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Abstract. The article considers the issues of ensuring the safety of operation of
engineering structures in seismically hazardous regions, using the example of the
transport interchange of Abay Avenue and Sain Street in Almaty, Republic of
Kazakhstan. Almaty is located in a zone of increased seismic activity, and a metro line
runs along Abay Avenue, which complicates the engineering and geological situation.
In such cases, the creation of an effective system for monitoring the condition of
structures is of particular importance. An integrated approach is proposed, including
an engineering and geological study of the rock massif, satellite GPS technologies, an
electronic tacheometer, laser scanning of the earth and an assessment of the accuracy
of geodetic measurements. A methodology for constructing a reference geodetic
network for monitoring bridges and buildings has been developed. The expediency of
using satellite positioning, tacheometry and scanning when monitoring deformations
and settlements of structures is substantiated. To install high-precision electronic and
laser devices for geomonitoring the earth's surface, the authors have developed a
permanent point that ensures speed and accuracy of centering, eliminating the use of
tripods. Based on the conducted research, the authors propose methods for determining
the settlements and displacements of structures. The results of the research were
implemented in the implementation of a scientific project, and also used in the
educational process. The practical value of the work lies in the possibility of using the
obtained results to improve the level of safety at similar facilities and reduce the risks
associated with natural and man-made factors.
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Anparna. Makanadoa — ceucmukanvl — Kayinmi — eHipaepoe — UHICeHepiK
KYpblivlcmapobl naidalany Kayincizoicin kammamacwis emy macenenepi, Kazaxcman
Pecnybnuxacol, Anmamer Kanacvinoazoel Adati oanevinwl men Caur KOWECIHIY KOJIK
aupviebl MbICALIHOA KAPACMbIPLIIZAH. AMambsl Kanacvl CelcMukanvlk bencenoiniel
JHrco2apul auMakma opHaiackam, an Abati oaneviivinbly OolibiHOa Memponoaumen
Cbl3bl2bl Omedi, OY UHIHCEHePIIK-2e0N02USIbIK HcA20aUobl KublHOamaowvl. Mynoaii
AHCAROAUNAPOA KYPbLIbICMAPObIY HCAU-KYUIH OaKblIayObly mMuimMoi JHCyuecin Kypy
epexkuie mamnvizea ue. Tay dHCbIHbICMAPBIHBLIY MACCUBIH UHIHCEHEPIIK-2e0102UNbIK
sepmmey, cnymuuxmix GPS mexunonocusinapol, 31eKmpoHObl maxeomemp, icepoi
JIA3epiK CKaHepiey HeaHe 2e00e3UsLIblK oueynepoiy 0210i2iH 6aeanayobl KAmMmumaolH
KeueHOi macin YcviHuliovl. Konipnep men umapammapovl OaKuliay YuwiiH mipex
2€00€3UANbIK  Jicenini  Kypy — adicmemeci  dicacanovl.  Kypulivicmapowviy
Ooehopmayusnapvl  MeH IHCAYBIH-UWAWUBIHOAPLIH  OAKbLIAY Ke3IHOe CHYMHUKMIK
no3uyuUsIayovl, maxeomempusinol dwcone Crauepineyoi KOAOAHYOblH OpPbIHObLIbIZbL
Heciz0eneen. JKep bemin eeomonumopune Kezinoe Hco2apvl 0210iKmezi 31eKmpoHObL
JicoHe nazepiik Acnanmapovl opHamy YwiH aemopiap wmamuemepoi Koai0aHyobl
0010bIpMati, OPMAILIKMAHOBLIPYObIH AHCHLIOAMObLRbL MEH 02N10I2IH KAMMAMACHL3 emyee
MYMKIHOIK Oepemin mMYpakmvl NYHKmM 23ipiedi. 3epmmey Heci3iHOe asmopiap
KYPblIbIMOapObll WOSIHOLIEPT MEeHMewbiCyIapblH AHbIKMAY 20iCmepiH YCbIHAObL.
3epmmey Homudicenepi evibiMu AHCOOAHB OPLIHOAY Ke3iHOe eHei3iN0i, COHbLMEH Kamap
0Ky npoyecinoe KoN0auvliobl. Kymvicmely npakmuxanvlk KYHObLIbIRbL YKCAC
obvekminepoezi Kayincizoix —OeweeliiH apmmvlpy OJiCoHe MAaOUSU-MEXHO2EHOIK
Gaxmopnapmen baiinanvicmvl mayekenoepoi azaumy YuliH aiblHAH Hamudicenepoi
KOJLOGHY MYMKIHOI2I 606N maodwliaobl.

Tyilin ce3nep: kenip, OJegopmayusnap, MOHUMOPUHZ, 2€00e3ULIbIK MipeK
Jceninep, CNYmMHUKMIK — NO3UYUALAY, 2e00e3UsiblK  Oaxbliayiap, MmMexXHUKAIbIK
Jrcagoaliovl bazanay.
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AHHOTAUMA. B cmamve paccmompenvl 60onpocel obecneuenus: 6e30nacHoCmu
IKCHIYAMAYUU UHHCEHEPHBIX COOPYHCEHUL 8 CeLICMOONACHbIX PEe2UOHAX, HA npumepe
mpancnopmuou pazesasku npocnekma Abas u yruywvt Caumna 6 2opoode Aimamei,
Pecnyonuxka Kazaxcman. [opoo Aimamwvl pacnonodicen 6 30He HOBbLULEHHOU
celicMU4eckou aKmueHOCmu, a 6001b npocnekma Abas npoxooum JuUHUSA
MempOnOIUMEHA, YMO VCIOHCHAC UHHCEHEPHO-2e0N02UYeCKYI0 cumyayuio. B makux
cyuasx ocoboe snaueHue umeem co3oanue 3QHekmusHoll cucmemvl KOHMpPOJs 3d
cocmosiHuem coopyodicenuti. IIpeonodcen KOMNIAEKCHbIL NOO0X00, BKIOUAIOWUL
UHOICEHEPHO-2e0]102UYeCKoe U3YUeHUe MACCUBA 20pHbIX nopood, cnymHuukogvle GPS-
MEexXHON02UU, IJIeKMPOHHBIN maxeomemp, ld3epHoe CKAHUpOBaHue 3eMiu U OYEHKY
moyHocmu  2eodes3uyeckux usmepenui. Paspabomana memoouxa nocmpoenus
ONOPHOU  2eo0e3uteckoll cemu Ol HAONIOOEHUs 3 MOCMAMU U  30AHUSIMU.
ObocHosana yenecoobpasHocmov NPUMEHEHUsi CHYMHUKOB020 NO3UYUOHUPOBAHUS,
maxeomMempuu U CKAHUPOBAHUA NpU HAOJO0eHuu Oedopmayuii. U 0CAOKo8
coopyscenuu. J[1a YCMAHOBKU 6blCOKOMOYHbIX JJIeKMPOHHBIX U JIA3EPHbIX
npubopos npu - 2eOMOHUMOPUHeEe  3eMHOU  NOBEPXHOCMU,  ABMOPAMU,
paspaboman NOCMOSHHBIU NYHKM, NO380AAIOWULL obecneuumsb Oblcmpomy u
MOYHOCMb  YEHMPUPOBAHUS, UCKIIOYUE NpuMeHenus wmamueos. Ha ocHnoge
NPOBEOEHHO20 UCCNIe00B8AHUS ABMOPAMU NPEONaAcarOmcs Memoobl ONpeoeeHus
0Cao0oK u cmeweHutl coopyoiceHutl. Pezynbmamui uccredosanuu emedpenvl npu
8bLINOIHEHUU HAYYHO20 NPOEKmAd, a MAakKdice UCNONIb3068aAHbl 8 YYeOHOM npoyecce.
Ilpakmuueckas yeHHoCmMb pabomvl 3aKIIOYAEMCA 8 B0O3MONICHOCMU NPUMEHEHUs.
NOJIYYEeHHbIX pe3yIbmamosd OJis NOGbIULEHUs YPOBHS DE30NACHOCIU HA AHATOSUYHBIX
00bEeKMax U CHUINCEHUS. PUCKOB, CEA3AHHBIX C NPUPOOHO-MEXHOLEHHLIMU (haKmopamu.
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1 INTRODUCTION

In recent years, many transport interchanges have been built in the city of Almaty, one of them
is the intersection of Abay Avenue and Saina Street.Almaty is located in specific engineering and
geological conditions and is in the zone of influence of the strongest earthquakes of the Northern Tien
Shan. In addition, from east to west along Abay Avenue, a subway is being built. The peculiarity of
the construction of the subway in the city of Almaty is that it has a number of complex geotechnical
factors, which are:

1. Seismic activity in the city is very high and reaches 9-10 points on the MSK-64 scale.

2. The relief is sloping, as it is located in the area of an intermountain depression.

3. The presence of tectonic faults.

4. The depths of station tunnels and transfer stations vary; there are shallow areas from 11 meters
and deep components of 60 meters.

Despite such difficult conditions, andintensive development of the city of Almaty,expressed in
changes in its layout, the emergence of new large engineering structures, such as transport interchanges
and long bridges within the city limits, the expansion of boundaries affects the size and load of
geological faults. In these conditions, the problem of forecasting the technical condition of buildings
under construction and in operation becomes acute. Its solution is provided by geodetic monitoring.
The object of the study is the transport interchange at the intersection of Abay Avenue and Saina Street
(Figure 1).
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Figure 1 — Transport interchange along Abay Avenue — Saina Street.

Geological structure.In geomorphological terms, the site under survey is located within the
foothill sloping plain extending north from the foothills of the Zailiyskiy Alatau. Alluvial-proluvial
Upper Quaternary deposits participate in the geological and lithological structure of the site. In
lithological terms, they are represented by pebble soils overlain by loess-like loams, rarely by sandy
loams. For detailing the geological and lithological section, 51 test boreholes, 10.0-18.0 m deep each,
were drilled on the site. A total of 806.0 running meters were drilled, including 49.0 m by test boreholes
(on bulk soils). Below, pebble soils with sand filler up to 20-30%, low-moisture, with inclusion of
boulders up to 25-30%, are exposed (in wells NN1; 4; 5; 7; 8; 11; 12 to a depth of 6.0-6.7 m pebble
soils with loamy filler). The exposed thickness of pebble soils is 4.9-14.2 m. (Nusipov E. et al., 2001),
(Medeu A. et al., 2018).

Engineering and seismic conditions of the construction site. The site of the transport interchange
is located in the zone of possible manifestation of the Almaty tectonic fault, which is confirmed by the
results of the archive materials of the Kazakh Geotechnical Research Institute (KazGII).
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On Figure 2 the map of earthquake epicenters for 2005-06.2020 and the tectonics of the Almaty
region in a 60x70 km contour on a topographic map are presented. In addition to the epicenters of
modern earthquakes, the map shows the epicenters of strong earthquakes from historical times with a
magnitude of 5.5 or more, as well as active faults (Nurpeisova M. et al., 2021).

0 8,000
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== == =]’ @+ e: ¢ -7 @1 Qs [—Ju
Tectonic faults in bedrock and overlain by loose sediments (dotted line): 1 — main faults; 2 — main faults; 3 —
secondary faults; Epicenters of earthquakes with magnitude Mpv: 4 — from 4 to 4.7; 5 — from 3 to 4, 6 — from 2 to 3,
7 —up to 2; 8 — Epicenters of strong earthquakes since historical times with magnitude 5.5 and more; 9 — Epicenters
of perceptible earthquakes after 2005 with records of strong movements, 10 — contour of Almaty city in 2015.

Figure 2 — Modern seismicity (2005-2020) and tectonics of the Almaty region in a 60x70 km contour on the relief map.

In accordance with this position, the goal was set, the idea was substantiated, and the research
objectives were formulated.

2 LITERATURE REVIEW

Ensuring the safety of engineering structures located in seismically active zones requires the use
of modern geomonitoring technologies capable of tracking spatial displacements and deformations of
structures with high accuracy. One of the most common methods is satellite positioning using GNSS
systems. (Zhang et al., 2023) discusses the possibilities of GNSS monitoring to control deformations
of structures, especially in a complex geodynamic environment. The authors emphasize the
effectiveness of RTK and static survey modes for measuring displacements within sub-centimeter
accuracy, which is especially important when monitoring objects in dense urban areas and increased
seismic activity (Wu et al., 2021). An integrated approach combining GNSS and traditional geodetic
methods is actively used in modern monitoring systems. Thus, (Fan et al., 2024) emphasize the need
to use total station observations in combination with leveling to obtain objective data on vertical and
horizontal displacements of structures. This is especially important when monitoring transport
infrastructure facilities, where there is a high probability of uneven precipitation and deformations.
The use of ground-based laser scanning (TLS) is of great importance in modern research, which makes
it possible to obtain detailed point clouds and detect deformations with millimeter accuracy. (Singh et
al., 2023) demonstrate the effectiveness of TLS in monitoring retaining walls and other engineering
structures, where geometric accuracy and 3D visualization are key to assessing technical condition.
Additional studies by Bertacchini and Castagnetti (2012) confirm the high informative value of TLS
for spatial analysis of deformation processes, especially during repeated observations of the dynamics
of displacement of structural elements. The integration of laser scanning with GPS measurements
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provides comprehensive data on the movement of structures. (Teng et al., 2024) describe a combined
approach in which TLS is complemented by DGPS, which makes it possible to link point clouds to a
single coordinate system and perform high-precision deformation analytics based on spatial and
temporal models. A separate area in geomonitoring is the application of satellite radar interferometry
(InSAR) methods. (Okiemute et al., 2018) studied precipitation in the urban area of Almaty using
SBAS-InSAR, identifying zones of deformation activity correlating with engineering and geological
conditions. Frontiers in Built Environment also demonstrates the high accuracy of the method for
tracking spatiotemporal changes in urbanized areas and in the analysis of anthropogenic factors.
Domestic research, in particular the work of Urazbaev et al. (2021), demonstrates the successful
implementation of geodetic methods for monitoring the technical condition of structures in
Kazakhstan. The authors focus on the creation of geodetic reference networks and the use of high-
precision electronic total stations and GNSS receivers for monitoring bridges, buildings and transport
interchanges in conditions of difficult soils and seismic mobility of the territory.

Thus, the analysis of existing sources confirms the relevance and scientific validity of an
integrated approach to geomonitoring, including satellite positioning, electronic total station, ground-
based laser scanning and the creation of stationary geodetic points. The combined use of these
technologies makes it possible not only to reliably assess current deformation processes, but also to
form an effective emergency prevention system for engineering structures in earthquake-prone regions.

3 MATERIALS AND METHODS

The study was conducted using the example of the transport interchange of Abai Avenue and
Sain Street in Almaty, located in a zone of increased seismic activity. Considering the difficult
engineering and geological situation caused by the presence of a metro line along the avenue, an
integrated approach was implemented, including several stages of geomonitoring using modern
geodetic technologies. At the first stage, engineering and geological surveys were carried out to assess
the structural and tectonic structure of the rock mass. The physico-mechanical properties of soils were
studied, groundwater levels were determined, and possible faults and areas of increased mobility were
recorded. The field survey data formed the basis for constructing a model of the engineering and
geological situation of the site under study. The next stage was the creation and consolidation of the
geodetic reference network. To improve the accuracy of observations, the authors have developed
stationary observation points that allow the installation of high-precision electronic and laser devices
without using tripods, which eliminates errors associated with centering errors. The coordinates of the
points were determined using satellite geodesy (GNSS) in static mode followed by post-processing of
the data. Geodetic monitoring was carried out using the following instrumental methods:

« Satellite positioning (GNSS): dual-frequency receivers were used in static and kinematic
imaging (RTK) mode, which ensured high accuracy in determining the spatial coordinates of control
points on observation objects.

* Electronic total station: used for detailed measurement of horizontal and vertical displacements
of structures. The measurements were carried out using fixed reflectors on the elements of the bridge
structure.

* Ground-based laser scanning (TLS): used to obtain three-dimensional information about the
shape and position of structures. Point clouds obtained in different periods were compared for
visualization and quantification of deformations (Batilovic et al., 2024).

* Accuracy assessment: at each stage, the metrological characteristics of the measurements were
evaluated, the standard deviations were calculated, and the consistency of the results between the
methods was monitored. Additionally, a methodology for calculating precipitation and displacement
based on the integration of GNSS, total station and TLS data has been developed (Soilan et al., 2019).
The development includes an algorithm for processing time series of measurements, a comparison of
geometric parameters of structures for different eras of observations, as well as recommendations on
the intervals of repeated measurements. The implementation of this geomonitoring system was
implemented as part of a scientific project and used in the educational process of training specialists
in the field of geodesy. The use of an integrated approach has allowed not only to improve the accuracy
and reliability of observations, but also to create the basis for regular technical monitoring of similar
facilities in earthquake-prone regions.
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4 RESULTS AND DISCUSSION

Construction of interchanges, bridges, as well as construction of any other structures, requires
the creation of a reference geodetic network. Using reference geodetic networks, the position of the
centers of bridge supports and other elements of the bridge is determined and fixed, a detailed
breakdown is made during the construction of supports and installation of span structures, and
observations of deformations of structures are carried out. The geodetic network during bridge
construction must be created in a single coordinate system and have increased accuracy in determining
the coordinates of points. Geodetic network points that ensure the construction of a given object as a
single structure must exist during the construction of the object. This requirement is not easy to fulfill,
since during construction, some of the geodetic network points are destroyed or violated.

For monitoring by the Department of Mine Surveying and Geodesy SatbayevUniversity drafted
a geodynamic testing area (GTA) project in 2020in the form of a GNSS network, where reference
points are located considering the configuration of the observed objects (Figure 3). An important
aspect in carrying out these works was the use of modern instruments and developed control tools for
monitoring.

The main elements of the proposed geodetic network are:

First order network - is designed in the form of reference points (OP) of permanently operating
geodetic base stations with reference to the State Geodetic Network (SGN) with a forced centering
device (OP 1, OP2, OP 3, OP 4). The height of the points is taken to be not less than 1.5 m, to avoid
obstacles to the passage of the radio signal.

The second-order network is designed in the form of points of the first-order satellite geodetic
network (SGN) on the body of the observed objects.
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Figure 3 — Layout of the support points of the transport interchange network.

Control points are laid along the street on the foundations of buildings and structures. Reflective
and seismological marks, monitoring prisms and sedimentary marks are fixed on the controlled objects,
along which further observations of deformations of buildings and structures are carried out, ensuring
the necessary accuracy in accordance with the requirements of SP RK 3.06.07-86 «Bridges and pipes».
Rules for surveys and tests and SP RK 1.03-26-2004 «Geodetic works in constructiony.

When monitoring the deformation of a transport interchange and high-rise buildings, a new
design of geodetic points of forced centering (GPCC) was proposed as permanent supports, which
meets the standards of regulatory literature (Patent No. 35798), (Patent No. 35898). GPCC is a
reinforced concrete pile, 12 meters long (Figure 4), installed in the selected location.

The stability control of the points can be easily performed by repeated measurements. The
accuracy of determining the relative position of the starting points is increased by using the trilateration
method.

When creating geodetic control points (GCPs), the following requirements must be met. The
pile height must be approximately 1.3 m higher than the planned vertical layout of the landscaping,
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with its installation in a vertical position using spacers and jack frames. A hole at least 3.2 m deep is
drilled around a pile with a diameter of 0.6 m to install the casing pipe. In order to ensure the stability
of the pile, the bottom of the hole must be tamped and filled with concrete approximately 50 mm
thick. After this, a casing pipe approximately 0.5 m in diameter and 3 m long is installed on the
concrete, so that the pile is in the center of this structure. To eliminate the influence of temperature
and rainfall, a layer of ash and slag waste is placed on top, followed by the construction of formwork
and a blind area. To ensure the installation of a geodetic device, a table measuring 0.2 x 0.2 m with a
set screw is mounted on top of the pile. In order to ensure visibility from all directions, on each
rectangular metal plates are installed on the side of the pile, to which reflective plates are glued
(Patent No. 35898).

device mounting plate with rigid
centering

plate for attaching the reflector

o — wall reference point

HA—-—-—~——~m 1300 e a

il

reinforced concrete blind area from the pile

seal

ash and slag waste

reflective

plate reinforced concrete bottom of the well

seal

reinforced concrete pile less than 10000 mm long

A

Figure 4 — Scheme of pile support point (a) and reflective observation marks (b).

The new device allows to increase the accuracy of centering, as well as the efficiency of
measurements in the absence of tripods at the points of standing and observation. To obtain precise
coordinates for the planned altitude justification of the network, it was decided to use GNSS equipment
and satellite measurements that performed in static mode; work in this mode implies a conditional
division into two stages, these are field work and office processing. The purpose of geodetic monitoring
of industrial site structures is to ensure the reliability, safety and functional suitability of the structures
in operation; analysis of the stress state, deformations and displacements of structures; observation of
general deformations and cracks in individual elements of the structures in operation by conducting
systematic observations and instrumental control.

When solving monitoring problems, all the most important engineering-geological and mining
factors, the type and characteristics of the protected structures, and the requirements imposed on them
were considered.

All work was carried out by the GPS system and for comparison of results the electronic
tachometer TCR1201 from Leica Geosystem and the digital high-precision level DNAO3 were used.
Andlaser scanner. The coordinates of the geodetic base are defined in the local system, and the altitude
coordinates are defined in the Baltic system.

The displacement of structures in the vertical plane (settlement) is determined by the geometric
leveling method using a DNA 03 digital laser level and a digital invar rod. The determination of the
roll of the bridge columns was carried out using coordinates using an electronic tacheometer. Based on
the obtained values and increments of the coordinates of points located in the same vertical plane, the
linear value of the roll was calculated using the formula:

L= X =X, P+l Y, P - (1)

where X1, X2, Y1, Y2 are the coordinates of the characteristic points of the structure in the lower
and upper sections, respectively.

The determination of the eccentricity of the coaxiality of the circular bridge support was carried
out from the points of the geodetic network, and the determination of the deflection of the bridge roof
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beams was carried out using a digital high-precision level and a digital invar rod. To solve this problem,
the rod was installed at the points of the beginning, middle and end of each beam span.
To determine the deflection, the magnitude of the deflection arrow f _ and relative deflection

f  calculated using the formulas:

22, —\Z,+Z
=t (Z, + 3); 2
2
f
f — a6c’ 3
omn L ()

Where Z,And Z,- elevation marks of the extreme points of the building structure in the

considered section of the straight line.
To determine the magnitude (Fig. 5) of the deflection f _ and relative deflection f_ calculated

using the formulas:

f
o = T (5)

Where Z,And Z,- elevation marks of the extreme points of the building structure in the

considered section of the straight line.

L
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\Zl fa /
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Figure 5-Geometric diagram of the deflection of floor beams.

The results obtained from the assessment of the technical condition of the structures using the
above-described methodology were compared with the permissible values of SNiP - "Inspection and
assessment of the technical condition of buildings and structures" Astana, 2015. The permissible value
for the deflection of roof beams is 1/300 L, where L, m is the length of the beam. The permissible
value of deviation of the columns of the enrichment plant structure is 15 mm, if the height is up to 4
meters.

5 CONCLUSIONS

Based on the research conducted by the authors:

1. A methodology for creating a support network for monitoring the deformation of bridges has
been developed and geodetic monitoring of the transport interchange, as well as ground buildings, has
been carried out.

2. The necessity of using satellite geodesy, electronic total stations and laser scanning methods
for monitoring engineering structures is substantiated. For the installation of high-precision electronic
and laser devices during geomonitoring of the earth's surface, the authors have developed a permanent
forced centering point to ensure the speed and accuracy of centering, eliminating the use of tripods.

3. Methods for determining precipitation and displacement of structures are proposed. The
research results were implemented during the implementation of a scientific project, as well as used in
the educational process.

4. The novelty of the developed network and the design of the point are confirmed by the
Certificates of the Republic of Kazakhstan for the product of science. The results obtained can be used
to increase the level of industrial safety at other facilities and minimize the risks caused by the seismic
activity in the area.

5.The creation of a monitoring network for high-precision observations of the condition of
engineering structures using electronic and satellite GPS receivers has reduced the time spent on
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determining coordinates in terms of one point being taken by 10-15 times and increased the accuracy
of determining coordinates by at least 2 times.

Thus, the performed research has confirmed the effectiveness of an integrated approach to

geodetic monitoring of the technical condition of engineering structures. The developed methodology
can be recommended for use in similar engineering and geological conditions, and the results obtained
can be used both in scientific and design and production practice.

10.

11.

12.

13.

14.

15.
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