements of dust
distribution at the workplace and its surroundings were presented in the article. The active methods to reduce air dust by a dry deduster
were used during the cleaning process. The research of the air stream at the inlet and outlet of the deduster was covered. Based on the in
situ measurements, the impact of the mining equipment cleaning method on the air condition in the excavation and the possibility of using

UCT technology in underground mines was assessed..

Keywords: air dust, air dust abatement, dry deduster, inhalable fraction, respirable fraction, UCT technology
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Abstract
The concept of Lean Manufacturing is a set of techniques, methods and tools, whose application in manufacturing processes is
expected to eliminate wastes and improve their economic efficiency. The challenges of Sustainable Development determine a new
approach to conducting manufacturing activities. Issues related to caring for the environment and the social aspects of the business
are becoming crucial from the point of view of business stakeholders. The article attempts to juxtapose the classical approach to Lean
Manufacturing, presenting its main principles. The authors also highlighted the key legal and formal requirements that determine a
different approach to Lean Manufacturing. The main sources of green wastage were then presented and possible ways of correlating
the Lean Manufacturing (classical) concept with Lean Manufacturing seen in the light of Sustainability challenges were analysed. This
combination was presented as Lean Green, thus indicating the possible relationship between Lean Manufacturing and Sustainability,
in its environmental part. Using examples of specific companies, the potential benefits of implementing a Lean Manufacturing concept
oriented not only on economic aspects, but above all on environmental benefits, are summarised. A review of the Polish and world

literature, an analysis of available sources and the authors' own experience were used.

Keywords: lean manufacturing, lean green, sustainability, environment, efficiency

1. Introduction

For years, manufacturing (production) processes have
been largely profit-oriented only, doing so by, among other
things, minimizing the unit cost of production. The concept
of Lean Manufacturing, derived from the Japanese Toyota
Production System (TPS), which is one of the strategies for
efficient management and organisation of processes, has in-
troduced significant changes in the perception of added value
seen from the perspective of the end user, i.e. the customer. In
the process of value creation, in addition to profit maximisa-
tion, quality embedded in the process, employee involvement
in building the organisational culture, elimination of waste
and continuous improvement have started to play an impor-
tant role, with a consequent contribution to the company’s
flexibility and further improvement of its economic efficiency.

However, in recent times, particular emphasis has been
placed on organising manufacturing processes in such a way
that their negative impact on environmental, social and em-
ployee welfare aspects is also minimized. The measure of the
attractiveness of the company, assessed from the point of view
of its stakeholders, i.e. end users, suppliers, contractors, etc.,
it seen through specific actions aimed at carrying out such
activities so that they are in line with the idea of Sustainable
Development. A strong determinant in the conduct of sus-
tainable activities is the European Union, which, in terms of
the European Green Deal strategy and the planned achieve-
ment of climate neutrality by 2050, is constructing its legis-
lation since 2019, which in a way, forces operators to focus

their attention, mainly on environmental issues. This, in turn,
results in the mutual organization of processes in such a way
that they are economically optimal, but at the same time envi-
ronmentally sustainable. Hence, seen over the years, the need
to adapt the Lean Manufacturing methodology to these real-
ities is starting to become even greater. An extension of the
Lean Manufacturing methodology in this way has become the
Lean Green concept, which using lean tools, seeks to develop
models for conscious action to improve environmental per-
formance.

This paper, based on the literature review and the authors'
own experience, presents the main principles and assump-
tions of the Lean Green concept. The legal background to
the need for integration measures is also outlined. Ways of
integrating Lean Manufacturing and sustainable development
into the Lean Green concept, for improving both economic
and environmental efficiency are analysed and discussed. The
environmental benefits of implementing selected Lean Man-
ufacturing tools were also pointed out, indicating in the final
conclusions the need to develop the issue in further empirical
research.

2. Lean Manufacturing as a Concept Aimed at Improving
Economic Efficiency

The concept of Lean Manufacturing was developed and
first used by scholars at the Massachussets Institute of Tech-
nology. In the mid-1990s, D. Roos, ].P. Womack and D.T. Jones
published the book “The Machine That Changed the World” in
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Tab. 1. Principles of Lean Manufacturing. Source: own elaboration based on [13]

Tab. 1. Zasady Lean Manufacturing. Zrédto: opracowanie wlasne na podstawie [13]

Criterion of principle

Description

Value

Defining what value is, defined only from the point of view of the end
customer. The value should be expressed in terms of a specific product,
good or service that will satisfy the customer’s needs at a specific price
and at a specific time.

Value stream

Identify the value stream. This stream is the set of all activities required
to produce a specific product in a process composed of the three most
important (in management) tasks, such as: product design, information
flow management and physical production execution.

Flow thinking.

Creating a flow of value-creating activities - changing the way of

Pulling

Retrieved from, a ‘sucking’ system. In such a system, it is the customers
who, according to their own needs, "pull" the product from the
manufacturers according to their expectations. This avoids a situation in
which manufacturers "push", often unwanted, products to customers.

Excellence

The implementation of the preceding actions allows those involved in the
process to realise that there is no end to the process of reducing inputs,
shortening time, limiting space, reducing costs and eliminating errors has
no end, which in the understanding of the concept of Lean Management
is at the central point and is referred to, as continuous improvement,
from Japanese word “Kaizen".

Tab. 2. Integration of Lean and Green. Source: own elaboration based on [15]

Tab. 2. Integracja Lean oraz Green. Zrédlo: opracowanie wlasne na podstawie [15]

The relationship between
Approach Lean and Green Example
. Frequent deliveries increase emissions and
Conflict The lean approach means less green. T X L
emission reduction reduce productivity.
) Lean and Green coexist, but do not The Lean teqm pursues economic goals, the
Mild complement each other. Green team independently pursues
P i environmental objectives.
Use of tools and techniques lean Red_ucmg prodlu_ct waste rehduces .
- manafacturing, which aims to eliminate enwron.menta 'mp.aCt a.t.t € same time.
Synergistic : ! X Improving economic efficiency in energy
waste in the economically, but consumption translates into environmental
inadvertently benefit the environment. mp
benefits.
Lean and Green are implemented as A strategy to reduce environmental losses
- part of the same strategy as part of a . . X
Symbiotic . X : borne by society during the entire product
continuous improving of the cycle
organisation. yce.

which they compared the parameters of results and expendi-
tures in American, European and Japanese companies. Toyota
Motor Production was recognised there as a leader with its
Toyota Production System [4]. Many definitions can be found
in the literature that attempt to explain the essence of the Lean
Manufacturing concept. One of these defines Lean as a meth-
od of improving the operation of a company that optimises
the creation and flow of value throughout the manufacturing
process through the continuous elimination of waste. It aims
to build quality into the manufacturing process while embrac-
ing the principle of cost reduction [7]. Lean Management is a
management methodology, that creates a work culture in an
organisation that makes all participants in the organisation
interested in continuously reducing costs, increasing quality
levels and shortening the delivery cycle. All this is done in
order to maximise customer expectations and to adapt seam-
lessly to the environment [9]. In relation to manufacturing
processes, i.e. the company's operational activities, we detail
the concept of Lean Manufacturing, which places particular
emphasis on the elimination of wastes, as this has a direct
impact on an organisation’s production efficiency. Sources of
wastage are common unproductive losses, such as [6]:
o production of products not ordered by the customer,
resulting in increased stocks finished products,
o idle waiting of machines and people for deliveries,
that are delayed or for the next steps in the process,
which is caused by poor work organisation,

o unnecessary transport of the materials in question
between the areas they operate, which refers to un-
necessary movement of machinery, as well as the
movement of products and raw materials,

o too long to perform certain operations due to poor
design of tools and products, rapid wear and tear
of equipment, breakdowns, contamination, quality
defects,

o excessively high material stocks, which freeze mon-
ey for the purchase of packaging or raw materials,
increase the risk of damage and make it difficult to
control the quality control of stored products,

«  moving workers around during work to find parts,
instructions, tools or aids, refers to poor work organ-
isation and poorly designed workstations,

o deficiencies or errors that need to be corrected or re-
paired, refers to the cost of scrapping defective prod-
ucts, the disruption of production and the time taken
for complaints.

Conducting activities with the use of Lean tools makes it
possible to eliminate both the described process “muda’, but
also overloading or inequalities occurring in processes. The
basis for the implementing Lean tools is to rely on the basic
principles of Lean Manufacturing, defined by the main cri-
terion that determines each of them. The main principles by
criterion of each are shown in table 1.
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Fig. 1. Sources of green waste. Source: own elaboration based on [15]

Rys. 1. Zrédta zielonych marnotrawstw. Zrédto: opracowanie wlasne na podstawie [15]

The key element for implementing Lean Manufacturing in
a company is to build awareness and employee culture at all
levels of the organisation, so that everyone is involved in the
improvement process and is aware of the benefits and tasks re-
sulting from the adopted Lean strategy of efficient operation.
Only then can one begin to implement Lean methods and
tools, such as 5S, TPM, SMED, Kaizen, visual management,
VSM, standardisation work and many others.

3. Sustainable Development and the European Green Deal
- a Context for the Conemporary Adaptation of the Lean
Manufacturing Methodology

The concept of Sustainable Development is becoming in-
creasingly important for the activities of manufacturing com-
panies operating in European and global value chains. Sus-
tainable development is defined as development, that meets
the needs of people today without compromising the ability of
future generations to meet their own needs. In order to achieve
sustainable development, three key elements need to be co-
herent: economic growth, social inclusion and environmental
protection [20]. In the context of the goals referred to as SDGs
(Sustainable Development Goals), included in the "2030 Agen-
da for Sustainable Development" of the United Nations, it is be-
coming crucial to work toward responsible production leading
to economic growth, while protecting the natural environment
and combating climate change. These goals and related targets
are global in nature and can be implemented worldwide, taking
into account the different conditions of individual countries,
their capacities and level of development, and their compatibil-
ity with national strategies and priorities [16]. Directive (EU)
2022/2464 of the European Parliament and of the Council of
14 December 2022 amending Regulation (EU) No 537/2014,
Directive 2004/109/EC, Directive 2006/43/EC and Directive
2013/34/EU with regard to corporate sustainability reporting,
referred to as the Corporate Sustainability Reporting Directive
(CSRD). According to it, all large entities and small and me-
dium-sized listed companies will already provide information
on: environmental, social and human rights issues and cor-
porate governance in their management report in 2024. This
information will be reported according to the common Euro-
pean Sustainability Reporting Standards (the so-called ESRS)
[17]. Undoubtedly, individual countries, or communities of
countries around the world are pursuing the main objectives,
thereby placing a focus on sustainable development. Thus, the
European Union is a party to the 2015 Paris Agreement to the
United Nations Framework Convention on Climate Change
(UNFCC). The Paris Agreement commits to reducing green-

houses gases (GHG) emissions in such a way that the increase
in average global temperature compared to pre-industrial levels
does not exceed 2°C. In addition, parties are to aim to limit this
increase to 1.5°C. According to emission models put forward
by the scientific community, including the Intergovernmental
Panel on Climate Change (IPCC), this implies a halt to global
emissions growth around 2030, followed by a successive reduc-
tion so as to reduce global emissions to zero in the second half
of the century [19]. Recognised by researchers for years, the
need for responsible consumption and production, rising GHG
emissions leading to climate change, increasing energy con-
sumption and the finiteness of the earth’s resources are among
the most serious challenges and dilemmas facing the world.
Sustainability, the European Union’s existing climate policy and
the listed environmental challenges gave rise in December 2019
to the European Green Deal Strategy - a set of initiatives with
the overarching goal of achieving climate neutrality by 2050
for all Member States. European Green Deal is also designed
to enable a fair energy transition, enable the supply of clean,
cheap and secure energy, support among others: the protection
of biodiversity, efforts towards a circular economy, promote and
support green investments as well as provide their financing.

A tool to support the transition is the EU Taxonomy,
which sets out the criteria that an activity must meet to be
considered environmentally sustainable (and thus to be able
to attract additional funding to carry it out). The EU taxono-
my identifies key environmental aspects, referred to as envi-
ronmental objectives, such as [10]:

combating and adapting to climate change (reducing
CO, emissions and improving energy efficiency),

water management,

activities for the Circular Economy;,
non-GHG emissions,

protection of biodiversity.

The EU Taxonomy therefore constitutes a requirement, but
also an incentive for economic actors to target their activities to
improve environmental performance in terms of the environ-
mental impact of a given activity and thus to obtain ‘green fund.

4. The Concept of Lean Green as a Combination of Lean
Manufacturing and Sustainable Development

Lean Green is a manufacturing method that minimizes
wastes and maximize environmental protection (first of all
minimizing emissions to air, water and soil) through prop-
er process and product design, with sustainability as its main
objective [8]. Environmental management tools such as LCA
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Tab. 3. The impact of selected Lean Manufacturing tools on environmental added value. Source: own elaboration based on [11] [12]

Tab. 3. Wplyw wybranych narzedzie Lean Manufacturing na $rodowiskowa warto$¢ dodana. Zrédlo: opracowanie wlasne na podstawie [11] [12]

Lean tool Impact on environmental added value
VSM Reducing waste, reducing the distance travelled by materials, products,
finished goods
5S Segregation of waste according to label codes, increase in training raising
the environmental awareness of employees
TPM Energy savings, improvement of OEE indicators
SMED Energy savings resulting from reduced machine changeover time

Tab. 4. Selected environmental benefits and activities in the field of Lean and Green application in the world. Source: own elaboration based on [18] [21]

Tab. 4. Wybrane korzyci srodowiskowe oraz dziatania w kierunku wdrozenia ,,zielonej i szczuplej” organizacji/produkcji na $wiecie. Zrédlo: opracow-
anie wlasne na podstawie [18] [21]

Company Action Benefit
Ellmlnat_lon of landfilling .Of The amount of waste landfilled so far has been reduced
production waste according to P
DuPont the DMAIC (Lean SixSigma) from 37,000 tonnes to zero. It generated $2.2 million in
approach. by-product sales and saved $400,000.
Applying the Lean approach to
General the organization of more than This reduced greenhouse gas emissions by 250,000 tonnes
Electric 200 actions searching for and saved $70 million in energy purchase costs.
opportunities to save energy.
3M Application of Leap, Six Sigma Emissions of pollutants into the air were reduced per unit
and the 3P (Pollution, o
Prevention, Pays) pollution of sale by 61% and t'hfe amolunt of waste generated by
T 30%, and energy efficiency improved by 27%.
prevention program.
. . By reusing water in the production facility, the
LSI Logic Implementation of Lean . ! .
Corporation | Green. g?gnbl,gfaoiteu.lrmg process need 63 percent less water than it

(Life Cycle Assessment) analysis, the ISO 14001 Environ-
mental Management System, the EMAS Eco-Management
and Audit Scheme [1], the ISO 50001 Energy Management
System and many others are also tools, that aim to minimize
environmental losses. In the Lean Green approach, it is im-
portant to also relate it to existing management systems and
environmental methods. Lean Green is a specific response to
the rising costs of energy procurement, the possible risk of
unstable supplies and the accelerating pace of regulatory and/
or governmental changes. It is a concept that involves min-
imization the negative environmental aspects occurring or
likely to occur within all types of waste identified in the lean
structure of the organisation [5]:

«  overproduction, generates more energy consump-
tion than required, related to the infrastructure used
to handle redundant products,

«  inventory, result in an increase in energy requirements
for storage (the need to heat, cool or light warehouses),

«  transport requires energy to transport of goods (par-
ticularly CO, emissions),

o  expectation, determines the power consumption
during standstill,

«  unnecessary movement, increases the need to have
space for semi-finished products and work in pro-
gress products,

o deficiencies, force additional energy expenditures
due to the necessity of corrective actions for produc-
tion non-conformities (repairs, alterations, reclassifi-
cation or scrapping),

o errors in the process, result in additional energy use.

Waste resulting from poor environmental performance
have been referred to as ‘green’ wastes. Their main types are
shown in figure 1.

The aim of integrating the concept of Lean Manufacturing
and sustainable development into the Lean Green approach

should be to achieve economic profit and the smallest possi-
ble environmental footprint, also referred to as an ecological
footprint (minimization the harmful impact of operations on
the environment). This combination makes it possible to meet
the expectations of sustainable development, but also in the
requirements of classically understood economic value. The
ways of achieving lean and green maturity when applying the
methodologies listed, together with the relationships that may
exist between them, are presented in table 2.

The Lean Manufacturing concept is a stimulator for re-
sponsible business, so companies applying Lean focus main-
ly on reducing production time and costs. From the Green
point of view, consumer satisfaction is higher the higher the
environmental status of a product. By investing in new envi-
ronmental products, excessive costs are reduced, which are
usually incomparable to the benefits that an organisation can
gain by implementing green practices [14]. Attempts to date
to link and integrate the concepts of Lean Manufacturing and
sustainable development in Lean Green involve the defini-
tion of so-called environmental added value. It expresses the
impact of the use of Lean tools in production processes for
selected environmental aspects. In other words, it provides a
measure of the environmental benefits of applying the tools of
Lean Manufacturing methodology. Table 3. describes how the
application of Lean tools can influence the building of envi-
ronmental added value and thus the environmental manage-
ment system.

Companies around the world approach the application of
Lean Manufacturing tools oriented toward improving environ-
mental performance in different ways. Very often this applica-
tion is unconscious - oriented towards process optimisation
brings economic benefits while having a more or less positive
impact on the environment. The environmental benefits could
be greater if this started to be done in a systemic and more de-
liberate way, as shown by the selected examples of Lean and
Green application worldwide, summarised in table 4.
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Lean Green has applications in various industries. Also in
the mining industry its application is possible, but the number
of these implementations is so far small and the environmen-
tal benefits are seen "incidentally”, which requires systemati-
sation and the application of a conscious approach to the de-
velopment of Lean Green in the mining industry. An example
of the implementation of a Lean tool for the mining industry
is the introduction of TPM (Total Productive Maintenance) at
KGHM Polska Miedz and the consequent elimination of the
tube-and-chain conveyor of the crusher dust removal system,
thereby achieving zero failure rates and improving energy ef-
ficiency by saving 6 kW of energy per shift [22]. Thus, not
only an economic benefit but also an environmental benefit
(in the spirit of Lean Green) was observed. The mining in-
dustry's self-awareness of sustainability is steadily increasing.
Not insignificant is also the awareness and expectations of in-
dustry stakeholders [23], who determine actions on the part
of mining companies towards improving the environmental
performance of the processes carried out there.

5. Conclusions

The overriding aim of applying the Lean Manufacturing
methodology becomes the pursuit of improving environ-
mental (in addition to economic) efficiency. The analysis of
the principles, tools and techniques of Lean Manufacturing
juxtaposed with the requirements of sustainable develop-
ment indicates the need to adapt the methodology and con-

sciously use it to improve the environmental performance of
manufacturing processes carried out, as well as a rationale
for presenting it as Lean Green. Legal determinants, such
as the European Green Deal Strategy and the resulting legal
instruments, which place particular emphasis on the preven-
tion of negative climate change, its protection, the creation
a circular economy, actions to protect the environment, are
a concrete premise for organising manufacturing processes
in such a way that they not only bring economic profit, but
are continuously improved towards improving environmen-
tal efficiency, and thus the impact of these processes on the
aforementioned ecological aspects. Of the Lean and Green
approaches presented, a symbiotic approach, in which Lean
and Green are implemented as part of the same strategy as
part of the continuous improvement of the organisation, will
yield the best results. The possibilities seen in the literature
and previous research to apply selected Lean Manufactur-
ing tools towards building a good environmental impact
of manufacturing processes provide excellent material for
specific implementations and tests in different industries, as
evidenced by examples of Lean and Green implementations
applied in companies with different industry specialisations.
Increasingly the need to adapt Lean and Green to specific
production conditions is becoming apparent, pointing to the
need for further empirical research into the adaptability of
Lean Manufacturing tools through the lens of environmen-
tally conscious benefits.
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Lean Green - integracja Lean Manufacturing i zrownowazonego rozwoju w Swietle dgzenia do

prowadzenia dziatalnosci efektywnej ekonomicznie i Srodowiskowo

Koncepcja Lean Manufacturing to zestaw technik, metod i narzedzi, ktérych zastosowanie w procesach produkcyjnych (wytwérczych)
ma wyeliminowa¢ marnotrawstwo i poprawic efektywnos¢ ekonomiczng tychze proceséw. Wyzwania zréwnowazonego rozwoju de-
terminujg nowe podejscie do prowadzenia dziatalnosci produkcyjnej. Kwestie zwigzane z dbatoscig o srodowisko i spoleczne aspekty
dziatalnosci przedsigbiorstw stajq si¢ kluczowe z punktu widzenia interesariuszy biznesowych. W artykule podjeto prébe zestawienia
klasycznego pojecia Lean Manufacturing, prezentujgc gtéwne zasady i zatozenia tejze koncepcji. Autorzy zwrdcili uwage na kluczowe
wymogi prawne i formalne, ktére determinujg potrzebe odmiennego podejscia do Lean Manufacturing. Przeanalizowano mozliwe spo-
soby korelacji koncepcji Lean Manufacturing (rozumianej klasycznie i zorientowanej na efektywnos¢ ekonomiczng) z Lean, widzianym
w Swietle wyzwat zréwnowazonego rozwoju. Polgczenie to zostato przedstawione jako Lean Green, wskazujgc tym samym na mozliwy
zwigzek miedzy Lean Manufacturing a zréwnowazonym rozwojem, w jego czesci Srodowiskowej. Zaprezentowano takze glowne Zrodta
»»zielonych marnotrawstw”, ktére mozna wyeliminowa¢ dzigki Lean Green. Na przyktadach konkretnych firm zestawiono potencjalne
korzysci z wdrozenia koncepcji Lean Manufacturing zorientowanej nie tylko na aspekty ekonomiczne, ale przede wszystkim na korzysci
Srodowiskowe. Wykorzystano przeglad literatury polskiej i Swiatowej, analize dostepnych zZrédet oraz wlasne doswiadczenia autoréw.

Stowa kluczowe: szczupla produkcija, lean green, zrownowazony rozwdj, Srodowisko, efektywnos¢
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Abstract
Woda jest niezbednym skladnikiem naszego zycia. Odgrywa kluczowg role we wszystkich procesach biologicznych, procesach
przemystowych, w rolnictwie, transporcie, wytwarzaniu energii elektrycznej i ciepla i w wielu innych dziedzinach zycia. Celem artykutu
jest pokazanie znaczenia wody w produkcji energii elektrycznej w Polsce. Jak wiemy, energetyka wodna jest jedng z najstarszych
form wykorzystywania energii. Juz w starozytnosci wykorzystywana byta na przyktad do napedu mtynéw wodnych. W dzisiejszych
czasach jej energetyczne wykorzystanie jest zupetnie inne. W Polsce energetyka wodna jest stabo rozwinigta. Moc zainstalowana
w elektrowniach wodnych zawodowych wynosi zaledwie 2 292,2 MW, w tym w elektrowniach szczytowo-pompowych 1 792,3.
Produkcja energii elektrycznej w elektrowniach wodnych wynosi w Polsce niecate 2 TWh, co jest wielkoscig symboliczng, stanowigcg
zaledwie 0,6% rocznej produkcji energii elektrycznej w naszym kraju. Polska posiada ponad 700 elektrowni wodnych, ale wigkszos¢
z nich to male elektrownie wodne nie przekraczajgce 5 MW mocy. Najwiekszymi elektrowniami wodnymi w Polsce sqg: elektrownia
Zarnowiec, elektrownia Porabka-Zar oraz elektrownia Solina wchodzgca w sktad Zespotu Elektrowni Wodnych Solina — Myczkowece.
Weszystkie te elektrownie sq elektrowniami szczytowo-pompowymi. Wedlug prognoz swiatowych pomimo gwattownego rozwoju
fotowoltaiki oraz energetyki wiatrowej energetyka wodna pozostanie do 2030 roku najwiekszym na Swiecie Zrédltem wytwarzania

energii elektrycznej ze Zrédet odnawialnych.

Stowa kluczowe: woda, produkcja energii, elektrownie wodne

Wprowadzenie

Woda, tak jak i powietrze, jest niezbednym skladnikiem
naszego zycia. Odgrywa kluczowg role we wszystkich proce-
sach biologicznych, procesach przemystowych, w rolnictwie,
transporcie, wytwarzaniu energii elektrycznej i ciepta i w wie-
lu innych dziedzinach zycia. Jest jedng z najpospolitszych
substancji we Wszech$wiecie. Jest zwigzkiem chemicznym
o wzorze H,0, wystepujacym w warunkach standardowych
w stanie cieklym. W stanie gazowym wystepuje w postaci
pary wodnej, a w stalym stanie skupienia jako lod.

Woda zajmuje ponad 70% powierzchni Ziemi. Zaledwie
2,5% jej zasobow stanowia wody stone, a tylko 0,6% to wody
stodkie bedace Zrédlem wody pitnej. Cho¢ wody na Ziemi jest
tak duzo to niestety nie we wszystkich regionach jest jej pod
dostatkiem. Jak podaje w swoim raporcie ,,Polska na drodze
zréwnowazonego rozwoju” Glowny Urzad Statystyczny [13]
krytyczna jest sytuacja w Afryce Péinocnej, gdzie roczny po-
bér wody przekracza ilo§¢ odnawialnych zasobéw stodkiej
wody w tym regionie. Duze jest tez prawdopodobienistwo wy-
stapienia deficytu wody w Azji Srodkowej (gdzie pobieranych
jest 88% odnawialnych zasoboéw wod) oraz w Azji Potudnio-
wej (71%). Niepokojaca staje si¢ rowniez sytuacja w Azji Za-
chodniej oraz Wschodniej (gdzie relacja ta wynosi odpowied-
nio 54% i 46%).Jezeli chodzi o nasz kraj, to pod wzgledem
zasobéw wody pitnej przypadajacej na jednego mieszkanca
znajdujemy sie na 24 pozycji w Unii Europejskiej wyprzedza-
jac jedynie Czechy, Cypr i Malte. Najlepsza sytuacja pod tym
wzgledem panuje w Chorwacji, Finlandii i Szwecji.

Cho¢ wszystkie zastosowania wody sg wazne, to w niniej-
szym artykule zostanie poruszona kwestia wykorzystywania
wody do celé6w energetycznych.

Woda w procesach wytwarzania energii elektrycznej

Energetyka wodna jest jedna z najstarszych form wyko-
rzystywania energii. Juz w starozytnosci wykorzystywane
byly mtyny wodne, wprawdzie nie do wytwarzania energii
elektrycznej, ale do mielenia zboza, w pdzniejszych czasach
réwniez do ciecia i obrobki drewna. Niewatpliwa zaletg wody
jest jej niewyczerpalno$¢. Cho¢ w niektdrych regionach $wia-
ta, a ostatnio réwniez w Polsce, wody zaczyna brakowac¢, to
jednak jest to odnawialne i niewyczerpywalne zrodlo ener-
gii. Kolejng zaleta energetyki wodnej jest brak emisji gazow
cieplarnianych, a takze brak wplywu warunkéw atmosfe-
rycznych na jej prace. Jak podaje IEA (International Ener-
gy Agency) energia wodna generuje obecnie wiecej energii
elektrycznej niz wszystkie inne technologie odnawialne ra-
zem wziete. Pomimo gwaltownego rozwoju fotowoltaiki oraz
energetyki wiatrowej energetyka wodna pozostanie do 2030
roku najwiekszym na $wiecie zrédlem wytwarzania energii
elektrycznej ze Zrédel odnawialnych. Po 2030 roku nadal be-
dzie odgrywac kluczowy role w dekarbonizacji systemu elek-
troenergetycznego na swiecie [8].

W Polsce zagadnienia zwigzane z wykorzystaniem wody
reguluje Ustawa Prawo Wodne [19]. Ustawa reguluje gospo-
darowanie wodami zgodnie z zasada zréwnowazonego roz-
woju, w szczegdlnosci ksztaltowanie i ochrone zasobéw wod-
nych, korzystanie z wéd oraz zarzadzanie zasobami wodnymi.
Ustawa reguluje sprawy wilasnosci wod oraz gruntéw pokry-
tych wodami, a takze zasady gospodarowania tymi sktadni-
kami jako mieniem Skarbu Panstwa. Przepisy ustawy stosuje
sie¢ do wdd $rodladowych oraz morskich wod wewnetrznych,
a takze do wod morza terytorialnego w zakresie planowania
gospodarowania wodami, ochrony przed zanieczyszczeniem
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Rys. 1. Moc zainstalowana w Polsce w latach 1960-2022. Zrédto: [15]
Fig. 1 Installed power in Poland between 1960-2022 Source: [15].

ze zrodel ladowych oraz ochrony przed powodzia, a w pozo-
stalym zakresie — w przypadkach okreslonych w ustawie.

Energetyka wodna znalazta réwniez swoje miejsce w usta-

wie o odnawialnych Zrédtach energii [18]. W Art. 2 tejze ustawy
hydroenergi¢ zdefiniowano jako energi¢ spadku $rédladowych
wod powierzchniowych, z wylaczeniem energii uzyskiwanej
z pracy pompowej w elektrowniach szczytowo-pompowych lub
elektrowniach wodnych z cztonem pompowym.

Instytucja odpowiedzialng za gospodarowanie wodami

w Polsce jest Pafistwowe Gospodarstwo Wodne Wody Polskie
[10]. Do gtéwnych zadan tej instytucji nalezy:

e Ochrona przed powodzig (zarzadzanie ryzykiem po-
wodziowym, tworzenie map zagrozenia powodzio-
wego, planowanie przeciwdziatania skutkom suszy),

o Zarzadzanie srodowiskiem wodnym (ocena wplywu
na mozliwo$¢ osiagniecia celéw $rodowiskowych,
zarzadzanie krajowym planem oczyszczania $ciekow,
renaturyzacja wod powierzchniowych, wyznaczanie
kapielisk w gminach)

o Zarzadzanie korzystaniem z wod (oplaty za ustugi
wodne, oplaty za zmniejszenie naturalnej retencji
terenowej, pozwolenia wodnoprawne i melioracyjne,
taryfy wodno-kanalizacyjne).

Energetyka wodna, tak jak i inne formy dzialalnoéci go-
spodarczej, posiada nie tylko zalety ale tez wady.

Do gtéwnych zalet energetyki wodnej naleza:

o Wykorzystywanie odnawialnego Zrdédia energii ja-
kim jest woda,

o Prostota procesu wytwarzania energii elektrycznej,

o Brak emisji gazoéw cieplarnianych oraz pyléw,

o Dlugi czas pracy elektrowni wodnych przekraczajacy
niejednokrotnie nawet sto lat,

o Niskie koszty eksploatacji,

o Mozliwos¢ szybkiego uruchomienia, gdy zaistnieje
taka potrzeba.

Glowne wady energetyki wodnej to:

o Ingerencja w $rodowisko naturalne poprzez wzno-
szenie konstrukcji spietrzajacych wode,

o Niejednokrotnie koniecznoé¢ przesiedlania miejsco-
wej ludnosci,

o  Zaburzenia ekosysteméw wodnych prowadzace do
wyginiecia flory i fauny wystepujacej na obszarach
przeznaczonych do zalania,

o Pojawianie si¢ innych gatunkéw roslin i zwierzat na
tych terenach,

o Wzrost wystepowania pary wodnej w poblizu
zbiornika,

o Wysokie naktady inwestycyjne,

o Zalezno$é¢ od ilo$ci opaddéw i poziomu wod,

o Ogromne straty w przypadku uszkodzenia zbiornika.

W Polsce energetyka wodna nie odgrywa znaczacej roli
ze wzgledu na brak odpowiednich ciekéw wodnych. Niemniej
jednak 28 lutego 2023 r., Rada Ministrow, przyjeta projekt
ustawy o przygotowaniu i realizacji inwestycji w zakresie
elektrowni szczytowo-pompowych oraz inwestycji towarzy-
szacych [14], co pozwala mie¢ nadzieje, ze pewne dzialania
w kierunku rozwoju energetyki wodnej zostang poczynione.

Krajowy System Elektroenergetyczny (KSE)

Moc zainstalowana w Krajowym Systemie Elektroenerge-
tycznym roénie systematycznie od kilkudziesigciu lat. Na rys.
1 przedstawiono jak wzrastala moc zainstalowana w Polsce
w latach 1960-2022.

Od poczatku lat 60-tych ubieglego wieku moc zainsta-
lowana w Krajowym Systemie Elektroenergetycznym (KSE)
nieustannie wzrasta. Bardzo dynamiczny wzrost wystepowat
zwlaszcza w poczatkowej fazie tego okresu, to znaczy od roku
1960 az do roku 1989. Przyrost ten wynio6st okoto 30 GW. Poz-
niej nastgpita transformacja polityczna oraz ekonomiczna, co
na pewien czas spowolnito zapotrzebowanie na nowe moce
wytworcze w zwigzku z likwidacjg wielu zakladéw przemy-

220

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society



Tab. 1. Moc zainstalowana w Polsce na koniec 2022 roku. Zrédlo: opracowanie wlasne na podstawie danych [1]

Table 1 Installed capacity in Poland at the end of 2022. Source: own study based on data [1].

Wyszczegdlnienie Moc elektryczna zainstalowana [MW]

Elektrownie zawodowe cieplne

- na weglu kamiennym 21571,2
- na weglu brunatnym 8 908,4
- na gazie ziemnym 2 464,9
Elektrownie zawodowe wiatrowe 1871,0
Elektrownie zawodowe wodne 2 292,2
- w tym szczytowo-pompowe 1792,3
Elektrownie przemystowe 3633,5
Niezalezne OZE 18 592,8
OGOLEM 60 423,1
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Rys. 2. Produkcja energii elektrycznej w Polsce z podziatem na zrédta. Zrédlo: opracowanie wlasne na podstawie danych [1]

Fig. 2. Electricity production in Poland by source. Source: own study based on data [1].

stowych w naszym kraju. W 1990 roku pod naciskiem Banku
Swiatowego oraz Miedzynarodowego Funduszu Walutowego
rozpoczeto restrukturyzacje, a de facto likwidacje gornictwa
wegla kamiennego w Polsce. Wiele zakladéw przemystowych
przestalo istnie¢, wigc i zapotrzebowanie na energie elek-
tryczng nie wzrastalo. Brakowalo tez $rodkéw finansowych
na nowe inwestycje. Wraz z rozwojem gospodarki wolnoryn-
kowej w Polsce zaczgto tez oszczgdniej gospodarowad energia
elektryczna, aby nie podraza¢ kosztéw dziatalnosci przedsieg-
biorstw. W pierwszych dziesigcioleciach po II wojnie $wia-
towej w systemie dominowaly moce na weglu kamiennym
i weglu brunatnym. Istnialy réwniez elektrownie przemysto-
we, ktore tez opalane byly gléwnie weglem. Od 2000 roku za-
obserwowaé mozna pewng zmiang. Pod wplywem obroncow
klimatu zaczeto wdrazaé energetyke gazows, ktdra jest mniej
inwazyjna dla $rodowiska naturalnego. Najwigkszy przyrost
mocy zainstalowanej nastapil jednak w ostatnich latach. Od
roku 2008 gwaltownie zaczeta rozwija¢ si¢ energetyka bazu-
jaca na odnawialnych Zrédlach energii. Poczatkowo, do roku
2015, rozwijala si¢ gtownie energetyka wiatrowa. Po wpro-
wadzeniu tzw. ustawy odleglosciowej [20] rozwdj energetyki
wiatrowej zostal wstrzymany. Od roku 2017, a zwtaszcza od
roku 2019 gwaltownie zaczgla rozwija sie energetyka sto-
neczna. Dzigki programom pomocowym takim jak M¢j Prad
[9], czy tez Czyste Powietrze [3] osiagnieto obecnie moc tych
instalacji taka jaka zaplanowana zostala w Polityce energe-
tycznej Polski do 2040 roku [12]. Niestety energetyka wodna
pozostaje caly czas na tym samym bardzo niskim poziomie

rozwoju, ale wynika to przede wszystkich z warunkéw natu-
ralnych wystepujacych w Polsce a nie z niecheci decydentéw
do inwestowania w to zrédto energii.

W tabeli 1 przedstawiono moc zainstalowang w Polsce na
koniec 2022 roku.

Najwigksza moc zainstalowang w Polsce od lat posiadaja
elektrownie cieplne. Elektrownie na weglu kamiennym posia-
daja moc 21,6 GW, na weglu brunatnym 8,9 GW, a na gazie
ziemnym 2,5 GW. Sytuacja ta powoli si¢ zmienia ze wzgledu
na wprowadzanie do systemu odnawialnych Zrdédel energii,
a takze, w przypadku wegla brunatnego, zamknigcie w 2018
roku elektrowni Adamoéw oraz zapowiedzi Zespotu Elektrow-
ni Patnéw-Adaméw-Konin (ZE PAK) catkowitego wycofania
si¢ z wegla brunatnego do 2030 roku [21].

Wielko$¢ mocy zainstalowanej nie przeklada si¢ bezpo-
$rednio na produkeje energii elektrycznej, gdyz nie wszystkie
moce sg w réwnym stopniu wykorzystywane. Na rys. 2 przed-
stawiono produkcje energii elektrycznej w Polsce w 2022 roku
z podziatem na Zrédla.

Jak wida¢ z rysunku, najwieksza produkcja energii elek-
trycznej w Polsce w 2020 roku pochodzita z wegla kamienne-
go i wyniosta 77,4 TWh, nastepnie z wegla brunatnego 47,1
TWh, a potem z wiatru 19,8 TWh. Mniejsze iloéci energii
wyprodukowano z paliw gazowych 11,9 TWh oraz z bioma-
sy 6,2 TWh. Produkcja energii elektrycznej w elektrowniach
wodnych wyniosta 1,968 TWh, co stanowilto zaledwie 1,1%
catkowitej krajowej produkcji pradu. Jeszcze mniej energii
elektrycznej wytworzono w elektrowniach szczytowo-pom-
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Rys. 3. Elektrownia Zarnowiec. Zrédto: [11]

Fig. 3. Zarnowiec power plant. Source: [11]

Rys. 4. Zbiornik gérny elektrowni Porgbka-Zar. Zrédlo: [11]

Fig. 4. Upper reservoir of the Porgbka-Zar power plant. Source: [11]

powych, bo zaledwie 1,05 TWh, co stanowilo 0,6% catkowitej
produkgji. Jest to bardzo niewiele chociaz trzeba przyznac, ze
elektrownie szczytowo-pompowe sg bardzo potrzebne w sys-
temie aby zasili¢ krajowy system elektroenergetyczny (KSE)
w godzinach najwiekszego zapotrzebowania.

Podzial elektrowni wodnych

Elektrownie wodne mozna klasyfikowaé ze wzgledu na
rozne kryteria takie jak topografia terenu czy tez rézne cechy
energetyczne.

Uwzgledniajac topografi¢ terenu wyrdznia si¢ nastepujace
elektrownie [6]:

B elektrownia zaporowa,

B elektrownia na kanale,

o elektrownia na rurociggu ci$nieniowym,

o elektrownia na kanale i rurociagu,

o elektrownia na sztolni i rurociagu.

Cechy energetyczne brane pod uwage przy klasyfikacji
energetyki wodnej to:

e sposob i stopien wykorzystania energii sptywu rocz-
nego,

o zalezno$¢ mocy i produkeji od warunkéw wodnych,

o udzial produkgji szczytowej, podszczytowej i podsta-
wowej w produkeji rocznej,

e  stopien zapewnienia mocy,

o stopien zapewnienia produkgji,

o miejsce pracy na wykresie dobowego obcigzenia sys-
temu elektroenergetycznego,

o wplyw pracy elektrowni wodnej na ekonomike kra-
jowego systemu energetycznego.

Bioragc pod uwage te kryteria wyrdznia si¢ nastepujace
typy elektrowni wodnych [6]:

o elektrownie przeptywowe,

o elektrownie na zbiornikach o dobowej i tygodniowej
regulacji,

. elektrownie na zbiornikach wielozadaniowych,
- wyréwnaniu sezonowym i czesciowym rocznym,
- wyréwnaniu catkowitym rocznym,
- wyréwnaniu wieloletnim,

. elektrownie w kaskadzie zwartej,

o elektrownie pompowe i elektrownie wodne z pom-
powaniem.

Najwieksze elektrownie wodne w Polsce

Polska nie posiada zbyt wielu duzych elektrowni wodnych,
ale jedli za kryterium podzialu pomi¢dzy malymi elektrow-
niami wodnymi a duzymi przyja¢ 5 MW, to mozna wyrdzni¢
dosé¢ spora grupe duzych elektrowni wodnych. W artykule
przedstawiono cztery z pigciu elektrowni wodnych, ktérych
moc zainstalowana przekracza 100 MW. Wyrdzniono cztery,
gdyz s to elektrownie szczytowo-pompowe, a piata w kolej-
noéci pod wzgledem mocy jest elektrownia przeptywowa.

Elektrownia Zarnowiec
Najwigkszg elektrownig wodng w Polsce jest elektrownia
Zarnowiec nalezaca do Polskiej Grupy Energetycznej S.A.
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Rys. 6. Elektrownia wodna Zydowo. Zrédto: [4]

Fig. 6. Zydowo hydroelectric power plant. Source: [4]

Rys. 5. Elektrownia wodna Solina. Zrédto: [11]

Fig. 5. Solina hydroelectric power plant. Source: [11]

(PGE S.A.) [7]. Elektrownia ta zlokalizowana jest w Czyma-
nowie nad Jeziorem Zarnowieckim w wojewddztwie pomor-
skim na granicy powiatow puckiego i wejherowskiego. Posia-
da moc zainstalowang 716 MW (4 turbiny o mocy 179 MW
kazda). Zbiornikiem dolnym jest Jezioro Zarnowieckie, nato-
miast zbiornik goérny jest catkowicie sztucznym zbiornikiem
wybudowanym na plaskim szczycie najwyzszego ze znajduja-
cych si¢ w poblizu jeziora wzgdrz morenowych. Pierwsze pra-
ce przygotowawcze rozpoczeto w 1972 roku, a uruchomienie
elektrowni nastgpito w 1983 roku [17]. Na rys. 3 przedstawio-
no widok elektrowni Zarnowiec z lotu ptaka.

Gléwnymi zaletami tej, ale nie tylko tej elektrowni szczy-
towo-pompowej, jest fagodzenie krzywej dobowego obcigze-
nia systemu, pokrywanie naglych ubytkéw i wystepujacych
w systemie przerostéw poboru mocy, optymalizowanie pra-
cy krajowego systemu elektroenergetycznego poprzez pro-
wadzenie szybkiej i stalej regulacji dostarczanej do systemu
mocy czynnej. Elektrownie szczytowo-pompowe pozwala-
ja na magazynowanie energii elektrycznej w formie energii
potencjalnej wody przepompowywanej z dolnego do gorne-
go zbiornika. Odzysk zmagazynowanej energii odbywa si¢
poprzez przeptyw wody w odwrotnym kierunku, zasileniu
hydrozespoléw i oddaniu energii elektrycznej do sieci [15].
Elektrownia ta sterowana jest bezposrednio przez Krajowa
Dyspozycje Mocy z Warszawy. Rozruch do pelnej mocy trwa
zaledwie 3 minuty.

Elektrownia Porgbka-Zar

Druga pod wzgledem wielkosci mocy zainstalowanej
elektrownia wodng w Polsce jest elektrownia szczytowo-pom-
powa Porgbka-Zar. Elektrownia ta znajduje sie w Miedzybro-
dziu Bialskim i posiada moc 500 MW (4 hydrozespoly po 125
MW kazdy). Jest to jedyna w Polsce elektrownia podziemna.
Budowa elektrowni rozpoczeta si¢ w 1971 roku a jej oddanie

do eksploatacji nastgpito w 1979 roku. Jest to réwniez elek-
trownia wysokospadowa o spadzie 440 metréw. Umiejsco-
wienie elektrowni wynikalo z bardzo korzystnych warunkow
terenowych, takich jak duzy spad przy matej odleglosci zbior-
nikéw od siebie. Na rys. 4 przedstawiono widok zbiornika
gbrnego elektrowni Porgbka-Zar.

Elektrownia skfada si¢ z trzech podstawowych czesci. Jedna
z nich jest zbiornik gromadzacy wode mogacy pomiesci¢ 2 310
000 m® wody. Jest on uszczelniony kilkoma warstwami asfaltu,
przetozonych zelbetonem. Drugim elementem elektrowni sa
dwa szyby wywiercone wewnatrz gory. Maja 4 metry $rednicy
i sa pochylone pod katem 450 wzgledem podtoza. Transportu-
ja one wode do hali elektrowni, oraz gdy jest pompowana do
zbiornika gornego. Trzecim elementem s3 wspomniane wcze-
$niej turbiny. Pelnig one funkcje zaréwno turbin jak i pomp.
Pompowanie petnego zbiornika trwa 5 godzin. Nastepnie woda
jest wypuszczana do Zbiornika Miedzybrodzkiego [2]. Elek-
trownia Porqbka—Zar, tak jak i elektrownia Zarnowiec, nalezg
do Polskiej Grupy Energetycznej S.A.

Elektrownia Solina

Trzecia pod wzgledem wielkosci elektrownia wodna
w Polsce jest elektrownia Solina. Jest to rowniez elektrownia
szczytowo-pompowa. Polozona jest na rzece San w gminie
Solina w wojewodztwie podkarpackim. Na rys. 5 przedsta-
wiono widok elektrowni wodnej Solina.

Elektrownia wodna Solina, wchodzi w sklad Zespotu Elek-
trowni Wodnych Solina — Myczkowce, znajduje si¢ na rzece
San w miejscowosci Solina. Elektrownia Solina jest jedna
z najwiekszych elektrowni szczytowo-pompowych na doply-
wie naturalnym zapory betonowej. Moc zainstalowana wyno-
sita przed modernizacja 136 MW, a po modernizacji wynosi
okoto 200 MW i sktada sie¢ z 4 hydrozespotéw. Budowa zapory
w petli Sanu rozpoczeta si¢ juz w 1920 roku lecz z powodu
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braku funduszy zostala przerwana. Po II wojnie $wiatowej
powrécono do pomystu budowy elektrowni wodnej w tym
regionie. Najpierw wybudowano zbiornik elektrowni wod-
nej w Myczkowcach a nastepnie drugi, duzo wigkszy zbior-
nik, w Solinie. Elektrownie¢ Myczkowce uruchomiono w 1961
roku, a elektrownie Solina w 1968 roku. W latach 2000-2003
przeprowadzono gruntowng modernizacje, co pozwolito na
zwiekszenie mocy elektorowi do 200 MW.

Elektrownia Zydowo

Czwartg co do wielko$ci elektrownig wodng w Polsce
jest elektrownia szczytowo-pompowa Zydowo. Znajduje sie
w miejscowoéci Zydowo w powiecie koszalifiskim i nalezy do
grupy kapitalowej Energa wchodzacej w sklad grupy Orlen.
Elektrownia wykorzystuje dwa naturalne zbiorniki wodne,
jeden - gdrny, stanowi jezioro Kamienne, a zbiornik dolny je-
zioro Kwiecko. Obydwa jeziora oddalone sg od siebie o okoto
1,5 kilometra, a réznica poziomdéw wynosi 80 metrow [4]. Je-
ziora polaczone sg trzema stalowymi rurociggami o $rednicy
pieciu metréw. Budowe elektrowni rozpoczeto w 1964 roku,
a zakonczono w 1971 roku. Moc zainstalowana tej elektrowni
wynosi 167 MW. Na rys. 6 przedstawiono widok elektrowni
Zydowo.

Elektrownia ta, podobnie jak 47 innych elektrowni wod-
nych sposréd 727 elektrowni wodnych w Polsce, jest zarza-
dzana przez grupe Energa [5].

Podsumowanie

Najwi¢kszymi elektrowniami wodnymi w Polsce sa
elektrownie szczytowo-pompowe. Nie s3a to obiekty za-
liczane do odnawialnych Zrédel energii, gdyz do pompo-

wania wody do zbiornika gérnego wykorzystuja energie
elektryczna wytwarzana, w warunkach polskich - gtéownie
z wegla. Lagodza wigc krzywa dobowego obciazenia syste-
mu i pokrywaja nagle ubytki w systemie elektroenergetycz-
nym. Pelnig jednak bardzo wazng rol¢ magazynéw energii
i wykorzystywane s3 w godzinach szczytowego zapotrze-
bowania na energi¢ elektryczng lub w przypadku awarii
innych elektrowni. Pompowanie wody odbywa si¢ w nocy,
gdy energia elektryczna jest tafisza i jest jej nadmiar, nato-
miast wykorzystywana jest gléwnie w godzinach poranne-
go lub wieczornego szczytu.

Wszystkie cztery elektrownie przedstawione w artykule
to elektrownie duze o mocy zainstalowanej przekraczajacej
100 MW. Sa to najwicksze elektrownie wodne w Polsce o tak
duzej mocy. Oprdcz wyzej wymienionych jeszcze tylko elek-
trownia Wloctawek ma moc przekraczajacg 100 MW, kon-
kretnie 160 MW.

Rozwoj energetyki wodnej w Polsce, zwlaszcza tej o duzej
mocy, nie ma wigkszych perspektyw gtéwnie z powodu braku
odpowiednich ciekéw wodnych oraz ze wzgledu na ochrong
$rodowiska. Duza energetyka wodna ma bardzo niekorzystny
wplyw na $rodowisko naturalne, wigc protesty ekologéw sa
w tym wzgledzie uzasadnione. Nalezy tez bra¢ pod uwage wy-
sokie koszty budowy tego typu obiektéw. Chociaz energety-
ka wodna w Polsce nie odgrywa znaczacej roli ze wzgledu na
brak odpowiednich ciekéw wodnych to jednak 28 lutego 2023
r., Rada Ministrow, przyjeta projekt ustawy o przygotowaniu
i realizacji inwestycji w zakresie elektrowni szczytowo-pom-
powych oraz inwestycji towarzyszacych, co pozwala mie¢
nadzieje, ze pewne dzialania w kierunku rozwoju energetyki
wodnej zostang poczynione.
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Water as a Source of Electricity in Poland

Water is an essential ingredient of our lives as it plays a key role in all biological and industrial processes, agriculture, transport, electricity
and heat generation, and other areas of life. The article aims to show the importance of water in electricity production in Poland. As we
know, hydropower is one of the oldest forms of energy generation, as it has been used to power watermills from ancient times. Nowadays
it is used differently. In Poland, hydropower is underdeveloped. The total installed power in commercial hydropower plants is only 2,292.2
MW, including 1,792.3 in pumped-storage power plants. The production of electricity in hydroelectric power plants in Poland is less than
2 TWh, constituting only 0.6% of the annual electricity production. Poland has over 700 hydroelectric power plants, but most of them are
small hydropower plants with less than 5 MW of power. The largest hydroelectric power plants in Poland are Zarnowiec, Porgbka-Zar,
and Solina power plants, the latter being a part of the Solina-Myczkowce hydroelectric power plant. All of them are pumped storage power
plants. According to global forecasts, despite the rapid growth of photovoltaics and wind power, hydropower will remain the world's largest
source of renewable electricity generation until 2030.

Keywords: water, electricity production, hydropower plants
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Abstract
This article presents research on selected materials with the aim of determining their rare earth element (REE) content and attempting
to intensify it. The test material was coal slurry, which is a waste product from the operation of a preparation plant of a closed coal
mine. Research on REE concentration intensification tests was carried out using magnetic separation. Laboratory analyses determining
the REE content in the samples obtained, were carried out using the inductively coupled plasma ionisation mass spectrometry (ICP-
MS) technique. Carrying out this research by the KOMAG Institute of Mining Technology, is a continuation of work related to making
mining waste economically useful and determining a new source of REE recovery. Previous research and development work showed
REE content (scandium 40.49 ppm) in the coal slurries studied. The result of the work carried out is the determination of the economic

utility of REE recovery from the studied waste.

Keywords: rare earth elements (REE), magnetic separation, coal tailings, coal slurries

1 Introduction

Rare earth elements, REEs (rare-earth elements), are a
group of elements of strategic importance, globally. The-
ir importance is related to the need for their use in modern
and advanced technologies. The European Union, including
Poland, counts REEs among its 30 economically critical raw
materials. According to forecasts, their demand is expected
to double by 2060.[1] These elements are widely distributed
in nature, but have low concentrations. Deposits that can be
economically exploited are few in number and are mainly lo-
cated in China resulting in the need to import these elements
[1,2]. Therefore, many projects are underway to identify new
sources of rare earth elements.

In a previous study, REEs with a varying distribution of
REEs were shown to contribute to the REE distribution (coal
samples, mineral aggregate, energy waste or metallurgical wa-
ste). The REE contribution was also shown to vary between
the raw sample and the separated grain class in the range
0.045-0 mm [3-9].

This article contains the results of a completed study,
extending previous research to determine the REE content of
a material sample in specific grain classes. The research inc-
luded an attempt to increase the concentration of REE content
using magnetic separation, which separates material based on
differences in magnetic susceptibility.

1.1. Rare earth elements

Rare earth elements, REEs (rare-earth elements), are a
group of elements of strategic importance, globally. The-
ir importance is related to the need for their use in modern
and advanced technologies. The European Union, including
Poland, counts REEs among its 30 economically critical raw
materials. According to forecasts, their demand is expected
to double by 2060.[1] These elements are widely distributed
in nature, but have low concentrations. Deposits that can be
economically exploited are few in number and are mainly lo-
cated in China resulting in the need to import these elements
[1,2]. Therefore, many projects are underway to identify new
sources of rare earth elements.

In a previous study, REEs with a varying distribution of
REEs were shown to contribute to the REE distribution (coal
samples, mineral aggregate, energy waste or metallurgical wa-
ste). The REE contribution was also shown to vary between
the raw sample and the separated grain class in the range
0.045-0 mm [3-9].

This article contains the results of a completed study,
extending previous research to determine the REE content of
a material sample in specific grain classes. The research inc-
luded an attempt to increase the concentration of REE content
using magnetic separation, which separates material based on
differences in magnetic susceptibility.
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Fig. 1. Mine heap from which the test sample was taken [own source]

Rys. 1. Halda odpadéw gorniczych skad pochodzily badane probki

Tab. 1. Overview of the mass distribution of the granulometric classification of coal slurry

Tab. 1. Analiza sktadu ziarnowego mutéw weglowych

No. Number and identification of the sample Grain class yield [%]
1. P8 - Coal slurries >2.0 mm 3.6
2. P7 - Coal slurries 2.0-1.0 mm 2.1
3. P6 — Coal slurries 1.0-0.5 mm 11.3
4. P5 - Coal slurries 0.5-0.25 mm 15.3
5. P4 - Coal slurries 0.25-0.125 mm 20.5
6. P3 - Coal slurries 0.125-0.063 mm 13.2
7. P2 - Coal slurries 0.063-0.045 mm 3.6
8. P1 - Coal slurries <0.045 mm 30.4
9. Total 100

Tab. 2. Overview of mass distribution of granulometric classification of basalt aggregate

Tab. 2. Analiza sktadu ziarnowego kruszywa bazaltowego

No. Number and Identification of the Sample Grain Class Yield [%]
1. P16 - Basalt aggregate >2.0 mm 14.0

2. P15 - Basalt aggregate 2.0-1.0 mm 2.0

3. P14 - Basalt aggregate 1.0-0.5 mm 5.8

4. P13 - Basalt aggregate 0.5-0.25 mm 8.8

5. P12 - Basalt aggregate 0.25-0.125 mm 12.2

6. P11 - Basalt aggregate 0.125-0.063 mm 21.1

7. P10 - Basalt aggregate 0.063-0.045 mm 31.0

8. P9 - Basalt aggregate <0.045 mm 5.1

9. Total 100.0

1.2. Magnetic separation

the magnetic separation process is a popular method used

in rare earth processing. It is one of the first operations in

the processing line (after crushing and grinding) to separate

medium and low magnetic susceptibility minerals. (after cru-

shing and grinding) with the aim of separating minerals with

medium and low magnetic susceptibility. The product, with a

concentrated content of the useful ingredient, is directed to

the subsequent processing operations, mainly chemical. The

efficiency of the process is highly dependent on:

(1) the strength of the magnetic field,

(2) the degree of loosening of the material layer fed to the
separator,

(3) the magnetic susceptibility of the material,

(4) the size of the grains,

(5) the resistance posed by the grains (gravitational and
frictional forces) [17,18].

Due to the varying magnetic susceptibilities of grains

under the effect of a magnetic field, the material is divided

into: paramagnetics, diamagnetics and ferromagnetics. Pa-

ramagnetic grains are attracted in the direction of the ma-

gnetic field strength, while diamagnetic grains are repelled.

Ferromagnetic grains have a higher degree of magnetisation

at lower magnetic field strengths, retaining a certain level of

magnetism when isolated from the magnetic field.

This type of devices differs in design and in the medium

in which the separation takes place (dry and wet separators),

but the principle of operation, based on the magnet, is iden-

tical. Among others, magnetic wheels, hanging magnets, ma-

gnetic rotary drums or flat magnets are used. The principle of
operation of dry magnetic separators is based on the use of
a rotating drum with magnets. Feed material is transported
via a conveyor belt underneath the drum, allowing magneti-
cally susceptible grains to be separated by the magnetic field.
The material with higher susceptibility is lifted through the
magnetic drum and then placed in a separate hopper. It is
possible to adjust the intensity of the magnetic field and thus
change the separation limit due to the magnetic susceptibility
of the grains [19].

Rare earth elements, with the exception of lanthanum,
scandium, ytterbium, lutetium and yttrium, have magnetic
susceptibility. REE minerals such as bastnazite, monazite and
xenotime have varying magnetic properties, so it is possible to
use magnetic separation to intensify the REE contribution [20].

1.3. Research carried out by itg komag related to REE

Due to the lack of REE deposits in Poland and their ge-
opolitical value, it is necessary to identify alternative sources
of REE. Work has been carried out at the KOMAG Institute
of Mining Technology to determine REE content in the follo-
wing groups of materials, mainly waste materials from their
disposal sites:

(1) hard coals - analyses of type 31 thermal coal showed

cerium content of 27.2 ppm (2019) [3],

(2) mining wastes — analyses of wastes constituting coal slu-

rries showed a scandium content of 33.4 ppm (2020) [5],

(3) power plant energy waste — analyses of fly ash and po-

wer plant slags showed a cerium content of 34.0 ppm and

yttrium content of 29.6 ppm (2019) [6],
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Fig. 2. Magnetic separator — vibrating material feeder [own elaboration]

Rys. 2. Separator magnetyczny — podajnik wibracyjny nadawy

Fig. 3. Magnetic separator — reception of diamagnetic material [own elaboration]

Rys. 3. Separator magnetyczny — odbiér produktu magnetycznego

Tab. 3. Overview of outputs of magnetic separation products.

Tab. 3. Analiza wychodéw produktéw wzbogacania magnertycznego

Lp. Number and Identification of the Sample Grain Class Yield [%]
1 P17 - paramagnetic product with higher susceptibility, coal 0.46
. slurries .

2. P18 - paramagnetic product with low susceptibility, coal slurries 1.41

3. Non-magnetic product, coal slurries 98.1

4. Summary 100

5 P19 - paramagnetic product with higher susceptibility, basalt 73
) aggregate :

6 P20 - paramagnetic product with low susceptibility, basalt 12.9
: aggregate :
7. Magnetically not susceptible product, basalt aggregate 79.8
8. Summary 100

(4) energy waste from landfills - analyses showed a neo-
dymium content of 47.76 ppm (2020) [9],

(5) metallurgical waste — analyses of waste from sludge tanks
showed a neodymium content of 17.3 ppm (2022) [21],

(6) mineral raw materials — testing showed a proportion
of 45 ppm lanthanum in basalt (151.4 cerium in the finest
grain class), 22.0 ppm scandium in halloysite, and 21.8
ppm scandium in sands [4,8],

(7) electronic waste — studies to determine the contribu-
tion of REE and attempts to recover elements from hard
drives and wind turbine components (unpublished rese-
arch).

In the present study, analyses were carried out with the
application of magnetic separation, where again the REE con-
tent of the mining muds and natural aggregate was determi-
ned. The study was extended, compared to the previous stages
of research, to determine the REE content of individual grain
classes (classes differing in grain size).

2. Materials and methods

Material was extracted from the post-mining waste dumps
of the DZW (Lower Silesian Coal Basin). The material depo-
sited at the landfill is characterised by a diversified structure
due to the method of its disposal and atmospheric influence.
The material was collected from three selected locations of the
landfill, representing different density structures (Figure 1).

Another test material is natural aggregate, i.e. basalt ag-
gregate. This aggregate comes from the mine, which exploits
a basalt deposit located in south-western Poland. This mine
produces basalt aggregate in a range of grain sizes. The mine's
deposit is excavated using drilling and blasting operations.
The plant's technology includes multi-stage grading and cru-
shing. The material used in the research is one of the mine's
commercial products and is a 2-0 mm basalt aggregate.

In order to determine the content of rare earth elements
in the extracted material, the following laboratory and rese-
arch methods were used:

(1) granulometric classification and grinding,

(2) magnetic separation,

(3) analysis of REE content by ICP-MS for the obtained

products of granulometric classification and magnetic se-

paration.

2.1. Granulometric classification

Based on the results obtained in previous stages [7,9], the
REE content was shown to vary according to grain size (gra-
in class). The sieve analysis performed, yielded the following
eight grain classes:

(1) >2.0mm.

(2) 2.0-1.0mm.

(3) 1.0-0.5mm.

(4) 0.5-0.25mm.

(5) 0.25-0.125mm.
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Tab. 4. Overview of results of REE content in coal slurries, for individual grain classes

Tab. 4. Analiza zawarto$ci REE w klasach ziarnowych, w odpadach weglowych

No. Number and
identification of the Rare earth content [ppm].

[ 1. | Sc Y La Ce Pr Lu

2 Pt 2.35 2.36 2.08 1.86 1.93 2.11
[ 4. | Grain class Nd Sm Eu Gd Tb ZREE
5. | ~2 mm 1.93 1.92 2.44 2.18 1.85 34.44
| 6. | Dy Ho Er Tm Yb

7 2.64 1.86 2.54 1.86 2.53
| 8. | Sc Y La Ce Pr Lu
| 9. | P2 2.69 2.72 2.4 2.15 2.22 2.43
[10. | Grain class Nd Sm Eu Gd Tb REE
[11. | 2-1 mm 2.22 2.21 2.81 2.52 2.14 39.67
[12. | Dy Ho Er Tm Yb

13. 3.04 2.15 2.92 2.14 2.91
[ 14. | Sc Y La Ce Pr Lu
| 15. | 2.11 2.14 1.89 1.69 1.75 1.91
[16. Grai:3dass Nd Sm Eu Gd Tb ZREE
[17. | 1-0.5 mm 1.75 1.74 2.21 1.98 1.68 31.2
| 18. | Dy Ho Er Tm Yb

19. 2.39 1.69 2.3 1.68 2.29
| 20. | Sc Y La Ce Pr Lu
| 21. | 2.68 2.72 2.39 2.14 2.21 2.42
T e - e - s -
[24.] 0:°70-25mm Dy Ho Er Tm Yb

25. 3.03 2.28 2.91 2.13 2.9
| 26. | Sc Y La Ce Pr Lu
| 27. | 2.84 2.87 2.53 2.26 2.34 2.47
[28.] G riass Nd Sm Eu Gd Tb ZREE
29. 2.34 2.33 2.96 2.65 2.25 41.69
[30.] 0.25-0.125 mm Dy Ho Er Tm Yb

31. 3.2 2.26 3.08 2.25 3.06
| 32. | Sc Y La Ce Pr Lu
[ 33. | 2.44 2.47 2.17 1.94 2.01 2.11
32] o ass Nd Sm Eu Gd o SREE
135.] §125-0.063 mm 2.01 2 2.55 2.28 1.93 35.83
| 36. | Dy Ho Er Tm Yb

37. 2.75 1.94 2.65 1.94 2.64
| 38. | Sc Y La Ce Pr Lu
| 39. | p7 3.1 3.19 2.6 3 2.2 2.31
[40. | Grain class Nd Sm Eu Gd Tb REE
| 41. | 0.063-0.045 mm 2.53 2.22 2.72 2.54 2.05 41.27
| 42. | Dy Ho Er Tm Yb

43. 3.0 2.06 2.86 2.04 2.85
| 44. | Sc Y La Ce Pr Lu
| 45. | P8 3.47 4.12 3.04 4.29 2.39 2.38
[46. | Grain class Nd Sm Eu Gd Tb REE
| 47. | <0.045 mm 3.19 2.45 2.88 2.81 2.13 46.61
| 48. | Dy Ho Er Tm Yb

49. 3.12 2.16 3.05 2.11 3.02

(6) 0.125-0.063mm.
(7) 0.063-0.045mm.
(8) <0.045mm.

The analyses were carried out using a laboratory wet vi-
brating classifier, in order to correctly separate the fine grains.

The very last material preparation process was to dry the
samples in a laboratory dryer to get rid of moisture.

The products were assigned the following designation:

P1. coal slurries in the class >2.0 mm.

P2. coal slurries in the class <2.0-1.0 mm.

P3. coal slurries in the class <1.0-0.5 mm.

P4. coal slurries in the class <0.5-0.25 mm.

P5. coal slurries in the class <0.25-0.125 mm.

P6. coal slurries in class 0.125-0.063 mm.

P7.  coal slurries in the class <0.063-0.045 mm.

P8. coal slurries in the class <0.045 mm.

P9. Dbasalt aggregate in class >2.0 mm.

P10. basalt aggregate in class 2.0-1.0 mm.

P11. basalt aggregate in class 1.0-0.5 mm.

P12. basalt aggregate in class 0.5-0.25 mm.

P13. basalt aggregate in class 0.25-0.125 mm.

P14. basalt aggregate in class 0.125-0.063 mm.

P15. basalt aggregate in class 0.063-0.045 mm.

P16. basalt aggregate in class <0.045 mm.

The mass distribution (Tables 1 and 2) of the classifica-
tion products obtained varied. The finest grains (<0.045mm)
presented the highest yield among the analysed grain classes
of coal slurry, and in the case of basalt aggregate, the grain
0.063-0.045mm had the highest proportion.

Prior to magnetic separation, the grain class >2mm was
crushed in a laboratory grinder, due to the characteristics of
the instrument and the testing process.

2. Magnetic separation

Based on information from the literature (magnetic de-
pendencies of individual elements) [20], a magnetic separa-
tion test was carried out using a magnetic separator (Fig.2, 3).

Magnetic separation was carried out with the device set at
25V. The selected voltage value determines the magnetic field
strength of the device. The value of 25V was chosen based on
previous experience.

The separation process consisted of placing 90g (for each
material) of raw material in a feeder, which was then trans-
ported by conveyor belt. The central separator structure con-
tains a rotary magnet, which causes the separation of grains
based on magnetic susceptibility. Three products were thus
obtained - with higher, lower and material showing no ma-
gnetic susceptibility. The products showing magnetic suscep-
tibility, lifted by the rotary magnet from the conveyor belt,
were picked up by suitable slides, while the rest of the material
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Tab. 5. Overview of results of REE content in basalt, for individual grain classes

Tab. 5. Analiza zawarto$ci REE w klasach ziarnowych, w bazalcie

No. Number and
identification of Rare Earth Content [ppm].
the sample

| 1. | Sc Y La Ce Pr Lu
| 2. | P9 5.83 9.26 30.64 58.3 6.22 0.14
| 4. | Basalt aggregate Nd Sm Eu Gd Tb ZREE
| 5. | 2.0 mm 22.75 4.33 1.47 5.38 0.6 151.23
| 6. | Dy Ho Er Tm Yb

7. 3.08 0.54 1.41 0.18 1.1
| 8. | Sc Y La Ce Pr Lu
1 9. | P10 7.67 10.84 38.08 69.02 7.14 0.17
| 10. | Basalt aggregate Nd Sm Eu Gd Tb ZREE
L] "5%.10 mm 26.13 4.99 1.68 6.23 0.69 179.78
112, ] ' : Dy Ho Er Tm Yb

13. 3.5 0.61 1.58 0.21 1.24
| 14. | Sc Y La Ce Pr Lu
| 15. | P11 8.35 12.47 44.18 81.8 8.92 0.2
[16. | Grain class Nd Sm Eu Gd Tb ZREE
117. | 1-0.5 mm 33.2 6.53 2.23 7.84 0.87 215.25
| 18. | ! Dy Ho Er Tm Yb

19. 4.33 0.76 1.91 0.24 1.42
| 20. | Sc Y La Ce Pr Lu
| 21. | P12 6.08 10.65 41.3 80.82 8.38 0.16
22. Basalt aggregate Nd Sm Eu Gd Tb ZREE
23. 0.5-0.25 mm 30.94 5.95 2.03 7.11 0.75 201.68
24 Dy Ho Er m Yb

25 3.77 0.66 1.62 0.22 1.24

26 Sc Y La Ce Pr Lu
27. P13 15.52 18.22 52.37 96.52 10.48 0.26
128. ] pacalt agareqate Nd Sm Eu Gd Tb ZREE
[20.] S5at 995 e 38.86 7.66 2.64 9.33 1.06 264.16
30. ! ' Dy Ho Er Tm Yb

31 5.46 0.96 2.51 0.32 1.99
| 32. | Sc Y La Ce Pr Lu
| 33. | P14 17.03 16.42 42.89 80.12 8.67 0.25
|34 Basalt aggregate 3;‘6‘6 GSm 2E; G; OTE')JZ ZZZREE
35. 4 .54 .24 7.97 5.14
[36.] 0.125-0.063 mm Dy Ho Er Tm Yb

37 4.68 0.82 2.12 0.28 1.73
| 38. | Sc Y La Ce Pr Lu
| 39. | P15 25.2 21.86 52.13 99.32 10.74 0.29
| 40. | Basalt aggregate Nd Sm Eu Gd Tb ZREE
41. 40.41 8.2 2.78 10.06 1.15 284.14
22, 0.063-0.045 mm Dy Ho Er ™ b

43 5.79 1.04 2.67 0.35 2.15
| 44. | Sc Y La Ce Pr Lu
| 45. | P16 21.85 31.37 82.89 165.06 17.53 0.42
[46. ] Basalt agoregate Nd Sm Eu Gd Tb ZREE
147. | <0.045 mm 61.93 12.02 4.08 14.55 1.62 430.08
| 48. | : Dy Ho Er Tm Yb

49. 8.12 1.45 3.73 0.5 2.96

Tab. 6. Overview of total rare earth element contents of dry magnetic separation products

Tab. 6. Analiza zawartosci REE w produktach wzbogacania magnetycznego

- Paramagnetic product with Paramagnetic product with
Raw material . - Pt
. higher susceptibility lower susceptibility
No. Identification Rare earth Rare earth Sample Rare Earth
Sample number Content
content [ppm]. content [ppm]. Number
[ppm].
1. coal 263.8 P17 40.45 P18 36.29
slurries
2. Basalt 190.0 P19 26.35 P20 212.87
aggregate

was removed from the machine using a brush. The resulting
product yields are presented in Table 3. The yield of the non-
-magnetic product was calculated as the difference of 100%
and the sum of the yields of the weaker and stronger magnetic
products.

The products obtained, were sent to the Laboratory of
Materials Engineering and Environment, ITG KOMAG, for
determination of rare earth elements. These tests were perfor-
med using the ICP-MS method.

3. Materials and methods

Table 4 presents the detailed results of rare earth element
content for each analysed grain size class of the coal slurries.

Table 5 presents the detailed results of rare earth element
content for each analysed grain size class of the basalt.

Table 6 presents the summarised results of rare earth ele-
ment content for each analysed magnetic separation product.

4. Discussion

The research found that 16 rare earth elements were inc-
luded in the samples, with varying proportions of individual
elements. To summarise the study of REE content in the in-
dividual grain classes of coal slurry, the summed contents of
these elements are shown in Figure 4. and are as follows:

P1. (>2 mm)-34.44 ppm.

P2. (2-1 mm)-39.67 ppm.

P3. (1-0.5mm)-31.2 ppm.

P4. (0.5-0.25 mm)-39.66 ppm.
P5. (0.25-0.125 mm)-41.69 ppm.
P6. (0.125-0.063 mm)-35.83 ppm.
P7. (0.063-0.045 mm)-41.27 ppm.
P8. (<0.045 mm)-46.61 ppm.

Separation of the coal slurries material into grain classes
in the magnetic separator did not result in an increase in rare
earth element concentrations. The 8 grain classes obtained
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Rys. 5. Analiza zawarto$ci REE w probkach bazaltu

have similar REE contents (average of 40.6 ppm). The highest
REE content is represented by the finest grain classes, 0.063-
Omm, and the 0.250-0.125mm grain class (above 41 ppm).
The contribution of individual elements in the samples, which
range from about 1.5 to just over 4 ppm, is negligible.

The total REE contents of the individual grain classes of
basalt aggregate are as follows:

P9. (>2mm)-151.23 ppm.

P10. (2-1 mm)-179.78 ppm.

P11. (1-0.5 mm)-215.25 ppm.

P12. (0.5-0.25 mm)-201.68 ppm.

P13. (0.25-0.125 mm)-264.16 ppm.

P14. (0.125-0.063 mm)-225.14ppm.

P15. (0.063-0.045 mm)-284.14 ppm.

P16. (<0.045 mm) - 430.08 ppm.

Based on the REE content of the different grain classes of
basalt aggregate, the graph shown in Figure 5 was made.

The separation of the basalt aggregate into grain classes
resulted in an increase in the concentration of rare earth ele-
ments in the finest grain classes. An increasing content of
rare earth elements in the finest classes was observed. This
observation is confirmed by the alignment of the trend line,
which clearly increases towards the finest grain classes. The
highest total rare earth element content was recorded for gra-
in classes <0.045 mm and was 430.08 ppm. The lowest REE
content was recorded for the grain class with the largest grain
size and was 151.23 ppm.

Based on the summary of results in Table 6, it can be
concluded that the dry magnetic separation had no effect
for the coal slurries sample. The results obtained for the REE
content are lower than for the raw material. Separation of the
basalt aggregate resulted in a higher REE concentration in the

less susceptible material to 212.87 ppm compared to the raw
material content of 190.0 ppm. The more susceptible product
showed a decrease in REE content to 26.35 ppm.

5. Conclusion

In the research carried out in this phase, the work pro-
gramme consisted of determining new sources of rare earth
elements in Poland, using coal slurries and basalt aggregate.
The materials were selected and prepared for testing, which
was then carried out by determining the proportion of REEs,
using the ICP-MS technique.

The tests carried out showed the presence of rare earth
elements in the samples analysed. Separation of the raw ma-
terial into grain classes showed a disproportion of the sought
after elements in the different grain classes. The REE content
of the finest classes increased relative to the raw sample.

The lack of increase or low increase in rare earth elements
in the susceptible products of the magnetic separation process
may indicate that the intensity of the applied magnetic field in
the equipment used is too low.

At present, the results obtained for the REE content of the
samples analysed, do not represent the designated concentra-
tion of approximately 1000 ppm [22], which allows an econo-
mically viable separation.

The results obtained allow us to conclude that further rese-
arch is required, by analysing the effect of increasing magnetic
field on material separation with the intention of obtaining a
product with a higher concentration of rare earth elements.
In the further work of ITG KOMAG, related to the search for
alternative sources of REE, further research is required using
a magnetic separator with a higher field strength. It is also
necessary to continue the search for a new group of materials
that will contain a higher proportion of REE.
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Rozdziatl surowcow zawierajgcych pierwiatki ziem rzadkich

w procesach przesiewania i separacji magnetycznej

W artykule przedstawiono badania wybranych materiatéw majgce na celu okreslenie zawartosci pierwiastkow ziem rzadkich (REE)
oraz probe ich wzbogacania. Materiatem badawczym byla zawiesina weglowa, ktéra jest produktem odpadowym z eksploatacji zaktadu
przerdbezego zamknigtej kopalni wegla kamiennego. Badania nad testami wzbogacania REE przeprowadzono z wykorzystaniem separa-
cji magnetycznej. Analizy laboratoryjne okreslajgce zawartos¢ REE w pobranych prébkach przeprowadzono z wykorzystaniem techniki
spektrometrii mas z jonizacjg plazmg wzbudzong indukcyjnie (ICP-MS). Przeprowadzenie tych badat: przez Instytut Techniki Gorniczej
KOMAG jest kontynuacjg prac zwigzanych z ekonomiczng przydatnoscig odpadéw gérniczych oraz okresleniem nowego Zrédta odzysku
REE. Poprzednie prace badawczo-rozwojowe wykazaly zawartos¢ REE (skand 40,49 ppm) w badanych zawiesinach weglowych. Wyni-
kiem przeprowadzonych prac jest okreslenie ekonomicznej uzytecznosci odzysku REE z badanych odpadéw.

Stowa kluczowe: pierwiastki ziem rzadkich (REE), separacja magnetyczna, odpady weglowe, zawiesiny weglowe
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Abstract
Open-pit mining, regardless of the nature of deposit and the exploitation type (continuous or discontinuous), produces long-term
negative effects on the environment. The immediately visible effects are related to the changes in the morphological configuration and
the landscape: the disappearance of the plant cover and topsoil on the entire surface of the mining perimeter, the development of deep
open-pits, the appearance of waste dumps, the construction of premises and technological roads, etc. The uncovering of a deposit is
carried out by removing the vegetation and excavating the soil, followed by the excavation of the sterile material from the deposit's
roof, and is a destructive action with consequences for the local habitat and fauna on long term and sometimes, unfortunately, the
effects can be hardly reversible or even irreversible. The environmental component that suffers the most as a result of mining is the soil
and with it the entire ecosystem in the area. Soil is a resource that is very difficult to regenerate. Natural soil formation takes a long
time, tens and hundreds of years. Therefore, it is important to find and apply solutions to maintain or improve its quality whenever
possible or to support the pedogenesis process by applying sustainable practices in order to accelerate it. Some of these practices can be
applied even during mining activities. The purpose of this research is to find and recommend the best solutions that can be applied in
different stages of the lifecycle of a mine and which, applied together, have a synergistic role and a remarkable effect on the pedogenesis
process and on its duration. That is why it is very important to design the mining activity from opening to closing, taking into account
the decommissioning of buildings, the rehabilitation and revegetation of degraded lands for the subsequent inclusion in the landscape

and the resumption of its functions.

Keywords: degraded lands, sustainable mining, sustainable practices, anthropogenic soil, pedogenesis, industrial ecology

1. Introduction

The high level of resource consumption and its continuous
growth is amplified by the demographic explosion produced
since the middle of the 21st century, registering a tripling of
the number of inhabitants of the planet (Wilmoth et al., 2022;
Haiwen, 2019). Today, more than 8 billion people live and this
number is expected to reach 9 billion by the year 2040. With
the demographic explosion and the intensification of indu-
strial processes, the negative impact on the environment has
been amplified. As long as only economic development is pur-
sued, without considering the impact on the environment and
society, unintended consequences may arise, many of which
are irreversible. The intense exploitation of non-renewable re-
sources accentuates the tendency of their exhaustion.

Topsoil (or vegetal soil) is an extremely valuable resource
having an essential role in supporting life. The quality and qu-
antity of the soil is affected by human actions carried out day
by day, and even more by mining operations.

Instead of natural topsoils, in the mining perimeters and
on the related aste dumps, very diverse lithological materials

are encountered from a physical, chemical and especially pe-
dological point of view, materials that constitute anthropoge-
nic protosoils. These types of soils lack the essential feature
specific to an evolved soil: fertility (Howard, 2017; Zanella et
al., 2018; Schaetzl and Anderson, 2005).

Anthropogenic protosoils called anthrisoils are formed on
the waste dumps related to the open-pit mining and fall into
the class (IX) of undeveloped soils according to (Florea and
Munteanu, 2012).

The fact that this resource is difficult to regenerate and
that these actions cannot be prevented or removed, requires
the finding of appropriate management and exploitation solu-
tions in harmony with the environment. The purpose of the
work is to look for sustainable solutions that can be applied
from the first stages of the life cycle of a mine and which can
ensure the maintenance of soil quality or support the accele-
ration of the pedogenesis process on waste dumps, but also
the quality of the environment in general.

According to the definition of sustainable development,
mining activity, which represents the engine of a society's
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Rys. 1. Model gospodarki liniowej a model gospodarki o obiegu zamknietym

development, is not a sustainable activity, which is why it is
necessary to extrapolate this concept. There is no definition
of sustainability that is universally adopted by the mining in-
dustry. There are many discussions on this topic, but there
are difficulties in applying sustainable development strategies
in the mining context, the reasons cited being the multitude
of interpretations of this concept of sustainable development.

Applying sustainable practices in the mining industry may
sound like an oxymoron. Although the two terms are seemingly
incompatible, as long as we do not put an end to the consumption
of resources, mining will never end. Sustainable development in
the mining sector means that such projects must be financial-
ly profitable, technically appropriate, environmentally reasona-
ble and socially responsible (Melan, 2021; Aznar-Sanchez et al.,
2019, Hebda 2023). Thus, the best way for the mining industry
to coexist with the environment for the purpose of a sustainable
development of society from all points of view, is to establish and
implement the best sustainable practices applied in conditions of
maximum safety and which focus on obtaining favorable results
from the point of view of the economy, the environment and the
community (Hilson and Murck, 2000; Lazar, 2010; Miranda et
al,, 2005; Bastida and Aguado, 2008). At the same time, mining
must be in harmony with community expectations, which reco-
gnize that the business has a shared responsibility with gover-
nment and wider society to help facilitate the development of
strong and sustainable communities (UNDP, 2018).

The need to redefine the concept of "sustainable deve-
lopment" so as to include the mining industry is even bigger
since it is clear to us that ceasing any mining activity is not a
feasible choice, given that humanity has and will continue to
need mineral raw materials.

Some solutions can be identified by exploring more ca-
refully the concept of industrial ecology, which is relatively

recent but still developing. It involves multidisciplinary rese-
arch combining aspects of engineering, economics, sociology,
toxicology, and natural sciences and aims to quantify and do-
cument the flow of matter and industrial processes in modern
society, focusing on the impact of industrial activities on the
environment, taking into account the use and exploitation of
natural resources, manufacturing and processing and, cru-
cially, issues involving the storage and/or disposal of waste
(Bruel et al., 2018; Cecchin et al., 2020; Walker et el., 2021).

Industrial ecology seeks to understand how industrial ac-
tivities interact with natural ecosystems. In this context, the
idea is promoted that natural systems never leave waste, thus
inspiring a sustainable model, where “nothing is lost, nothing
is created, everything is transformed” - Antoine Lavoisier.

Industrial ecology looks over the transition from a linear
industrial and consumption process (extraction, manufac-
ture, consumption, waste) to a circular one (extraction, ma-
nufacture, consumption, recycling or reuse — the concept of
circular economy; fig. 1) system in which waste can become
resources for new processes, thus minimizing the extraction
and consumption of resources. Therefore, the concept of in-
dustrial ecology is closely related to that of circular economy
(Pont et al., 2019; Sariatli, 2017; Brian, 2004)

Integrating into the process of sustainable industrial de-
velopment of the main objective of industrial ecology (esta-
blishing sustainable practices and responsible methodolo-
gies), can lead to an increased level of sustainability of the
mining activities.

2. Sustainable solutions and practices in mining industry
For increased efficiency, sustainable practices must be es-

tablished and applied for each stage of the mining activity.

Life cycle analysis identifies those particular aspects that have
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Fig. 2. Sustainable mining practices depending on the main stages of a mining project

Rys. 2. Praktyki zréwnowazonego gornictwa w glownych etapach projektu gorniczego
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Fig. 3. Rovinari Mining Basin situation plan (***, CEO, 2019-2023)
Rys. 3. Plan sytuacyjny Zaglebia Gorniczego Rovinari (***, CEO, 2019-2023

a significant impact on the environment. Thus, the emphasis
is placed on the essential aspects involving the reduction of
the impact of mining on the environment in the main stages
of the life cycle of a mine (Bastida, 2004).

Following the documentation and research carried out
(Nyari, 2016; Fodor and Lazar, 2006; Hilson and Murck, 2000;
Lazir, 2010; Miranda et al., 2005; Bastida and Aguado, 2008;
***,2006; ¥**,2011), several solutions and practices have been
identified that can ensure a sustainable development of the
mining sector depending to the main stages of a mining pro-
ject (fig. 2):

In order to intensify the development of mining while im-
proving the ecological, economic, and social sustainability of

the mining sector, emphasis must be placed on the application
of sustainable practices in all stages of a mining project, from
exploration to closure and post-closure, practices that involve
reducing the consumption of mineral resources, increasing
the degree of resource conservation, recycling and reusing
waste and minimizing the impact on the environment.

3. Mining and mining degraded lands in Rovinari Basin -
Romania

The Rovinari Mining Basin is located in Gorj county (Ro-
mania), in the Rovinari town area. The component mining pe-
rimeters (fig. 3) were located on both sides of the Jiu River, in
the river meadow area, but also in the hilly areas of the region.
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Fig. 1. Linear economy model versus circular economy model

Rys. 1. Model gospodarki liniowej a model gospodarki o obiegu zamknigtym

Mining perimeter Mining perimeter surface (ha) Waste dump surface (ha)*
North Pesteana 1176.2 = 500

Rosia de Jiu 1738.8 ~ 800

Pinoasa 1581.4 ~ 1000

Tismana I+II 1712.2 ~ 1000

Total 6208.6 =~ 3300

LEGEND
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Under development for rehabilitation
Free of technological loads
Open-pit advancement

North Pesteana mining perimeter

Cocoreni

Fig. 4. North Pesteana mining perimeter (***, CEO, 2019-2023)
Rys. 4. Wyrobisko North Pesteana (***, CEO, 2019-2023)

Fig. 5. Location of boreholes and sections and representation of two stratigraphic columns from the Pesteana Nord mining perimeter (Apostu, 2021)

Rys. 5. Lokalizacja otwordéw i przekrojow oraz przedstawienie dwdch kolumn stratygraficznych z obwodu gorniczego Pesteana Nord (Apostu, 2021)

Over time, 12 opne-pits have been put into operation in
the Rovinari Mining Basin. Currently, only 5 open-pits are
still operational, being united in 4 open-pit mining units
(UM.C.): UM.C. Tismana (Tismana I + II), UM.C. Pinoasa,
U.M.C. Rosia, and U.M.C. North Pesteana. The other open-
-pits, Cicani, Balta Unchiasului, Beterega, Urdari, Pesteana
Sud, Gérla, and Rovinari Est, ceased their activity as a result of
the exhaustion of reserves or the fact that exploitation was no
longer technically and economically efficient. Among the clo-
sed open-pits, some are used as storage for slag and ash from
the Rovinari thermal power plant, others have been returned
to the forestry or productive circuit or have reintegrated into
the landscape naturally.

Table 1 shows the total surfaces of the active mining peri-
meters in the Rovinari Mining Basin.

The area of the mining perimeter represents the total area
of degraded mining lands (open-pits, dumps, access/techno-
logical roads, and other areas occupied by buildings and pre-
mises). Of the total area of the 4 active quarry mining units
(6208.6 ha), approx. 50% are areas occupied by internal and
external waste dumps (***, CEO, 2019-2023).

Considering the size of the Rovinari Mining Basin, but
also the lithological constitution of the region, the physical,
chemical, and pedological characteristics of the sterile rocks,
the mining/dumping methods similar throughout the basin,
it was chosen to conduct a case study on the North Pesteana
mining perimeter regarding the sustainable practices that can

be implemented in order to support and accelerate the pe-
dogenesis process on the waste dumps, considering that the
results obtained can be easily extrapolated at least at the level
of this basin.

3.1 Case study: North Pesteana mining perimeter

The opening of the North Pesteana open-pit began in
1980s and it is estimated that the exploitation of lignite in this
perimeter will cease in 2024 as a result of the exhaustion of
the reserve in the license perimeter (***, CEO, 2019-2023;
* ICSITPML, 2012; ***, ME, 2016).

From an administrative point of view, the perimeter of the
North Pesteana open-pit falls within Gorj county, being loca-
ted within the territory of the Urdari and Bélteni communes.

From a morphological point of view, the exploitation peri-
meter of the North Pesteana open-pit is located entirely in the
Jiu river meadow area. The minimum altitudes are found in the
eastern part of the perimeter, on the old bed of the Jiu river,
where the elevation of the land has values between 132 - 136
m. On the western frame, the altitudes have values of 148-150
m. The maximum altitude is 333 m in Bran hill. (Smeu, 2012)

Currently, the excavation activity in the North Pesteana
open-pit (fig. 4) is carried out in four excavation steps.

Figure 5 shows the geological profile in longitudinal sec-
tion of the North Pesteana open-pit and the representative
lithology in which sandy, clayey, marly rocks, gravels and
boulders predominate, layers between which the exploitable
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Fig. 6. Sampling points - in-situ slopes

Rys. 6. Punkty poboru probek — uskoki in-situ

PHY

Fig. 7. Sampling points — waste dump

Rys. 7. Punkty poboru prébek - sktadowisko odpadéw

lignite layers are intersposed.

The exploitable layers in the North Pesteana area are lay-
ers V-VIIL. Excavation is done in parallel blocks, with a width
of 40+45 m. Excavation is carried out with 4 excavators with
bucket-wheel excavators. The extracted material is dumped
on the front lanes (conveyor belts). Their direction of opera-
tion is from west to east, with the distribution equipment lo-
cated at their end, positioned to discharge either on one of the
conveyors in the sterile transport circuits, or on the conveyor
in the lignite transport circuit, depending on the excavated
rock, respectively sterile or useful.

The sterile rocks from the North Pesteana open-pit are de-
posited in the internal waste dump with 2 dumping machine.
The lignite is stored in the Cocoreni coal deposit located on
the right bank of the Jiu River, from where it is delivered to
consumers.

3.2 Physical, machanical and podologycal characteristics of
sterile rocks

The quality of the topsoil in the mining perimeters is ne-
gatively modified by the direct and related activities of lignite
exploitation.

In the North Pesteana perimeter, as in the entire basin,
the soil is selectively extracted, but it is not enough for reve-
getation, so it is necessary to analyze the rocks in the interca-
lations from the point of view of their capacity to represent,
under certain conditions, soil substitutes.

To determine the values of the physical characteristics of
the rocks from the slopes of the North Pesteana perimeter, 14

samples were taken, 4 samples from the in-situ slopes (PC1 +
PC4) and 10 samples from the internal dump (PHI + PH10)
(fig. 6-7; Apostu, 2021).

The physical characteristics of the rocks, resulting from
the tests, are shown in table 2 (Apostu, 2021). The rock sam-
ples taken were described based on the results as follows: PC1
- Sand (predominantly medium); PC2 - Sand (mainly fine);
PC3 - Clayey dusty sand; PC4 - Sandy clay; PH1 - Sandy
clay; PH2 - Dusty sand; PH3 - Sand with gravel elements;
PH4 - Clay dust; PH5 - Dust; PH6 - Sand (mainly fine) with
rare elements of gravel; PH7 - Sand with elements of clay and
gravel; PH8 - Sand with elements of clay and gravel; PH9 -
Carboniferous rock in dusty clay mass; PH10 - Sand (mainly
coarse) with elements of gravel.

According to some research carried out within North
Pesteana mining perimeter (Nanu, 2015), the results of the
chemical and pedological analyzes carried out on sterile ma-
terial from the in-situ slopes (P1), the internal dump (P2),
and the external dump (P3) show that, according to (Du-
mitru et al., 2011), they fall into normal load classes (tab. 3)
in terms of the content of heavy metals, fluorine, cyanides,
phenols, sulfates and hydrocarbons. From a pedological po-
int of view, the waste material is moist to dry (but this cha-
racteristic also depends on the weather-climatic conditions),
almost totally devoid of humus, generally has a low content
in macronutrients (according to DOA, 1997 and Malek et al,,
2006 results in a very low N content, low to very low P and
moderately to high K) and a moderately acidic pH reaction.
The results indicate a reduced cation exchange capacity, the
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Tab. 2. Physical characteristics of the waste rocks (Apostu, 2021)
Tab. 2. Charakterystyka fizyczna skaly ptonnej (Apostu, 2021)

Particle size composition, [%] INDICES OF THE NATURAL STATE
Laboratory tests Calculated Labtoratory Calculated
ests
e ) £} %]
@ = § S, H = —_ I o = £ 3
o | 8 £ E : g | | 2 s = 2| 2| 5| &y
Sample o T = - = > 5 S = =
oo | 8| & | %] B g 8 * z = 5| % €| | = 8| E|E
3 s a & 5 = E e S - 2 53 3 = = £ | 28
& 22 ) € 2 - £& 2 £ £ z g | g
=] D S N g c c £ = £ S 30
= 2 £ ] o S ) o B k] o®
£ o ® S 8 3 ® H 2 a @ G5
E £ 5 & 5 5 z 5 z 5| &8
S 9 F 2 ] [ S| o
Q 4 n 4]
1]
PH1 24 28 42 6 19.52 26.30 21.68 39.00 0.64 24.33 0.89 36 16.74 | 19.26 | 0.74 | 0.61
PH2 - 38.5 | 61.5 20.56 26.67 23.27 38.38 0.62 23.27 1.00 - - - - -
PH3 - - 91 9 20.69 26.67 22.87 37.99 0.61 22.87 1.00 - - - - -
PH4 20 43 27 10 20.21 26.26 22.47 37.17 0.59 22.47 1.00 37 16.23 20.77 0.70 0.70
PH5 g— 10 55 33.5 1.5 17.77 25.97 20.58 43.24 0.76 29.26 0.89 44 22.73 21.27 1.1 0.67
=1
T
PH6 5 - - 99.5 0.5 15.99 26.64 5.65 43.19 0.76 28.53 0.2 - - - - -
@
PH7 £ - - 73 27 17.59 26.72 15.19 42.85 0.75 28.07 0.54 - - - - -
PH8 - - 78 22 18.82 26.48 18.59 40.07 0.67 25.30 0.73 37.8 22.64 15.16 1.27 0.82
PH9 41 52 7 17.40 26.22 27.97 48.14 0.93 35.47 0.79 53.8 24.71 28.09 0.89 0.63
PH10 - - 89.5 10.5 17.71 26.46 7.24 37.59 0.6 22.68 0.32 - - - - -
Average 23.75 43.3 60.2 10.8125 18.626 26.439 18.551 40.762 0.693 26.225 0.736 - - - - -
PC1 L - - 100 16.10 26.61 7.49 43.71 0.78 29.31 0.255 - - - - -
PC2 g § - - 100 15.72 26.64 3.65 43.07 0.76 28.53 0.13 - - - - -
=S 9
=
©
PC3 82 75 27.5 65 19.70 27.11 23.53 41.17 0.7 25.82 0.91 - - - - -
5
]
PC4 £ 33 17 50 20.03 26.32 8.44 29.82 0.42 15.96 0.53 47.2 | 34.95 | 12.25 | 3.16 | 2.55

analyzed samples being prone to acidification (which explains
their moderately acidic reaction and low nutrient content).

Tab. 3. Analysis bulletin - sterile material from the North
Pesteana perimeter (Nanu, 2015). P1 - in-situ slopes, P2 - in-
terior dump, P3 - external dump

From the process of lignite exploitation through open-pit
mining works, there are no emissions of heavy metals that pol-
lute the soil or water (surface or groundwater). The waste resul-
ting from the production process of the lignite extraction units
through open-pit mining works — waste dumps - fall into the
category of inert-non-hazardous waste deposits. The waste will
not undergo any significant disintegration or dissolution or any
other significant change that may cause an adverse effect on the
environment or harm human health (***, ICSITPML, 2012).

4. Implementation of sustainable practices for ecological
rehabilitation of degraded lands on North Pesteana inte-
rior dump
4.1 Mining opening stage

In the opening stage of a mining project, numerous chan-
ges take place at the level of the local ecosystem, and some of
the steps that minimize the impact on the environment and
recover a valuable resource are represented by the extraction
of topsoil and the regeneration of forests by recovering and
planting saplings of trees and shrubs from the lands in the
advance areas of the open-pit.

4.1.1 Recovery and conservation of topsoil
Soil management is an important step in the mining ac-
tivity. Being essential for the development of plants, but diffi-

cult to regenerate, it is required to extract it from the lands to
be discovered in order to exploit mineral resources, transport
and store it in specially spaces, under optimal conditions, or
extract it and deposit it immediately on degreaded lands un-
dergoing rehabilitation.

The extraction of topsoil can be done before the disco-
very of the deposit or simultaneously with the discovery.
The most important aspect to check is the thickness of the
topsoil layer, according to which the extraction technolo-
gy is established. Determining the thickness of the topsoil,
in order to establish the procedure for removing it, is done
manually (pits or trenches). The method of excavating the
soil depends on its thickness and is carried out either with
bulldozers and scrapers when the soil thickness does not ex-
ceed 1 m, or with mechanical shovel excavators or bucket-
-wheel excavators, when the soil thickness is greater than 1
m. Transport of the topsoil is done by road or rail means or
by means of conveyor belts.

Based on the geotechnical boreholes (F1-F6; ***, ICSITP-
ML, 2012) and the sections (S1, S2, S3; Apostu, 2021) drawn
in the areas of interest, the stratigraphic columns were made
(see fig. 5). The thickness of the topsoil varies between 0.4 and
0.8 m, and the determinations of the physical, chemical and
pedological characteristics indicate a good quality and the
opportunity to recover the topsoil from on the site studied.
Based on this information, it is recommended to take into
account the importance of recovering this extremely useful
resource by applying the method of extracting the topsoil si-
multaneously with the discovery with the help of the bulldo-
zer in independent flow (fig. 8).
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Tab. 3. Analysis bulletin - sterile material from the North Pesteana perimeter (Nanu, 2015). P1 - in-situ slopes, P2 - interior dump, P3 - external dump
Tab. 3. Wyniki analiz — materiat z North Pesteana (Nanu, 2015)

Chemical analysis Pedologycal analysis
Parameter Limit Determined value Determined value
UM Alert Inter\;enﬂo P1 P2 P3 Parameter UM 1 P2 P3 Observations
Total . moderately
cadmium ma/kg 5 10 0.65 | 3.0 1.8 | pH unit. pH 5.4 5.6 5.5 acidic
Total lead ma/kg 250 1000 1.20 | 3.4 | 3.2 | Combustible % 7.1 7.6 5.6 | tracesof
parts lignite

Fluorine mg/kg 500 1000 0 0 0 Moisture % 35 51 48 wet to dry

. very low to
Free cyanides mg/kg 10 20 0 0 0 Humus % 0 0 2.3 total absence

Bases of me/

Phenols mg/kg 10 40 3 2 0 exchange 100 g 2.62 5.85 2.87 reduced
Tone mg/kg | 5000 50000 - 0 - E;‘tclgﬁgge 1”33 {3 2.15 | 7.21 | 3.65 | reduced
Polycyclic Total me /
aromatic mg/kg 25 150 2 0 0 exchange 100 4.77 13.06 6.52 reduced
hydrocarbons capacity 9
Esfjrg)'f:r”gons mg/kg | 1000 2000 75 0 0 Ess'm"ab'e % 0.05 | 0.15 | 0.10 | very low
Copper ma/kg 250 500 1.10 | 82 | 65 gss'm"ab'e mg % 0.8 1.9 1.2 :ga to very
Nickel ma/kg 200 500 035 | 25 | 2.1 iss'm"ab'e mg % 4.5 6.3 7.2 mggerate to
Zinc mg/kg 700 1500 8.3 8.6 9.3 - - - - - -
Manganese mg/kg 2000 4000 6.5 10.5 14.6 - - - - - -
Chromium mg/kg 300 600 0.35 1.40 1.35 - - - - - -

Gramada de sol
vegetal

Fig. 8. Extraction of topsoil using the bulldozer in independent flow (Lazér, 2010): 1 - mechanical shovel excavator; 2 — bulldozer; 3 — bucket loader;
4 - dumping machine

Rys. 8. Zdejmowanie wierzchniej warstwy gleby za pomoca spychacza (Lazér, 2010)

According to (***, CEO, 2019-2023), as a result of the
non-uniformity of the land and the reduced thickness of the
topsoil layer, a volume of approximately 500,000 m* of topsoil
was recovered from an area of 137.34 ha.

4.1.1 Regeneration of forests through the recovery of saplings of
trees and shrubs

The intensification of the forest regeneration process is
possible by starting some projects that involve the afforesta-
tion of land areas at least equal to the deforested area for mi-
ning. The recovery of saplings of trees and shrubs and their
replanting to expand the area of the forest fund by afforesta-
tion of lands without forest vegetation, which have no other
assigned uses, is a sustainable and cheap solution.

Through forest regeneration activity, the aim is to ensu-
re the integrity and permanence of forests, so as to reduce
the current trend of uncontrolled deforestation, depletion of
woody mass and/or loss of forests, giving them continuity in
terms of production and protection functions.

Such programs existed in the entire Oltenia coal basin (of
which Rovinari is also a part). Until 1989s-1990s, the mining
operator proceeded to afforest equivalent (even larger) areas,
through so-called compensatory afforestation actions, thro-
ughout the country (especially in the Moldova area).

4.2 Exploitation stage

4.2.1 Rehabilitation of degraded land simultaneously with the
continuation of exploitation

The lignite exploitation activity must ensure the return
of the productivity of the affected land as quickly as possible
(Ghose, 1989; Ghose, 2005).

The rehabilitation process must start, as far as possible,
immediately after the release of the areas of technological bur-
dens, and the opening of the deposit is done progressively, on
relatively small areas, enough to ensure the necessary space
and allow exploitation to advance to a new front (fig. 9).

In the North Pesteana open-pit, rehabilitation works were
carried out on the degraded lands as a result of the construc-
tion of the dumps, but in a small percentage. Out of a total
area proposed for greening of 637.17 ha (internal dump +
external dump), only 90 ha were greened (plantation esta-
blishment on the external dump located in the northern part
of the perimeter), representing 14.1%. Currently, an area of
65 ha is unde development for rehabilitaion, and another of
73.5 ha is an area free of technological loads, which will also
be greened (see fig. 1; ***, CEO, 2019-2023).

The main advantage is that of saving time in favor of the
environment, the closure being done immediately after the
end of the exploitation of a work front and its release, thus
reducing the size of the degreaded land surface, the degree of
pollution of environmental factors, and implicitly, the impact
on the environment.
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Rehabilitation ’

Exploitation direction ’

Fig. 9. Scheme for the rehabilitation of degraded land simultaneously with the continuation of exploitation (Feng et al., 2019)

Rys. 9. Schemat rekultywacji terendw zdegradowanych przy jednoczesnej kontynuacji eksploatacji (Feng et al., 2019)
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Fig. 10. Scheme of selective exploitation and directed deposition of waste rocks depending to its quality

Rys. 10. Schemat selektywnej eksploatacji i ukierunkowanego sktadowania skaly plonnej w zaleznosci od jej jako$ci

The rehabilitation of the land also involves leveling, com-
paction, modeling, revegetation, but also works to restore the
hydrostatic level so that the effects of the dewatering are not
felt on the reclaimed land surfaces nor in the areas adjacent to
the mining perimeter.

4.2.2 Reuse of sterile rocks

In the idea of sustainable development, it is essential to
increase the degree of recovery and reuse of waste. Reco-
very means the extraction of resources from waste that can
be reused. Recovery can be done through recycling, reuse,
regeneration or any other process of extracting auxiliary
raw materials, through which either the material part or the
energetic part can be recovered. When it no longer presents
any possibility of valorization, it is necessary to dispose of
the waste. This process must be done by methods that are
not harmful to the environment and do not endanger human
health.

4.2.3 Directions for accelerating the restoration of the fertile po-
tential of the lands on the waste dumps

An increasingly studied variant is the use of waste in the
pedogenesis process, inert clay and clay-sandy rocks consti-
tuting a good base of inorganic matter for the reconstitution
of topsoil when it is mixed with biodegradable organic matter
and enriched with nutrients necessary for plant growth and
life support. Starting from this idea, it is recommended to
establish technologies for the selective exploitation of sterile
rock layers according to their characteristics, so that the rocks
with better physical, chemical and pedological characteristics
are deposited at the upper part of the slopes and berms of the

final steps of the dump, and those with weaker characteristics
are deposited in lower parts.

Analyzing the specialized literature (Scortariu et al,
2011), it was identified the possibility of combining clays
(identified as richer in phosphorus than Romanian soils) with
sands, coal dust and coal fragments, all from the same explo-
itation perimeter, in certain proportions, in order to obtain
anthropogenic soils with really good properties.

In Ist and IInd steps of the North Pesteana open-pit, clay-
ey and marly rocks predominate, while in IIIrd and IVth steps
sandy and clayey rocks predominate.

From a qualitative point of view, coal fragments and coal
dust contain free humic acids, which can also be contained
in clay rocks, especially in those from the layers immediately
adjacent to the lignite layers. In general, clays with a carbon
content and implicitly humic acids have a series of valuable
properties: the formation of structural soil aggregates, con-
tributing to their loosening which allows its aeration and
moistening; hygroscopic retention of water due to humic
acids; decomposition of humic substances (Scortariu et al.,
2011).

Depending on the clay particle size, mixtures can be
made, or not, including with sandy rocks.

Quantitatively, the clays can be excavated directly from
the working slopes and deposited directly on the dumps, are-
as free of technological load (Scortariu et al., 2011), leveled
and properly compacted, being used as anthropogenic soils
on which plant species tolerant to poorer conditions or with
minimal nutrient requirements will develop, subsequently en-
riching the anthropogenic soil with organic material, which
will increase its biological diversity. In addition, it is recom-
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mended to use compost, manure and organic fertilizers to ac-
celerate the pedogenesis process.

In the North Pesteana open-pit, lignite mining is carried
out in continuous flow, using bucket wheel excavators in
combination with belt conveyors and dumping machine. The
large thickness of the clay layers (generally over 6 m), allows
selective exploitation and its direction on lands free of tech-
nological loads, leveled and compacted. After depositing the
material in deposition cones, it is pushed with the bulldozer
and leveled in a layer of 20-30 cm, which is sufficient for the
first stage of the pedogenesis process (fig. 10).

Thus, the selective exploitation and directed deposition
of the waste rock depending its quality can support the acce-
leration of the pedogenesis process that begins immediately
after the final storage of the waste into the dump, but which
naturally requires long periods of time of the order of tens and
hundreds of years (Sheoran et. al, 2010).

On anthropogenic soils in the early stages of their forma-
tion as fertile soil, in order to support the growth and develop-
ment of vegetation, it is necessary to apply some amendments
(chemical fertilizers, compost, sludge from water treatment
plants, manure, wood waste, etc.). Subsequently, the establish-
ment of so-called green cultures is recommended. There are
a number of plants recommended as green manures, such as
clover, grass, alfalfa, peas, etc. Due to their specificity, these
types of crops capture atmospheric nitrogen and retain it in
their body, later transferring it, through decomposition, to
the soil (Davidescu and Davidescu, 1999). Among their main
characteristics are: high installation speed; high degree of
germination; fixing nitrogen in the soil (through symbiosis
with nitrogen-fixing microorganisms); the production of a
plant mass as rich as possible (high productivity); high thread
density; low sensitivity; resistance to drought, to low or high
temperatures, etc.; increased regeneration capacity after cut-
ting/mowing (case of clover, alfalfa and grass); the vegetation
period (of the order of months) that allows the analysis and
observations necessary for the proposed research; the sowing
and germination period; efficiency on soils poor in organic
matter; improving and/or improving the physico-chemical
properties of the soil.

5. Final conclusions and recommendations

Lignite represented for a long period of time one of the
major sources for the production of energy, so in Romania,
as in the whole world, this resource was exploited on a large
scale, especially through open mining. The mining of ligni-
te meant and still means the occupation and degradation of
large areas of land, which are removed from the natural and/
or economic circuit. Closing a quarry involves freeing the
working fronts from technological tasks, decommissioning
the premises, if they cannot be used for another purpose or
if they present insecurity from the point of view of the struc-
ture's stability, the rehabilitation of the affected lands, their
improvement and revegetation.

In order to facilitate the development and rehabilitation of
degraded lands, it is very important that the mining project is
planned from the beginning, taking into account the protec-
tion of the environment at each stage of its life cycle.

The impact produced by lignite exploitation activities on
the soil refers to disturbing the physical-chemical and pedolo-

gical balance of the geological environment, with significant,
unavoidable and irreversible effects, the destruction of the soil
on the land surfaces from which it cannot be recovered for
various reasons, the degradation of the soils and the decrease
of their fertility class on large areas, by changing the initial
destination of the agricultural or forestry lands and the orga-
nization of exploitation-related activities. This impact can be
limited in time and space, but it generates changes and imba-
lances of all environmental components for a period of seve-
ral decades, which corresponds to the life cycle of a mining
operation (exploration, exploitation, closure and post-closu-
re). What remains behind is a degraded land, morphologically
modified, with a lunar aspect and completely devoid of pro-
ductive function.

The soil is the environmental component that suffers a
lot, being affected both qualitatively and quantitatively. Kno-
wing the importance of topsoil as a resource in developing
ecosystems and sustaining productivity and life on earth, it is
easy to understand why efforts are being made to find solu-
tions for its conservation and correct management or to sup-
port the pedogenesis process in the case of lands degraded by
various anthropogenic activities.

In order to minimize the impact of mining on the land
and, implicitly, on the soil, several solutions and sustainable
mining practices were proposed in the paper (considering in
particular techniques of selective excavation and directing the
sterile material with fertile potential in the upper part of the
dumps), which can be applied from the start of the mining
works and actual exploitation, practices that support the acce-
leration of the pedogenesis process and ensure the integration
of the degraded land into the landscape and taking over the
ecological function it's as early as possible. Due to the similar
characteristics of the rocks within the Rovinari mining basin
(physical, chemical, pedological characteristics), the research
results can be extrapolated, the proposed sustainable practices
being valid for the entire basin (with possible adjustments, if
necessary) or for other similar mining perimeters.

In the context of sustainable development, the closure of a
mining activity does not mean the socio-economic collapse of
the affected area, but an opportunity for the development of
other businesses. The new activities must have the capacity to
ensure: the protection of the environment, the protection of
the community and the socio-economic development of the
area. Such an activity must fulfill at least two functions: the
ecological function and the productive function, aiming to
achieve results beyond expectations.

After the recovery of degraded lands, they can be subject
to a program to promote the area, depending on the natural,
cultural, traditional, touristic objectives that characterize them,
so as to attract investors willing to contribute to the socio-eco-
nomic and ecological reconstruction of the affected localities,
in order to develop their own businesses and transform these
areas into development poles, by providing jobs that bring be-
nefits to the local communities, taking into account, at the same
time, the importance of protecting the environment.

Source of financing: The research on the basis of which
this article was written was funded by the University of Pe-
trosani (Romania) through the University Scientific Research
Contract no. 4283/31.05.2023.
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Przeglgd zréwnowazonych praktyk gérniczych w zakresie ekologicznej rekultywacji obszarow
zdegradowanych terenéw gorniczych w Zagtebiu Gorniczym Rovinari (Rumunia). Studium

przypadku: wewnetrzne sktadowisko w Pétnocnej Pesteanie

Gornictwo odkrywkowe, niezaleznie od charakteru ztoza i rodzaju eksploatacji (ciggta lub nieciggla), powoduje dlugotrwate negatywne
skutki dla srodowiska. Natychmiast widoczne efekty sq zwigzane ze zmianami morfologii i krajobrazu: zanik szaty roslinnej i wierzchniej
warstwy gleby na calej powierzchni wyrobiska, rozwéj glebokich odkrywek, pojawienie si¢ sktadowisk odpadéw, budowa obiektow, drig
technologicznych itp. Prowadzone jest odstanianie ztoza poprzez usuniecie roslinnosci i usunigcie gleby, a nastepnie wydobycie materiatu
ze stropu zloza, jest to dzialanie destrukcyjne majgce negatywne konsekwencje dla srodowiska w tym lokalnych siedlisk fauny. W dluz-
szej perspektywie, skutki mogg by¢ trudno odwracalne lub nieodwracalne. Elementem Srodowiska, ktéry ucierpi najbardziej gornictwa
jest gleba, a wraz z nig caly ekosystem na tym obszarze. Gleba jest zasobem, ktéry jest bardzo trudny do regeneracji. Naturalne tworzenie
sie gleby zajmuje duzo czasu, dziesigtki i setki lat. Dlatego wazne jest znalezienie i zastosowanie rozwigzan pozwalajgcych na utrzymanie
lub poprawe jego jakosci gleby, wspieranie procesu pedogenezy poprzez stosowanie zréwnowazonych praktyk. Niektore z tych praktyk
mozna stosowac juz podczas dziatalnosci wydobywczej. Celem przedstawionych badat jest znalezienie i zarekomendowanie najlepszych
rozwigzan mozliwych do zastosowania réznych etapach cyklu zycia kopalni, ktére stosowane lgcznie petnig role synergistyczng oraz
niezwykly wplyw na proces pedogenezy i czas jego trwania. Dlatego bardzo wazne jest zaprojektowanie dziatalnosci wydobywczej od
otwarcia do zamkniecia, biorgc pod uwage likwidacje budynkéw, rekultywacje i ponowne zazielenienie terenow zdegradowanych.

Stowa kluczowe: tereny zdegradowane, zréwnowazone gornictwo, zrownowazone praktyki, gleba antropogeniczna, pedogeneza, ekologia
przemystowa
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Abstract
Currently, Global Navigation Satellite System (GNSS) techniques are widely used for monitoring displacement. This study provides
an overview of current developments in the application of GNSS technology for determining displacement based on the findings of
52 research publications over the past fifteen years, from 2009 to August 2024. The obtained results indicated that RTK-GNSS and
PPP-GNSS are effective methods to monitor deformation, subsidence, and landslides in open-pit, underground, abandoned mines,
and waste dumps. Besides, some limitations and benefits of this technology have been mentioned in this paper. Finally, the prospects
of developing of GNSS technique combined with Al technology in displacement monitoring of mining areas were also presented. This
paper offers a technical reference for expanding the understanding and knowledge of GNSS applications in detecting displacement in

mining areas.

Keywords: displacement, deformation, subsidence, landslide, mine area, GNSS

1. Introduction

Surface deformations, also known as displacements, are
a significant problem in mining due to their negative impact
on the environment and construction sites. Since surface dis-
placements are unavoidable, it's critical to keep an eye on the
mining regions and their surroundings, which are equally
vulnerable to the negative impacts of mining operations [1].
To date, there are many methods to detect deformations in
mining areas including leveling, satellite radar interferome-
try, Global Navigation Satellite System (GNSS), aerial pho-
togrammetry, and airborne LiDAR. Hybrid approaches are
also employed, which combine two techniques, such as GNSS
and InSAR or GNSS, and leveling, which are complimentary
measurements done with a single methodology [1]. The data
from conventional measuring methods are discontinuous and
only exist in theory at the precise moment of observation, and
thus involve a significant field workload. In order to achieve
automatic and real-time monitoring, some scientists installed
continuously operating GNSS equipment, transmitted the in-
formation gathered via a wireless network to a data processing
station [2]. According to [3], the GNSS is currently among the
most advanced technological tools available. With the emer-
gence of modern satellite positioning systems, GNSS technol-
ogy such as COMPASS, GPS, GLONASS, GALLIEO has been
extensively utilized in spatial information science, military,
transportation, and resource exploration [4]. Moreover, in-
tegrating InSAR and GNSS data for various applications has
been the subject of intriguing papers published by numerous
authors such as subsidence analysis [5], landslide back-anal-
ysis [6], ground deformation analysis [7], geology [8], etc.
Indeed, [9] reviewed on application of GNSS technology for
various purposes including atmospheric contribution evalu-

ation and ground deformation identification. [10] provided
a summary on the use of the GNSS method in geology and
mining on the territory of Bulgaria. [1] conducted an over-
view of remote sensing and geodetic techniques (including
GNSS) for identifying surface displacements induced by min-
ing. Observations made with this technology have some ben-
efits over those obtained with traditional ground approaches
because of the high spatial and temporal resolution.

To date, there have been several reviews related to the
determination of surface deformation due to mining. [11]
provides a comparative discussion of various approaches
used to evaluate mining-related subsidence. The obtained re-
sults revealed that in the last two decades, the main methods
used for the detection and measurement of land subsidence
occurrences including GIS and remote sensing, Light Detec-
tion and Ranging (LiDAR), and Differential Interferometric
Synthetic Aperture Radar (DiNSAR). Similarly, based on a
thorough analysis of a significant amount of scientific liter-
ature, [1] discussed surface displacement measurement tech-
niques used in underground mining sites in relation to geo-
detic and remote sensing approaches. While [12] analyzed a
large number of published research on mapping and assessing
mining-induced subsidence using geographic information
systems, [13] presented an overview of techniques for mon-
itor, calculating, and simulating ground subsidence caused
by coal mining. Also involved in the review of displacement
determination methods, [14] supports the view that an ef-
fective and sufficiently precise method for tracking ground
displacements brought on by mining-induced earthquakes is
InSAR. Besides, from the perspective of subsidence manage-
ment, recommendations, and methodologies are proposed to
enhance the current mine stability evaluation methodologies
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[15]. In addition, some reviews of the impact of mining-in-
duced subsidence on the environment are also mentioned.
Evaluation of the effects of aquifer system drainage and the
spatial extent of ground displacement caused by mining was
presented in [16]. In addition, an overview of the relative sea
level increase induced by mining-caused displacement in the
coastal areas [17]. Thus, although there are many assessments
related to aspects of subsidence caused by mining, there is
no study that has conducted an analysis of the application of
GNSS technology in studying deformation in mining areas.
So, in order to fill this gap, this study performs a comprehen-
sive review of the use of the GNSS method in determining
surface displacement due to mining. This movement can be
horizontal or vertical or landslides in underground, open-pit,
closed mines, or waste dump areas.

2. Material and methodology

A systemic review starts with identifying relevant main
works and particular concepts, which are then operational-
ized into search terms and syntax. In this research, they are
set up in the following search syntax for this study retriev-
al: (“Global Navigation Satellite System” OR “GNSS”; AND
(“Deformation” OR “Subsidence” OR “Displacement” OR
“Landslice”; AND (“Mine” OR “Mining” OR “Open pit mine”
OR “Surface mine” OR “Underground mine” OR “Closed
mine” OR “Abandoned mine” OR “Waste dump”). This search
syntax is used to search systematically in databases of Google
Scholar, ScienceDirect, Scopus, and Web of Science. English
is the primary language used for searches. A comprehensive
collection of scientific literature on many aspects of displace-
ment investigation by GNSS techniques was found out. Book
chapters, conference proceedings, and original papers pub-
lished by international journals following peer review were
collected. In January 2024, the data collection was conducted.

The obtained collection, which includes an initial list of
862 contributions, can be regarded as representative of the
scholarly literature for the 15-year period 2009-2024 on the
use of GNSS technology for displacement detection. The in-
itial conclusion that can be made is that there is a significant
amount of literature on the usage of the GNSS method for
subsidence analysis, but no study in the world has performed
a comprehensive assessment. The abstracts and titles of the
research were checked to evaluate whether they agree with
the content of this review. Certain study kinds are excluded,
including reports and industry trade papers. After a process
of screening to remove duplicate entries, documents are sent
forward for suitability assessment. Finally, our systematic re-
view of the literature is based on 66 papers in total.

3. Application of GNSS technology in monitoring of mine
surface displacement

Mining operations have the potential to deform the sur-
face and harm the ecosystem [18]. Surface deformation from
underground mining has a negative impact on locals' quali-
ty of life and personal safety. It also creates obstacles to the
safe and effective extraction of subsurface resources [19].
According to [20] there are several ways to measure ground
deformations, including leveling, laser scanning, synthetic
aperture radar, satellite navigation systems, and many more.
These days, with the advancement of GNSS technology, min-

ing deformation monitoring technology has become more in-
novative. The usage of GNSS systems in resource exploration
has increased significantly since the emergence of modern
satellite positioning systems [21]. Similarly, as the conclusion
of the study [22] indicates, at surface lignite mines, several
techniques have been developed for detecting ground defor-
mation such as total stations, GNSS, laser scanners, photo-
grammetry, ground-based radar, drone, etc. For the GNSS
approach, they concluded that the precision of this method
is adequate for observing ground deformation, even with
RTK. Therefore, up to now, many publications have men-
tioned monitoring surface deformation due to mining using
GNSS technology. According to [23], for two decades, the use
of global navigation satellite system (GNSS) measurements
to monitor deformations induced by underground mining
activity has been a global standard. These monitoring tech-
niques combine epoch measurements with one of the follow-
ing methods: the rapid-static method with double difference
(DD) phase observations, the static precise point positioning
(PPP) method, the real-time kinematic (RTK) method and
PPP, and a postprocessing (P-P) method.

3.1 RTK monitoring technique
3.1.1 Application of GNSS technology in monitoring of defor-
mation in mining areas

As seen in Eq. (1), RTK uses the Double Difference (DD)
model to remove the majority of observational errors, leaving
just the coordinate and ambiguity parameters to be estimated
in a brief baseline [24].

o dhrels y
Lipie = Prp + A * Nipye + €5
where P and L are the code and phase observations (m), re-
spectively; i and j stand for the non-reference and reference
satellites, respectively, and r and b for the rover and reference
stations, respectively; N is the integer ambiguity in cycles; p is
the geometric distance (in meters) between the satellite and
the receiver; k is the signal frequency; k is the wavelength of
the k-th signal frequency; e and .. are the sum of the measure-
ment error, multipath error, and residual model error for the
code and phase observations, respectively [24].

RTK method has been widely utilized in monitoring defor-
mation in mining areas. The GPS RTK method has been ap-
plied in subsidence monitoring since the early years of the last
decade. In order to meet surface deformation monitoring's
precise requirements, [25] proposed a new GPS RTK surveying
technique that uses rod measurement. This technique can less-
en the influence of multipath error in the U direction, effective-
ly prevent the impacts of vertical deviation and shaking error of
the surveying rod, and further increase positioning precision.
Similarly, the GPS RTK approach was adopted to enhance the
precision and dependability of mine surface subsidence mon-
itoring. Subsequently, the mechanism responsible for the pri-
mary systematic mistakes was examined, drawing on several
theories and techniques. The accuracy of estimations can be
increased by using this method, which can completely remove
the inevitable shaking mistake, vertical deflection, and, to some
extent, lessen the multipath effect [26].

In this research [20], based on GNSS technology, the
findings of two years of ground deformation monitoring in
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coal mining regions in Upper Silesia, Poland are presented.
Real-time (RT) and near real-time (NRT) GNSS techniques
were used to verify the long-term subsidence events, and
they were cross-referenced with a daily postprocessing solu-
tion. Besides, [27] provided the processing procedure and
findings from their analysis of the earth surface displace-
ment data observations during coal mining at the Kostenko
mine of the Coal Department of ArcelorMittal Temirtau JSC,
Karaganda Coal Basin using the GNSS methods. The ob-
tained results show that the proposed method of observing
the displacement of the earth’s surface is more economically
advantageous and requires significantly less time compared
to measurements made using traditional expensive geodetic
methods. According to [4], in order to establish real-time and
quasi-real-time deformation monitoring methods, the GNSS
Continuously Operating Reference Station (CORS) offers
services for navigation on the basis of pseudorange meas-
urements and provides carrier phase information. Therefore,
in light of mining technology for CORS, They suggested a
large-area 3D deformation monitoring system for mining ar-
eas. The results showed that the proposed GNSS-RTK can im-
prove the temporal and spatial resolution of the monitoring of
mine deformation. In another study, it has proven possible to
evaluate displacements both vertically and horizontally with
great precision using geodetic networks. The latter is made up
of inclinometers and GPS networks to facilitate the detection
of horizontal motions, while the former is capable of estimat-

ing values of subsidence (e.g., geodetic high-precision leve-
ling systems). This study presented the results and remarks
on the usage of a GPS geodetic network for continuous sur-
face deformation monitoring in waste dumps of the Bages re-
gion of Catalonia (Spain) [28]. In addition to, utilizing GNSS
satellite receivers and robotic total stations to monitor open
pit mines is presented in [29]. This study demonstrated the
combination of robotic total station equipment and GNSS re-
ceivers to provide a completely automated, accurate, efficient,
and economical survey monitoring system for large open pit
mines. In the study [30], large-scale mobility in the mining
area can be detected using continuous-time or GNSS location
time series with high sample rates. Therefore, they presented
a GPS method for monitoring seismic events and surface dis-
placement that occurs during mining-induced tremors.
Beyond its use for monitoring deformation in surface or
underground mines, this technology was applied in closed
mines. According to [31], during the time of mine closures, the
issue of monitoring surface ground movements in post-mining
sites is very crucial. Therefore, the study uses the GNSS to con-
tinuously monitor surface movements at the abandoned hard
coal mine "Kazimierz-Juliusz" in Poland. Based on the results
acquired, it was determined that the best way to meet the needs
of ongoing geodetic monitoring in the research region was to
conduct GNSS measurements using three navigation systems:
GPS, GLONASS, and Galileo. Figure 1 shows the quantity of
GNSS satellites that can be seen above the observing site.
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In addition to predicting the mining-caused deformation,
the GNSS system was also utilized to validate the precision of
the displacements determined by InSAR-based methods. Ac-
cording to [32], to fully understand the rule of mining subsid-
ence and to set safe production and construction guidelines for
mining areas, it is necessary to measure the surface three-di-
mensional deformation fields accurately in a mined-out re-
gion. Thus, they suggested a better fusion technique to mon-
itor this three-dimensional displacement based on the GNSS
and InSAR measurements. This technique can be used to ac-
quire three-dimensional deformation fields, which can then
be used as a foundation for safe production in nearby min-
ing sites. In the [33], During the SAR acquisition period, the
GPS1 and GPS2 stations were situated in locations that were
significantly and insignificantly impacted by underground
mining operations, respectively. Similarly, the precision of
the DinSAR deformation maps was validated using the GNSS
data in [34]. Based on data gathered from the ground network
of permanent stations, the GNSS monitoring of ground sur-
face displacements has been carried out. In addition, GNSS
data were applied to compare with the results of monitoring
ground motion occurrences caused by underground mining
operations in Poland based on the interferometric synthetic
aperture radar method [35]. The same purpose of assessing
accuracy, [36] used the GNSS static monitoring network sys-
tem situated close to the mining area at the southwest foot of
the mountain to determine three-dimensional ground surface
displacement data. The findings revealed that there is good
agreement between the estimated value identified by InSAR
and the displacements measured by GNSS. Another study [37]
also used InSAR and GPS measurements to monitor and ana-
lyze deformation in the Kunyang phosphate mine fusion. The
findings of this study provide a scientific foundation for the
management and prevention of landslides, collapses, and other
undiscovered geological hazard risks brought on by the min-
ing activities carried out in the Kunyang Phosphorus Mine.
Also using this method, [38] introduced an integration process
that takes into account the strengths and weaknesses of GNSS
and Differential Interferometry SAR (DInSAR) monitoring
approaches to monitor deformation in the Upper Silesian coal
mining region (southern Poland). Besides, in order to deter-
mine the ground surface deformation of underground coal
mining, [39] suggested the GNSS approach interferometric
reflectometry (GNSS-IR). The GNSS reflection model for the

subsided ground surface induced by underground coal mining
is illustrated in Figure 2. The results of this study indicate that
the navigational GNSS instrument may be considered to be a
novel kind of sensor for continuously and economically de-
tecting surface displacement.

Furthermore, the accuracy of the GNSS method is also
mentioned in some studies. In the [40], the duration of GPS
in ground deformation measurements in mining areas was
determined. The results show that a GPS session should last
at least twelve hours in order to attain sub-cm precision of
height coordinate at a 95% confidence level in a single obser-
vation session. Moreover, [41] conducted a study on moni-
toring local deformation using GNSS in an open pit mine to
to solve the issue of how to obtain millimeter accuracy while
determining displacements with GPS.

According to [42], high-accuracy geodetic surveys are
necessary to determine the deformation indices in areas af-
fected by open pit mines. This allows for the identification of
potential dangers. Thus, They discussed the fundamentals of
precisely determining three-dimensional displacements using
GPS technology. The obtained results indicate that the 3-D
coordinates of the observed points can be accurately deter-
mined to within 2-3 mm.

3.1.2 Application GNSS technology in monitoring of ground
subsidence in mining areas

In addition to determining deformation caused by min-
ing, GNSS methods are also used for monitoring ground sub-
sidence in mining areas. According to [43], in coal-mining re-
gions, the amplitude of ground subsidence can reach up to 10
cm per day and occurs continuously. Thus, timely and accu-
rate monitoring of ground subsidence is essential to ensure the
safety of coal-mining regions. This study provides a real-time
ground subsidence monitoring system that operates constant-
ly on the Global Navigation Satellite System. Unlike the tradi-
tional leveling surveying approach, the suggested method can
match the precision requirement of ground subsidence mon-
itoring and offer continuous subsidence information in re-
al-time. In the study [44], to precisely observe large-area min-
ing subsidence, a high-precision GNSS monitoring system
was constructed using the neighboring international GNSS
service (IGS) stations as reference points. The suggested the-
ory was used to monitor mining subsidence in China's north-
ern Anhui coal mine. The findings revealed that the accuracy

250

Inzynieria Mineralna — Styczei — Czerwiec 2024 January - June — Journal of the Polish Mineral Engineering Society



1GS precisc Observation
ephemeris data

‘ GPS | Levelling
Geodetic Normal
height height

PPP solution

Regional height
anomaly model

I

| Normal height |

!

Deformation analysis
and hazard predection

Fig. 4. Vertical subsidence monitoring based on PPP [44]

Rys. 4. Monitorowanie osiadania pionowego w oparciu o PPP [44]

of deformation can reach the millimeter level with four hours
of observation. In mining subsidence research, [45] offers a
novel technological method for analyzing the law of surface
movement. They used time series DInSAR technology in
conjunction with a number of GNSS monitoring stations to
determine precise, dependable, and fine mining deformation
results. Figure 3 shows the automatic monitoring and data
distributor system. The findings of the study can offer a solid
scientific foundation for computing mining subsidence, eval-
uating the damage to buildings or structures, evaluating land
damage, and supporting environmental control initiatives. To
comprehensively evaluate subsidence in mining, [46] present-
ed a weighted total least-squares approach that can be utilized
to find the piecewise linear mapping between D-InSAR data
and GNSS data. This mapping can be used to improve the
findings of traditional D-InSAR monitoring, especially in lo-
cations with significant gradient subsidence. In the event of
large-gradient subsidence, it is discovered that the improved
data is more accurate and dependable than the traditional
D-InSAR monitoring data. Additionally, to save expenses and
improve security, there is ongoing research into ways to mon-
itor mine subsidence better. As a result, the applicability of
numerous novel techniques and equipment is evaluated. UAYV,
and GNSS are considered a promising method for gathering
large amounts of data quickly. Thus, [47] conducted a study to
detect mine subsidence using this proposed approach. Over-
all, the results indicate that UAV photogrammetry and GNSS
RTK are both appropriate for monitoring mine subsidence.

3.1.3 Application RTK-GNSS technology in monitoring of land-
slides in mining areas

[48] described the implementation of a geodetic deforma-
tion monitoring method on two significantly damaged and
unexplored research locations in India including Bhurkun-
da coal mines in Jharkhand, and the Sirobagarh landslide in
Rudraprayag, Uttarakhand. For the Bhurkunda site (marked
by subsidence owing to underground coal mining), A net-
work of 56 GNSS points, densified using Total Station (TS)
ground points, was established during three field trips. In or-
der to monitor the recurrent landslides in Sirobagarh caused
by the local geology and rainfall, a GNSS network including
six control sites was set up over a 500 x 600 m? region. Ac-
cording to [49], monitoring landslides caused by waste dumps
can be done in a variety of ways these days using GPS, total

stations, remote sensing, UAVs, lidar, and other technologies.
However, these technologies can only monitor periodically,
not continuously in real-time. Therefore, It was decided to
use GNSS CORS technology for the design and construction
of a real-time waste dump landslide monitoring system. This
device gives immediate warning in the event of a landslide
and enables continuous real-time monitoring. Additionally, it
has the benefit of being inexpensive, adaptable, and simple to
install for monitoring stations.

3.2 PPP monitoring technique

According to [24], PPP-GNSS measurement technology is
able to make up for RTK's disadvantages in terms of receiver
configuration, cost, and range when compared to RTK. Sev-
eral studies have demonstrated that displacement monitoring
can be done using this method. Four continuous operation
reference station (CORS) stations in the mining region were
used to study the displacement status, and the viability of em-
ploying PPP in mining area deformation determination was
confirmed in the study [50]. Besides, PPP technology and its
application for monitoring mining deformation was present-
ed in [51]. Figure 5 shows the procedure of vertical subsid-
ence determining based on PPP. The obtained results showed
that when PPP is employed, multiple quality metrics demon-
strate that the precision of deformation monitoring can reach
the cm and even mm levels.

In another study [45] found that, by using only one receiv-
er, precise point placement (PPP) eliminates issues brought
on by base station limitations when using existing techniques
like real-time kinematics. Therefore, they suggested a novel
approach to monitor deformation in the mine area through
PPP. The results of the monitoring experiment demonstrate
that, utilizing this method, the monitoring index of the series
under various intervals could be, on average, 1-2 mm, which
is significantly better than the original monitoring sequence.
As a result, every result demonstrated the method's viability
and validity. In the view of [46], the surface of the mining area
is prone to disasters including cracking, shifting, and collapse,
which can seriously harm the local ecology and human popu-
lation. Thus, based on the PPP technique, an adaptive filtering
algorithm is proposed for deformation monitoring in mining
areas. Simultaneously, the actual tests are conducted using the
data gathered from the mining engineering practice, and the
algorithm's superiority is subsequently confirmed.
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With GNSS RTK, landslide deformation in mining area
can be precisely observed. But unstable locations can cause
reference stations to shift, producing inaccurate data. Thus,
[47] suggested a procedure that employs the PPP method-
ology to identify the reference station's instability and then
adjust for the movement of monitoring stations. The results
indicated that the suggested method provides reliable and
accurate monitoring data, enabling accurate forecasting and
early warning systems in the deformation region.

4. Discussion and future perspective

The literature shows that the GNSS technology for moni-
toring mining-induced subsidence has the advantages of high
observing precision, a quick and adaptable network struc-
ture and widespread use [48]. Even with their drawbacks,
such as inefficiency and a high field workload, they will re-
main essential for monitoring subsidence in the near future.
The experiment results indicate that RTK can be widely em-
ployed in small-scale displacement monitoring because it is
able to rapidly and precisely acquire positioning information
with millimeter-level accuracy. However, it is dependent on
a reference station, which is somewhat costly, and is unable
to independently establish absolute coordinates [24]. In ad-
dition, for monitoring landslides in mining areas, RTK ap-
pears to have the fastest reaction time and is typically used
to record the abrupt deformation of landslides in real-time.
In contrast, because PPP takes a long time to converge and
produce high-precision absolute coordinates, it is commonly
employed to regularly verify the stability of reference stations
[24]. On the other hand, in studying landslides, although PPP
can provide absolute coordinates directly without the need
for a reference station, its accuracy can only be attained to
the centimeter level after tens of minutes, making it suitable
for monitoring landslides that vary slowly and occur close to
real-time [24].

In addition, previous studies have shown that numerous
studies were gathered to confirm the potential application of
artificial intelligence (AI) algorithms in the GNSS domain.
Deep learning (DL) and machine learning (ML) are the two
methods available for achieving intelligence. The two most
popular AT methods utilized in the literature to improve
GNSS system location accuracy are Support Vector Machine
(SVM) and Convolutional Neural Network (CNN) [49]. Al-
though there has not been much research on this application,
the deep self-attention neural network approach may be a
potent substitute for GNSS coordinate time series prediction,

and it will have extensive applications in the domains of early
warning for deformation and reference frame maintenance
[50]. On the other hand, in the last several years, artificial in-
telligence (AI) has been used to tackle a number of issues with
GNSS, such as accurate location, navigation in challenging
environments, and interference cancellation and mitigation
[51]. Furthermore, combining machine learning and GNSS
technology in determining deformation is not required to
1) preinterpolate GNSS point displacements, and 2) predict
GNSS and InSAR point-by-point variance components [52].
With the above analytical advantages, applying AI and GNSS
in subsidence monitoring will be effective and highly accu-
rate. However, this proposed method has not been applied
in mining areas. Therefore, in the future, scientists need to
research to include this method in studies to determine defor-
mation due to mining.

5. Conclusion

This study discusses the utilization of GNSS techniques
for monitoring displacement induced by mining based on
publications from the last 15 years. The review conducted an
analysis 52 papers related to movement monitoring in min-
ing areas by the GNSS method that had been published in
scientific journals and M.Sc./Ph.D. theses. The obtained re-
sults showed that RTK-GNSS and PPP-GNSS technology can
be performed to determine surface deformation, subsidence,
landslides in underground, surface, closed mines, and waste
dumps. As proven in this paper, although there are some
limitations such as inefficiencies and large workloads in the
field, GNSS is still necessary to monitor displacement in the
near future. In addition, the findings have revealed that RTK
in displacement monitoring can quickly obtain monitoring
results with millimeter accuracy in stable and reliable refer-
ence stations, but its range of services is limited. Moreover,
the PPP offers the advantages of not requiring a reference sta-
tion, cost-effectiveness, and absolute coordinates, which are
directly applicable to displacement observing in a vast range,
slow-variable, and near real-time, even if it takes tens of min-
utes to reach steady centimeter-level monitoring precision.
On the other hand, the paper also indicated that with many
advantages of the combination of GNSS and AI technology,
this approach promises to bring many useful applications for
monitoring displacement in mine areas.
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Zastosowanie metody GNSS w monitorowaniu przemieszczeni powierzchni kopalni:
przeglgd systemowy

Obecnie do monitorowania przemieszczefi powszechnie stosuje sig techniki Globalnego Systemu Nawigacji Satelitarnej (GNSS). Niniejsza
praca stanowi przeglgd aktualnego rozwoju zastosowar technologii GNSS do wyznaczania przemieszczeti na podstawie whioskéw z 50
publikacji naukowych z ostatnich pietnastu lat, od 2009 r. do sierpnia 2024 r. Uzyskane wyniki wskazujg, Ze RTK-GNSS i PPP-GNSS sg
skuteczne metody monitorowania deformacji, osiadat i osuwisk w kopalniach odkrywkowych, podziemnych, opuszczonych kopalniach
i na sktadowiskach odpaddow. Poza tym w artykule wspomniano o pewnych ograniczeniach i zaletach tej technologii. Na koniec przedsta-
wiono takze perspektywy rozwoju techniki GNSS w polgczeniu z technologig AI w monitorowaniu przemieszczeti obszaréw gorniczych.
W artykule przedstawiono odniesienia techniczne umozliwiajgce poszerzenie zrozumienia i wiedzy na temat zastosowar GNSS w wy-
krywaniu przemieszczen na obszarach gorniczych.

Stowa kluczowe: przemieszczenie, deformacja, osiadanie, osuwisko, teren kopalni, GNSS
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Abstract

The subsidence of the surface due to mining activities is a significant issue in mining areas. Therefore, predicting surface subsidence
is a necessary task to ensure safety and production efficiency. This article applied an Artificial Neural Network (ANN) model to
predict surface subsidence resulting from underground mining operations in the Mong Duong mine. The ANN model proposed in
this research uses a recursive multi-step forecasting model, where the predicted value at the previous step is added to the time series to
forecast the next value. The experimental dataset consists of 12 monitoring cycles over 24 months, with a 2-month interval, divided
into a training set containing the first 9 measurement cycles and a test set containing the last 3 cycles. First, the K-fold cross-validation
method is applied to the training set to determine the best parameters for the model. Then, these parameters are used to predict surface
subsidence for the values in the test set. The prediction error depends on the time gap between the last measurement cycle and the
forecasting cycle. The relative errors in the tenth cycle for the four points are 0.9%, -1.7%, -1.7%, and 1.4%. These error values increase
to 1.4%, -1.8%, -1.8%, and -1.7% in the eleventh cycle and further to 2.0%, -2.2%, -2.2%, and 2.5% in the twelfth cycle. The absolute
errors are determined to be small, within the range of 20 mm. These results demonstrate that the proposed method and ANN model
are suitable for the time-series monitoring data in mining areas.

Keywords: surface subsidence, underground mine, artificial neural network, subsidence prediction

1. Introduction

Vietnam is a country with diverse natural resources, in-
cluding approximately 70 types of minerals (B. N. Nguyen,
Boruft, & Tonts, 2017), among which coal is the primary
mineral resource, mostly found in coal mines in Quang Ninh
province. Among these, the ratio between underground and
surface coal mines is approximately 60% and 40%, respec-
tively, with the total extraction volume expected to increase
annually (B.N. Nguyen, Boruff, & Tonts, 2021). Some surface
coal mines are planned to be transformed into underground
coal mines due to increasing extraction depths, resulting in
a rise in the number of underground mines (Q.N. Nguyen,
Nguyen, Pham, & Chu, 2021). The contribution of the coal
industry in Vietnam is not only economic growth through
mineral exports but also energy security through coal-based
electricity generation (Dorband, Jakob, & Steckel, 2020).

Despite significant contributions to the economy, mining
activities also bring about environmental challenges (Mohsin,
Zhu, Naseem, Sarfraz, & Ivascu, 2021), among which land
subsidence is a common consequence. Surface subsidence
has posed significant risks to infrastructure, the environment,
and the safety of workers in mining areas (Marschalko et al.,
2012). Although surface subsidence due to mining activities
can be measured after the occurrence of subsidence, the effec-
tive prediction of mining-induced surface subsidence in the
future is also an important task for sustainable mining and
resource utilization planning (Ma, Li, & Zhang, 2017). The

prediction theories of surface displacement and deformation
in mines are divided into three main groups, relying on ge-
ometric principles, the continuous mechanical environment,
and the random theory. Scientists worldwide have developed
many prediction methods based on these theories, which can
be grouped into 5 method categories of experimental, inter-
section surface, influence function, analytical and physical
modeling methods (Reddish & Whittaker, 2012).

With the development of computer science, artificial
neural networks have been widely applied in various fields,
including prediction. Artificial neural networks are capable
of connecting and integrating different parameters in identi-
fication and forecasting applications. The strength of artificial
neural networks is their ability to make good forecasts with
complex data. For such data, artificial neural networks pro-
vide high generalization in forecasting; moreover, they can
also forecast with non-linear variables.

The prediction of displacement resulting from under-
ground mining activities using artificial neural networks has
been conducted by many authors, such as the study by Am-
brozi¢ va Turk, 2003 to predict surface subsidence due to coal
mining at the Velenje mine in Slovenia; Ki-Dong Kim et al,
2009 (Kim, Lee, & Oh, 2009) predicted mining-induced sub-
sidence in the city of Samcheok, South Korea; Saro Lee et al.
(2012) (Lee, Park, & Choi, 2012) employed artificial neural
networks to forecast subsidence in the Jeong-am mining area,
South Korea.
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Fig. 1. Structure of an artificial neural network consisting of input layer, hidden layers, and output layer

Rys. 1. Struktura sztucznej sieci neuronowej sktadajacej sie z warstwy wejsciowej, warstw ukrytych i warstwy wyjsciowej

[1]2]3]a]s]6]7]8]9][10]11]12]

Fig. 2. Recursive multi-step prediction model. Black squares represent the input values of the model and red squares correspond to the output values

Rys. 2. Rekursywny wieloetapowy model predykgji. Czarne kwadraty reprezentujg wartosci wejsciowe modelu, a czerwone kwadraty odpowiadaja
warto$ciom wyjs$ciowym

Compared to traditional methods of subsidence predic-
tion relying on a predefined function and its parameters,
subsidence prediction using artificial neural networks is a pa-
rameter-free method with the ability to forecast for areas with
specific geological and topographical characteristics. Howev-
er, this method requires actual subsidence monitoring data as
inputs for network training. This can be much easier to obtain
than collecting the necessary influencing factors with high ac-
curacy for the aforementioned traditional methods.

In Vietnam, several prediction studies have been con-
ducted, including constructing forecasting models based on
experimental monitoring data (Long et al., 2017; Long, My,
& Luyen; L. Q. Nguyen, 2016), and determining parameters
of models suitable for specific conditions of each mining area
to enhance the accuracy of forecasting results (L. Q. Nguyen,
2016, 2020). Studies on the application of artificial neural
networks in surface subsidence prediction in mines have
confirmed the superiority of this method over traditional ap-
proaches when applied in Vietnam (L. Q. Nguyen, et al., 2023;
Q. Nguyen, Nguyen, et al., 2021). Application of artificial neu-
ral network using recursive multistep prediction process to
predict road subsidence caused by underground mining has
been carried out in 2023 (Hung N.V, et al., 2023). A new ANN
model with associated “optimal” hyperparameters to predict
underground mining-induced land subsidence is proposed
(Long Quoc Nguyen, et al., 2023).

In this paper, an artificial neural network (ANN) is ap-
plied to predict surface subsidence caused by underground
mining in Vietnam. This research contributes methodo-
logically by leveraging advancements in subsidence pre-
diction techniques, thereby supporting sustainable mining
operations.

2. Methodology
2.1 Artificial Neural Networks

The artificial neural network (ANN) is one of the artificial
intelligence (AI) tools used in surface subsidence prediction
due to its ability to learn complex models with a large dataset,
thus enabling accurate predictions (Ambrozi¢ & Turk, 2003;
Yang & Xia, 2013). ANN models are computational models
developed based on the study of the human brain's structure,
hence the name ANN (Zou, Han, & So, 2009). They consist
of several layers of artificial interconnected neurons, which
are divided into input, hidden, and output layers (see Figure
1). The input layer involves input parameters, which are then
passed through the hidden layers with computations per-
formed based on weights, resulting in predicted variables es-
timated in the output layer. The weights are initially assigned
random values in the input layer, then propagated through the
hidden and output layers. These weights are then recalculated
using optimization algorithms such as gradient descent and
backpropagation (Amari, 1993). Thus, the ANN model can
accurately predict output variables by recalculating weight
values.

In an ANN, each layer consists of one or more neurons
depending on the specific problem under investigation. In
this study, the input layer consists of six neurons correspond-
ing to six previous subsidence measurement cycles from s(t-
6) to s(t-1), used to forecast subsidence at time t (denoted as
s(t)). The hidden layer(s) comprise one or more layers, each
containing a number of hidden nodes. In this research, the
optimal number of hidden layers, hidden nodes, and the
number of iterations in the backpropagation process are ex-
perimentally determined through cross-validation using the
k-fold method (Fushiki, 2011).
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Tab. 1. Training set consisting of subsidence values for the first nine months (unit: mm)

Tab. 1. Zestaw treningowy sktadajacy sie z warto$ci osiadania dla pierwszych dziewieciu miesiecy (jednostka: mm)

Month Point P1 Point P2 Point P3 Point P4
1 0 0 0 0
2 -22 -25 -24 -15
3 -62 -67 =77 -54
4 -129 -115 -102 -109
5 -198 -192 -183 -165
6 -278 -342 -317 -303
7 -369 -429 -416 -441
8 -452 -558 -547 -569
9 -516 -638 -617 -639
Tab. 2. Comparison between the measured and predicted values at Point P1
Tab. 2. Poréwnanie zmierzonych i przewidywanych wartosci w punkcie P1
Month Measured (mm) Predicted (mm) Abs. Error (mm) Rel. Error (%)
10 -589 -584 -5 0.9
11 -637 -628 -9 1.4
12 -664 -651 -13 2.0
Tab. 3. Comparison between the measured and predicted values at Point P2
Tab. 3. Poréwnanie zmierzonych i przewidywanych wartosci w punkcie P2
Month Measured (mm) Predicted (mm) Abs. Error (mm) Rel. Error (%)
10 -725 -737 12 -1.7
11 -761 -775 14 -1.8
12 -797 -815 18 2.2
Tab. 4. Comparison between the measured and predicted values at Point P3
Tab. 4. Poréwnanie zmierzonych i przewidywanych wartosci w punkcie P3.
Month Measured (mm) Predicted (mm) Abs. Error (mm) Rel. Error (%)
10 -694 -706 12 -1.7
11 -740 -795 14 -1.8
12 -783 -827 18 -2.2
Tab. 5. Comparison between the measured and predicted values at Point P4
Tab. 5. Poréwnanie zmierzonych i przewidywanych wartoéci w punkcie P4
Month Measured (mm) Predicted (mm) Abs. Error (mm) Rel. Error (%)
10 711 -701 -10 1.4
11 -762 -775 13 -1.7
12 -814 -834 20 -2.5

2.2 Recursive multi-step forecasting model

A total of 12 subsidence measurements are taken once per
month, corresponding to a one-year period. With this num-
ber of measurements, we divide the dataset into a training
set consisting of the first 9 measurements, and the remain-
ing three measurements are chosen as the test set. To train
the model based on the training set, we use the six previous
measurements as input and the subsequent measurements as
output, as illustrated in Figure 2. This process is called recur-
sive multi-step prediction. Specifically, the first six months
are used as input and the seventh month as output. Then, the
time series is shifted forward by one step with months two
through seven used as input and the eighth month as output.
Similarly, month three to month eight are used as input to
predict the ninth month. Through this process, the back-
propagation algorithm is applied based on the difference be-
tween predicted and measured values in months 7, 8, and 9
(see Figure 2). The parameters of the model after the training
process are then used to forecast subsidence in months 10,
11, and 12. To do this, values from the fourth to the ninth
months are used to predict the subsidence of the tenth month.
Then, the predicted value in the tenth month is added to the
time series to predict the eleventh month. Finally, a similar
process is applied to predict the subsidence of the twelfth
month.

2.3 Model Accuracy Evaluation
To evaluate the effectiveness of the surface subsidence
prediction using the ANN model, two evaluation metrics are

utilized in this study, including absolute (Abs.Err) and relative
errors (Rel.Err):

Abs.Erry =1, — 1,
e (1)
Rel Err; = —— x 100%
_ Iee-m (i - ) @)
T — v _ B\
Jomo- e ey (- 7) (3)

where 1, and n? are the measured and the predicted values at
t; 1 and nP are the corresponding medium values of measured
and predicted values, respectively.

3. Results and Discussion

In this study, four Global Navigation Satellite System
(GNSS) measurement points in the Mong Duong underground
coal mine area were used to test the proposed model. These
four points are named P1, P2, P3, and P4, located on the sur-
face within the mining area. As mentioned earlier, each point
is measured over 12 measurement cycles at two months apart.
The first nine measurement cycles are selected as the training
dataset to train the model, and the last three measurement cy-
cles are used as the test dataset for subsidence prediction. The
data processing and prediction modules are programmed in
Python using the scikit-learn package (Pedregosa et al., 2011).
Table 1 shows the subsidence measurements of the four points
corresponding to the training dataset of the first nine cycles.

The surface subsidence values for the last three cycles
are predicted based on the parameters found from the train-
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Fig. 3. Comparison between measured subsidence and predicted values

Rys. 3. Poréwnanie zmierzonego osiadania z warto$ciami przewidywanymi
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Fig. 4. Correlation between the measured and predicted values of 4 points

Rys. 4. Korelacja migdzy zmierzonymi i przewidywanymi wartosciami dla 4 punktow
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ing dataset, with the results shown in Table 2 (Point P1),
Table 3 (Point P2), Table 4 (Point P3), and Table 5 (Point
P4). In these tables, the predicted values are compared with
the measured values, from which absolute errors (Abs. er-
rors) are calculated in millimeters 0(mm). Additionally,
relative errors (Rel. errors) are computed by dividing the
absolute errors by the measured subsidence values, calcu-
lated as a percentage (%). The results show a larger discrep-
ancy between the forecasted time and the corresponding
time of the last measured value in the training set leading
to larger errors. The relative errors in the 10th month for
the four experimental points are 0.9%, -1.7%, -1.7%, and
1.4%. These errors increase to 1.4%, -1.8%, -1.8%, and
-1.7% in the 11th month, and 2.0%, -2.2%, -2.2%, and 2.5%
in the 12th month. The absolute errors are found to be
small, within the range of 20 mm. The correlation between
the measured and predicted values of 4 points is high with
r=0.980. This indicates that the ANN method used in this
study can effectively forecast the time series of surface sub-
sidence in mining areas. This is confirmed by the results
displayed in Figure 3, where the measured and predicted
subsidence values are very close. The correlation coeffi-
cients between predicted and measured values for 4 points
are plotted in Fig. 4. With high values in the prediction
results (r=0.980), it indicates that the predictive model is
consistent with the measured data.

4. Conclusion

In this study, we utilized an ANN to forecast surface sub-
sidence caused by underground coal mining at the Mong Du-
ong coal mine, Vietnam. A recursive multi-step prediction
process was designed and applied, where the first nine cycles
were used as input to train the ANN model. Subsequently, the
parameters of the model were used to predict subsidence for
the last three cycles.

The parameters of the ANN model, including the number
of hidden layers, hidden nodes, and iterations, were determined
through the k-fold cross-validation method before being used
to identify the model parameters with the training dataset and
predict surface subsidence for the test dataset. The proposed
ANN model with 'optimized' parameters found in this study
has been demonstrated as an effective tool for predicting sur-
face subsidence due to underground mining activities. The ab-
solute errors were determined to be small, within the range of
20 mm. The absolute error depends on the time gap between
the forecasted month and the month corresponding to the last
measurement in the training dataset. The relative errors in the
10th month were 0.9%, -1.7%, -1.7%, and 1.4%. These errors
increased to 1.4%, -1.8%, -1.8%, and -1.7% in the 11th month,
and 2.0%, -2.2%, -2.2%, and 2.5% in the 12th month.
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Prognozowanie osiadania powierzchni kopalni podziemnej przy uzyciu rekurencyjnego modelu

prognozowania wieloetapowego z wykorzystaniem sztucznej sieci neuronowej

Osuwanie si¢ powierzchni z powodu dziatalnosci gérniczej jest istotnym problemem w obszarach gorniczych. Dlatego przewidywanie
osiadania powierzchni jest niezbednym zadaniem, aby zapewnic bezpieczeristwo i efektywnos¢ produkcji. W tym artykule zastosowano
model sztucznej sieci neuronowej (ANN) do przewidywania osiadania powierzchni wynikajgcego z podziemnych operacji gorniczych
w kopalni Mong Duiong. Proponowany w tym badaniu model ANN wykorzystuje rekurencyjny model prognozowania wieloetapowego,
w ktorym przewidywana wartos¢ z poprzedniego kroku jest dodawana do szeregu czasowego, aby prognozowacé nastgpng wartosé. Zbiér
danych eksperymentalnych sktada si¢ z 12 cykli monitorowania w ciggu 24 miesiecy, z dwumiesigcznym odstgpem, podzielonych na
zestaw treningowy zawierajgcy pierwsze 9 cykli pomiarowych i zestaw testowy zawierajgcy ostatnie 3 cykle. Najpierw metoda walidacji
krzyzowej K-fold jest stosowana do zestawu treningowego, aby okresli¢ najlepsze parametry dla modelu. Nastepnie te parametry sq uzy-
wane do przewidywania osiadania powierzchni dla wartosci w zestawie testowym. Blgd prognozy zalezy od przerwy czasowej miedzy
ostatnim cyklem pomiarowym a cyklem prognozowania. Bledy wzgledne w dziesigtym cyklu dla czterech punktéw wynoszg 0,9%, -1,7%,
-1,7% i 1,4%. Te wartosci bledow wzrastajg do 1,4%, -1,8%, -1,8% i -1,7% w jedenastym cyklu i dalej do 2,0%, -2,2%, -2,2% i 2,5%
w dwunastym cyklu. Bledy bezwzgledne sq okreslane jako mate, w zakresie 20 mm. Wyniki te pokazujg, ze proponowana metoda i model
ANN sqg odpowiednie dla danych monitorowania szeregéw czasowych w obszarach gérniczych.

Stowa kluczowe: osiadanie powierzchni, kopalnia podziemna, sztuczna sie¢ neuronowa, prognozowanie osiadania
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