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ASSESSMENT OF HEIGHT DETERMINATION ACCURACY

IN COMPARISON OF MEASUREMENTS FROM THE GLOBAL
NAVIGATION SATELLITE SYSTEMS AND HIGH-PRECISION
LEVELLING AT GEODYNAMIC TEST SITE

Introduction

Satellite navigation systems are the high-precision
tools of positioning of points both in horizontal and vertical
planes [1]. It is important that height levelling uses vertical
lines and helps calculating normal heights relative to the
guasi-geoid, while satellite systems determine geodetic

The article compares the height determination results from the satellite measurements
and high-precision levelling at the geodynamic test site at the Zhezkazgan deposit in 2021-2023.
It is shown that the geometric levelling and satellite navigation systems have different initial height
reference surfaces which generally non-coincide and are non-parallel. Nevertheless, the created
structure of the satellite and levelling network at the geodynamic test site, as well as the adopted
observation procedure enable accurate height determination during geodynamic monitoring.

altitudes along the normal to the ellipsoid. The guasi-geoid,
as against the ellipsoid, has an undulated shape and is a non-
regular mathematical madel, which leads to incongruence and
parallel disalignment of these surfaces and produces different
altitude systems [2]. In geodesy and geodynamics, heights play a key role as
they show changes of terrains due to both natural and induced processes;
different height systems are used for these purposes [3].

In Kazakhstan and in other countries where mineral mining is an important
economic sector [4, 5], precision of height determination using different
technologies, such as the Global Navigation Satellite Systems (GNSS) and
levelling, is a relevant objective. Accuracy of height measurements is critical
in monitoring of terrain variations, especially under strong manmade impact
intrinsic to mining regions [6].

Since each of the methods has its specifics, such as labor intensity
of leveling or dependence of GNSS on geometry of satellites and
atmospheric conditions, it is important to compare accuracy and reliability
of these technologies [7]. This is necessary for their efficient application in
geomonitoring and infrastructure safety improvement.

Foreign research demonstrates a high interest to enhancing precision
and reliability of height determination for the geodetic and geodynamic
purposes.

Chinese research is worth attention as it focuses on the development
and testing of a new gravimetric level measurement method using GNSS.
This method allows high-precision determination of narmal height difference
and can represent an alternative to the traditional high-precision levelling by
offering a more efficient and accurate method of monitoring height variations
in different natural conditions [8].

Russian scientists investigated complex terrain height measurement
using GNSS and geometric levelling as a case-study of Lebanon. In addition,
the precision of the global geoid model EGM2008 was tested under those
conditions, and the need of corrections toward higher accuracy of height
measurements was checked [9)].

In the framework of the present research, the geodynamic test site at
the Zhezkazgan deposit is discussed.

For the Zhezkazgan deposit, the challenge connected with the height
determination accuracy consists in creation of a local geoid model to improve
height measurement precision, especially under conditions of the irregular
terrain and strong manmade impact. For another thing, when there is no
need to overwatch a huge number of benchmarks, it is possible to use GNSS,
especially in monitoring of local sites.
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The main goal of the research was to determine heights using GNSS and
levelling, and to assess the height determination accuracy of these methods.

For reaching the goal, some objectives were set, namely:

1. Collection of data on height marks using modern geodetic technologies;

2. Accuracy and consistency assessment of GNSS and levelling data;

3. Determination of height differences;

4. Building of time series to analyze variations in height marks over a
certain period of time.

Materials and methods

GNSS observations. The field work on satellite determination of
coordinates of deformation points at the geodynamic test site at the
Zhezkazgan deposit lasted from June 2021 to May 2023.

The static mode observations involved sessions nat shorter than 5 h at
a point, with a write period of 15 s and elevation mask of 10°, and used GPS
receivers Leica Geosystems. The measurements were taken at 24 points,
and one point belonged to the State Geodetic Network [10].

Orynbassarova, Akhmetov et al. reported GNSS data processing using
two methods [11]. The first method with multi session post-processing
in Giodis used remote points of IGS (International GNSS Service), which
resulted in the root mean square errors (RMSE) in a range of a few
centimeters, insufficient for revealing deformations.

Tahle 1 gives the final results of post-processing of multiple sessions
between 14 and 17 of June, 2021.

The second method with the background station ZHEZ situated in
Zhezkazgan provided stable static observations. The obtained RMSE ranged
within millimeters, which met requirements of high-precision geodetic
surveying.

Tahle 2 offers the processing results of the second methad in the multi-
site module of Giodis.

From graphic comparison, the first method yields RMSE of 0.06-0.08 m
and the second method—the uniform values of 0.0038-0.0049 m for
all points, which proves its efficiency for revealing deformation processes
(Fig. 1).

Then, GNSS data were processing using program GAMIT/GLOBK
(version 10.71), allowing network solution relative to the points of IGS to

56 EURASIAN MINING. 2025. No. 1. pp. 56-61



PHYSICS OF ROCKS AND PROCESSES

Table 1. Heights H of benchmarks on geodynamic test site in multi session
post-processing in Giodis

Table 2. Heights H of benchmarks on geodynamic test site from multi-site
module of Giodis

Point H,m RMSE, m Point N, m RMSE, m
RP14 178 347.9801 0.0651 RP14_178 348.0063 0.0036
RPO7 177 359.7594 0.0670 RPQ7_177 352.7861 0.0036
RP14 175 350.4167 0.0651 RP14_175 350.5539 0.0036
RP27 84 348.7131 0.0651 RP27 84 348.8506 0.0036
RP40_B5bis 362.3393 0.0777 RP40_65bis 362.3564 0.0043
RPO5_B7 363.8516 0.0808 RPO5_67 363.8681 0.0043
RP09_B6 367.5358 0.0781 RPO9_66 367.6655 0.0043
RP02_100 357.0425 0.0235 RP02_100 357.0670 0.0042
RP36_30his 359.1758 0.0244 RP36_30bis 359.3220 0.0042
RP19 100 363.1907 0.0245 RP19_100 363.3380 0.0042
RPO5 212 385.3141 0.0594 RP05_212 385.6223 2.5210
RP04_110 360.3716 0.0873 RP04_110 387.8600 0.4826
RPO9_112 374.8623 0.0591 RP09_112 375.0982 0.4816
RP13 18 374.2460 0.0592 RP13_18 374.4935 3.4154
RP04 76 360.3716 0.0873 RP0O4_76 360.3777 0.0035
RP59 23 369.2009 0.0883 RP59_23 369.2083 0.0035
RP54 21 371.3633 0.0872 RP54 21 371.4814 0.0035
RP15_23 369.1710 0.0871 RP15_23 369.2887 0.0035
RP99 127 355.7892 0.0654 RP99 127 355.8451 0.0038
RP77 127 358.3046 0.0653 RP77_127 398.4715 0.0038
RP68_128 358.2526 0.0653 RP68 128 358.4197 0.0038
SAYI 372.5577 0.0675 SAYI 372.6172 0.0049
avoid dependence on stability of mineral deposit sites [12]. The processing -
used the European Terrestrial Reference System and 16 stations of IGS. 80
Numerous static data generated by GAMIT make it possible to assess o 1
quality of positioning. RMSE is an indicator of uncertainties of the preliminary E :g
solution. Usually, high-quality data have a root mean deviation of 4 mm & 4
[13]. In most events, RMSE slightly exceed 5 mm, which is reflective of Z %
multipathing higher than average. The values from 10 mm to 15 mm paint at ig P
the high but yet admissible noise. In our case, RMSE was 7 mm. g  S=—t—s et t——0—2
In the accuracy assessment using the weighted least squares, ° is 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18
Benchmarks

a measure of the weighted root mean square error (WRMS) and for the
noncorrelated data is determined as a sum of squares of residual values
in each observation divided by a preset error. The value %2 in the context
of GNSS measurements means the normalized root mean deviation and is
used as an indicator of quality of the model fitting to data. By the degrees
of freedom df (NRMS = y?%/df, NBMS—Normalized Root Mean Square),
an ideal value is 1.0. The standard deviation o is equal to the uncertainty
multiplied by the square root of y/df.

Then, the quantitative estimation embraced the daily scatter of WRMS
and NRMS of the baseline relative to their linear trend per sessions (Tahle 3).
The values of NRMS for the permanent local stations vary between 0.9 and
4.4. NRMS less than 1.0 suggests a small redundancy or the reduced weight
of data, which allows more realistic estimates of rates. The values higher
than 1.0 are reflective of very small standard deviations or non-compensated
errors in coordinates [13]. The values of WRMS are expectedly higher for
the vertical coordinate as compared with the horizontal coordinate, and
range from 4.2 mm to 9.4 mm.

The accuracy of the GNSS data from the background station ZHEZ
located in Zhezkazgan was also estimated (Tahle 4). The calculations show
that RMSE in each monitoring cycle exceeds the allowable value +3 mm for
the horizontal component and =5 mm for the vertical component, which is

Fig. 1. Comparison of RMSE of heights H per benchmarks:
1— multi session processing with remote points of IGS (International GNSS Service);
2 — multi-site method using background station ZHEZ

sufficient for obtaining high-precision results to meet the standards of the
geodynamic test sites and for the high-precision operations.

These results prove that the 5 h-long sessions and the applied methods
of data processing provide the required geodynamic monitoring accuracy and
ensure a reliable ground for the deformation observation (Table 5).

Levelling. Levelling class | and Il at geodynamic and manmade test sites
is the part of a package of geophysical surveys meant for production of
quality characteristics of the earth’s surface deformations [14].

High-precision levelling at the moment is carried out in 126 profile
line. Altogether, there were 146 profile lines 42 km in total length. High-
precision levelling used DNAQ3 digital levels. Levelling was performed from
the terrestrial triangulation point Sai [10].

This research used only profile lines with the available values of the
GNSS measurements.
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Table 3. Accuracy assessment of GNSS measurements per sessions

Table 4. Accuracy assessment of GNSS measurements using background

] WRMS, mm NRMS, mm station ZHEZ per measurement series
Session I ngitude E | Latitude N | Height H | Longitude E | Latitude N | Height A Session H, m RMISE, m
Series 0 (cycle 1), 14—17 June 2021 Zero series, June 2021
1 29 2.3 6.1 16 1.2 1.0 ) 352,710
2 4.5 3.2 8.5 2.3 1.6 1.3 5 352,710
3 3.4 2.7 7.6 1.7 1.2 1.1
4 3.7 2.9 6.1 2.1 1.6 1.1 8 352714 +0.003
5 2.4 3.3 71 12 16 11 . 892.707
6 5.0 3.3 9.4 26 1.6 1.4 5 352.715
Series 1 (cycle 2), 4—7 October 2021 6 352.708
1 9.1 4.5 6.0 3.6 2.8 1.3 First series, October 2021
2 4.0 39 8.0 2.6 2.3 1.7 1 352 702
3 4.8 41 45 3.2 2.5 09 5 352,709
4 6.7 52 7.1 44 3.3 1.5
5 46 3.5 43 3.2 2.2 0.9 8 352698 +0.005
5 40 45 5.7 25 25 11 . 892,704
Series 2 (cycle 31, 3-6 May 2022 5 352.700
1 4.1 3.2 4.2 2.6 2.0 09 6 352.696
2 6.0 43 7.6 3.6 2.5 1.4
3 41 2.8 48 28 1.8 1.1 According to the Levelling Guide of the Republic of Kazakhstan dated
4 3.6 3.9 8.3 2.3 2.3 1.7 March 16, 2023, No. 94/HK, for each levelling class, the limit random and
5 45 3.6 8.2 2.7 2.3 16 repeated root mean square errors, and the allowable errors of closure were
6 5.9 48 8.4 315 3.0 1.7 determined on the test sites [15]. These data are compiled in Tahle 6.
7 4.7 3.6 8.0 2.8 2.3 16 From the accomplished measurements and calculations, the values
8 5.7 27 7.7 3.0 17 1.4 of the random and repeated RMSE were obtained for the test site and

for individual profile line (PL) (Tahle 7). The comparison of the calculated

Table 5. Subsidence of benchmarks by GNSS measurements in 2021-2023, m

SITE Jun 2021 | Oct 2021 | May 2022 | Sep 2022 | May 2023 | Oct-Jun 2021 | May 22-Jun 21 | Sep 22—0ct 21 | May 23-Jun 21 | May 23-May 22
RP0O2 _GPS | 357.022 | 356.876 | 357.009 | 356.815 | 356.538 -0.146 -0.013 —0.061 -0.484 -0.471
RPO4 GPS| 360.379 | 360.361 | 360.381 | 360.351 | 360.378 -0.018 0.002 -0.010 -0.001 -0.002
RPO5_GPS | 385.366 | 385.362 | 385.191 | 385.371 | 385.381 -0.004 -0.175 0.009 0.015 0.190
RPO7 GPS | 351.672 | 351.475 | 351.600 | 351.415 | 351.481 -0.197 -0.072 -0.060 -0.191 -0.119
RPO9 GPS | 375.032 | 374.986 | 375.015 | 375.001 - -0.046 -0.017 0.014 = =
RP13 GPS | 374.404 | 374.393 | 374.420 | 374.403 - -0.012 0.015 0.010 — —
RP14 _GPS | 350.553 | 350.541 | 350.517 | 350.517 = -0.012 -0.036 -0.024 - -
RP15 GPS | 369.289 | 369.263 | 369.263 | 367.279 = -0.026 -0.025 —1.984 - -
RP19 GPS| 363.334 | 363.353 | 363.335 | 363.313 | 363.298 0.018 0.001 -0.040 -0.036 -0.037
RP26 GPS | 361.995 | 361.983 | 361.902 | 361.968 | 361.961 -0.012 -0.093 -0.014 -0.035 0.058
RP27 GPS | 348.834 | 348.827 | 348.838 | 348.831 | 348.837 -0.008 0.003 0.004 0.003 0.000
RP36_GPS | 359.329 | 359.286 | 359.290 = = -0.043 -0.039 = - -
RP40 GPS | 362.359 | 362.359 | 362.341 | 362.337 | 362.308 0.000 -0.018 -0.022 -0.051 -0.033
RP54 GPS | 371.482 | 371.332 | 371.354 | 371.329 | 371.336 -0.150 -0.128 -0.004 -0.147 -0.018
RP59 GPS | 369.207 | 369.013 | 369.142 | 368.927 | 368.010 -0.194 -0.065 -0.086 -0.198 -0.132
RP68_GPS | 358.406 | 358.439 | 358.427 | 358.422 = 0.033 0.021 -0.017 - -
RP77 GPS| 358.465 | 358.432 | 358.449 | 358.438 | 358.434 -0.032 -0.015 0.005 -0.030 —-0.015
RP99 GPS | 355.841 | 355.224 | 355.766 | 355.596 | 355.671 -0.617 -0.074 0.372 -0.170 -0.096
RRO4 GPS | 387.797 | 387.590 | 387.733 | 387.543 | 387.608 -0.207 -0.064 -0.046 -0.188 -0.124
RRO5 GPS | 363.880 | 363.675 | 363.608 | 363.518 | 363.515 -0.206 -0.273 -0.157 -0.365 -0.093
RROS GPS | 367.651 | 367.656 | 367.659 | 367.656 = 0.005 0.008 0.000 = =
RR14 GPS | 348.003 | 347.990 | 347.992 | 347.994 | 348.001 -0.013 -0.011 0.004 -0.001 0.010
RR19 GPS | 366.787 | 367.017 | 367.028 | 367.028 | 367.019 0.229 0.242 0.011 0.232 -0.010
SAIY GPS | 372.614 | 372.611 | 372.639 | 372.616 | 372.625 -0.003 0.024 0.004 0.0M1 -0.014
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Table 6. Random and repeated root mean square errors of levelling

i Moo doars
Random ), mm/km | Repeated o, mm/km and in lines f, mm

| 0.8 0.08 3mm VL *

I 2.0 0.20 5mm /[

i 5.0 = 10 mm /L

v 10.0 - 20 mm ~/L

*| — perimeter of test site or length of line, km

Table 7. Actual random and repeated root mean square errors of levelling

RMSE
A Random n, | Repeated o, mm/ | Allowable closure errors on test
mm/km km sites and in lines f, mm
Test sites 15.49 1.55 13.2
PL18 0.5 0.05 2.38
PL112 1.23 0.12 3.72
PL212 1.16 0.016 1.32
PL100 0.30 0.030 1.86
PL 30bis 0.65 0.065 2.7
PL128 3.04 0.30 5.85
PL127 1.68 0.17 435
PL76 3.01 0.30 5.82
PL 84 1.69 0.17 4.35

Table 8. Height marks of benchmarks per years, m

data with the standard values in Table 6 estimates the conformity of the
measurements and the regulatory documents.

The test site perimeter L = 19.369 km.

The actual random and repeated RMSE are never higher than the
allowable values, which confirms the conformity of the measurements to the
regulatory standards.

For the further accuracy assessment of height determination, the
subsidence values of benchmarks are given in Tahle 8.

Results

This section reports the main levelling results and GNSS measurements.
The verification and joint interpretation of the data are performed.

Let us analyze Rp 40 in profile line 65bis. In Fig. 2a there are the GNSS
measurements at Rp 40 in the mode of 5 hour statics (June 2021-May
2023), in Fig. 2b there are the high-precision levelling results (June 2020—
June 2022). At this benchmark, a pending subsidence trend is observed, with
insignificant fluctuations, and there is a good agreement of the data of the
two observation technigues. According to the levelling in 2022, there is a
subsidence of 20 cm, and the GNSS measurements show the same yearly
mean rate.

A similar situation is observed at benchmark Rp 05 in Line 67, where
the both methods show progressive subsidence, and this fact is confirmed by
a good agreement of the levelling results and GNSS data (Fig. 3).

It is important that Rp 40 and Rp 05 are set far from each other, and
their subsidence may have a common cause connected with the presence of
underground voids which induce gradual ground failure and development of
deformations of ground surface [16].

The observation data agreement was checked up using another bench-
mark. At benchmark Rp 77 of profile line 127 over the period of 2021-2022,
subsidence of 2 mm was given by the both methods of observation (Fig. 4).

The curves of the levelling results and GNSS measurements at
benchmark Rp 27 Line 84 reveal a slight elevation trend of ground in
2021-2022, which is most likely connected with such seasonal factors as
freezing—thawing (Fig. 5).

SITE 05. 2021 06.2021 09.2021 06.2022 05.2022 ooty o e P
RPO2_ - 416.4165 - - 416.4179 - 14 - -
RPO4_ - 447.0323 - 447.0325 - 0.2 - - -
RPO5_ - 423.1876 - 423.1603 - 97.3 - - -
RPO7 | 410.9623 - - - 410.9607 - 16 - -
RPOY_ - 426.9768 - 426.9716 - 52 - - -
RP14_ | 409.8115 - - - 409.8121 - 06 - -
RP15_ | 4285762 - - 428.5651 - 111 - - -
RP1S_ | 4226708 - - 4226696 - - - 2 -
RP36_ | 418.6338 - - 4186313 - - - 25 -
RP4O0_ - 4216872 - 4216671 - 201 - - -
RP5 | 428.4862 - 428.485 428.4845 - - - - 05
RP77_ | 417.7678 - - 417.7671 - - - 07 -
RPAg | 411.8052 - - 411.8027 - - - 25 -
RRO4_ - 419.6797 - 419.6786 - 11 - - -
RRO5_ - 4446003 - 4445999 - - 04 -

RROS_ - 434.2437 - 434.2433 - - 04 -
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Leveling Data Rp40 L30bis

362.5
360.4 421.7058
H.m T . ) ) £ 421700
362.3 i | ! E 1169
362.2 - H ! i S 2169
Rp 40 Line B5bis | | | 2 s e
Height, m 362.359 352335  362.341 362.337 362308 S
Date of measurement 06.2021 10.2021 —+— 05.202 09.2022 05.2023 121675
Subsidence/elevation, mm 0 [ | "‘“-2.9__,‘___ 421670 501
Subsidence, mm e e e e e 2020 2021 2022
Year
Fig. 2. Data from Rp 40 of profile line 65bis:
a— GNSS observations; b — high-precision levelling
Leveling Data Rp05 L67
a 363.9 | 42324
- 423.23
Hm 363.8 :
363.7 — E 4032
363.6 4 i . 8§ 42321
Rp 05 Line 67 i i : £ w20
! : ; : 2 504
Height, m 363.880 363.675 363.608 363.518 33515 g
Date of measurement 06.2021 10.2021 05.2022 09.2022 05.2023 .
Subsidence/elevation, mm e ],—h'"'“--wB.Z__ M e "'““-3.__,_. e -27.3
203 Tl e = 42316
Subsidence, mm e - _— 2020 2021 2022
Year
Fig. 3. Data from Rp 05 of profile line 67:
a— GNSS observations; b — high-precision levelling
b Leveling Time Series Rp77
417.78
3 358.6
H‘ m 85B.54 T g -126
5584~ | | !
3583 ! i | E
Rp 77 Line 127 i i | £
‘ } 3
Height, m 358.465 358.432 358.449 358.433 358434 T
Date of measurement 06.2021 10.2021 05.2022 09.2022 05.2023 ar7n 20
Subsidence/elevation, mm m“"‘"q,:-x-..___'_ E _.-‘JJ"'- ! H‘L"“/ll--.._ ! -.-‘H"'A“--._ 778
Subsidence,mm | 1 T Al —————— e 2020 2021 2022
Year
Fig. 4. Data from Rp 77 of profile line 127:
a— GNSS observations; b — high-precision levelling
Leveling Data Rp27 L84
a 349.0 408136
348.9
Hm >
348.8 | | ! E 408135
o 3487 1 ! | g 4
Rp 27 Line 84 i i E
Height, m 348.834 348.827 358.838 348.831 348837 £
3
Date of measurement 06.2021 10.2021 05.2022 09.2022 05.2023 T 20
Subsidence/elevation, mm ‘“_“§~~-,L__‘ [ el Ry | . I 2T
Subsidence, nm | e L 408.134
“““““ 2020 %%%1 2022
Fig. 5. Data from Rp 27 of profile line 84:
a—GNSS observations; b—high-precision levelling
b Leveling Data Rp05 1212
4446008
a 385.4
H m 3853 £
385.2 @
385.1 E 05
Rp 05 Line 212 24446003
Height, m 385.366 385.362 385.191 385.371 385.381 2
Date of measurement 06.2021 10.2021 05.2022 09.2022 05.2023
Subsidence/elevation, mm 4 17 180 10 4445939 04
15 2020 2021 2022

Subsidence, mm

Fig. 6. Data from Rp 05 of profile line 212:
a— GNSS observations; b — high-precision levelling

Year

60
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However, alongside with the benchmarks where the measurements
of levelling and GNSDS agree, there are benchmarks where the methods
produce different results. For instance, the levelling shows a subsidence,
while the GNSS data reveal a slight elevation (Fig. 6).

A possible cause of the levelling and GNSS information disagreement
can be the impact of the external factors (errors, atmospheric oscillations,
etc. [17, 18]).

For the assessment of height determination accuracy and agreement of
the methods, the height differences were compared. The height differences
between the successive measurements by each methods allows detecting
the trends of subsidence and elevation.

This research preformed verification and joint interpretation of levelling
results and GNSS measurements, and evaluated accuracy of height
determination by the two methods. The comparative analysis revealed the
degree of agreement between the results obtained by the levelling and
GNSS measurements. Mareaver, the sources of errors were identified,
which made it possible to offer recommendations on improvement of the
measurement accuracy.

Conclusions

The research aimed to assess the height measurement accuracy of
different methods, such as GNSS observations and high-precision levelling,
in the course of geodynamic monitoring. The objective of the research was
to determine and compare the accuracy of each method in the conditions of
induced impact at the Zhezkazgan deposit.

The research findings showed the high accuracy and agreement of
the both methods. Verification of the obtained data reveals that the high-
precision levelling is an optimal choice for the height variation measurement in
the vast areas, whereas the GNSS observations are effective in operational
monitoring, when there is no need to embrace many benchmarks at a time.

The GNSS measurements of heights of a few benchmarks is advisable
when:

1. The benchmarks are dispersed over an irregular area, where levelling
routing is labor intensive;

2. The observations are carried out on a regular basis, which enables
the expensive equipment to pay off;

3. It is required to minimize labor intensity.

It is important that the high-precision levelling and GNSS observations
are not mutually exclusive but complement one the other. Joint application
of these technologies ensures a more complete and exact insight into
deformation processes, while minimizing limitations and strengthening
benefits of each approach. It is also important that the methods use different
reference systems but show a high agreement between the results. This
emphasizes reliability of each method.

Acknowledgements

The study was supported the Committee of Science of the Ministry
of Science and Higher Education of the Republic of Kazakhstan, Grant
No. BR21882366.

References

1. Ovchinnikova N. G., Medvedkov D. A. Global navigation satellite systems as
an important component of land-cadastral works. Economy and Ecology of
Territorial Educations. 2018. Vol. 2, No.1(4). pp. 77-87.

2. Bikbulatova G. G., Kupreeva E. N. Influence of the earth’s gravitational field on
satellite measurements. Electronic Journal of Omsk SAU. 2022. No. 2 (29).

3. Grishko S. V., Bukin V. G. Joint use of the results of satellite definitions and
high-precision leveling in geodynamic monitoring. lzvestiya vysshikh uchebnykh
zavedeniy. Gornyi zhurnal. 2017. No. 7. pp. 50-56.

4. Magnus Ericsson, Olof L6f Mining’s contribution to national economies
between 1996 and 2016. Gornaya promyshlennost. 2019. No. 6.
pp. 84-93.

5. Trubetskoy K. N., Kaplunov D. R., Rylnikova M. V. et al. Resource-Saving and
Resource-Reproducing Technologies of Integrated Development of Mineral
Resources. Moscow : IPKON RAN, 2012. 206 p.

6. Bahayeva S. P., T. B. Mihaylova T. V. Validation of the accuracy of surveying
control over condition of earth dams at liquid waste ponds at mines. Journal
of Mining Science, 2017, Vol. 53, No. 2. pp. 396-407.

7. LangleyR.B., Teunissen P.J., Montenbruck 0. Introduction to GNSS. Springer
Handbook of Global Navigation Satellite Systems. 2017. pp 3-23.
DOI: 10.1007/978-3-319-42928-1 1

8. DuanH., Zhang Y., Xing L., Liang W. GNSS gravity leveling. Pure and Applied
Geophysics. 2024. DOI: 10.1007/s00024-024-03492-2

9. Mustafin M., Moussa H. Accurate height determination in uneven terrains
with integration of global navigation satellite system technology and geometric
levelling: A case study in Lebanon. Computation. 2024. Vol. 12, Iss. 3. ID 58.

10. Baltiyeva A., Orynbassarova E., Zharaspaev M., Akhmetov R. Studying
sinkholes of the earth’s surface involving radar satellite interferometry in
terms of Zhezkazgan field, Kazakhstan. Mining of Mineral Deposits. 2023.
Vol. 17(4). pp. 61-74.

11. Orynbassarova E. 0., Akhmetov R. A., Baltieva A. A., Yerzhankyzy A. Deter-
mination of the optimal method for post-processing of GNSS-measurements
under geodynamic monitoring conditions. Mining Journal of Kazakhstan.
2023. No. 6. pp. 32-37.

12. IGS Central Bureau NASA Jet Propulsion Laboratory California Institute of Tech-
nology. Available at: http://www.igs.org/products (accessed: 11.02.2025).

13. Herring T. A., King R. W., Floyd M. A., McClusky S. C. Introduction to
GAMIT/GLOBK. Department of Earth, Atmospheric, and Planetary Sciences.
Massachusetts Institute of Technology. 2018. Available at: http:/geoweb.
mit.edu/gg/Intro_GG.pdf (accessed: 11.02.2025).

14. Ustavich G. A., Sholomitskiy A. A., Isabekova K. S., Kuderinov S. M., Tutanova
M. S. Geodetic justification of induced geodynamics test site to determine
deformation condition of earth’s surface at location of testing boreholes
of the Semipalatinsk Test Site. Vestnik SGUTIT. 2024. Vol. 29, No. 3.
pp. 43-59.

15. Approval of Levelling Guide. Ministry of Digital Development, Innovation
and Aerospace Industry of the Republic of Kazakhstan, No. 94/NK as of
17 March 2023. Available at: https:/adilet.zan.kz/rus/docs/V2300032090/
info (accessed: 11.02.2025).

16. Yun A. B. Development and validation of geotechnical system design for inte-
grated mining of the Zhezkazgan deposit with replenishment of exhausted
mine capacities : Theses of Dissertation of Doctor of Engineering Sciences.
Moscow : NUST MISIS, 2016.

17. Kulibaba S. B., Rozhko M. D. On the stability of the main benchmarks of
observation stations during the under-mining of the earth’s surface. lzvestija
Tulskogo Gosudarstvennogo Universiteta. Nauki o Zemle. 2023. No. 3.
pp. 214-222.

18. Wang Z., LiW., Zhao Y. et al. Monitoring ground displacement in mining areas
with time- series interferometric synthetic aperture radar by integrating
persistent scatterer/slowly decoherent filtering phase/distributed scatterer
approaches based on signal-to-noise ratio. Applied Sciences. 2023. Vol. 13,
Iss. 15. 1D 8695. B

EURASIAN MINING. 2025. No. 1. pp. 56-61 61





