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Abstract. This article provides recommendations for enhancing geodetic
monitoring methods for deformation processes at the Kapshagay Hydroelectric Power
Station (HPP), a key component of Kazakhstan's energy infrastructure. In this context,
improved methodology for geodetic surveys incorporating modern measurement
instruments is proposed. The article explores various methods and approaches to
geodetic monitoring of hydraulic structures at the HPP, with a particular focus on
leveling and cross-section measurements. These techniques are essential for analyzing
sedimentation and displacement, ensuring high accuracy in determining changes in
plan-height coordinates. The paper details geodetic network utilized, which includes
fundamental rock benchmarks, soil marks, and forced centering points, along with the
measurement techniques applied. Additionally, key aspects of instrumental surveys -
such as ultrasonic testing and ground-penetrating radar - are examined, as these
technologies aid in detecting hidden defects and enhancing structural safety. The study
confirms that leveling and cross-sectional measurements enable reliable monitoring of
both vertical and horizontal deformations. Furthermore, integration of fundamental
rock benchmarks, soil marks, and forced centering points ensures a high level of
measurement accuracy while minimizing errors. The novelty of the proposed methods
and means of monitoring are confirmed by Patents and Author's Certificates of the
Republic of Kazakhstan.
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Annparna. Makanaoa Kawaza COC oeghopomayusinwix npoyecmepiniy 2e00e3usiivlk,
MOHUMOpuUH2l 20icmepin dHcemindipy OolblHWA YCblHbicmap Kenmipineen. Kanwaeaii cy
anekmp cmanyuacel (COC) Kazakcmannoly sHepeemukanvlk UH@OPaKYpuLIbIMbIHOA
MaHvI30bl HLICAH 00abIN MabbLIA0bl. Ocblean OAUIAHBLICIbL 2€00e3UAIBIK HCYMbICIMAPObL
JAHCYP2I3YOIH JHCIHe 0Napoa 3aManayu eauley Kypaioapbli Nauoaianyobly HeeminoipiieeH
a0icmemeci ycovlHblIObl. Maxanaoa cy 21ekmp CMAHYUANApbIHbIY 2UOPOMEXHUKALBIK
KYPbIILICMAPBIHbIY ~— 2€00€3UIbIK  MOHUMOPUHRIHIY — 20icmepi  MeH  macinoepi
Kapacmulpvliaovl. [lnan-ouikmix KOOpOUHAmMAanapelHoagel o32epicmepoi aublKmMmayoa
JHco2apvl  02N0IKMI  KAMMAMACLL3 ememin  KYPblIbIMHbIY W2yl MeH  OpPHbIHLIH
aybImMKYLapbli manoay yuliH HUGEIupiey HCaHe HCapMauvlK eauiey a0icmepine epexuie
Hazap ayoapwvinaovl. llatioananviiamvin 2e00e3UsnblK JHCeNiHiy CUNammamacsl, OHbIH
iwinoe ipeeni may MHCbIHbICMAPLIHLIY SMATOHOAPLL, Jicep Oeneinepi dHcone MaHcOypii
OPMANbIKMAHOLIPY HYKmenepi, COHOali-ak o1apovl eautey a0icmepi kenmipineen. Kacvipoin
akaynapovl aHbIKMAy JHCoHe KYPbLIbIMOApPOblY KAayincizoieih Kammamacwvl3 emy YuliH
KOJIOAHBLIAMBIH YIbMPaoblOblCIMbLK, CLIHAY HCIHE Hcepae eHemin paoap CUSKmMbl ACNANmMblK
mexcepyOiy Hezizei acnekminepi Kapacmulpviiaosl. Hueenupnix owcone kendeHey
Kumanaposl eauiey 20icmepin KoadaHy oOepopmayus JHceliCiHiy MIK JHCIHe KOJ0eHeH
napamempiepiniy e32epyin ceHiMOi OaKbliayea MyMKIHOIK Oepemini aHblIKmaiowl. An ipeeni
may  JHCLIHLICMAPLIHLIY, — IMAIOHOAPbIH,  MONLIPAK — Oenciiepin  dcane  MaxcOypii
OpMANLIKMAHObIPY HYKmenepin naudanany enuey 0210I2IHIH Hco2apbl OeH2eUiH JHCoHe
Kamenepoi azatmyosbl Kammamacwvlz emeoi. Kaneinmackan 2eo0e3usiivlK diceii mypaKmol
Oakvliayovly cenimOi Helisin Kammamacwlz emedi, an Il Odapexceni 0Oandikmeei
2eoMempusLIblK, HUgenupieyoi KoNoamy KoJl0eHey JHcane mik KOOpouHamaiapoazvl minmi ey
as ayblmyniapowvl dcedell AHblKmay2a MYMKIHOIK Oepedi. ¥CbinblieaH MOHUUOPUHSMIH
a0icmepi MeH HcabovIKmapviHbly dHcayanvizbl KP namenmmepi dcane agmopnvl KYKblK
KyaaiciMeH pacmaiea.
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AHHOTauusl. B cmamwe npusedeHvl pexomMeHOayuu Nno COBEPULEHCIOBANHUIO
Memo008 2e00e3uyecko20 MOHUmMopuHea oegopomayuonnsix npoyeccoe Kawaeatickoi
I'DC. Kanwaeaiickas euopoanexkmpocmanyusn (I'2C) sensemcs 8axcuvimM 00beKmom
9Hepeemuyeckou unppacmpykmypsl Kazaxcmaua. B ceéazu ¢ smum npeonodsceHa
COBEPUIEHCIMOBAHHASL MEMOOUKA NPOBEOeHUsl 2e00e3U1ecKUX pabom U UCnoNb308aHUsL 6
HUX COBPeMEHHbIX cpedcms usmepeHul.  Paccmompenvr memoovl u nooxoovl K
2eo0e3uteckomy MoHumopuney euopomexruyeckux coopyxcenuti 1 9C.  Ocoboe
BHUMAHUE YOeNeHO Memooam HUBENUPOBAHUs U CMBOPHbLIX UMepeHUull Ol aHaiu3a
0CaoKo8 U cmeujeHull, Komopvle 006ecneyusarom 6biCOKYI0 MOYHOCMb ONnpeoeleHus
U3MEHeHUli NIAHO0B80-8bICOMHBIX KoOopounam. Ilpusedenvl onucanus uUcnonib3yemou
2eooe3udeckoli cemu, Kayaouell QyHoameHmanbHvle CKAlbHble penepbl, 2PYHMOsble
MapKu u NYHKmMbl NPUHYOUMENbHO20 YEeHMPUPOBAHUS, A MAKHCE MEMOO08 UX USMEPEHUS.
Paccmompenwi knouegvle acnekmvi UHCMPYMEHMANbHO20 00C1€008AHUSA, MAKUe KAK
VIbMPA38YKOBOU KOHMPOIb U  2e0paouonoKayus, Komopvle NPUMEHAIOMcs O
8bIAGNICHUSL  CKPLIMBIX Oeghekmosd u obecneyeHus OE30NACHOCMU  COOPYIHCEHULL.
Yemanoeneno, umo Hcnonvzosanue memo0oos HUenuposanus U CMEOPHLIX UMepeHuUll
N0360/1em HAOENHCHO KOHMPOIUPOBAMb UIMEHEHUs KAK 6epPMUKAIbHbIX, MaK U
20pU3OHMATILHBIX — napamempog  oegpopmayuonuwon  cemu. A npumeneHue
dyHOaMEeHMANbHBIX — CKANbHBIX — penepos,  2PYHMOBbIX  MApOK U NYHKMOS
NPUHYOUMETbHO20 YEeHMPUPOBAHUs obecneyugaem 6biCOKUNl YPOBEHb MOYHOCHU
usmMeperuti u MuHumuzayuro noepewnocmeti. Croxicusulascs 2eooe3uyeckas cemv
npeoocmasisien HAOEHCHYI0 OCHOBY O/ pe2YlsiPHO20 MOHUMOPUH2A, d NpUMeHeHue
2eomempuyecko2o Husenuposanus Il knacca mouHocmu no3eonsiem OnepamuHoO
8bIAGNAMb  0ANCE MUHUMATbHbIE OMKIOHEHUS 8 NIAHOB0-8bICOMHBIX KOOPOUHAMAX.
Hosuzna npeonoosicennvix memooos u cpedcme MOHUMOPUH2A HOOMBEPIHCOEHbL
Hamenmamu u asmopckumu Ceuoemenscmeamu PK.
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1 INTRODUCTION

The Kapchagay Hydroelectric Power Plant (HPP) plays a crucial role in Kazakhstan's energy
infrastructure. Its reliable operation depends on the condition of its hydraulic structures, making
regular monitoring essential for ensuring both safety and operational efficiency.

Hydropower plays a key role in Kazakhstan's strategy to diversify its energy sector. In this
context, the Kapchagay Hydroelectric Power Station, named after Sh. Chokin, holds particular
significance as the only hydroelectric power plant on the Ili River. Construction of the main structures
began in 1966, and the station was fully completed by 1980. The Kapchagay HPP was built to supply
the growing city of Almaty and its surrounding satellite towns with affordable electricity (Figure 1).
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Figure 1 - General view of the Kapchagay hydroelectric power station

Today, the Kapchagay Hydroelectric Power Station remains a key factor in the development of
the city of Konayev, supporting the growth of its communal, educational, medical, and cultural
infrastructure. The city's rapid expansion, marked by changes in urban planning and the emergence
of large new structures, alongside the safe operation of strategic engineering facilities like the
Kapchagay HPP, is ensured through geodetic monitoring.

2 LITERATURE REVIEW

Geodetic monitoring of engineering structures, including hydraulic facilities, involves a wide
range of measurement methods and tools. GPS technologies, electronic and laser instruments, ground-
penetrating radar devices, and various sensors are effectively used to track horizontal displacements
(Genike et al., 2010; Nikonov et al., 2013, Hiller et al., 2015). Construction of hydroelectric power
plants, like any other large structures, requires the establishment of reference geodetic network. This
network must be created within a unified coordinate system and ensure high positioning accuracy.
Reference points of geodetic network should be strategically placed, considering configuration of
observed structures. Crucial aspect of this process is the use of modern instruments and diverse
control methods to enhance monitoring accuracy (Skripnikov, 2010; Salnikov et al., 2018;
Nurpeissova et al., 2020).

According to the rules approved by the order of the Ministry of Agriculture of the Republic of
Kazakhstan dated March 31, 2015 Ne. 19-4/286, hydraulic structures that have been in operation for
more than 25 years are subject to mandatory annual multifactorial inspection. These activities are
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aimed at identifying potential risks and maintaining safe operation of facilities. The main areas of
such inspection include:

1. Detailed assessment is conducted on structural parameters that may affect stability and
strength. Key focus areas include changes in loads and external impacts, the occurrence of
deformations and displacements, as well as the deterioration of surface layers due to corrosion or
cavitation.

2. Evaluation of operability and reliability of mechanical equipment, including valves,
gratings, embedded elements, and fittings. Inspection process also includes quality control of welded
joints and metal structures of lifting mechanisms.

3. Assessing technical condition of underwater structural components through underwater
video filming, which helps identify damage and evaluate the integrity of structural elements.

4. Performing emergency surveys following extreme natural events or accident.

Analysis is also conducted to evaluate adequacy of measures taken by the owner to prevent
emergency situations. This enables timely adjustments to facility management strategy and helps
prevent the escalation of critical situation.

Hydraulic structures (HS) of the Kapchagay HPP comprise numerous components, the
condition and functionality of which are crucial to the overall safety and reliability of station. Since
the completion of the HPP in 1980, passage of time has significantly affected condition of these
structures (Order of the Minister of Agriculture of the Republic of Kazakhstan; Kuznetsov,
2007).

The primary causes of defects and deterioration in structural elements include:

e Physical wear and tear of materials and aging of structures;

Seasonal temperature fluctuations, which further impact materials;

Seasonal variations in water levels in the reservoir, leading to changes in load,
Landslides and avalanches in the reservoir area, resulting from changes in soil strength
characteristics;

Erosion of slope linings and fastenings due to wave action;

Damage to dam and embankment slopes caused by precipitation;

Ice load effects on the upper slopes of the dam;

e Damage to concrete structures due to leaching, filtration, and other factors;

e Deterioration of metal and concrete elements due to cavitation and corrosion;
Non-compliance with regulations for the maintenance and operation of hydraulic structures
(Nurpeissova et al., 2023).

In accordance with regulatory documents and procedures, surveys are conducted at specified
intervals to analyze and identify deviations of the structure from its «normaly» state. Survey process
is carried out in multiple stages, including both visual and instrumental inspections.

Visual inspections help identify external signs of processes that lead to changes in the condition
of'the objects being studied, which can only be partially monitored through instrumental observations.
Due to the precision of visual control, visual inspections remain the most efficient and effective
method for assessing the condition of these objects (Salih et al., 2016; Sholomitsky et al., 2023).

Visual inspections focus on identifying external signs that indicate changes in the condition of
structures and their components. The following activities are performed during these inspections:

e Inspection of the earth dam: condition of the soil is evaluated to detect subsidence, heaving,
sinkholes, landslides, gullies, and the effects of rain and meltwater. Additionally, the nature
of the vegetation, signs of seepage such as spots, springs, and ice on the downstream slope,
as well as the presence of longitudinal and transverse cracks, are also considered.

e Checking control and measuring equipment: inspection of technical devices used to monitor
condition of the dam is carried out.

o Examination of the junction zone between the dam, foundation, and side abutments: signs

of subsidence, gullies, cracks, seepage, and soil erosion are identified.

o Inspection of adjacent areas from downstream side: particular attention is given to the side
abutments to detect landslides, areas of collapse, bulging, erosion, weathering of slopes,
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waterlogging, the release of muddy seepage water, and other defects that may indicate structural
instability.
Instrumental examination methods:

e  Ultrasonic testing is used to measure the thickness of metal walls of structures such as
embedded parts, gratings, water inlets and guide structures. Special ultrasonic devices are used
that provide high measurement accuracy. For example, ultrasonic thickness gauges of the
«TUZ-5» type allow for detailed analysis even in difficult operating conditions.

e  Methods of georadar and geoacoustic sounding are based on principles of electromagnetic
and acoustic tomography. They are used to study underwater and underground parts of
structures, which allows for detection of hidden cavities, cracks and destruction. Instruments
such as «OKO-2» provide ability to construct detailed models of internal state of soils and
structures.

o Stress and deformation monitoring systems. Control and measuring devices are used to
continuously monitor changes in the design of dams, locks and other parts of the hydraulic
structures. These devices allow critical deviations in parameters to be identified in real time
(Penman, 1999; Arvindan et al.; Operational Documentation of the Kapshagai HPP).

3 MATERIALS AND METHODS

Safe operation of such strategic engineering structures is ensured through comprehensive
monitoring, utilizing GPS technologies, electronic tacheometers, ground scanning, and automated
observation methods, all while adhering to strict operational conditions.

4 RESULTS AND DISCUSSION

Geodetic deformation monitoring is one of the key instrumental methods used to determine
settlements and shifts in hydraulic structures. This technique allows for high-precision recording of
positional changes at individual points, revealing the dynamics of deformation caused by both
external and internal factors (Author's certificate for a scientific work of the Republic of
Kazakhstan Ne. 39036).

At the Kapchagay Hydroelectric Power Station, geodetic monitoring is conducted on the
channel and ravine dam, as well as on the station site with the 220 kV outdoor switchgear. Monitoring
work on these sites includes leveling of ground and surface points to measure settlements, and cross-
section measurements using a tacheometer to determine structural displacement.

Result of these works is determination of changes in planimetric and vertical coordinates of
deformation network, which consists of both deep and surface marks. Previously established geodetic
network, including forced centering points (FCP) (Figure 2a), points of fundamental rock
benchmarks (Figures 2b and 2c¢), and soil marks (Figures 2d and 2e), serves as a control leveling
network for determining vertical deformations. Supporting vertical benchmarks are installed on the
rock base, with the center accessible for reference. In contrast, the observed marks are placed within
the dam body and are protected by an external pipe. These marks are positioned at a depth of 0.5
meters, making them convenient for staff installation. Measurements are carried out using the
geometric leveling method with class II accuracy, between the supporting fundamental benchmarks
and the control soil and surface marks. Horizontal displacement is determined through alignment
measurements from the base line points.
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(A

Figure 2 - a - FCP, b and c - reference leveling network points; d and e- soil marks

To monitor the deformation of the Kapchagay Hydroelectric Power Station, a new geodetic
point of forced centering (PPC) was proposed as a permanent reference, in accordance with
regulatory standards (Patent of the Republic of Kazakhstan Ne 35798). Monitoring was conducted
using a GPS system, with results cross-verified by a Leica Geosystems TCR1201 electronic
tachometer. The geodetic base coordinates were determined in the local system, while altitude
coordinates were referenced to the Baltic system. Benchmark elevations were established using the
alignment method. During alignment, the planned positions of control ground and surface
benchmarks were monitored. The alignment diagram is shown in Figure 3, and the subsidence graph
along alignment line I-1 is presented in Figure 4.

10 11 12 13 14 15 16 17/18 19 20\21/22\23 24/25\26/27\28 29 30

Deformation, mm

Benchmark N2
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Figure 4 - Graph of benchmark subsidence along the I-I alignment line (observation date
/25/042024)

Use of leveling and cross-sectional measurements allows for reliable monitoring of changes in
both vertical and horizontal parameters of the deformation network (Nurpeisova et al., 2021;
Myngzhasrov et al., 2024).

5 CONCLUSIONS

Geodetic monitoring is essential for ensuring the safety and efficiency of engineering structures.
It enables real-time tracking of deformations and movements, allowing for the early detection of
potential risks and structural threats. This proactive approach helps prevent emergencies by
facilitating timely intervention and maintenance.

Integration of fundamental rock benchmarks, soil marks, and forced centering points ensures
high measurement accuracy while minimizing errors. Established geodetic network serves as a
reliable foundation for continuous monitoring, while geometric leveling of the II accuracy class
enables the prompt detection of even minor deviations in plan-height coordinates.

As a result of the research, geodetic reference point for forced centering was developed and
implemented in practice, enhancing both the accuracy and efficiency of observations.

Practical significance of this work lies in its application in master's and doctoral dissertations,
as well as in the educational process at the Kazakh National Research Technical University named
after K.I. Satpayev and the International Educational Corporation (IEC). Additionally, results can
contribute to improving industrial safety at other construction sites.
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