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FORECAST CHANGES IN THE GEODYNAMIC REGIME OF GEOLOGICAL 
ENVIRONMENT DURING LARGE-SCALE SUBSOIL DEVELOPMENT

Purpose. Developing the methods for forecasting changes in the geological environment based on integrated monitoring, 

which ensures industrial and environmental safety of Central Kazakhstan region.

Methodology. Integrated approach was used in the work, including: study on mining and geological conditions, structural 

features of rocks and conducting mine surveying at mines on the basis of modern methods and means of geomonitoring developed 

by the authors.

Findings. Methodology for integrated geodynamic monitoring system is developed. A new method of geodynamic polygon 

establishment is proposed. Study results were implemented at operating mining enterprises during implementation of projects 

“Comprehensive monitoring of slow deformation processes of the earth’s surface during large-scale development of ore deposits 

in Central Kazakhstan” and “Development of innovative methods for forecasting and assessing the state of rock mass to prevent 

technogenic emergencies”, and the results were used in the educational process of Satbayev University.

Originality. As a result of the research work carried out, the following were created and introduced into production:

- geodynamic polygon (GDP) of the area, established on the basis of the “nodal” method, combined with leveling, satellite 

and seismological points, allowing monitoring coverage of exploration and mining operations, as well as increasing effi  ciency of 

observations and reducing capital costs for mineral production;

- developed constructions of permanent (ground and underground) forced centering points (FCP), which allow increasing 

productivity and observations accuracy;

- method for photographing structural features of rock mass using a 3D laser scanner, which makes it possible to study elements 

of cracks occurrence and faults in rocks in suffi  cient detail;

- composition of strengthening solution from mining waste to increase stability of disturbed sections of open cast benches was 

developed.

The novelty of the developed methods and means is confi rmed by RK patents for invention.

Practical value. Obtained results can be used to improve the level of industrial safety at mines and minimize environmental 

risks caused by subsoil development.
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Introduction. One of the urgent problems during large-

scale mining, especially in rock massifs, is technogenic seis-

micity, which entails not only catastrophic technical and eco-

nomic consequences (technogenic earthquakes, rock bumps, 

landslides, and so on), but also leading to human casualties. 

Technogenic earthquakes have occurred in Germany, USA, 

Poland, Czechoslovakia. In Russia, this problem is acute in 

the SUBR, in mines of the Verkhnekamensk potash deposit, 

and Khibiny apatite-nepheline mines [1, 2].

All this is direct consequence of changes in geodynamic 

regime of geological environment under the infl uence of 

large-scale mining, which is convincingly confi rmed by re-

sults of scientifi c research on the example of the “Kazakh-

mys” natural-technical system (NTS), which is formed by 4 

underground mines and 4 open-pit mines, 5 concentrating 

plants, copper smelters in Karaganda, Balkhash, Zhezka-

zgan, Satpayev and corresponding infrastructure in Central 

Kazakhstan is powerful subject of anthropogenic impact on 

the environment, representing great opportunities for study-

ing a wide range of man-made disasters and reducing their 

risk [3].

In recent years, development and operation of ore deposits 

increasingly includes objects with complex geological struc-

ture and great depth of occurrence, which requires special 

conditions for development of these objects. In order to avoid 

these diffi  culties in the future, it became necessary to identify 

additional ore reserves to extend deposit life for another 40–

50 years and new deposits near the cities of Zhezkazgan and 

Satpayev in the Ulytau region. Currently mineral resource 

base of Central Kazakhstan is expanding.

Literature review. The problem of man-made disasters re-

mains relevant at the present time in all countries with devel-

oped mining industry, which is once again confi rmed by mate-

rials of the next 6th International Symposium on rock bumps 

and mine seismicity. A lot of attention is paid to the manage-
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ment of various risks, as evidenced by the increased number of 

publications on this topic [4, 5].

For deposits of solid minerals, geomechanical safety of 

mining operations is based on engineering approaches adapted 

to specifi c mining and geological conditions of development. 

This approach does not take into account local structural fea-

tures of underworked strata, variability of physical and me-

chanical properties of rocks and geomechanical characteristics 

of geological environment. And all this aff ects reliability of 

geomechanical assessments of real mining situations [6]. Ac-

countability of the listed physical and geological factors in 

geomechanical calculations appears due to maintenance and 

accounting of results of geodetic observations.

In the 1960s and 1970s considerable research was carried 

out into the stability of rock slopes in open-pit mines. During 

this period early development of numerical analysis methods 

took place, but their use for slope stability assessment has been 

relatively small. Most of the works performed were focused on 

the use of equilibrium state methods. As pointed out in [7], for 

over 30 years technology for assessing the slopes stability of 

open-pit mines has been surprisingly less developed, but 

methods of equilibrium are still the most widely used. How-

ever, in recent years, the matter of safety in open pit mining 

has received much more attention [8, 9].

Necessary condition for safe and environmentally bal-

anced development of open-pit mining is improvement of the 

system of monitoring and deformation observation of pit sides, 

slopes and dumps with the use of modern methods of survey-

ing and high-precision deformation measurements.

These methods require in-depth knowledge of rock mass 

structure. Moreover, even with a detailed understanding of soil 

structure, it is impossible to accurately predict slope move-

ments based on geological studies alone.

Appropriate way to overcome this problem is to use results 

of geodetic monitoring [10]. A number of scientists have stud-

ied application of geodetic methods for monitoring slopes us-

ing traditional geodetic equipment, namely total stations [11] 

and ground laser scanners [12].

Numerous studies are devoted to use of UAV photogram-

metry for geodetic monitoring [13]. Today, unmanned aerial 

vehicles play a signifi cant role in mining industry, since they 

allow not only monitoring, but also remotely determining vol-

umes produced. In recent years, researchers have shown in-

creasing interest in application of various radar technologies 

from earth to space, especially for high-precision monitoring 

[14]. And, of course, all mentioned methods and technologies 

serve as data source for prospective analysis using various GIS 

[15, 16].

Use of modern geodetic instruments (electronic tacheom-

eters, GPS technologies and laser scanners) in geomonitoring 

and methods improvement of working with them, we believe, 

are closely related to level increasing of innovative directions. 

This confi rms importance of methods improving of geome-

chanical monitoring using modern geodetic instruments as the 

basis for solving scientifi c and technical issues.

The main advantage of this method is ability to cover large 

areas. According to the instructions [17] ground observations 

are carried out twice a year with an interval of 6 months. Dur-

ing this time, collapse may develop and cannot be predicted. 

Therefore, to solve a number of mining technical problems, 

calculation methods must be adjusted for specifi c conditions, 

and at the same time the infl uence of natural and mining tech-

nical factors, as well as values variability of strength properties 

of rocks in space and time, etc., should be taken into account. 

Despite the large number of research works, the issue of fore-

casting and risk management of man-made disasters in view of 

complexity and wide variety of mining and geological features 

of fi eld is still not fully resolved.

Methods. Analysis of methodology for conducting geo-

detic observations on the territory mined deposits is particu-

larly related to the lack of eff ective methods for determining 

deformations scale, which necessitates methodology improve-

ment of geodetic observations of rock deformations using 

modern instruments. Geodetic observations provide opportu-

nity to identify massif deformation, which is essential for geo-

mechanical situation assessment in mining area. This can be 

done only using integrated methodology of geomonitoring of 

change in geological environment during large-scale subsoil 

development [18].

Complex methodology for studying geoprocesses of NTS 

is original product of Satbayev University group of researchers 

and is eff ective tool to ensure maximum safety of mining op-

erations based on the complexity of the approach used, which 

can be summarized as follows:

- based on the analysis of geology and region tectonics, 

experimental assessments of stress state and instrumental ob-

servations, fractured zones are identifi ed in massif which de-

fi ne boundaries of geodynamic monitoring zone;

- then, hazardous area monitoring is organized, which in-

cludes mainly control of deformation and level of structured 

fracturing of massif;

- based on the results of space radar observations, a num-

ber of local centers of subsidence of earth surface over areas of 

underground mining were established. At present, ground ob-

servations are being carried out in this area;

- hereafter, all information about process regularity of sys-

tem displacement and parameters of its critical state goes to 

the expert system, where, based on integration of databases 

and knowledge, assessment of NTS state is made and corre-

sponding decisions on the protection of subsoil and earth’s 

surface are justifi ed.

Another important decision to create modern methods of 

geotechnical control was aimed at the development of perma-

nent forced centering point (FCP) for installation of high-

precision electronic and laser devices for geomonitoring the 

earth’s surface, which allows ensuring speed and accuracy of 

centering, as well as excluding the use of tripods.

Studying issues of stress-strain state of rock mass during 

subsoil development were refl ected in a number of works, 

which gave fairly complete picture of change in rock mass state 

under infl uence of anthropogenic impact, but they did not 

take into account the multi-scale factor confi rmed by an ex-

pert system. A step in this direction was taken for the fi rst time 

in Kazakhstan, which makes it possible to comprehend the 

whole picture, taking into account particulars, while obtaining 

full-fl edged comprehensive assessment [19]. This work shows 

that a multiscale monitoring system of rock mass state at the 

fi elds of Kazakhstan is implemented, including, on the one 

hand, role assessment of large-scale geological objects in tech-

nogenic geomechanical processes and, on the other hand, 

characteristic assessment of geoprocessing on the scale of in-

dividual sections of underground mining. A distinctive feature 

of integrated methodology is using of an expert system at the 

fi nal stage of research, where, based on integration of data-

bases and knowledge, assessment of NTS state is made and 

appropriate decisions are justifi ed. The ultimate goal of these 

solutions is to provide them with adaptive functioning of NTS 

or withdrawal of its critical state. From this position, the goal 

is set, research tasks and work structure are formulated.

Results. The bowels of Kazakhstan are rich in mineral de-

posits, including copper. Among them, special place is occu-

pied by the Saryoba deposit located in Central Kazakhstan, 

30–35 km north of the Zhezkazgan mine. According to the 

recommended methodology, geotechnical and mining-tech-

nical conditions for the development of the Saryoba deposit 

were studied in detail.

In general, ore fi eld has been explored and approved with 

reserves in categories B  C1  C2 in quantities that allow it to 

be nominated as large industrial facility. The ore fi eld structure 

includes equal red-colored complex of interstratifi ed rocks 

with ore-bearing deposits of the Taskuduk horizon of the Mid-

dle Carboniferous Formation Taskuduk and Serpukhov layer 
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of the Lower Carboniferous. 11 ore deposits were discovered in 

the ore fi eld where 109 ore bodies were explored. The largest 

deposits are confi ned to the Taskuduk horizon. Their stretch is 

northeastern, with length of up to 3200 m, thickness of 0.5 to 

17 m, and dip size of up to 1400 m (Fig. 1).

In addition, they are complicated by both pre-ore and 

post-ore disjunctive disturbances, which greatly complicates 

their exploration and development.

According to the 2-block of recommended technique, 

structural features of outcrops were studied and physical and 

mechanical properties (PMP) of rocks were studied on sam-

ples made from cores from exploration wells. Laboratory tests 

of PMP of rocks were carried out in the specialized “Central 

Laboratory for Certifi cation of Building Materials” (TsEL-

SIM.). Analysis of research results of PMP of rocks made it 

possible to establish graphical-analytical dependences of 

strength properties of rock massif with the depth of their oc-

currence and promptly make changes in the horizon- oriented 

calculations of stability of pit wall (Fig. 2 and Table).

Curves of changes in the properties of rocks were carried 

out according to averaged indicators over the depth of 50 m. 

Assessment and reliability of determining dependencies were 

made using formulas of mathematical statistics. Deviation of 

the calculated curves from the empirical ones ranges from 

5–8 %, and most of them coincide with each other. The anal-

ysis of the data also shows that strength properties of rocks 

with depth of their occurrence change noticeably [20].

Monitoring of rock conditions, especially during explora-

tion works on the territory of giant copper deposit, occupying 

large area, consisting of several deposits and occurring in vari-

ous deep horizons requires creation of a high-precision geo-

detic justifi cation. Based on these points of the GGN, network 

is being thickened. Classic option for creating geodetic net-

works in fi elds in huge area is quite laborious. It requires large 

fi nancial costs for organization and production of observa-

tions. In this regard, we propose to replace extended leveling 

lines with local geodetic constructions in the form of profi le 

lines and control “clusters” of geodetic and leveling points. 

Complex application of ground and space geodetic methods 

will allow monitoring observations to cover the entire territory 

of fi eld, as well as increasing effi  ciency of observations and re-

ducing capital costs for their production.

During large-scale and long-term development of depos-

its, along with geomechanical deformation processes, geody-

namic processes can also develop. Therefore, during develop-

ment of deep-lying ore bodies a geodynamic polygon is creat-

ed, where repeated geodetic observations are carried out.

Based on the above, we propose to replace extended level-

ing lines with local geodetic constructions in the form of geo-

dynamic profi les, profi le lines and control “clusters” of geo-

detic and leveling points. Complex application of ground and 

space geodetic methods will allow monitoring observations to 

cover the entire territory of fi eld, as well as increasing effi  cien-

cy of observations and reducing capital costs for their produc-

tion. Thus, for diff erentiated study of geodynamic and geome-

chanical processes of development of fi elds that occupy large 

area and are intended for deep angles, we propose to create 

“nodal” branches at the fi eld, consisting of base (reference), 

reference (initial) and deformation geodetic and leveling points.

All nodal points are located in accordance with ore veins 

(Fig. 1) and are tied to points of GGS (Fig. 3).

Network of basic (reference) points is designed to assess 

geodynamic state of deposit territory on regional scale and 

serves as initial geodetic basis for developing the network of 

control (initial) points. In this regard, basic (reference) points 

should be located outside the fi eld and infl uence zone of tech-

nogenic geomechanical processes due to its development, as 

well as at distance from tectonic fault zones. The number of 

basic points is determined based on the deposit outline con-

fi guration of the fi eld and there should be at least two points. 

Conventional sign:

Fig. 1. Geological map of the East Saryoba fi eld [19]

Fig. 2. Dependence of strength properties of massive cement 
rocks on the depth of their occurrence:
1 – adhesion – k; 2 – friction angle – ; 3 – density – f; 4 – me-
dium density

Table
Equations of relations of rock properties with the depth of their occurrence

Investigated value Function equation Reliable value Limits of action

Adhesion by crack k, Pa  105 k  104.5  0.2H  0.0004H2 (1) 0.88 300  H  50

Friction angle , degrees   25.5  0.1Н  0.0002H2 (2) 0.90 250  H  50

Hardness of rock f F  6.15  0.018H  0.00003Н2 (3) 0.89 300  H  50

Density , t/m3   2.36  0.0038Н  0.000008Н2 (4) 0.88 250  H  50
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Their coordinates are determined relative to GNSS stations 

included in the international geodetic reference network.

Network of control (initial) points is an initial geodetic basis 

for observing geomechanical and modern geodynamic pro-

cesses in zones of tectonic disturbances, as well as for assessing 

the geodynamic state of the fi eld’s territory. We propose to lo-

cate control (initial) leveling points vertically off -line of the 

fi eld under conditions which exclude the impact of geome-

chanical processes on their stability. Exploration wells existing 

in the fi eld (abandoned or being put into conservation), whose 

base is buried below developed deposits can be used as control 

(initial) points.

Network of deformation points is designed for observation 

of technogenic, geomechanical and modern geodynamic pro-

cesses.

All these works are carried out using modern geodetic tech-

nologies. Moreover, high effi  ciency of geodetic works is 

achieved only through satellite technology. Use of modern 

technical equipment opens up great opportunities for solving 

problems of geodetic support for seismic exploration at qualita-

tively new level. Rapid development of geodetic base central-

ization, profi les production on the ground with high accuracy, 

measurement and automation of data processing, ability to 

work in diffi  cult physical, geographical and climatic conditions 

is carried out only on the basis of modern instruments [19].

Thus, on the basis of the GPS measurements performed, 

mine surveying services and observation stations of mines in 

Central Kazakhstan were provided with control points, whose 

coordinates were determined with high accuracy. Observations 

of absolute deformations of pit walls on researchable object 

were carried out on the profi le lines of the observation station 

with instruments of new generation. Repeated geodetic mea-

surements were carried out with electronic total stations from 

Leika TS110 and TS1206 in combination with refl ectors and 

3D scanners installed on permanent earth bench.

Long-term instrumental observations showed the labori-

ousness of fi eld work, especially the transfer from one point to 

another set of instruments (the device itself, tripod, slats, and 

others). In this regard, for the installation of instruments and 

effi  ciency of measurement operations, fi rstly, we have devel-

oped permanent benchmark that is installed at the reference 

point during geomechanical monitoring (Fig. 4). The device is 

the geodesic center for installing new instruments. The pur-

pose of the invention is to improve accuracy of centering, mea-

surement effi  ciency in the absence of tripods at points of 

standing and observation. The new device allows for quick and 

accurate centering, and also eliminates the use of tripods [21].

Signifi cant factor in the eff ective solution of the problems 

of modern opencast is study of fracture systems and structural 

block sizes. In open pit mining, rock fracturing was studied 

using mining compass, i. e. incidence angles of cracks and azi-

muths of their strike were measured with mountain compass 

(Fig. 4, а.)

In order to increase the effi  ciency of solving this issue in 

our mine surveying and geodetic practice, a 3D scanner was 

used, which made it possible to study the elements of occur-

rence of cracks and discontinuities (Fig. 4, b) in suffi  cient de-

tail. Accuracy of shooting parameters obtained is determined 

by a distance between the device and object being shot [22].

Use of shooting results with a laser scanner to obtain ele-

ments of fracture occurrence and sizes of structural blocks is 

possible when the device is located up to 800 meters from ad-

jacent rock mass. This gives rise to a unique opportunity to 

obtain information about the position of adjacent rock mass 

without direct performer contact. When processing the results 

of laser scanning, software package “MaptekI-SiteStudio” 

was used, where values of fracture occurrence elements are 

calculated: strike azimuth, slope angles and sizes of rock 

blocks (Fig. 5).

To obtain reliable data, starting in 2011, simultaneously 

with geodetic observations, a space radar survey of the Zhe-

zkazgan fi eld from the Radarsat-2 satellite (MDA, Canada) 

was organized, which makes it possible to regularly obtain 

the displacement fi eld of the earth’s surface with high accu-

racy [23].

Fig. 3. Structural scheme of observation network of geodynamic 
polygon [19]

Fig. 4. Studying rock fracturing:
a – surveying rock mass with mountain compass; b – survey of the 
structure of pit wall with laser scanner installed on permanent 
ground reference [22]

a b

Fig. 5. Laser scanning results:
a – digital model of the bead; b – elements of crack occurrence on 
a computer screen

a b
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Strength and stability of inter-chamber support pillars, as 

well as stability of adjacent rock mass are determined by a de-

gree of their fracturing. Strengthening technology of fractured 

massif should ensure complete fi lling of cracks in massif with 

various compositions and reliably fasten individual structural 

blocks into a single whole [24].

Currently, research work is underway to create solutions for 

strengthening fractured rocks, which have low cost, suffi  cient 

fl uidity to fi ll small cracks and adhesion to rocks, high strength.

Solution contains cement, fi ller and water. Mill tailings of 

mining and metallurgical complexes were used as fi ller. At the 

same time, a new composition was investigated and obtained 

for strengthening reinforcement of support points of observa-

tion station in the wells, which also makes it possible to dis-

pose of mining waste and increase strength and frost resistance 

of material obtained.

The technical novelty of solution for strengthening a quar-

ry side is confi rmed by the patent of the Republic of Kazakh-

stan for an invention [25].

It was established that the main factor of variability in 

mines is the structural heterogeneity and fracturing of the rock 

mass. In this regard, an original method for solving the prob-

lem has been developed, which consists, on the one hand, in 

the operational forecast of areas of increased fracturing and 

geomechanical processes and, on the other hand, in the devel-

opment of a special technology for increasing the strength of 

the rock mass by fi lling the cracks with the created solution.

Conclusions.
1. On the basis of analysis of domestic and foreign scientifi c 

and technical literature, work experience in the fi eld of studying 

geomechanical and geodynamic processes, as well as deforma-

tion monitoring tools, complex geomonitoring technique using 

modern highly-accurate geodetic instruments is recommended.

2. Geological, structural and tectonic features of giant 

copper deposit “East Saryoba” in Kazakhstan are presented. 

Study on structural and strength properties of rocks made it 

possible not only to obtain complete information about massif 

state, but also to establish graphical-analytical dependence of 

their change on the depth of occurrence, contributing to fore-

cast of parameters of shear zones.

3. Modern approach to setting and making observations of 

geodynamic and geomechanical processes in solid mineral de-

posits is analyzed. New “nodal” method for constructing geo-

detic observation systems at geodynamic test polygon has been 

substantiated, which allows monitoring control coverage of 

exploration and mining operations, as well as increasing the 

effi  ciency of observations.

4. Stability of slopes in rocky and semi-rocky formations is 

determined by presence of weakening surfaces and combina-

tion of their location in relation to slope. It has been proposed 

to use new 3D scanners along with the known methods for sur-

veying the fracture occurrence elements and with processing 

of the results with the “MaptekI-SiteStudio” program. The 

proposed method was tested in the quarries: “Akzhalskiy”, 

“Itauz” and “Zhairem” of central Kazakhstan.

5. Improving the stability of areas of fractured slopes of 

benches and underground workings is ensured by use of new 

reinforcing solutions based on the waste of concentration plant 

with the addition of suitable additive, which makes it possible 

to dispose of mining waste, reduce cement costs by 45–50 % 

and, fi nally, improve geomechanical situation at mines.
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Прогноз зміни геодинамічного 
режиму геологічного середовища 

при великомасштабному освоєнні надр
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Мета. Розробка методики прогнозу змін геологічного 

середовища на основі комплексного моніторингу, що за-

безпечує промислову та екологічну безпеку регіону Цен-

трального Казахстану

Методика. У роботі використано комплексний підхід, 

що включає: вивчення гірничо-геологічних умов, струк-

турних особливостей гірських порід родовищ і ведення 

геомоніторингу на рудниках, на основі розроблених ав-

торами сучасних способів і засобів моніторингу.

Результати. Розроблена методика ведення комплек-

сної системи геодинамічного моніторингу. Запропоно-

вано новий метод створення геодинамічного полігону. 

Результати дослідження впроваджені на діючих гірничо-

добувних підприємствах при виконанні проектів «Комп-

лексний моніторинг повільних деформаційних процесів 

земної поверхні при великомасштабному освоєнні руд-

них родовищ Центрального Казахстану» і «Розробка ін-

новаційних методів прогнозування та оцінки стану маси-

ву гірських порід для попередження надзвичайних ситуа-

цій техногенного характеру», а також використані в на-

вчальному процесі Satbayev University.

Наукова новизна. У результаті проведених НДР ство-

рені та впроваджені у виробництво:

- геодинамічний полігон району, створеного на осно-

ві «вузлового» методу, поєднаний із нівелірними, супут-

никовими й сейсмологічними пунктами, що дозволяє 

охопити моніторинговим контролем розвідувальні й гір-

ничі роботи, що проводяться, а також підвищити опера-

тивність спостережень і знизити капітальні витрати на 

видобування корисних копалин;

- розроблені конструкції постійних (наземних і підзем-

них) пунктів примусового центрування, що дозволяють 

підвищити продуктивність робіт і точність спостережень;

- спосіб зйомки структурних особливостей масивів за 

допомогою лазерного 3D сканера, що дозволяє досить 

докладно вивчити елементи залягання тріщин і розрив-

них порушень гірських порід;

- склад зміцнюючого розчину з відходів гірничого ви-

робництва для підвищення стійкості порушених ділянок 

уступів кар’єра.

Новизна розроблених способів і засобів підтверджені 

патентами РК на винахід.

Практична значимість. Отримані результати можуть 

бути використані для підвищення рівня виробничої без-

пеки на копальнях і мінімізації екологічних ризиків, ви-

кликаних освоєнням надр.

Ключові слова: міднорудні родовища, геологія, тектоні-
ка, порушеність, тріщинуватість гірських порід, геодина-
мічний полігон, геодезична мережа
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