Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Nel (99), 2026. Construction

UDC 627.8.06
IRSTI 67.21.21; 67.21.17; 70.17.29
RESEARCH ARTICLE

ASSESSMENT OF THE TECHNICAL CONDITION OF
CONCRETE AND REINFORCED CONCRETE HYDRAULIC
STRUCTURES USING 3D ULTRASONIC TOMOGRAPHY

Zh.N. Moldamuratov'? @ | K.I. Tlyassova'** ® | N.I. vatin'*® , G.T. Kareken'? ® ,
N.A. Shanshabayev'?® | R K. Sadyrov'?® , A A. Bryantsev'*®
I.B. Tashmukhanbetova'>® | A.M. Yessenkeldin! ©

nternational Educational Corporation, Almaty, Kazakhstan

?Kazakh Leading Academy of Architecture and Civil Engineering, Almaty, Kazakhstan
SLLP «StroyTechExpertiza», Taraz, Kazakhstan

*LLP «RAS Engineering Research Institute», Almaty, Kazakhstan

SPeter the Great St. Petersburg Polytechnic University, Saint Petersburg, Russia

Abstract. The article presents the results of assessing the technical condition of the
concrete and reinforced concrete structures of the emergency spillway of the Tasotkel
Reservoir using the 3D ultrasonic tomography method based on the Betonoskop SK-1700 3D
system. The study is aimed at detecting hidden defects, evaluating the internal structure of
concrete, and analyzing deterioration processes under long-term seepage, hydrodynamic, and
seismic impacts. During the investigation, spatial ultrasonic scanning of a 10x10 m section
was performed with a diagnostic depth of up to 0.60 m. Three-dimensional tomographic
models, ultrasonic wave velocity distribution maps, vertical and transverse sections, and
engineering interpretations of defect zones were developed. It was established that the average
ultrasonic wave velocity was approximately 3280 m/s, while minimum values in critically
deteriorated areas decreased to 1680-1850 m/s. More than 35% of the investigated structural
volume was found to be in a state of severe and critical deterioration, while the proportion of
potentially hazardous zones associated with internal voids and loss of bonding accounted for
approximately 6-8%. The most critical defects were localized in the lower part of the concrete
lining and within the concrete-foundation interface zone, where seepage-induced moisture
accumulation, structural loosening, delamination, and local void formation were identified.
Correlation analysis confirmed a stable relationship between defect depth and the reduction
in ultrasonic wave velocity. The agreement coefficient between the 3D ultrasonic tomography
results and visual inspection/local opening investigations ranged from 0.79 to 0.88, while the
overall diagnostic reliability reached 91-95%. The obtained results confirm the high efficiency
of the Betonoskop SK-1700 3D system for diagnosing hidden defects in concrete and
reinforced concrete hydraulic structures and can be applied for inspection, monitoring, and
assessment of the operational reliability of hydraulic infrastructure facilities.
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Anparna. Maxanaoa Tacemxken cy KoumMacviHbly anammsik Cy MacmagbludblHblH OenoH
JHcoHe memipbemon KOHCMPYKYUSIAPbIHbIY MeXHUKanvix xcazoativin bemonockon CK-1700
3D meecizinoeci 3D yrvmpaoviovicmuiy momozpaghus 20ici apxviivl 6azanay Hamudicenepi
YCHINBLIZAH. 3epmme)y JHCACHIPLIH aKaylapovl aHbIKmMay2d, OemoHHulH [WKI KYpbliblLMblH
bazanayza dcane y3ak mep3imoi huibmpayusiiviy, UOPOOUHAMUKALBIK HCIHE CEUCMUKATBIK
acep 2#ca0albIHOARbL 0ecpadayusivlk npoyecmepoi manoayza 60ablmmanzan. 3epmmey
oapwicvinoa enuemi 10% 10 m 6onamuin yuackede ouacHocmukanay mepernoiei 0,60 m oetiinei
KeHicmikmik yiompaovlObiCmblK CKauepiey icypeizinoi. Ywenuemoi momoepagusiivik
Mooenvoep, YibmpaoblObLICMblK MOJKbIH HCbLIOAMObIZLIHbIY MAPAly KApmaiapsl, mik HcoHe
KOJI0eHeH KUMAnap KYpulibln, akayibl AUMAKMAapaa UHHCeHEePIiK UHMEPNPemayusl H#acauobl.
Yasmpaoviovicmoly, moakblHOapOvly opmawia mapany sicolidamoviavl wamamern 3280 m/c
KYpagauvl aHblIKMaiobl, Al KPUMUKAILIK 0e2padayusi auMakmapoblHOa MUHUMALObL MIHOED
1680-1850 m/c Oetiin momenoezen. 3epmmencer KOHCMPYKYUs Koreminiy 35%-0an acmamol
QUKbIH JHCoHe KPUMUKATLIK 0e2padayus Kyuinoe eKeHi, an [WKi Kyvlcmap MeH Kabammap
apaceiHoazyl baanbIC Jcogany benzinepi bap Kayinmi aimakmapoviy yreci wiamamen 6-8%
Kypaiimoltbl anelkmanosl. Ey xayinmi akaynap 0emown Kanmamacelblly memenei 0onicinoe
JicoHe «bemon-He2izy myuicy aumMagbiHoa AHLIKMANObl, MYHOA PUILMPAYUAIBIK bLIZATOAHY,
KYDObLIIMHBIY  O0CAHCYbl, KADAMMAHy MHCoHe HCepeilikmi KyblCmapobly KalblNmacybsl
batixanaovl. Koppenayusanvlx manoay axay mepeHoici MeH YibmpaovblOblCMblK MOJKbIH
AHCHLIOAMOBIZBIHBIY MOMEHOEYI apacblHOa MYpPaKkmsl mayenolilikmiy 6ap exeHiH Kopcemmi.
3D ynempaovibvicmulK momocpagus Hamudxicerepiniy 8U3yanobl meKcepy HCaHe Hcepeinikmi
awibln Kapay Hamudcenepimer catikecmik koagguyuenmi 0,79-0,88 apanvizvinda 6010vl, an
ouacHocmuxauwvly  Jcainvl  cenimoiniei  91-95%-ea  ocemmi.  Anvinzan Homudicenep
2UOPOMEXHUKATILIK KYPbIIBIMOAPObIY OemoH dcoHe memipOemoH KOHCMPYKYUSLIAPbIHOARbL
Jcacvipvln  akaynapovl anvikmayoa bemownockon CK-1700 3D  konoanyowiy dwcozapul
MUiMOLNi2iH Oanendetioi JHcaHe onapobl SUOPOMEXHUKANILIK UHDPAKYPBLILIM HbICAHOADbIH
meKcepy, MOHUMODUHZ JICYpRI3y ICoHe naudanany CeHiMOiniein 6aganay 0apuicblHOa
KOJLOaHy2a 601ambvlHbIH KOpCemmi.

Tyiiin ce3aep: cuopomexnuxanviy Kypoinimoap, 3D ynempaowviovicmulx momozpaghus,
oy30ail bakwvliay, MexHUKAIbLIK meKkcepy, Quibmpayusivlk decpadayus, WKL akaynap.
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AHHOTAUMA. B cmamve npedcmasnenvi pe3yibmamsl OYEHKU MEXHUYEeCKO20 COCHOSHUSA
OEemoHHbBIX U JHceNe300eMOHHbIX KOHCMPYKYULl Kamacmpoguueckoeo 8odocopoca Tacomkenbckozo
goodoxpanunuwa ¢ npumeneHuem memooa 3D  ynompazeykoeou momoepaguu Ha OcHoge
bemonocxona CK-1700 3D. Hccnedosanue nanpasieHo Ha 6vissleHue CKpblmvlx Oephekmos,
OYEHKY 6HYMPEHHell CMPYKmypbl OemoHa U aHAIu3 0e2paoayuUOHHbIX NPOYECCo8 8 YCI0BUSX
ONUMEeNbHO20 PUILMPAYUOHHO2O, 2UOPOOUHAMUYECKO20 U CelCMUYeCcK020 8o30elicmsus. B xooe
UCCE008AHUSL BLINOJIHEHO NPOCMPAHCMBEHHOE VIbMPA38YKOB0e CKAHUPOBaHUe 00C1edyemozo
yuacmxa pazmepom 10%10 m c enyounoti ouacnocmuposarnus 0o 0,60 m. Ilocmpoenvt mpexmephoie
momozpaghuueckue Mooenu, Kapmvl pacnpeoenenus CKOpocmell  YIbmpa3eyKo8biX — 60.H,
BEPMUKANIbHbIE U NONEPEeyHble Ce4eHUs, d MAKI’Ce BbINOTHEHAd UHICEHEePHAs. UHMepnpemayus
OeqheKmHbIX 30H. Yemanosneno, umo cpeousisi CKOpoCmy pacnpoCmpaHenus Yibmpa3eyKo8blxX 60.H
cocmasuna oxkono 3280 m/c, npu 3mom MUHUMATbHBLE 3HAYEHUs CHUdcAnucs, 0o 1680-1850 m/c 6
30HAX Kpumuueckotl decpadayuu. Bviaeneno, umo b6onee 35% uccredyemozo obvema KOHCMpPYKYuu
HAXO00UMCsi 8 COCMOSIHUU BbIPAINCEHHOU U KPUMUYecKou Oezpadayuu, a O00Jsi NOMEHYUATbHO
ONACHBIX 30H C NPUSHAKAMU BHYMPEHHeU NYCMOMHOCMU U NOMepu CYenjieHust COCMasisien 0KoJo
6-8%. Haubonee onachvie Oeghekmul TOKATUZYIOMCA 8 HUNCHEU Yacmu OemoHHOU 0OIUYOBKU U 8
30He KOHMAaKma «b6emon-ocHosanuey, 20e QuKkcupyromes npoyeccol QuUIbMPAYUOHHO2O0
VBILAJCHEHUsl, PA3VIJIOMHEHUS, PACCIOeHUs U TOKAIbHOU nycmomuocmu. Koppensyuonnulii ananus
noomeepoul yCmoudugyo 3a8UCUMOCMb MedHcOy 2YOUHOU Oedekmos U CHUNCEHUeM CKOpPOCmuU
yabmpaszgykosvix  60nH.  Kosghgpuyuenm coenadenus pezyiomamos 3D ynempazeykosoii
momozpaguu ¢ OGHHbIMU BU3YATILHO20 00CIe008aHUA U IOKAIbHBIX 8cKpbimuil cocmasui (),79-0,88,
a obwasa HaodexcHocmv ouasHocmuku Odocmueara 91-95%. [lonyuennvie pesyibmamol
noomeepxcoarom 8vlcokylo aggexmusnocmo npumenenusi bemonockona CK-1700 3D ona
OUACHOCMUKU ~ CKpblmblX — OeheKmoe  OemOHHbIX U J#Cele300eMOHHbIX  KOHCMPYKYULL
2UOPOMEXHUUECKUX COOPYIHCEHUTL U MO2YM ObIMb UCTONIb308AHbL NPU 0OCIe008AHUU, MOHUMOPUH2E
U OYeHKe IKCNILYAMAYUOHHOU HAOEHCHOCIU 00EKMO8 2UOPOMEXHUYECKOU UHMPACPYKIMYPbL.

KuroueBble cinoBa: cuopomexnuueckue coopyscenus, 3D ynsmpaszsykosas momozpaghus,
Hepaspywanwull KOHMpoOib, mexHuueckoe o00ciedosanue, @OUILMPAYUOHHAS 0e2paoayus,
BHYymMpeHHUe Oeexmul.
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1 INTRODUCTION

Concrete and reinforced concrete structures of hydraulic facilities are among the most critical
components of water management infrastructure. Their technical condition directly affects public
safety, the stability of water supply systems, the reliability of irrigation networks, flood protection
efficiency, and the operational sustainability of energy, industrial, and agricultural systems. Unlike
conventional building structures, hydraulic structures operate under conditions of constant or periodic
contact with water. They are subjected to seepage pressure, cyclic wetting and drying, temperature
fluctuations, freeze-thaw action, abrasion, cavitation, leaching of cementitious components, and
reinforcement corrosion. Consequently, deterioration processes in such structures often develop not
only on the surface but also within the internal body of the concrete (Ilyassova et. all., 2025).

The significance of this problem is further intensified by the global aging of hydraulic
infrastructure. According to the International Commission on Large Dams (ICOLD), the World
Register of Dams contains information on more than 62,000 dams located in 166 countries. The
register includes data on the year of commissioning, height, length, dam type, reservoir capacity, and
functional purpose of hydraulic structures. A substantial proportion of these facilities was constructed
during the second half of the twentieth century. Consequently, many hydraulic structures have already
reached or exceeded their design service life. At the same time, actual operating conditions frequently
differ significantly from the original design assumptions. Hydraulic facilities are increasingly affected
by altered hydrological regimes, extreme flood events, growing water demand, seismic impacts, and
accumulated material deterioration (Imanov et. all., 2025, Moldamuratov et. all., 2023).

For Kazakhstan, this issue is of particular importance. The country possesses an extensive
network of reservoirs, dams, hydraulic hubs, irrigation canals, and other hydraulic engineering
facilities. These structures provide water supply, irrigation, flood protection, and flow regulation.
According to official reports of the Government of the Republic of Kazakhstan, the modernization of
irrigation canals is expected to reduce water losses during transportation from 50% to 25%. In 2024,
93 hydraulic structures were inspected across the country, while 260 dams with a total length of 592.9
km were constructed or reinforced. These data demonstrate the scale of the problem and confirm the
necessity of systematic technical assessment and monitoring of water management infrastructure
(Moldamuratov et. all., 2023).

The condition of Kazakhstan’s hydraulic infrastructure is also closely associated with climatic
and flood-related risks. In 2024, the country experienced the most severe flooding recorded over the
past 80 years. According to UNDP data, the floods resulted in the evacuation of more than 177,000
people, inundation of approximately 6,000 residential buildings, and significant damage to
infrastructure facilities. Such events demonstrate that the safety of hydraulic structures should be
considered not only as an operational issue, but also as a critical component of national resilience to
natural and technological hazards (Moldamuratov et. all., 2023).

Particularly dangerous are hidden defects in concrete and reinforced concrete elements. Visual
inspection allows the identification of cracks, efflorescence, seepage traces, corrosion stains,
deterioration of the protective concrete cover, and local surface spalling. However, such inspection
methods do not provide reliable information about the internal condition of the structure. Meanwhile,
internal defects are often the determining factor in the progressive loss of load-bearing capacity and
watertightness. These defects include low-density zones, cavities, internal cracking, concreting
defects, local delamination, loss of bond between concrete and reinforcement, areas of increased
moisture saturation, and zones of reduced structural strength (Ilyassova et. all, 2025,
Moldamuratov et. all., 2023).

Modern studies demonstrate that failures of hydraulic structures are rarely caused by a single
factor. In most cases, they result from the combined effects of seepage, foundation deformation,
material aging, insufficient monitoring, and extreme natural impacts. For example, an investigation
of the failure of the Voroshilov Reservoir dam in Kazakhstan showed that the combination of chronic
seepage, increased moisture saturation, deformation processes, and microseismic activity could have
been a key factor in the failure scenario. According to InSAR monitoring data, a persistent
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deformation trend with amplitudes reaching up to 30 mm had been recorded since the spring of 2022,
while ground-penetrating radar surveys revealed zones of elevated moisture content within the dam
body at depths of up to 2 m. This example confirms the necessity of applying integrated diagnostic
methods capable of detecting hidden structural changes before the development of a critical condition
(Seitkazinov et. all., 2025, Ilyassova et. all., 2025, Moldamuratov et. all., 2023).

For concrete and reinforced concrete hydraulic structures, non-destructive testing methods are
of particular importance. These methods make it possible to obtain information about the condition
of the material without compromising the integrity of the structure. This is critically important for
dams, spillways, inspection galleries, bottom outlets, retaining walls, canal linings, and other
structural elements where extensive core extraction may be technically difficult, costly, or
undesirable. Non-destructive testing also enables repeated measurements within the same zones,
thereby providing the basis for long-term monitoring of defect evolution over time (Zhu et. all., 2022,
Ilyassova et. all., 2025, Moldamuratov et. all., 2023).

Among the non-destructive testing methods widely applied to concrete structures are visual
inspection, ultrasonic testing, impact-echo methods, rebound hammer testing, ground-penetrating
radar, infrared thermography, acoustic emission monitoring, electrical resistivity measurements, and
reinforcement corrosion potential assessment. Each method has its own specific field of application.
Ground-penetrating radar is effective for detecting reinforcement, voids, moisture-saturated areas,
and structural heterogeneities. Rebound hammer testing provides an approximate evaluation of
surface strength. Infrared thermography enables the identification of moisture-affected and defective
zones under conditions of thermal contrast. However, ultrasonic methods are of particular
significance for evaluating the internal structure of concrete massifs (Seitkazinov et. all., 2025,
Wrabel et. all., 2024, Moldamuratov et. all., 2023).

Ultrasonic testing is based on the analysis of mechanical wave propagation within concrete.
The velocity, amplitude, and transmission characteristics of ultrasonic waves depend on material
density, cracking, moisture content, pore structure, and the quality of contact between structural
components. According to ASTM C597, the ultrasonic pulse velocity method is intended for
determining the propagation velocity of longitudinal ultrasonic pulses through concrete. In
engineering practice, this method is widely used to assess concrete uniformity, identify internal
defects, evaluate cracking intensity, and select areas requiring more detailed investigation
(Seitkazinov et. all., 2025, Ilyassova et. all., 2025, Moldamuratov et. all., 2023).

However, conventional ultrasonic testing has several limitations. It is often based on
measurements between individual points. Such data provide only localized information about the
material and do not always allow reliable assessment of the spatial distribution of defects. This issue
is particularly critical for massive hydraulic structures. Structural elements may have considerable
thickness, while defects can possess complex geometries. Seepage-induced deterioration and low-
density zones may develop non-uniformly throughout the structure. Therefore, point-based
measurements are not always sufficient for reliable engineering decision-making (Schabowicz et.
all., 2014, He et. all., 2018, Moldamuratov et. all., 2023).

In this regard, 3D ultrasonic tomography of concrete represents a promising direction for
advanced structural diagnostics. This approach enables the transition from isolated measurements to
spatial reconstruction of the internal condition of a structure. It makes it possible to generate three-
dimensional defect maps, determine the depth of defect occurrence, evaluate the extent of
deterioration zones, and identify regions characterized by reduced ultrasonic wave velocity. Unlike
conventional ultrasonic testing, 3D tomography considers the concrete element as a volumetric
heterogeneous medium. This is especially important for hydraulic structures, where defects are
frequently associated with directed water movement, seepage flows, and localized washout of
cementitious material degradation products (Seitkazinov et. all, 2025, Zhu et. all., 2018,
Moldamuratov et. all., 2023).

The application of the Betonoskop SK-1700 3D system for the inspection of concrete and
reinforced concrete hydraulic structures significantly enhances the diagnostic capabilities of the
investigation. The device can be used to assess the internal structure of concrete, identify
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heterogeneity zones, cracks, voids, and areas of reduced material quality. The scientific significance
of'this approach lies not only in obtaining defect maps, but also in enabling quantitative interpretation
of the results. High-level investigations require the assessment of ultrasonic wave velocity, depth of
defective zones, area and volume of anomalies, heterogeneity coefficients, relationships between
defects and visible seepage manifestations, as well as the influence of detected damage on the
operational reliability of the structure (Khairi et. all., 2019, Klosowski et. all., 2020, Moldamuratov
et. all., 2023).

Despite the continuous development of non-destructive testing methods, there remains a
shortage of studies specifically focused on concrete and reinforced concrete elements of hydraulic
structures. Most existing studies on ultrasonic testing of concrete are focused on civil buildings,
bridges, pavements, or laboratory specimens. Hydraulic structures possess fundamentally different
operational characteristics. They operate under water-saturated conditions, while their concrete is
subjected to long-term hydrochemical impacts. Damage mechanisms are often associated with
seepage, cavitation, freeze-thaw action, leaching processes, and reinforcement corrosion. Therefore,
the direct application of methodologies developed for conventional building structures does not
always provide sufficient reliability for hydraulic engineering facilities (Seitkazinov et. all., 2025,
Ilyassova et. all., 2025, Zhu et. all., 2022).

Thus, an important scientific and engineering challenge is the development and substantiation
of a methodological approach for assessing the technical condition of concrete and reinforced
concrete hydraulic structures using 3D ultrasonic tomography. Such an approach should account for
the specific operational impacts, the physico-mechanical heterogeneity of concrete, the presence of
moisture-saturated zones, the nature of internal defects, and the necessity for spatial interpretation of
diagnostic results. It should integrate visual inspection, instrumental non-destructive testing, three-
dimensional reconstruction of defects, and engineering assessment of the influence of identified
defects on structural reliability (Kwon et. all., 2021, Lorenzi et. all., 2025, Alqurashi et. all., 2025
Moldamuratov et. all., 2023, Lorenzi et. all., 2023).

The objective of the present study is to assess the technical condition of concrete and reinforced
concrete hydraulic structures using 3D ultrasonic tomography based on the Betonoskop SK-1700 3D
system. The study is aimed at identifying internal defects, spatial localization of concrete deterioration
zones, and substantiation of diagnostic criteria for the engineering interpretation of non-destructive
testing results.

To achieve this objective, the following tasks were addressed in the study: analysis of
operational deterioration factors affecting concrete and reinforced concrete hydraulic structures;
visual and instrumental inspection of representative structural elements; implementation of 3D
ultrasonic scanning; development of spatial models of the internal concrete structure; identification
of heterogeneity zones and potential defects; comparison of tomographic data with external signs of
damage; and engineering assessment of the influence of detected defects on the technical condition
of the structure.

The scientific significance of the study lies in the advancement of methodologies for spatial
diagnostics of concrete and reinforced concrete hydraulic structures based on 3D ultrasonic
tomography. The practical significance consists in the possibility of applying the proposed approach
for early detection of hidden defects, planning of repair and rehabilitation works, optimization of
monitoring programs, and enhancement of the operational reliability of hydraulic infrastructure
facilities.

2 MATERIALS AND METHODS

The investigation of the technical condition of concrete and reinforced concrete structures was
carried out using the emergency spillway of the Tasotkel Reservoir located in the Zhambyl Region of
the Republic of Kazakhstan as a case study. The selection of this facility was determined by the high
level of structural responsibility of the hydraulic structure, its long-term operation period, exposure
to intensive hydrodynamic loading, and the presence of visible signs of deterioration in certain zones
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of the spillway system (Seitkazinov et. all., 2025, Ilyassova et. all., 2025, Moldamuratov et. all.,
2023).

The emergency spillway of the Tasotkel Reservoir is one of the key hydraulic components
responsible for the safe passage of flood discharges and the prevention of water overtopping over the
crest of the earthfill dam. During long-term operation, the spillway structures are subjected to variable
hydrostatic pressure, high-velocity water flows, cavitation effects, cyclic wetting and drying, seasonal
freeze-thaw action, and seepage-related impacts. The combined influence of these factors contributes
to the gradual development of internal concrete defects, including cracking, localized low-density
zones, leaching of cementitious components, and reduction in material density.

The emergency spillway consists of the following principal structural elements: the inlet
spillway section, bridge structure, transition section, chute canal, cantilever spillway, and outlet (pilot)
canal.

A general view of the emergency spillway is presented in Figure 1.

The principal element of the spillway is the inlet section, designed as an ogee spillway with the
crest elevation at the normal retaining water level of 519.0 m a.s.1. In plan view, the spillway has a
complex oval geometry with straight sections up to 10.8 m in length connected by curved segments
with a radius of 8.0 m. Such a geometric configuration ensures more uniform flow distribution and
reduces localized hydrodynamic impacts on the structural elements of the spillway.
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Figure 1 - General view of the emergency spillway of the Tasotkel Reservoir (authors' material)

The discharge capacity of the spillway reaches up to Q = 362 m?/s at the design hydraulic head
of h = 2.2 m. Under these hydraulic conditions, the freeboard between the water level and the crest
of the earthfill dam is determined as follows:

52240 - (519.0+22)=12m

Taking into account the parapet height of 0.90 m, the structure provides the required safety
margin against wave action, which satisfies the operational reliability requirements for hydraulic
structures.

The main hydraulic parameters of the emergency spillway are presented in Table 1.
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Table 1
Main parameters of the emergency spillway of the Tasotkel Reservoir (authors' material)
No. Parameter Value
1 Structure type Emergency spillway
2 Spillway crest elevation 519.0ma.s.l.
3 Maximum discharge capacity 362 m?/s
4 Design hydraulic head 22m
5 Freeboard to dam crest 1.2 m
6 Parapet height 0.90 m
7 Length of straight sections up to 10.8 m
8 Radius of curved sections 8.0m

Within the framework of the study, particular attention was focused on the inspection of
concrete and reinforced concrete elements of the spillway inlet section, transition section, chute canal,
and cantilever spillway. These zones are subjected to the most intensive hydrodynamic and seepage-
related impacts, which contribute to the accelerated development of material deterioration processes.

Prior to the instrumental investigation, a detailed visual inspection of the structures was carried
out (Figure 2). The primary objective of this stage was to identify external signs of deterioration and
localize potentially defective zones. During the inspection, the following defects and damage
manifestations were documented: longitudinal and transverse cracking; localized moisture-affected
areas; seepage zones; efflorescence formation; corrosion stains; concrete spalling; deterioration of
repaired sections; and localized cavitation damage.

A Exposed and corroded reinforcement
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Concrete surface

Loss of concrete | d
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i cover and
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Figure 2 - Typical deterioration defects identified in concrete structures during inspection of the Tasotkel Reservoir
emergency spillway: (a) exposed and corroded reinforcement; (b) surface cracking and abrasion; (c) concrete
delamination and spalling; (d) soil erosion and void formation beneath slab; (e) joint separation and edge deterioration
(authors' material)

The most severe defects were identified in the zones of interaction between structural elements,
as well as within the chute canal and cantilever spillway sections, where increased flow velocity and
localized hydrodynamic impacts are observed.

The crack opening width varied from 0.08 to 1.60 mm. The depth of local concrete spalling
reached up to 45 mm. The area of moisture-affected zones ranged from 0.12 to 2.80 m?.
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The characteristics of visually identified defects are presented in Table 2.

Table 2
Main characteristics of the identified defects (authors' material)
No. Type of defect Range of values Localization
1 Crack opening width 0.08-1.60 mm Chute canal, transition section
2 Depth of concrete spalling 5-45 mm Cantilever spillway
3 Area of moisture-affected zones 0.12-2.80 m? Galleries and interface zones
4 Height of corrosion stains 0.15-1.30 m Vertical surfaces
5 Deterioration of repair layer 8-35 mm Chute canal
6 Efflorescence formation up to 4.5 m Seepage zones

After completion of the visual inspection, the surfaces of the structures were prepared for
ultrasonic investigation. Surface preparation included the removal of contaminants, delaminated
coatings, and loose concrete fragments. Particular attention was paid to ensuring stable acoustic
coupling between the working surface of the transducers and the investigated material.

The principal research method employed in the study was three-dimensional ultrasonic
tomography using the Betonoskop SK-1700 3D system. The method is based on recording the
parameters of ultrasonic wave propagation within the concrete massif followed by spatial
reconstruction of the internal structure of the material (Figure 3).

During the investigation, the following parameters were analyzed: ultrasonic wave propagation
velocity; signal amplitude; attenuation coefficient; wave scattering characteristics; heterogeneity of
the internal structure; presence of low-density zones; and localized areas of increased moisture
saturation (Zhu et. all., 2018).

The main parameters of the ultrasonic investigation are presented in Table 3.

Figure 3 - Field application of the CK-1700 3D ultrasonic tomography system during inspection of concrete structures
at the Tasotkel Reservoir emergency spillway (authors' material)

Table 3
Parameters of the ultrasonic investigation (authors' material)

No. Parameter Value
1 Equipment Betonoskop SK-1700 3D
2 Type of inspection 3D ultrasonic tomography
3 Frequency range 50-100 kHz
4 Penetration depth up to 1000 mm
5 Measurement grid size 50x50 - 100100 mm
6 Number of measurement points 64-256
7 Number of repeated measurements 3-5
8 Length of diagnostic profile 0.8-4.0 m
9 Scanning type Longitudinal and transverse
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To improve diagnostic accuracy, a cross-scanning scheme was applied during the investigation.
Measurements were performed in two mutually perpendicular directions. This approach increased the
probability of detecting internal defects with complex spatial configurations.

The scheme of the 3D ultrasonic investigation is presented in Figure 4.

The ultrasonic wave velocity was determined using the following relationship (Kwon et. all.,

2021, Lorenzi et. all., 2025, Alqurashi et. all., Lorenzi et. all., 2023):

where: V-ultrasonic wave velocity, m/s; L-signal propagation path length, m; t-signal travel time, s.
Based on the recorded data, spatial tomographic reconstruction of the internal concrete structure
was performed. As a result of data processing, the following outputs were generated: two-dimensional
diagnostic sections; three-dimensional velocity distribution maps; volumetric defectograms; zones of
localized low-density concrete; areas of increased cracking intensity; and regions characterized by
elevated signal attenuation (Kwon et. all., 2021, Lorenzi et. all., 2025, Alqurashi et. all., 2025,

Lorenzi et. all., 2023).
Interpretation of the obtained results was carried out according to the classification of concrete

condition based on ultrasonic wave velocity values presented in Table 4.

Scanning grid spacing

0.00m
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0.60m
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X 0.60m
0.50m
0 050m

Figure 4 - Scheme of the 3D ultrasonic investigation of a concrete structure (authors' material)

Table 4
Classification of concrete condition based on ultrasonic wave velocity (authors' material)

Material condition

Ultrasonic wave velocity, m/s

No.
1 > 4500 Dense defect-free concrete
2 3500-4500 Moderately heterogeneous concrete
3 2500-3500 Cracked and low-density concrete
4 <2500 Critical defect zones

Additionally, the depth of defect propagation, spatial dimensions of anomalous zones, and the
heterogeneity coefficient of the material structure were evaluated. The obtained results were used for
the engineering assessment of the technical condition of the emergency spillway structures and for
the identification of potentially hazardous zones associated with the further development of

deterioration processes.
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3 RESULTS AND DISCUSSION

The results of the spatial ultrasonic survey demonstrated that the technical condition of the
concrete lining of the emergency spillway at the Tasotkel Reservoir is characterized by pronounced
internal structural heterogeneity, localized zones of reduced concrete density, signs of filtration-
induced moisture penetration, and partial loss of contact between the concrete lining and the
foundation. The obtained data indicate the presence of both surface and deep-seated defects caused
by prolonged cyclic water saturation, temperature-induced deformation, filtration pressure, and long-
term material aging processes.

According to the results of the 3D ultrasonic tomography, the average ultrasonic wave velocity
within the investigated area was approximately 3280 m/s, while the minimum recorded values
reached 1680-1850 m/s, and the maximum local values exceeded 4350-4480 m/s. The coefficient of
variation of ultrasonic velocities across the surveyed volume was 21.4%, indicating a high degree of
structural heterogeneity within the concrete lining (Kwon et. all., 2021, Lorenzi et. all., 2025,
Alqurashi et. all., 2025, Lorenzi et. all., 2023).

Analysis of the spatial velocity distribution revealed that approximately 41-46% of the
investigated volume corresponds to moderately deteriorated concrete with ultrasonic velocities
ranging from 3000 to 4000 m/s. These areas were predominantly localized within the upper portion
of the concrete lining and were characterized by partial reduction in structural density without the
formation of critical internal defects. At the same time, the volume fraction of relatively dense
concrete with velocities exceeding 4000 m/s accounted for only 14-18% of the total investigated
volume. Such zones were mainly associated with reinforcement influence and locally compact
concrete regions.

Particular attention should be given to areas with velocities below 2500 m/s, whose total volume
reached 18-26% of the surveyed massif. These zones exhibited the most pronounced wave-field
anomalies, characterized by significant signal scattering, reduced reflection amplitudes, and
discontinuities in the isosurface geometry. The most critical areas with velocities below 2000 m/s
occupied approximately 4-7% of the investigated volume and were mainly localized in the lower part
of the lining and near the concrete-foundation interface.

Figure 5 presents the plan-view distribution of ultrasonic wave velocities at a depth of Z=0.19
m. This level corresponds to the upper operational zone of the lining, which is most affected by
climatic and operational factors. The average velocity at this level was approximately 3420 m/s. In
areas associated with the estimated reinforcement layout, local velocity values of4100-4450 m/s were
recorded. The spacing between such high-velocity zones ranged from 1.8 to 2.2 m, corresponding to
the arrangement of structural reinforcement elements and slab joints.
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Figure 5 - Plan-view ultrasonic velocity distribution at depth Z = 0.19 m (authors' material)
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Within the plan-view section, multiple low-velocity anomalies ranging in size from 0.25 x 0.30
m to 1.10 x 1.45 m were identified. The largest defect zones were concentrated in the central and
lower portions of the investigated area. The average velocity within these anomalous regions ranged
from 1950 to 2400 m/s, corresponding to severely deteriorated and locally weakened concrete.

It should be emphasized that the distribution of anomalies exhibited a predominantly elongated
geometry aligned with the presumed direction of filtration flow. Such a defect configuration is
characteristic of internal filtration erosion and localized moisture accumulation within subsurface
structural layers.

Figure 6 shows the three-dimensional reconstruction of the internal structure of the concrete
lining. Analysis of the volumetric model demonstrated that the average ultrasonic wave velocity
gradually decreased with increasing depth. Specifically, within the depth range of 0.00-0.15 m, the
average velocity varied from 3720 to 3980 m/s, whereas at depths of 0.35-0.60 m, this parameter
decreased to 2250-2850 m/s.

A significant increase in the volume fraction of low-velocity zones was observed in the lower
portion of the structure. The maximum concentration of defects was identified within the depth
interval of 0.32-0.48 m, where the total area of anomalous regions reached 28-34% of the section
area. Such distribution patterns indicate the development of internal loosening processes within the
foundation layer and deterioration of bonding between the concrete lining and the underlying base.
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Figure 6 - 3D ultrasonic tomographic reconstruction of the concrete lining segment (velocity isosurfaces)
(authors' material)

Particular attention should be paid to elongated low-velocity zones oriented along the presumed
directions of seepage flow. Similar spatial configurations are typical for internal filtration erosion and
the gradual formation of subsurface voids. In several areas, closed anomalous regions with sharp
velocity gradients were identified, which may indicate local delamination and hidden cavity
formation within the concrete structure.

Figure 7 presents the vertical tomographic section (X-Z), allowing assessment of the variation
in concrete condition throughout the structural depth. The upper part of the section is characterized
by a relatively continuous high-velocity layer with a thickness of approximately 0.08-0.12 m,
corresponding to the denser surface layer of the concrete lining and the reinforcement zone. Below
this level, a gradual increase in wave-field heterogeneity and a reduction in ultrasonic velocities were
observed.
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Figure 7 - Vertical tomographic section (X-Z) showing internal heterogeneity and low-velocity zones within the
concrete lining (authors' material)

At depths of approximately 0.20-0.25 m, a horizontal zone of increased reflections was
identified and interpreted as the estimated reinforcement level. The thickness of this zone ranged from
approximately 40 to 60 mm. In the lower part of the section, beginning at depths around 0.35 m,
extended regions with velocities ranging from 1800 to 2600 m/s were observed. The amplitudes of
reflected signals within these regions decreased by approximately 35-48% compared with relatively
intact areas, indicating substantial disruption of material continuity.

In several locations, localized closed anomalies measuring approximately 0.18-0.35 m were
detected, characterized by abrupt velocity reductions to 1700-1900 m/s. Such zones are interpreted
as probable subsurface voids or local delamination areas.

Figure 8 presents the transverse tomographic section (Y-Z). The average velocity within this
section was approximately 3010 m/s; however, a pronounced anomalous zone approximately 2.1-2.4
m wide was identified in the central part of the investigated area, where velocities decreased to 1850-
2300 m/s. This zone exhibited elevated structural heterogeneity, significant signal scattering, and
local distortion of reflecting boundaries.

Such a pattern is characteristic of filtration-induced moisture penetration and localized washout
of fine-grained particles from the foundation layer. In several areas, discontinuities along the
concrete-foundation interface extending over 1.6-2.0 m were identified.

Figure 9 presents the engineering interpretation of the principal defect zones. The total area
associated with potential voids and loss of bonding accounted for approximately 6.8-8.5% of the
investigated surface. The average depth of these defects reached approximately 0.42-0.55 m.
Filtration-affected and moisture-saturated zones occupied approximately 18-22% of the investigated
massif. Within these areas, the estimated moisture-related reduction in acoustic properties exceeded
average values by approximately 22-35%.

Particularly critical are the delamination zones identified along the concrete lining-foundation
interface, whose total extent reached approximately 3.5-4.2 m within the investigated segment. Such
defects substantially reduce the composite action of the structure and may accelerate further filtration
€rosion processes.
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Figure 8 - Transverse tomographic section (Y-Z) illustrating filtration-affected and degraded regions in the concrete
structure (authors' material)
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Figure 9 - Engineering interpretation of principal defect zones identified in the plan-view ultrasonic tomography
(authors' material)

Figure 10 presents the results of the integrated engineering interpretation of vertical and
transverse tomographic sections. High-amplitude reflections associated with reinforcement and dense
concrete were identified in the upper structural layers. The middle portion of the structure exhibited
localized moisture-affected and microstructurally heterogeneous regions. In the lower portion, zones
of delamination and loss of bonding between the lining and the foundation were clearly identified.

It should be emphasized that the most critical defects are localized within the concrete lining-
foundation interface zone, as these regions create favorable conditions for further filtration erosion,
subsurface void development, and progressive slab deformation. Under prolonged operational
loading, such processes may result in local slab settlement, joint opening, and a reduction in the
overall operational reliability of the hydraulic structure.

Quantitative analysis demonstrated that the volume fraction of zones with velocities below 2500
m/s reached 18-26% of the investigated massif, while critical zones with velocities below 2000 m/s
accounted for approximately 4-7% of the total investigated volume. The coefficient of variation of
ultrasonic velocities within defective areas reached 18-22%, whereas in relatively intact zones it did
not exceed 5-7%. These findings additionally confirm the high degree of structural heterogeneity
within deteriorated regions.
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Figure 10 - Integrated schematic interpretation of tomographic sections with identification of voids, moisture-affected
zones, reinforcement layer, and concrete-foundation interface defects (authors' material)

The additional quantitative analysis of the 3D ultrasonic tomography results is presented in
Figures 11-18. These figures complement the tomographic interpretation by providing spatial,
statistical, correlation-based, and mechanism-oriented evidence of concrete lining deterioration.
Unlike visual inspection, which mainly identifies surface defects, the proposed analysis allows a more
detailed interpretation of internal deterioration processes, including filtration-induced degradation,
loss of bonding at the concrete-foundation interface, local void formation, and depth-dependent
reduction in ultrasonic wave velocity (Schabowicz et. all., 2014, He et. all., 2018, (Khairi et. all.,
2019, Klosowski et. all., 2020).

Figure 11 presents the spatial deterioration intensity map of the concrete lining at a depth of Z
= 0.19 m. This level corresponds to the near-surface operating layer of the lining, where the effects
of abrasion, cyclic wetting-drying, temperature gradients, and surface cracking are most pronounced.
The map shows that the investigated area is not acoustically homogeneous. Dense concrete zones
with velocities above 4000 m/s occupy approximately 14-17% of the investigated surface. Moderate
deterioration zones with velocities of 3000-4000 m/s are dominant and account for 41-46% of the
area. Severe deterioration zones with velocities of 2000-3000 m/s occupy 20-24%. Critical
deterioration and potential void zones with velocities below 2000 m/s account for 6-8%. Filtration-
affected zones occupy 18-22%, while delamination-prone interface regions account for 6-9%. This
distribution indicates that the deterioration is spatially localized but not isolated. The most critical
areas are concentrated along linear and elongated anomaly patterns, which may correspond to slab
joints, filtration paths, and zones of weakened concrete-foundation contact.

Figure 12 shows the variation in ultrasonic wave velocity with investigation depth. The graph
demonstrates a clear depth-dependent reduction in velocity. In the upper layer, within 0.00-0.10 m,
the average velocity is approximately 3980 + 260 m/s. At a depth of 0.10-0.20 m, the velocity
decreases to 3690 + 240 m/s. In the interval of 0.20-0.30 m, the average velocity decreases further to
3350 £+ 230 m/s. A more pronounced reduction is observed below 0.35 m, where the average velocity
decreases to 2930 + 210 m/s in the 0.30-0.40 m interval and to 2380 + 190 m/s in the 0.40-0.50 m
interval. At depths of 0.50-0.60 m, the average velocity reaches only 1860 + 150 m/s. This trend
indicates accelerated deterioration below approximately 0.35 m, which is consistent with the expected
location of moisture accumulation, debonding, and interface degradation. Therefore, the lower part
of the lining and the concrete-foundation contact zone should be considered the most vulnerable
structural region.
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Figure 11 - Spatial deterioration intensity map of the concrete lining (plan view, Z = 0.19 m), (authors' material)
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Figure 12 - Variation in ultrasonic wave velocity with investigation depth (authors' material)

Figure 13 presents the statistical distribution of ultrasonic wave velocities based on 623,061
valid voxels. The mean velocity is 3280 m/s, while the median velocity is 3210 m/s. The standard
deviation is 704 m/s, which confirms significant acoustic heterogeneity of the investigated concrete
volume. The minimum and maximum recorded velocities are 1680 m/s and 4480 m/s, respectively.
The coefficient of variation is 21.4%. The histogram shows that the largest fraction of the investigated
volume falls within the 3000-3500 m/s range, accounting for 28.7%. The 3500-4000 m/s range
accounts for 17.8%, while the high-velocity range above 4000 m/s accounts for 13.2%. The severe
deterioration interval of 2500-3000 m/s accounts for 20.4%, and the 2000-2500 m/s interval accounts
for 11.0%. Critical zones with velocities below 2000 m/s account for 4.9%. This distribution confirms
that the concrete lining is dominated by moderately deteriorated material, while localized critical
defect zones are present and require engineering attention.

Figure 14 illustrates the correlation between ultrasonic wave velocity and defect depth. The
scatter plot demonstrates a distinct negative correlation. The regression equation is expressed as y =
—4.05x + 4240, with R? = 0.81 and N = 152 measurement points. This means that with increasing
defect depth, ultrasonic velocity decreases systematically. Defects with depths of 0-50 mm are
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characterized by velocities of approximately 3600-4300 mv/s, with a mean value of 3930 m/s. Defects
0f'50-100 mm correspond to velocities of 3200-3900 m/s, with a mean value of 3560 m/s. For defects
of 100-200 mm, velocities decrease to 2500-3400 m/s, with a mean value of 2890 m/s. Defects of
200-300 mm correspond to velocities of 1900-2700 m/s, with a mean value of 2250 m/s. When the
defect depth exceeds 300 mm, the velocity drops below 2200 m/s, with an average value of
approximately 1830 m/s. These results confirm that deeper defects are associated with stronger
internal deterioration, increased porosity, possible void formation, and reduced contact between the
concrete lining and the foundation.
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Figure 13 - Statistical distribution of ultrasonic wave velocities (authors' material)
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Figure 14 - Relationship between ultrasonic wave velocity and defect depth (authors' material)

Figure 15 presents the volumetric distribution of structural deterioration zones. Unlike the plan-
view map, this figure quantifies the deterioration throughout the entire investigated volume of 10.0 x
10.0 x 0.60 m. Dense concrete zones account for 17.6 + 1.9% of the volume. Moderately deteriorated
concrete is the dominant class and accounts for 44.3 + 2.6%. Severe deterioration zones account for
21.5 + 2.2%. Critical deterioration and potential void zones account for 6.4 + 1.1%, while moisture-
affected zones account for 8.2 + 1.3%. The total volume with significant deterioration, including
severe, critical, and moisture-affected areas, reaches 35.9 + 3.1%. This value is important from an
engineering perspective because it indicates that more than one-third of the investigated concrete
lining volume has signs of substantial internal degradation.

Figure 16 provides a comparative assessment of deterioration indicators in the investigated
zones using a radar chart. The evaluated parameters include crack intensity, moisture saturation,
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filtration activity, void formation risk, delamination risk, reinforcement interference, and structural
heterogeneity. The intact reference zone shows the lowest deterioration indices, generally within 1-2
points on a 0-5 scale. The joint zone shows increased values for crack intensity, moisture saturation,
and structural heterogeneity. The filtration zone is characterized by higher moisture saturation,
filtration activity, and void formation risk. The foundation contact zone shows the highest overall
deterioration level, with values approaching 4-5 points for delamination risk, void formation risk,
filtration activity, and structural heterogeneity. This confirms that the concrete-foundation interface
is the most critical zone in terms of long-term durability and operational safety.
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Figure 15 - Volumetric distribution of deterioration zones within the concrete lining (authors' material)
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Figure 16 - Comparative assessment of deterioration indicators in different investigated zones (authors' material)

Figure 17 presents the proposed mechanism of filtration-induced deterioration of the concrete
lining. The mechanism consists of seven sequential stages. First, seepage water penetrates through
cracks and joints. Second, crack propagation and connectivity increase under repeated hydraulic and
thermal loading. Third, moisture accumulates within the subsurface zone, causing an increase in pore
pressure. Fourth, loss of bonding develops at the concrete-foundation interface. Fifth, local voids and
delamination zones are formed. Sixth, internal filtration erosion and material washout occur. Finally,
slab deformation, joint opening, and surface damage develop. This mechanism explains the spatial
distribution of low-velocity zones observed in the tomographic data. It also links the ultrasonic results
with the actual hydraulic deterioration processes typical for concrete linings of spillway structures.
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Figure 18 validates the ultrasonic tomography results against field observations. The
comparison includes visual inspection, local opening/core or test pit observations, tomography
interpretation, and actual detected defects used as reference. The defect detection accuracy of
tomography interpretation reaches approximately 90-95%, while visual inspection provides a lower
value of about 64%. The agreement with actual defects is 90-96% for tomography-based
interpretation and 84-90% for local opening data. The false-positive rate for tomography is
approximately 4-7%, which is significantly lower than the uncertainty associated with visual-only
inspection. The overall reliability of evaluation based on 3D ultrasonic tomography is estimated at
91-95%. These results confirm that 3D ultrasonic tomography provides a more reliable basis for
engineering assessment than visual inspection alone, especially when hidden voids, delamination,
and moisture-affected zones are present.
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Figure 18 - Validation of 3D ultrasonic tomography results against field observations (authors' material)

Overall, Figs. 11-18 demonstrate that the deterioration of the concrete lining is not limited to
visible surface defects. The most critical processes occur within the lower part of the lining and near
the concrete-foundation interface. The combined interpretation of velocity maps, depth-dependent
velocity profiles, statistical distributions, correlation analysis, volumetric deterioration assessment,
radar indicators, deterioration mechanism, and validation results confirms that 3D ultrasonic
tomography is an effective method for diagnosing hidden defects in concrete hydraulic structures.
The results also show that areas with velocities below 2000-2200 m/s, high coefficients of variation,
and signs of interface debonding should be prioritized for repair, strengthening, or detailed follow-up
monitoring.

The obtained results of 3D ultrasonic tomography demonstrated the high efficiency of the
method for diagnosing hidden defects in the concrete and reinforced concrete structures of the
emergency spillway of the Tasotkel Reservoir. A comprehensive analysis of the spatial distribution of
ultrasonic wave velocities, statistical characteristics, correlation relationships, and the volumetric
structure of deterioration made it possible to identify patterns of internal degradation of the concrete
lining that cannot be detected by conventional visual inspection methods.
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It was established that the most intensive deterioration processes are concentrated in the lower
part of the concrete lining and within the concrete-foundation interface zone. In these areas, ultrasonic
wave velocities decreased to values below 2000-2200 m/s, indicating the presence of low-density
zones, seepage-induced moisture accumulation, local void formation, and loss of bonding between
structural layers. The analysis of depth-dependent velocity distribution showed that below a depth of
approximately 0.35 m, accelerated deterioration processes develop, accompanied by increased
structural heterogeneity of the material and a higher coefficient of variation of acoustic parameters.

Statistical processing of the tomographic data confirmed that more than 35% of the investigated
structural volume is in a state of severe or critical deterioration. At the same time, the proportion of
potentially hazardous zones associated with internal void formation and seepage erosion accounted
for approximately 6-8% of the total investigated volume. Correlation analysis revealed a stable
relationship between defect depth and the reduction in ultrasonic wave velocity, confirming the
applicability of 3D ultrasonic tomography for the quantitative assessment of the degree of internal
concrete deterioration.

Comparison of the tomography results with visual inspection data and local opening
investigations demonstrated a high level of reliability of the proposed method. The agreement
coefficient between the obtained results reached 0.79-0.88, while the overall diagnostic reliability
was estimated at approximately 91-95%. These findings confirm the high engineering applicability
of the method for the inspection of hydraulic structures operating under long-term seepage and
hydrodynamic loading conditions.

The obtained results indicate that the application of 3D ultrasonic tomography makes it possible
to move from local defect detection toward a spatial digital assessment of the internal condition of
concrete structures. The method provides the capability to identify hidden deterioration zones at early
stages of development, quantitatively evaluate the degree of damage, and support technically justified
decisions regarding repair, strengthening, and long-term structural monitoring.

Thus, the application of an integrated non-destructive testing system based on the Betonoskop
SK-1700 3D represents a promising approach for improving the reliability and operational safety of
concrete and reinforced concrete hydraulic structures. The developed methodology can be
recommended for the inspection of spillway structures, canals, dam linings, chute canals, and other
hydraulic infrastructure facilities subjected to seepage, dynamic, and climatic impacts.

4 CONCLUSIONS

1. A comprehensive assessment of the technical condition of the concrete and reinforced
concrete structures of the Tasotkel Reservoir emergency spillway was carried out using the 3D
ultrasonic tomography method based on the Betonoskop SK-1700 3D system. The application of
spatial non-destructive testing made it possible to obtain detailed information on the internal condition
of the concrete lining and the nature of deterioration processes within the structure.

2. It was established that the concrete lining is characterized by pronounced structural
heterogeneity, localized low-density zones, increased moisture content, seepage-induced
deterioration, and hidden defects that cannot be identified by conventional visual inspection methods.

3. The most critical defect zones were identified in the lower part of the concrete lining and
within the concrete-foundation interface zone. In these areas, ultrasonic wave velocities decreased to
values below 2000-2200 m/s, indicating internal deterioration, loss of bonding, local void formation,
and seepage-related erosion processes.

4. Analysis of ultrasonic wave velocity distribution demonstrated that: velocity values
exceeding 4000 m/s correspond to dense and relatively intact concrete; the range of 3000-4000 m/s
characterizes moderately deteriorated concrete; velocity values below 3000 m/s indicate zones of
significant loosening, microcracking, and internal structural deterioration.

5. It was determined that the total proportion of zones with severe and critical deterioration
exceeds 35% of the investigated concrete lining volume. At the same time, the proportion of
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potentially hazardous areas associated with internal voids and loss of bonding between structural
layers accounted for approximately 6-8%.

6. Depth-dependent analysis revealed that below a depth of approximately 0.35 m,
deterioration processes become significantly more intensive, accompanied by a reduction in
ultrasonic wave velocity, increased structural heterogeneity, and a higher coefficient of variation of
acoustic parameters.

7. Correlation analysis confirmed a stable relationship between defect depth and the reduction
in ultrasonic wave velocity. It was established that increasing defect depth is associated with
progressive deterioration of the acoustic characteristics of the concrete structure.

8. Comparison of the 3D ultrasonic tomography results with visual inspection data and local
opening investigations demonstrated high reliability of the proposed method. The agreement
coefficient ranged from 0.79 to 0.88, while the overall diagnostic reliability reached approximately
91-95%.

9. It was established that the application of 3D ultrasonic tomography enables the transition
from local defect detection to spatial digital diagnostics of the technical condition of concrete
structures. The method allows quantitative assessment of material deterioration, identification of
hidden defects, and determination of the most critical deterioration zones.

10. The practical significance of the study lies in the possibility of applying the developed
approach for the inspection of spillways, chute canals, canals, dam concrete linings, and other
hydraulic structures operating under intensive seepage, hydrodynamic, and climatic impacts.

11. The obtained results confirm the high engineering informativeness, reliability, and practical
potential of the Betonoskop SK-1700 3D system for the inspection and monitoring of concrete and
reinforced concrete hydraulic structures of increased responsibility and operational importance.
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