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Abstract

To date, in the field of monitoring deformations of the earth’s surface in the area of opencast mining, there is almost
no current regulatory and methodological documentation that regulates the conduct of observations and at the same
time takes into account the features of existing mining facilities of opencast mining and the possibilities of modern
survey technologies. The paper gives an approach to determining a set of methods for deformation monitoring within
the territory of mining enterprises engaged in open-pit mining, based on the results of the typification of mining
facilities. The developed typification makes it possible to estimate the degree of complexity of mining-engineering
facilities, taking into account their size, features of engineering-geological, hydrogeological and orographic conditions,
geodynamic processes. To increase the information content of mine surveying, as well as the quality and accuracy of
deformation monitoring as a whole, it is proposed to include technologies for Earth remote sensing from space, namely,
satellite-based synthetic aperture radar (SAR) interferometry, used within the proposed concept for areal monitoring
of deformations and detection potentially hazardous areas at complex and particularly complex opencast mining
facilities. The proposed approach to the organization of deformation monitoring was tested within the territory of
the Khibiny apatite-nepheline deposit of the Rasvumchorr Plateau: the complexity of conditions for the development
of the Tsentralny open pit was evaluated and recommendations were formulated for conducting mine surveying of
deformations of the earth’s surface in its territory using satellite-based SAR interferometry. This method was used to
analyze deformations of the earth’s surface for the periods from 2007 to 2011 and from 2015 to 2016 according to data
from the ALOS PALSAR, TerraSAR-X and Sentinel-1 satellites.

Keywords: deformation monitoring, open-pit mining, typification of mining-engineering facilities, multicriteria
analysis, Earth remote sensing from space, satellite-based SAR interferometry.

Introduction

The intensification of open-pit mining in the Russian Fed-
eration is accompanied by a constant increase in the volume
of strip mining, an increase in the size of mine workings and
dumps. Thus, the Korkinsky open-pit mine, which ceased ex-
ploitation in 2017, is characterized by a length of ~ 5.5 km, a
width of ~ 3.5 km and a depth of 500 m. The Bachatsky open-
pit mine operating in Kuzbass currently extracts about 70 mil-
lion m® of rock mass from the subsurface; it is ~11 km long,
~2 km wide, and 320 m deep. At the same time, dump struc-
tures occupy areas up to 1000 hectares and are characterized by
heights of more than 100 m. The depth of the Tsentralny open-
pit (Murmansk region) exceeds 500 m with a length of more
than 3 km. Operation of mining facilities — sides and dumps
- with those parameters is accompanied by the development of
hazardous mining and geological processes and phenomena,
the scale of which is proportional to the increasing parame-
ters. In particular, the landslide that occurred in 2015 at the
outer dump of the Zarechny open-pit mine in Kuzbass was

accompanied by the involvement of 27 million m”® of techno-
genic rocks into the deformation process. The elimination of
the consequences of this landslide required significant mate-
rial costs — several billion rubles. These circumstances require
special studies of the stability of the slopes of the formed min-
ing and technical structures carried out within the framework
of monitoring observation of the surface deformations of the
mining and land allotment, as well as the structures and vari-
ous infrastructure facilities. The variety of mining and geolog-
ical conditions of opencast mining of mineral resources and
methods of mine surveying and geodetic measurements that
have appeared in recent years predetermines the use of an inte-
grated approach to monitoring the safety of mining facilities in
general and deformation monitoring in particular.

Analysis of the study of the issue

The practice of organizing and performing monitoring
observations in Russia is currently characterized by the ab-
sence of regulatory and methodological documents based on
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Table 1. Criteria for typification of mining-engineering facilities.
Ta6bnuua 1. Kputepuu TMNu3aumm ropHOTEXHUYECKUX OO BHEKTOB.
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Factors

Mining-engineering facilities and classification features

Open-casts and open pits:
— type of deposits by rocks;

— deformation processes and behavior of massifs

Engineering and geological

— basement strength;

Dumps, hydraulic waste disposals and tailings dumps:
— type of technogenic rocks;

— basement soil type (for mining-engineering facilities)

Open-casts and open pits: engineering specifics — depth

Mining-engineering

Dumps, hydraulic waste disposals and tailings dumps:

— engineering specifics — height;

—basement tilt (for dumps)

Open-casts and open pits: water content degree

Hydrogeological

Dumps. hydraulic waste disposals and tailing dumps: presence of aquifers

Territory of a mining enterprise:

Physical-geographical — terrain structure;

— climatic factors

— maximum intensity of seismic vibration;

modern methods of measuring and processing deformations
of the earth’s surface. “Instructions for observing deformations
of sides, bench slopes and dumps in open pits and the devel-
opment of measures to ensure their stability” is still among
the current documents at coal enterprises for about 50 years
(approved by Gosgortehnadzor of the USSR 21.07.1970) [1].
This document was developed by All-Russian Research Insti-
tute of Mining Geomechanics and Survey based on the results
of observations of deformations of mining facilities using tape
measures and optical instruments of various accuracy. Over
the five decades since the publication of this manual, the in-
strumental base, the method of making measurements and
interpreting the data obtained have changed significantly, in
particular:

- new measurement methods have appeared: laser scan-
ning, radar sensing, aerial photography from unmanned aerial
vehicles (UAVs), etc.;

- new possibilities for automating measurements have ap-
peared: using ground-based radars, robotic total stations, laser
scanners, GNSS receivers, etc.;

- Earth’s remote sensing (ERS) from space has been par-
ticularly actively developed: new survey technologies have
been developed (in particular, the method of satellite-based
synthetic aperture radar (SAR) interferometry), the accuracy
of measurements (both optical and radar), the number of sat-
ellites (including satellites with data in the public domain) and,
accordingly, the amount of available data have increased;

- today, computer technologies and software systems (in-
cluding open source software) are used to process measure-
ment data, which also makes it possible to automate the pro-
cesses of obtaining monitoring results;

- ways to bring measurement results to the end users on
the basis of geoinformation technologies (in particular, web

cartography technologies) are being continuously improved
[2,3].

The availability of new technologies, measuring instru-
ments and data processing methods requires the development
of a new regulatory and methodological document. However,
despite the urgency of this problem for the mining and coal
industries, it still remains without a solution at the national
level. At the same time, a positive aspect is the presence in the
technical literature of a fairly large number of sources devoted
to monitoring the stability of sides and dumps using modern
methods, as well as measurements of the earth’s surface and
structures within the territories involved in various subsoil use
industries - coal, oil, gas, etc. [2-7]. It is emphasized the need
to implement and justify the use of advanced survey technol-
ogies, in particular, satellite-based SAR interferometry, which
provides data for the entire territory of a mineral deposit,
which can also be used in calculating the stability of objects
and modelling deformation processes based on various tech-
niques [8, 9]. However, the existing studies are more devoted
to the issues of using the method at specific objects/enterpris-
es, and the generally accepted methods and recommendations
for the use of space radar surveys as part of integrated defor-
mation monitoring have not yet been developed.

Typification of objects within the territory of a mining
enterprise

It is well known that the composition, methodology and
instrumental base of monitoring are determined by the min-
ing and geological conditions of the object, the parameters
and technology of its formation and functioning. Therefore,
in order to determine the most effective monitoring program,
it is first necessary to develop a typification of open-pit min-
ing facilities according to their degree of complexity, and then,
for each of the identified types, substantiate a set of different
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Table 2. Composition of the deformation monitoring complex.
Tabnuua 2. CoctaB KoMmnnekca AedopMaLNOHHOr0 MOHUTOPUHra.
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The degree of complexity of the objects

Methods of deformation monitoring

Simple Medium Complex Highly complex

Visual + +

Ground-based tools + +

GNSS monitoring + + +

Laser scanning +
Ground-based radar survey +

Aerial photography + +
satellite-based SAR interferometry + +
Optical remote sensing from space + +

observation methods used. At present, there are no general
typifications of natural-technological systems (NTS). The ex-
isting typifications [10, 11], unfortunately, do not take into ac-
count all the key characteristics of opencast mining facilities
and cannot be applied to substantiate integrated monitoring
scenarios.

The proposed typification has been developed in relation
to the main mining facilities of open cut mining - open pits
and open cast mines, dumps and hydraulic waste disposals.
For each of the listed objects, key indicators have been selected
that correspond to engineering-geological, hydrogeological,
physical-geographical and mining-engineering factors affect-
ing their stability (Table 1) [12].

To estimate the engineering-geological conditions of
open-casts and open pits, the type of rocks, deformation pro-
cesses, basement strength (for dumps and mining-engineering
facilities), and the type of basement soil (for mining-engineer-
ing facilities) are determined.

To estimate rocks and technogenic rocks, the existing
engineering-geological typification of solid mineral deposits
[13] was supplemented taking into account the special state of
rocks, their fracturing (for open-casts and open pits) and the
technology of formation of dump massifs and mining-engi-
neering facilities:

1. There are 6 groups of rocks corresponding to open-
casts: hard (rocky monolithic and fractured), relatively hard
(semi-rocky); unconsolidated and noncohesive, soft and co-
herent, special state (frozen and quick);

2. For dumps, 7 groups of bulk technogenic rocks have
been determined: bulk from rocky, semi-rocky, unconsolidat-
ed and noncohesive, soft and coherent, and special state (fro-
zen) rocks;

3. Hydraulic structures are subdivided into two groups of
alluvial technogenic rocks: alluvial from unconsolidated and
noncohesive, and soft cohesive rocks.

The main types of deformations were identified on the
basis of “Methodological guidelines for observing deforma-
tions of the sides of open-pits and dumps, interpreting their
results and predicting stability” [14]: landslides, filtration de-
formations and collapses correspond to open pits (taking into
account the surface to which the deformation is associated),
dumps - subsidences associated with compaction of rocks,

landslides above, below and on the dump bottom, filtration
deformations, and for hydraulic structures — subsidences as-
sociated with the dispersion of excess pore pressure in alluvi-
al rocks, landslides, filtration deformations. The analysis also
takes into account the possible impact of underground min-
ing, namely, subsidences from the movement of rocks in sub-
sided areas.

The base of the dumps and mining-engineering facilities
can be characterized as “strong” (the strength of the base is
higher than the strength of the dump), “weak” (the strength
of the dump is higher than the strength of the base) or “very
weak” (represented by water-saturated rocks of a fluid consis-
tency).

In accordance with the adopted classification for min-
ing-engineering facilities [15], the characteristic called “type
of basement soil” is also given, which includes three groups:
rocky; sandy, coarse clastic and argilliferous in the solid and
semi-solid state; argilliferous water-logged in a plastic state.

Mining-engineering conditions are evaluated based on
the analysis of engineering specifics: the depth of open-pits
and heights of dumps and hydraulic structures. The scale of
open-casts depths includes 5 gradations: small (up to 40 m);
relatively small (from 40 to 100 m); medium (from 100 to 200
m); large (from 200 to 400 m); very large (over 400 m). To esti-
mate dumps, the classification adopted more than 30 years ago
[16] was updated taking into account the current scale of dump
operations. Thus, 4 groups of dumps were identified by their
height: low (less than 30 m); medium (30-100 m); high (100-
200 m); very high (over 200 m). Taking into account the ex-
isting classification [15], mining-engineering facilities are also
subdivided into 4 classes: low (less than 10 m); medium (10-20
m); high (20-50 m); very high (over 50 m). When analyzing
dumps, the slope of their basement is also taken into account,
which can be flat, inclined, steeply inclined - these gradations
are highlighted on the basis of current documents [17].

Hydrogeological conditions are evaluated as follows:

- water content degree in open-casts is analyzed: weakly
water-flooded and water-free, moderately water-flooded, wa-
ter-flooded or very water-flooded open-casts.

- in accordance with [18], the complexity of dumps
and mining-engineering facilities is analyzed depending on
the characteristics of aquifers: simple (with a phreatimetric
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Figure 1. Uplift (a) and subsidence (b) of the earth’s surface within the territory of the Tsentralny open-pit mine for the period 08.07.2015-

09.09.2016 according to TerraSAR-X data.

PucyHok 1. NogHsaTtua (a) n ocepaHus (6) 3eMHOM NMOBEPXHOCTU Ha TeppuTopuM Kapbepa «LleHTpanbHbIN» 3a nepuop 08.07.2015-

09.09.2016 rr. no gaHHbIM TerraSAR-X.

aquifer), complex (with a pressure aquifer in the waste dump/
mining-engineering facilities or at its basement), especially
complex (with several confined aquifers in dump/mining-en-
gineering facilities or at its basement).

The stability of mining facilities is also affected not only by
hydrogeological factors, but tectonic stresses and seismicity as
well [19, 20]. In this regard, the typification includes an analy-
sis of physical and geographical conditions of development,
namely the following factors: general seismicity of the area;
terrain structure; the presence of climatic factors contributing
to deformations of the earth’s surface and structures.

On the basis of expert analysis, each selected indicator
was assigned a value on a scale from 1 to 10. To obtain a quan-
titative expression of the complexity of objects, multicriteria
analysis is used. On the basis of the obtained range of values,
4 classes of objects were identified in terms of complexity:
simple, medium complexity, complex and highly complex
objects [12].

Integrated use of deformation monitoring methods

In accordance with the proposed approach, the choice of
methods for complex deformation monitoring is based, on the
one hand, on the features of the observed object, characteriz-
ing the degree of its complexity, and on the other hand, on the
features and technical characteristics of the monitoring meth-
ods themselves [12].

It is proposed to justify the choice of a set of methods for
implementing deformation monitoring taking into account
the required observation accuracy and the analysis of charac-
teristics of survey methods, such as spatial coverage, degree of
automation, and observation technology. The listed character-
istics make it possible to divide the existing observation meth-
ods into areal and point ones; non-automated, automated and
automatic; contact and remote.

Ground instrumental mine measurements, surveying
with the use of GNSS technologies, ground laser scanning, ae-
rial photography, ground-based radar, satellite-based SAR in-

terferometry are considered as the basic deformation monitor-
ing methods. Additional methods include visual observations
and optical Earth remote sensing from space.

The main principle for determining the scope of work is
that as the complexity of objects increases, the requirements
for the degree of automation of monitoring methods, accuracy
and spatial coverage of the survey increase (Table 2):

— observation of complex and highly complex objects is
carried out using the most complete set of automatic areal
methods; monitoring of objects of medium complexity allows
the use of non-automated observation instrumentation;

— control of simple objects can be carried out using visual
observations.

Due to the fact that when monitoring complex and highly
complex objects, it is necessary to ensure the receipt of areal
data on deformations within the territory of mineral deposit,
a high degree of measurement automation and a minimal hu-
man presence in hazardous areas; special attention is paid to
the use of methods for remote sensing of the Earth from space
- optical and radar imagery. Thus, satellite-based SAR interfer-
ometry is used as a supplement to the system of high-precision
areal and point ground observations, namely, as a basic meth-
od of regular monitoring for promptly identifying areas where
high-precision instrumental observations are required. At the
same time, evaluation of qualitative parameters of deforma-
tions on complex and highly complex objects is carried out us-
ing satellite imagery in the optical range (high and ultra-high
spatial resolution data).

Testing of the proposed method

Practical approval of the proposed technique was carried
out for the objects of open pit mining of apatite-nepheline ores
of the Rasvumchorr Plateau (Khibiny massif, Murmansk re-
gion). The analysis of the mining-geological, hydrogeological,
engineering-geological and physical-geographical conditions
of the Tsentralny open-pit made it possible to identify 2 types
of objects according to the degree of complexity: the open-pit
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itself is classified as complex object, and dump No. 11 as ob-
ject of medium complexity. In accordance with the typification
performed, recommendations were developed for the imple-
mentation of deformation monitoring within the territory of
this mining enterprise [12]:

- determination of quantitative indicators of deformation
processes (their magnitude, speed and direction) within the
territory of the open-pit is carried out using areal automated
remote sensing methods, in the territory of the dump-using
ground instrumental mine surveying;

- determination of the qualitative characteristics of defor-
mations in the territory of the open-pit should be carried out
on the basis of the complex application of visual and remote
sensing methods, in the territory of the dump - according to
the results of visual observations.

Characteristic features of the climatic conditions of the
studied mineral deposit (negative average annual air tempera-
tures, prolonged frosts, long-term occurrence of snow cover,
significant wind load), as well as orographic factors (strong
dissection of the relief, natural and technogenic seismicity of
the territory) not only negatively affect the stability of mining
facilities but significantly limit the period of instrumental ob-
servations and the range of survey methods used.

In this regard, satellite-based SAR interferometry was used
as the basic method for the areal monitoring of the mineral
deposit. Determination of deformations of the earth’s surface

ENGINEERING SCIENCES

for the periods from 2007 to 2011 and from 2015 to 2016 was
carried out according to data from the ALOS PALSAR, Ter-
raSAR-X and Sentinel-1 satellites. Analysis of the data made it
possible to identify subsidence associated with underground
mining at the Rasvumchorr mine, surface mining operations
in the open-pit itself, as well as deformations at the site of the
old dump. The spatial coverage of the radar images made it
possible to analyze the deformations not only in the open pit
but in the territory of the dump as well, where uplifts caused by
the storage of rock mass were revealed (Fig. 1) [4, 12].

Conclusions

The analysis has shown that as a basic approach to the
organization of integrated deformation monitoring, it is ad-
visable to use the typification of open-pit mining objects ac-
cording to the degree of complexity, in accordance with which
a set of monitoring methods is selected. The results of testing
indicate the prospects of its application for open-pit mining
facilities. In particular, the use of typification to substantiate
the application of the method of satellite-based SAR interfer-
ometry makes it possible to increase the reliability of surveying
measurements, the timeliness of detecting deformations and
the information content of the data obtained.

At the moment, studies are being carried out to adapt the
proposed methodology in relation to underground mining fa-
cilities, namely, to subsided areas of the earth’s surface within
the territory of closed and abandoned mines.
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McrnoAb30oBaHMe TUMMU3ALIMM FOPHOTEXHMYECKUX OOLEKTOB
AAST OOOCHOBAaHMSI A€(POPMALIMOHHOTO MOHUTOPUHTA
OTKPLITLIX TOPHBLIX Pa3paboToK

Mapusa PycnaHoBHa MTOHOMAPEHKO*
KOpun UBaHoBuy KYTENOB*

CankT-lNeTepbyprckuii ropHein yHuBepceuteT, CankT-lMeTepbypr, Poccus

AHHOTaLWsI
Ha ceropnsamHmit fmeHb B 00/1acTM MOHMTOpPUMHIrAa fAedopMalnil 3eMHOI ITOBEPXHOCTU B 30HE BefleHMs
OTKPBITBIX TOPHBIX PabOT MPAaKTUYECKM OTCYTCTBYeT aKTyajlbHas HOPMAaTUBHO-METOAVYECKas NOKyMEHTAIVid,
perlaMeHTHUpYyIoas IpoBefleHNe HAOMIONEeHNWI ¥ IIpM STOM YYMTHIBAOIIAA OCOOEHHOCTM CYIEeCTBYIOLINX
TOPHOTEXHNYECKMX OOBEKTOB OTKPBITHIX pa3pabOTOK M BO3MOXXHOCTY COBPEMEHHBIX TEXHOJIOTUII CBHEMKIL.
B craTbe mpemnokeH MOAXOf K OIpele/IeHNI0 KOMIIEKCa MeTOIOB Ie(dOpPMAIIOHHOTO MOHUTOpPUMHIA
Ha TeppUTOPUM TOPHBIX HPEAIPUATHI, OCYIIECTBIAIINX OTKPBITYI0 paspaboTKy MeCTOPOXIEHWII, II0
pe3y/nbTaTaM TUIU3AIVM TOPHOTEXHIYECKUX 00beKToB. PaspaboTaHHAsA TUNU3AIMA IIO3BOMAET OLEHUTD CTETIeHb
CTIOKHOCTU TOPHOTEXHMYECKMX OOBEKTOB C YIETOM MX Pa3MepOB, OCOOEHHOCTEN MH)XEHEPHO-TeOIOTNYeCKIX,
TUJPOT€ONIOTMYECKNX ¥ OpOrpapuyeckyx YCIOBMII, pPa3BMBAIOIIMXCA TeOfMHAMMYECKUX IporeccoB. [lna
HOBBIIIEHNA MHPOPMATUBHOCTY MAapKIIEJePCKMX M3MEPEeHNI, a TakKe KadyeCTBa ¥ TOYHOCTH fleOpMaLMIOHHOTO
MOHMTOPVHIA B ILIJIOM, B COCTaB KOMIUIEKCAa IIPYMEHAEMbIX MEeTOJOB HAaOIIOfleHNII IpeiIaraeTcsi BKIIYUTD
TEXHOJIOTMM JVICTAHIMOHHOTO 30HAMPOBaHMA 3eM/IM U3 KOCMOCA, a MMEHHO - MEeTOJ, KOCMMYECKON pajapHOil
MHTepdepoMeTpuy, MPUMEHAEMbIN B paMKaX IIPeI0OKeHHO KOHLIETIIUI I IVIOIAJHOTO KOHTPO/IA fedopMariit
VI BBIABJIEHMA IIOTEHIIMAIBbHO OMACHBIX YYACTKOB Ha CJIOKHBIX 11 0CO00 CITOXKHBIX 00BEKTaX OTKPBITON pa3paboTKIL.
[Ipenno>keHHBINI TOAXOA K OpraHms3anuy JedOopMalMOHHOTO MOHMTOPVMHIA amnpoOMpoBaH Ha TEePPUTOPUM
XubuHcKoro anatuT-HedeMMHOBOro MecTopoxaeHns IlmaTo PacBym4opp: BbIIIOTHEHA OLjeHKa CTI0OKHOCTH YCIOBUI
paspaborku lleHTpanbHOro Kapbepa M CPOPMYINPOBAHBI PEKOMEHMAINM IO MPOBENEHMIO MapKIIeHIepCcKOro
KOHTPO/A flepopMannii 3eMHOJ IIOBEPXHOCTM HA €ro TeppUTOPUM C IPVMEHEHMeM KOCMUYEeCKON pajapHOil
nHTepdepomerpuu. C UCIIONb30BAHMEM 3TOTO METOJA BBINOMHEH aHaMM3 fedopMalili 3eMHOJ OBEPXHOCTH 3a
nepuopsl ¢ 2007 o 2011 r. n ¢ 2015 1o 2016 r. mo gaHHbIM co cnyTHUKOB ALOS PALSAR, TerraSAR-X u Sentinel-1.

Kniouesvie cnoea: nedopMallMOHHBII MOHMTOPMHI, OTKpbITas pa3paboTka MeCTOPOXKIEHMIl, TUIM3AIVIA
TOPHOTEXHIYECKNX 00'beKTOB, MHOTOKPHUTEPHAIbHBII aHA/N3, AVCTAHIVIOHHOE 30HAVPOBaHMe 3eMIN U3 KOCMOCa,
MeTOJ, KOCMIYeCKOI pafiapHoil nHTepdepoMeTpun
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