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shortage ranges from 260-300 million m2. Increasing the water availability of irrigated lands in this
area can be solved by reusing drainage waters pumped out by vertical drainage wells in order to lower
the groundwater level.

Key words: irrigated lands, water supply, collection and drainage waters, salinity, water
scarcity, reclamation state.
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MODERN APPROACHES TO MONITORING AND ANALYSIS OF
DEFORMATION PROCESSES

Abstract

This article explores modern approaches to monitoring and analyzing deformation processes in
open-pit mining using automated control and measuring systems (ACMS). The study presents a
conceptual and practical framework for integrating geotechnical sensors, geodetic monitoring, and
finite element modeling into a unified decision-support system. A hypothetical case study of an open-
pit mine in Eastern Kazakhstan is used to simulate stress—strain behavior under dynamic loading
conditions. The modeling parameters and input data are described in detail, including assumptions on
rock mechanical properties, boundary conditions, and external factors such as precipitation and
excavation activity. Results show a potential 25-30% increase in deformation in critical zones within
5 years, confirming the need for predictive monitoring. The findings support the integration of ACMS
and geomechanical simulation tools to reduce accident risks, improve forecast accuracy, and increase
operational safety in complex geological environments.

Keywords: deformation processes, mountain ranges, automated control and measuring
systems, monitoring, mining safety, deformation forecasting, geomechanical modeling.

Introduction

The mining industry is increasingly confronted with multifaceted challenges in maintaining the
stability and safety of pit slopes, particularly in environments characterized by deep excavation,
heterogeneous geological formations, and increasing climate variability. Deformation of rock masses
whether driven by natural tectonic processes or anthropogenic excavation poses a direct threat to
worker safety, infrastructure integrity, and the overall efficiency of mining operations [1].

In this context, the continuous monitoring and predictive analysis of deformation processes
have become essential components of sustainable and risk-informed mining practices. Traditional
methods, such as visual inspection and periodic geodetic measurements, remain prevalent but are
inherently reactive and limited in spatial and temporal resolution [2].

Modern Automated Control and Measuring Systems (ACMS) integrating GNSS sensors,
inclinometers, strain gauges, and real-time data transmission offer dynamic capabilities for tracking
rock movement and stress-strain development. When combined with advanced geomechanical
simulation tools such as the Finite Element Method (FEM), these technologies not only detect early
signs of instability but also forecast deformation trends under a variety of geotechnical and
environmental loading conditions [3].

Importantly, the methodological approaches explored in mining contexts can be extended to
broader land monitoring applications. For instance, the territorial analysis and development of a
digital database of agrolandscapes within the Semipalatinsk Test Site represent a parallel initiative
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aimed at assessing long-term land deformation and soil transformation in a historically impacted
region. By combining remote sensing data, geospatial modeling, and field validation, this project
illustrates how deformation monitoring methods can inform land-use planning, ecological
rehabilitation, and agricultural zoning in post-industrial and post-military landscapes.

The main objective of this article is to evaluate the effectiveness of ACMS and FEM-based
modeling tools in predicting and managing slope deformation in open-pit mining operations. To
achieve this goal, the following tasks are addressed:

1. Review of current approaches and technologies for deformation monitoring;

2. Analysis of ACMS components and operational principles;

3. Simulation of slope deformation using FEM, including definition of input parameters and
boundary conditions;

4.  Presentation of a hypothetical case study illustrating deformation progression and critical
risk zones;

5. Discussion of safety implications and practical recommendations for enhancing slope
stability in complex geological environments.

Materials and research methods

To explore the dynamics of deformation in open-pit mining, we employed a comprehensive
methodology combining field instrumentation, automated monitoring systems (ACMS), and
numerical modeling via the finite element method (FEM) [4].

As a reference scenario, we considered a typical open-pit copper mine located in Eastern
Kazakhstan, near the village of Karabulak (N 49.530°, E 82.144°) [5]. The mine has an average depth
of 100 — 120 meters, with slopes reaching angles of up to 48°. The regional geology is characterized
by fractured granite and schist formations, with localized clay inclusions that are sensitive to
moisture.

This setting presents common challenges for slope stability monitoring: heterogeneous rock
strength, seasonal precipitation, and seismic microactivity [6].

The monitoring network included the following sensor types:

. GNSS stations (Topcon TPS-1) for 3D point displacement tracking (accuracy £5 mm),
Inclinometers for angular displacement monitoring (threshold: £0.2°),

Strain gauges for internal stress detection in benches,
Ground-based LiDAR for 3D scanning of slope surfaces every 10 days,

. Meteorological sensors (precipitation, temperature, humidity).

All sensor data was transmitted via LORaWAN to a central server with automated logging and
daily preprocessing [7].

The collected raw data were processed in several stages (also summarized in Table 1):

1. Noise filtering using a moving average filter with a window of 5 days;

2. Normalization to standard scale (Z-score) for time-series alignment;

3. Relative deformation calculation: e=ALLO\varepsilon = \frac{\Delta L} {L._0}e=LOAL

4 Stress estimation using Hooke’s Law: 6=E-g,where E=22GPa (granite),12GPa (schist)

5. Correlation analysis between deformation rates and precipitation (Pearson coefficient
p\rhop).

To simulate the evolution of stress and strain in the slope, we developed a 2D FEM model using
Plaxis 2D. The model incorporated:

. Geometrical domain: slope profile of 120 m height, 40° angle;

. Mesh resolution: 0.5 m elements in critical zones;

Table 1 - Material properties

Material | Density (kg/m®) | E (GPa) | Poisson’s Ratio (v) | Cohesion (kPa) | ¢ (°)
Granite | 2700 22 0.25 400 38
Schist 2600 12 0.28 250 35
Clay 2100 0.8 0.30 30 18
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. Boundary conditions: fixed bottom edge; roller-type side constraints;

. Loading conditions: gravitational, excavation stages (bench removal), rainfall
infiltration as pore pressure change.

Simulations were conducted under three scenarios:

1.  Baseline (dry season, current slope angle)

2.  Rainfall + excavation combination (worst-case)

3. Reinforced slope with geogrids

Results were visualized using isobands of total displacement and safety factors.

Although no physical experiment was conducted, the methodology emulated a full deployment
cycle of ACMS in a live pit:

. Installation of sensors (Month 1-2)

. Baseline data collection (Month 3)

. Simulated stressor injection (excavation + rainfall in model, Month 4-5)

. Data analysis and forecast generation (Month 6)

All model outputs were validated by cross-referencing sensor readings with modeled
displacements, ensuring consistency in trend and magnitude (£10%) [8].

Results and discussion

The results of the numerical modeling and sensor-based monitoring provide a detailed
view of the deformation processes in the studied slope, as illustrated in Figure 1 — Modeled
Distribution of Deformation Zones in the Open-Pit Slope [9, 10]. All findings are presented in
comparison to three simulation scenarios: (1) baseline dry conditions, (2) combined rainfall and
excavation stress, and (3) slope reinforcement with geogrid structures.

Modeling under dry conditions showed that deformation values in the upper bench zone reached
up to 8.4 mm, while the middle benches remained stable. However, under simulated rainfall
infiltration of 120 mm/month, total displacements increased to 21.2 mm in critical zones,
particularly where clay inclusions were present [11, 12].

In the reinforced scenario, displacement decreased to 5.6 mm, indicating that geotechnical
reinforcement could reduce slope movement by up to 73% in high-risk areas.
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Figure 1 — Modeled Distribution of Deformation Zones in the Open-Pit Slope

Figure 1 shows the modeled displacement field with the most active deformation zone
highlighted between slip surfaces F2 and F: (shaded in red). This region corresponds to the upper
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slope crest and is most susceptible to movement due to excavation and rainfall. Under baseline dry
conditions, displacements reached up to 8.4 mm, while rainfall infiltration (120 mm/month) increased
cumulative movement to over 21 mm in this zone. Reinforcement with geogrids reduced
displacement to 5.6 mm, underscoring its stabilizing effect. The agreement between ACMS sensor
readings and FEM predictions (+10%) supports the reliability of the integrated monitoring-modeling
framework [13].

This consistency between physical data and modeling reinforces the credibility of the
simulation-based forecasting framework.

Various methods are available for predicting deformation processes in rock masses, each with
its specific assumptions, strengths, and limitations [14]. Table 2 provides a detailed comparative
analysis of the most widely used techniques, from empirical to numerical methods. Each method has
its advantages but also limitations in terms of sensitivity, computational demand, and input
requirements.

Table 2 — Comparative characteristics of deformation forecasting methods

Method name

Features and advantages

Disadvantages

Integration grid | Based on subsidence data collected from field | Ignores  several critical  factors

method measurements; simple interpolation technique. influencing deformation; suitable only
for shallow and uniform deformation
fields.

Typical curve | Parameters are derived from field observations | Valid only in areas with similar

method using regression over time or space; quick | geological and operational conditions;

estimation for similar geotechnical conditions.

lacks flexibility.

Influence function
method

Mathematical functions (e.g., Knotte, Sahn, Breuer,
Litvinishin, Beyer, Zann, Erhardt-Sauer) describe
deformation fields due to excavation; enables
generalization across different depths and
geometries.

Idealized assumptions; oversimplifies
complex interactions; does not capture
real-time dynamic influences such as
rainfall or seismic events.

Finite Element
Method (FEM)

Based on elasticity theory; can include non-linear
deformation, time dependence, and detailed stress
distribution. Supported by major software: Plaxis,

Requires  powerful  computational
hardware; calibration needed; implicit
solvers may underperform with high

Abaqus, Midas, ZSoil. nonlinearity unless replaced with
explicit ones.
Finite  Difference | Lagrangian mesh that deforms with material; can | Difficult to apply in geometrically
Method simulate yielding, large strains, and plastic flow. | complex domains; less intuitive mesh
(FDM/FDTD) Used in FLAC and FLAC3D. handling.
Discrete  Element | Best suited for fractured, blocky rock masses with | Computationally expensive; model size

Method (DEM)

multiple joints. Programs: PFC2D, UDEC, 3DEC.
Allows explicit modeling of contacts.

limited by available memory and
processing power.

Boundary Element
Method (BEM)

Efficient for modeling large elastic domains with
fewer elements; good for modeling crack
propagation. Computationally efficient.

Cannot easily model heterogeneous or
plastic materials; not well-suited for
highly nonlinear or dynamic fracture
propagation processes.

FEM emerged as the most balanced method for the conditions considered offering detailed
outputs without unrealistic simplifications, especially when coupled with ACMS input data for

calibration [15].

Based on the simulation and monitoring results, the model identified two critical risk zones:
. Zone A — located at the northern slope crest, where slope instability is aggravated by
surface runoff and overexcavation;
. Zone B — along the eastern wall, adjacent to a previously backfilled trench with low

bearing capacity.

To mitigate risks in these zones, the following engineering interventions are recommended:
. Construction of retaining berms and geogrid reinforcement in Zone A,
. Implementation of drainage systems in Zone B to minimize pore pressure accumulation;
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. Extension of the ACMS network to ensure complete coverage of peripheral benches and
the pit base.

These findings form the basis for practical recommendations aimed at improving the stability
and operational safety of open-pit mines under variable environmental conditions.

Conclusions

This study presents an integrated approach to monitoring and predicting deformation processes
in open-pit mining through the combined use of Automated Control and Measuring Systems (ACMS)
and Finite Element Modeling (FEM). By employing a hypothetical case study representative of
geological conditions in Eastern Kazakhstan, the methodology demonstrated its capacity to simulate
realistic slope behavior under complex environmental and operational factors.

Key findings include:

The ACMS system, equipped with GNSS, inclinometers, and LiDAR, delivered high-resolution
deformation data, achieving £10% agreement with FEM simulation outputs;

Under simulated rainfall loading, slope deformation increased by up to 2.5 times, emphasizing
the sensitivity of pit walls to hydrological inputs and the necessity for weather-responsive monitoring;

The implementation of geotechnical reinforcement measures particularly geogrid installations
resulted in a 73% reduction in modeled displacements, underscoring the effectiveness of preventive
interventions;

Among the methods reviewed, FEM proved to be the most versatile and accurate tool for multi-
variable geomechanical analysis, especially when calibrated with sensor-based data from ACMS.

The proposed framework offers a scalable and adaptive solution for transitioning from reactive
hazard management to proactive risk mitigation in mining environments. It supports continuous
assessment of slope integrity, enabling real-time decision-making, reduction of operational
interruptions, and enhancement of worker safety.

Moreover, this integration of monitoring and modeling can be adapted to other geotechnical
contexts, including tailings dams, landslide-prone slopes, and underground workings, where early
warning and predictive diagnostics are equally critical.

Future research should explore:

Coupling real-time ACMS data streams with machine learning algorithms for pattern
recognition and automatic threshold detection;

Extending the framework into 3D modeling environments to capture complex volumetric
deformations;

Developing cloud-based platforms for remote diagnostics and multi-site integration.

In conclusion, this study contributes to the advancement of intelligent geomechanical
monitoring and sets the foundation for safer and more sustainable mining operations under evolving
geological and climatic challenges.
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University and the Kazakh National Agrarian Research University for providing access to essential
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in this study.
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JAE®@OPMALUAJIBIK IPOUECTEPAI BAKBIJIAY MEH
TAJIJAYAbIH 3AMAHAYH TOCIJIAEPI
Anoamna
Makasiazia aBTOMaTTaHIbIPBIIFaH OacKapy *oHe eniey xkyhenepid (ACMS) KosaHa OTHIPHII,
amblK Tay-KeH OHAIpiciHAeri aedopManusi TpolecTepiH OakpUiay MEH TalJay[blH 3aMaHayH
ToCUIAEepl KapacThIpbUIFaH. 3epTTey re0TeXHUKANIBIK JaTYUKTEP/ll, Te0Ie3UsIIbIK OaKbUIay bl JKOHE
aKbIpFbl DJIEMEHTTEPl MOENbIACY/l MIENIMAepAl KoJAayablH OipblHFail kyleciHe OIpiKTIpyIiH
TYKBIPBIMIaMaJIBIK KOHE MPAKTUKAJIBIK HET137epiH YChIHABI. JIMHAMUKAIIBIK KYKTEME JKaF1aibIH 12
KEepHEeYITi-KepHEYJl MiHEe3—KYJIBIKTE Mojenbaey YuriH IIeireic KazakcTangarpl amblK KEHIMITIH
TUITOTETUKAJIBIK KaFaliIbIK 3epTTeyl KoJIJaHbuIabsl. Moenbaey mapameTpiiepi MeH Kipic AepeKrepi
erKel-TerKeisll CUMaTTalifaH, COHBIH IMIIHJAE Tay BIHBICTAPBIHBIH MEXaHUKaJIbIK KacueTTepi,
IIeKapasbIK JKaFaaiiap jKoHe jKayblH-IIANIBIH MEH Ka30a KYMBICTaphl CUSKTHI CHIPTKBI (haKTopap
Typaiel 6oymkamaap. HoTwkenep 5 sKbuT ilmiHe CHIHA aiiMakTapaarsl nedopmanusiabi 25-30% - Fa
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Annomauus

B nanHOl cTaThe paccMaTpUBAIOTCA COBPEMEHHBIE INOAXOABI K MOHHUTOPUHIY M aHAIU3Y
ne(GOpMaMOHHBIX MPOIECCOB TPH Pa3pabOTKE MECTOPOKICHUN OTKPBITBIM CIIOCOOOM €
UCIOJIb30BAHUEM aBTOMAaTU3MPOBAHHBIX KOHTPOJIbHO-U3MepUTENbHbIX cucteM (ACY TII). B
UCCIIEIOBAaHUM TpPEACTaBlI€HA KOHIENTyaJlbHass W IPaKTHUYeCKas OCHOBAa [UIsl MHTErpaluu
FEOTEXHUYECKUX  JaTYMKOB,  TE€OJE3UYECKOT0O  MOHMTOPMHIA M KOHEYHO-3JIEMEHTHOIO
MOJIETUPOBAHUSL B €IMHYIO CHUCTEMY MOAJEPKKH MPUHATUS pelieHui. [lns MopenupoBaHus
HaNpsHKeHHO-Ie(OPMUPOBAHHOTO  COCTOSIHUSA B YCIIOBMSX  JMHAMHUYECKOTO  HarpyXeHus
HCIOJIb3YETCSl TUIOTETUYECKUI NpUMep OTKphITOM maxTel B Bocrounom Kazaxcrane. Ilogpobno
OIHMCAaHBI IAPAaMETPBI MOJEIINPOBAHNS U UCXOJHBIE JAHHbIE, BKIKOYasl JOMYILICHHUS O MEXAHUUECKUX
CBOMCTBAaX TOPHBIX IMOPOJ, TPAHUYHBIX YCIOBHSX M BHEIIHMX (AKTOpax, TaKUX KaK OCAaTKU U
3eMJIsiHble paboThl. Pe3ynbTaThl MOKa3bpIBalOT MOTEHIMAJIbHOE YBEIMUYEHHE JepopMaluu B
KpUTUYECKHX 30HaX Ha 25-30% B TeueHHE S JeT, 9TO MOATBEPKIACT HEOOXOAMMOCThL MTPOTHO3HOTO
MoHUTOpHHra. [lonyueHHble pe3ynbTaThl NOATBEPKIAOT HeoOxoxumocTs uHTerpamuun ACMS u
MHCTPYMEHTOB I'€OMEXAaHUYECKOI0 MOJEIUPOBAHUS JUISl CHM)KEHUS PUCKOB aBapHid, MOBBILIECHUS
TOYHOCTH MPOTHO30B W IOBBIMIEHHS O€30IaCHOCTH HKCIUTyaTallMM B CIOXHBIX TI'€OJOIMYECKHX
YCIIOBHSIX.

Knrwouesvie cnosa: nehopManioHHble MPOLECCH], TOPHBIE MAaCCUBBI, aBTOMATU3UPOBAHHBIE
KOHTPOJIbHO-U3MEPUTENbHBIE  CUCTEMBbl, = MOHUTOPUHI,  0€30IacCHOCTh  TOpHBIX  paboT,
IIPOrHO3UpPOBaHMeE AeopMalHii, reoMeXaHMUECKOe MOJIeTUPOBaHHE.
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METHODS OF MONITORING MORAINE LAKES IN CENTRAL ASIA UNDER
CLIMATE CHANGE

Abstract
This article presents a comprehensive analysis of modern research methods for high-mountain
glacial lakes in Central Asia under global warming conditions. Special attention is given to moraine
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