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Abstract. Hydraulic structures deteriorate during long-term operation. Their soil foun-
dations also change over time. Periodic non-destructive inspection is therefore essential. We
applied ground-penetrating radar (GPR) to the Sh. Chokin Kapchagay Hydropower Plant
on the Ili River, south-eastern Kazakhstan. The plant has operated for over 50 years in a
seismic intensity 8 zone. We acquired 62 records with an OKO-3 system using 150 and 400
MHz antennas. Six structural elements were surveyed.: the station-adjacent platform, the tail-
race canal lining, the upstream slope protection of the channel and ravine dams, the 220 kV
outdoor switchyard platform, and the stoplog storage area. Wave velocities were estimated
from diffraction hyperbolas. Where possible, they were calibrated against borehole data.
Radargrams were interpreted by radar facies analysis. The reinforced-concrete slope pro-
tection and canal lining show continuous slab reflections. No major defects or large voids
were detected. However, a 35 m section of the canal lining shows differential slab settlement.
Loosened soil lies beneath the linings at 0.8-2.0 m depth. Under the station-adjacent plat-
form, intermittent loosened zones reach 1.1-1.9 m. They cover about one third of the profile
length. The stoplog storage area is in the poorest condition. Below 3.5 m, chaotic high-am-
plitude scattering zones 15-16 m wide were identified. They indicate severe soil loosening;
voids cannot be excluded. The site has dense surface infrastructure. To avoid false targets,
we compared the apparent velocity of each hyperbola with the ground velocity. This sepa-
rated subsurface objects from reflections off above-ground structures. The results establish
a baseline for repeat GPR monitoring.
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Y3AK MEP3IM HAVJAJIAHY KAFJAUBIHIAFBI KATIIIAFAN
I'C-1 KOTEPI'III KOHCTPYKIUSJIAPBIHBIH
TEXHUKAJBIK KAW-KYWIH TEOPATUOJTOKAILIUSJIBIK
JTUATHOCTUKAJAY
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Awnarna. ¥3ax mep3imMoi natoanamy Kesinoe UOPOMEeXHUKANbIK KYPbLIblCMapobly
mipeKk KOHCMPYKYUALAPbL MO03a0bl, Al 01apObly MONLIPAK He2i30epiHiy Kyl o32epeol.
Conovikman mep3imoi baxvinay xaxcem. biz Ine eseninoezi (Kasaxcmannvly onmycmik-
wwievicol) L. Yoxun amwvinoazvl Kanwazai ['2C-ine 2ceopaduoniokayusnvly 3epmme)y
ancypeizoix. Cmanyus celicmukanviavizel 8 6ann oonamein aumaxma 50 dcvinoan acmam
yakoim nauoananwiivin kenedi. 150 owcone 400 MIy anmennanapwr oap «OKO-3»
2eopadapvimer 62 #azoa anvlHObl. Amsl KOHCMPYKMUSMIK d/leMeHm 3epmmendi: Cmanyus
MayblHOAbl ANaH, A2bl3Y KAHALLIHGIY KANMAMAChL, APHAILIK JHCoHe call OezemmepiHil
acoeapevl  Oemxketinepiniy Oeximneci, ATK-220 kB ananvl dcome waHoop KOUMACH.
OnexmpomacHUmMmix — MOJKbIHOAPObIY — MAPALy  AHCLLIOAMOLIKMAPbl  OUDPAKYUSLILIK
eunepbonanap o6otbiHwa aHblkmanovl. Mymkin 6on2am dxcepiepoe onap YHublma oepexmepi
botibiHwa — kanuobpnendi. Paodapoepammanap  paoapgayusneix  bencinep  OoubiHUA
mycindipindi. bemxkeiinepoiy memipbemon b6eximneci MeH Kanai Kanmamacsl NAUmaiapoau
y30iKci3 wazvlavicynap bepeoi. Eneyni akaynap men ipi Kyvicmap anblkmaneau sHcok. Anatioa
KaHal KanmamacolHblY Y3bIHObIZbL WaMameH 35 M yuackecinoe niumanapobiy OipKenxi emec
weeyi mipxendi. Kanmama acmuinoa 0,8-2,0 m mepenoikme mwvlebi30biebl MOMEHOe2eH
monwipakmap dcamolp. Cmanyus MayblHOAbl 1Ay ACMbIHOA Mbl2bl30blebl MOMeEHOe2eH
y3ix-y3ik aumakmap 1,1-1,9 m mepenoikke Oeuin mapanadvl. Onap npoghuivoep
Y3bIHObIRbIHGIY WaMaMen yuimeH OIpiH anvin dcamuip. EW Konaucels swcazoail waHoop
Koumacwvinoa anbikmanovl. Mynoa 3,5 m-oen mepen scepoe eni 15-16 m xaocmulk xHcoeapol
AMAAUMYOAIbl WawbIpay aumakmapel 6enindi. Onap monvipax mulebi30bleblHbIH KAPKbIHObI
memeHOe2eHiH Kopcemeoi, Kyblcmapovly O0Iybl 0a HCOKKA WbI2APbIIMAtiobl. Yuacke dcep
ycmi  uH@pakypuliviMbina Kauslk. Kanzan anomanusnapovl 0Oondvipmay yuiiH 2apoip
2UNnepoOONAHbIY  KOPIHEPIIK AHCHLIOAMObIZbL  MONLIPAKMARbL  MOIKbIH  HCLIOAMObIZbIMEH
canvicmulpwliobl. Byn orcep acmvi o6vekminepin dicep ycmi KYpoliblcmapblHaH O01ambiH
WLABLLILICYNAPOAH — AXNCLIPAMYed MYMKIHOIK  0epoi. Anvinzan Hamudicenep KeueHOl
Kaumanama 2eopaapivlk MOHUMOPUHSMIH He2i3i 601a0bi.

Tyitingi ce3mep: eeopaduonoxayus,; bGocemmep Kayincizoieih MOHUMOPUHEMEY,
monvipaxK, 6ezem, 2UOPOMEXHUKANLIK KYpwlivicmap, 0y30ati 06axvliay, CceucMuKaibly
kayin, Kanwazan COC.
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CKOI'O COCTOSIHUS HECYIIUX KOHCTPYKIIUHA KAIIIIA-
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Annoraumsi.  [lpu  OnumenvHOU — 9KCHAyamayuu — Hecywue — KOHCMPYKYUU
2UOPOMEXHUUECKUX COOPYHCEeHUU USHAWUBAIOMCS, A COCMOSIHUE UX 2PYHMOBbIX OCHOBAHUL
mensemes. Iloomomy HeobxoOum nepuooudeckuil Hepaspywarwui KoOHmpons. Mol
8LINOJIHUNU 2e0paduonokayuontoe oocredosanue Kanwaeavickou I'9C um. 111, Yoxkuna ma p.
Hnu (1020-6ocmox  Kazaxcmana). Cmanyusa skcniyamupyemcs 6onee 50 nem 6 30He
ceticmuynocmoio 8 oannos. I'eopadapom « OKO-3» ¢ aumennamu 150 u 400 MI'y nonyueno
62 3anucu. Q6cnedo08anvl wecmvb KOHCMPYKMUBHLIX IIEeMEHMO8: NPUCMAHYUOHHAS
naowaoka, 0OIUYOBKA OMBOOSAULe20 KAHANA, KpenleHue 6epX08blX OMKOCO8 DYCI080U U
Jlocosoti  nnomumn, naowaoka OPY-220 kB u wanoopoxpanunuwe. Cropocmu
PAcnpocmpanenusi 2J1eKmpoMAacHUMHbIX 8OJIH ONpeoeneHbl N0 OUPPAKYUOHHBIM 2UNEpOONAM.
I'0e 5mo ObL10 803MONCHO, OHU OMKATUOPOBAHBL NO OAHHBLIM CKeadicuH. Padapozpammul
UHmMepnpemuposansvl No paoapo@ayuanbHulM npusnakam. Kenezobemonnoe Kpennenue
OMKOCO8 U 0OIUYOBKA KAHANLA 0arom HenpepvleHble ompadiceHus om naum. CyujecmeenHvlx
Ooehexmos u KpynHvix nycmom He 8visigieHo. OOHAKO Ha yuacmke 0OIuY08KU KAHANA ONUHOT
oxono 35 m 3aguxcuposana Hepagnomepras ocaoxka naum. 1100 obruyosxoii na enyoune 0,8—
2,0 m 3aneearom  pasyniomuénuvle epyHmol. 1100 npucmaHyuoHHOU  NIOWAOKOU
npepuvigucmyvle 30Hbl PA3YNJIOMHEeHUs: pacnpocmpatnsiomcs 00 enyounvt 1,1—1,9 m. Onu
3anumarom okono mpemu Onuusbl npoguueu. Haubonee Hebnaconpusmuoe cocmosnue
ycmanogneno Ha wanoopoxpanunuwe. Ha enyoune 6onee 3,5 m 30ecwy @vloenenvl 30HbI
XAOMUYHO20 BbICOKOAMNIUMYOHO20 paccesinus wupunou 15—-16 m. Onu ykasvlieaiom Ha
UHMEHCUBHOE PA3YNIIOMHEHUe SPYHMA, HATuYue nycmom He UCKII0YeHo. Yuacmok Hacvluyen
HazemHou uH@pacmpykmypou. Ymodvl UCKIIOYUMb JIONHCHBIE AHOMANUU, KAHCYUYIOCS
CKOPOCMb KaHCOOU 2unepboibl CpAGHUBANU CO CKOPOCMbIO BOIH 8 2pYHme. Dmo no3801Ul0
omoenums noo03eMHble 00BEeKMbl 0N OMPANCEHULL O HA3EMHbIX coopyxcenuti. [lonyuennvie
Pe3yIbmamyl CAyHcam 0CHOBOU OJisl NOBMOPHO20 2e0pA0APHO20 MOHUNOPUHSA.

KitioueBble clioBa: 2eopaouoiokayus, epyHmoseds niomuta,; sHeeie300emoHHoe Kpene-
HUe 0MKOC08; pazyniomHenue epyHma, 2uOPOmexHuyecKue COOPYHCeHus, ceticMuiecku ax-
musnbii pavion, Kanwazavickaa ['2C.
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1 INTRODUCTION

Hydraulic structures, including dams, spillways, intake works and their appurtenant elements,
form the backbone of hydropower generation and water-resource management worldwide. Their safe
operation is a precondition for energy security and for the protection of downstream population cen-
tres. Many large dams in Central Asia were built in the 1960s-1980s and have been in service for 40
to more than 60 years; the Kapchagay HPP, commissioned in 1970, is one of them. Ageing of struc-
tural materials, cumulative fatigue under cyclic loading, and gradual degradation of protective linings
and facings are therefore a growing concern for dam-safety authorities worldwide. The problem be-
comes acute where ageing infrastructure coincides with an active seismic environment, because seis-
mic loading can trigger sudden failure in a structure whose safety margin has already been eroded by
a slowly developing, latent defect.

The Almaty region, where the Kapchagay Hydropower Plant (HPP) is located, lies at the north-
ern margin of the Tien Shan orogenic belt, a tectonically active intracontinental orogen driven by the
ongoing India-Eurasia collision [1, 2]. The region has repeatedly experienced destructive earth-
quakes. These include the 1885 Belovodskoe (My 7.6, an uncertain estimate), 1887 Verny (Myw 7.7)
and 1889 Chilik (M 7.9) events, whose magnitudes have been re-estimated from magnetogram rec-
ords [1]. The largest and best-documented event of this series is the 1911 Kebin (Chon-Kemin) earth-
quake, the strongest instrumentally recorded earthquake in the Tien Shan (My 8.0 from teleseismic
records [1]; My 7.8-7.9 from the geological moment [3]), which produced a cumulative surface rup-
ture exceeding 155-195 km along 13 fault patches grouped into six sections [3].

along the Ili River [Author's material]

The Kapchagay dam has recently been monitored instrumentally in this seismic setting: during
the 4 March 2024 earthquake (MPV 6.1 in the national catalogue; epicentre about 31 km south of
Almaty; focal depth 10 km), the peak acceleration at the rock reference point was 8.10 cm/s? (<0.0083
g), and crest-to-reference PGA ratios of 0.62-0.70 indicated a low-strain response of the dam-foun-
dation system [4]. Such records characterise weak motion only. According to the detailed seismic
zoning of the Almaty region, calculated peak ground accelerations (PGA) for a 2% probability of
exceedance in 50 years (2475-year return period) range from 0.4 to 0.9 g over a significant part of the
region; the most hazardous zones are concentrated in its southern and south-eastern parts along the
ranges of the Northern Tien Shan, where PGA reaches 0.8-0.9 g (MSK-64 intensity 9-10), whereas
the central part of the region, including the Kapchagay area, is assessed as a zone of moderate hazard
with PGA of 0.3-0.5 g [5]. The recorded 2024 motion was thus less than 3% of the lower bound of
the hazard-level PGA for the site. The moderate rating does not, however, remove the regional source
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hazard. Along the Zailisky Alatau rangefront, fault scarps ~2 to >20 m high in alluvial fans record
surface-rupturing earthquakes since the Last Glacial Maximum, with minimum estimated magnitudes
of M 6.8-7; radiocarbon-dated uplifted river terraces in the eastern section of the rangefront fault
indicate a Holocene slip rate of ~1.2-2.2 mm/yr, and active deformation is laterally distributed, af-
fecting the rangefront, the interior of the range and the foreland of the Kazakh platform [6]; In the
adjacent northern Tien Shan of Kyrgyzstan (Kyrgyz and Kastek ranges, Chu basin and northern Issyk-
Kul area), tectonophysical zoning of active faults based on Coulomb stress reconstructed from earth-
quake focal mechanisms has identified potentially hazardous fault segments up to 25 km long at sev-
eral separate locations, capable of generating M 5.5-7.0 events, indicating that critical stress is dis-
tributed across the fault system rather than concentrated along a single source [7].

The region continues to register earthquakes of engineering significance. The 4 March 2024
earthquake (MPV 6.1) produced a measurable response at the dam crest, recorded by the plant's en-
gineering-seismometric station [4]. Therefore, structures in the region must be designed and assessed
for rare design-basis and maximum-considered earthquakes. They must also withstand the recurrent
moderate shaking they experience throughout their service life.

The Sh. Chokin Kapchagay HPP is located on the Ili River at the entrance to the Kapchagay
Gorge, approximately 70 km north of Almaty, in the city of Konaev (formerly Kapchagay) (Fig. 1).
Construction began in 1965; the first two of the four hydro-units were commissioned at the end of
1970 and the remaining two in 1971, and construction was completed in 1980. The installed capacity
of the plant is 364 MW. The hydraulic complex comprises tailwater, headwater and pressure-front
structures (Table 1), including the powerhouse, the intake structure, the service spillways, the drain-
age gallery, the tailrace channel with its reinforced-concrete lining, the 220 kV outdoor switchyard
platform and two stop-log storage areas. The pressure front consists of two earthfill dams separated
by a natural rock outcrop (Fig. 2). The river-bed (channel) dam is a hydraulic-fill structure 52.0 m
high, of which 49.0 m is hydraulically placed fine aeolian sand, and 470.0 m long at the crest. The
ravine (saddle) dam, which closes a natural depression on the reservoir rim, is an earthfill embank-
ment with an upstream low-permeability sandy-loam facing; it is 56.0 m high (measured from the
base of the facing) and 370.0 m long at the crest. The upstream slopes of both dams are protected by
cast-in-place reinforced-concrete slabs (10 x 10 m): 0.20—0.30 m thick above el. 472.0 m on the river-
bed dam, and 0.20 m thick from el. 476.96 m up to the crest on the ravine dam.

Table 1 - Structural inventory of the Kapchagay HPP hydraulic complex [Author's material]

Group Structures

Downstream-pool structures Powerhouse; drainage gallery; retaining/catch wall behind powerhouse; opera-
tions building; tailrace stilling-basin slab; downstream stop-log storage; RC tail-

race-canal lining; channel-dam drainage collector; cable tunnel to the 220 kV

switchyard; 220 kV switchyard platform; left-bank RC tailrace-canal wall; spill-
way outlet portal; RC slope revetment of the spillway tailrace canal; HPP tailrace

canal; spillway tailrace canal; administrative building; powerhouse foundation-

drain collector

Upstream-pool structures Spillway inlet-head portals No. 1 and No. 2; HPP intake structure; service spill-
way; intake stop-log storage; spillway approach canal
Pressure-front structures Channel (river-bed) dam; rock outcrop; the ravine dam
5
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Figure 2 - Aerial view of the Kapchagay HPP hydraulic complex and its general structural layout [Author's material]

The Kapchagay HPP is a pressing case in this context. Its principal hydraulic structures have
been in service for more than 50 years under operational loading and repeated seismic shaking. The
dams were originally designed for a seismic intensity of 7; after the seismic zoning maps were revised
following the 1988 Spitak earthquake, the seismicity of the site was raised to intensity 8 on the MSK-
64 scale, as confirmed in the plant's 2016 safety declaration, and the stability of the dam slopes has
since been verified for the design earthquake of intensity 8. Under the Kazakhstan building code SN
RK 3.04-01-2023, the class of a main hydraulic structure is determined by its height and foundation
type, its socio-economic importance and the consequences of a potential hydrodynamic accident, and
is taken as the highest of the resulting classes. The Kapchagay dams were classified according to the
criteria of the preceding code, SNiP RK 3.04-01-2008. By height and foundation type (52 m and 56
m, on rock foundations), both dams would fall into Class II. However, the reservoir volume (18.6
km?) and the consequences of a dam failure, with more than 3,000 permanent residents in the potential
inundation zone, place both dams in Class I, the highest class of hydraulic structures. Because both
dams are Class I structures in a zone of seismic intensity 8, the current code requires seismometric
monitoring of the structures, seismological observations and dynamic testing (SN RK 3.04-01-2023,
clause 6.5.4).

A companion seismic-monitoring study of paired accelerograph records obtained at a rock ref-
erence point and at the dam crest during the 4 March 2024 earthquake (MPV 6.1 in the national
catalogue) [4] showed that, although peak crest accelerations were 30-38% lower than at the reference
point, the transverse component exhibited frequency-selective amplification at about 1.6 Hz, con-
sistent with the previously reported fundamental frequency of the dam-foundation system (1.5-1.7
Hz), and a secondary amplification band at about 3.6 Hz. The dam-foundation system therefore does
not transmit the incoming motion uniformly but amplifies certain frequency components while atten-
uating others. This finding matters for an ageing structure. In March 2024, the Voroshilov Dam in the
same region failed. InNSAR and GPR investigations attributed the failure to chronic seepage with de-
veloping internal erosion, combined with soil instability, microseismicity and structural wear [5, 8].
It 1s therefore necessary to establish whether loosening, seepage or voids are already developing in
the Kapchagay dams and their reinforced-concrete facings and linings. Such defects could interact
adversely with future strong shaking. This interaction has been demonstrated experimentally. In cen-
trifuge tests on a small homogeneous reservoir dam, seismic loading increased the crest crack depth
by 11.3-24 times [9]. Subsequent seepage extended the crack to 73.3% of the dam height [9]. The
earthquake had therefore weakened the dam body and made it vulnerable to seepage-driven crack
propagation.

During the multifactor survey of the Kapchagay HPP, the principal potential causes of defects
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and deterioration of the structural elements were identified. Four of them are relevant to the subsur-
face condition assessed in this study: (1) physical wear and ageing of structures and materials; (2)
seasonal filling and drawdown of the reservoir, with the associated changes in load; (3) damage to
and deformation of linings and slope protection; and (4) deterioration of concrete through leaching,
seepage and related processes. Items (1), (2) and (4) are physical mechanisms, and item (3) describes
their consequences for the linings and slope protection. In a seismically active region, these mecha-
nisms can act together with seismic loading. Repeated seismic loading combined with seepage and
progressive soil loosening has been identified as the cause of a recent earthfill dam failure in the
Almaty region [5, 8]. GPR profiling addresses the subsurface expression of these processes: loosening
related to ageing (1) and load changes (2), deformation of linings (3), and seepage and moisture (4).

The dams are monitored by several complementary means. Settlement observations on the dams
and the rock outcrop began in 1976. A piezometric network and a V-notch weir complement them,;
the weir measures seepage from the drainage system of the ravine dam. Piezometric levels were
measured manually until 2017. Since then, an automated safety-monitoring system has been in oper-
ation. It comprises 51 BD Sensors LMP 3071 pressure transducers in the piezometers of the river-bed
dam, the ravine dam and the rock outcrop. It also includes two pressure sensors in the drainage adit,
six automated crack meters in the powerhouse and at the intake, and two ultrasonic water-level gauges
in the headwater and tailwater. Data are transmitted online to the dispatcher station of the plant. How-
ever, the survey found 23 of the 51 pressure transducers, both water-level gauges and one crack meter
out of service. The communication line to the tailwater gauge was broken. The instrumental record is
therefore long but not continuous. It cannot by itself confirm or rule out newly identified anomalies.
Together with visual and geophysical surveys, these observations form part of the annual multifactor
survey (MFS). For hydraulic structures in operation for more than 25 years, the national building
code requires a comprehensive assessment of strength, stability and operational reliability at least
once every five years [10].

GPR has been applied to both concrete and embankment dams. In a large concrete spillway,
high-frequency stepped-frequency GPR identified more than 150 anomalies consistent with delami-
nation and voids [11]. Hammer and drilling tests confirmed only part of them, and several deeper
anomalies proved to be weathered rock at the concrete-rock interface [11]. On an embankment dam,
GPR combined with thermal imaging found no active seepage paths [12]. It did, however, reveal
shallow deformation of the upstream face, affecting the asphalt facing and the underlying layers to
several metres depth [12]. More recently, a 200 MHz GPR survey of the crests of a concrete arch dam
and a rockfill dam in Romania identified near-surface deformation and rebar degradation [13]. These
results complemented routine geodetic monitoring. In Kazakhstan, satellite radar interferometry (In-
SAR) revealed a persistent multi-year increase in deformation of the Voroshilov Dam before its failure
in March 2024 [8]. GPR surveys after the reservoir was drained showed abnormally high moisture
throughout the dam body, indicating long-term seepage and internal erosion [8]. Other Kazakh studies
have addressed GPR detection of hidden defects [14], multifactor assessment of a reservoir in a seis-
mically active zone [15], degradation of concrete hydraulic structures [16] and reservoir reconstruc-
tion [17]. However, to the authors' knowledge, most published case studies address a single structure.
Few cover all principal elements of a multi-structure hydropower complex in one survey campaign.
Fewer still combine GPR with the other components of a statutory multifactor survey: visual inspec-
tion, geodetic observations and piezometric monitoring.

An undetected defect that develops over time could compromise the structural integrity of the
dams. Such defects include age-related decompaction of the fill, internal seepage, voids beneath the
reinforced-concrete slope protection and loss of slope stability under seismic loading. Their conse-
quences would affect the population of the downstream inundation zone, the plant personnel and the
operation of the plant. Timely detection through systematic, repeated surveys allows remedial
measures to be planned while the structures remain serviceable. A developing defect can then be
addressed through planned maintenance rather than emergency intervention.

This study presents a GPR assessment of six structural elements of one hydropower complex
that includes two Class I earthfill dams. Five of these elements are surveyed by GPR within the annual
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multifactor survey. The sixth, the stop-log storage area, was added because ground subsidence had
been observed there. The GPR results for each element are compared with the findings of the multi-
factor survey, in which the authors participated. The study thus provides a published reference dataset
for repeated surveys of ageing hydraulic structures in a seismically active region of Kazakhstan.

The novelty of the study is threefold. First, to the authors' knowledge, it is the first peer-re-
viewed GPR-based condition assessment of all principal structures of the Kapchagay HPP. This Class
I hydraulic complex has been in service for more than 50 years in a seismically active region. Second,
all six elements were surveyed with the same GPR system and processed with a consistent workflow.
The elements range from the reinforced-concrete slope protection of a hydraulic-fill dam of fine ae-
olian sand to the plant platforms and the tailrace lining. This allows the type and extent of subsurface
anomalies to be compared across elements that differ in design, fill material and loading. Third, the
GPR anomalies are cross-checked against visual observations, observed ground subsidence and bore-
hole data from the multifactor survey. The indications of voids, decompaction and elevated moisture
are therefore not inferred from radargrams alone. The results also complement the seismic monitoring
of the same structures reported in [4].

The aim of the study is to assess the current condition of the hydraulic structures of the Kap-
chagay HPP by GPR profiling. The specific objectives are (i) to identify zones of deterioration, re-
duced compaction, elevated moisture and possible voids, and to compare their distribution across the
six structural elements; and (ii) to formulate conclusions and recommendations for the continued safe
operation of the plant.

The paper first describes the physical principle of GPR, the equipment and the survey configu-
ration. It then presents the results for six elements: the powerhouse platform, the reinforced-concrete
lining of the tailrace channel, the upstream slope protection of the river-bed dam and the ravine dam,
the 220 kV outdoor switchyard platform and the stop-log storage area. The paper closes with the
findings and recommendations.

2 MATERIALS AND METHODS

2.1 Physical Principle of GPR Measurements

GPR emits short (nanosecond) electromagnetic pulses with wavelengths from decimetres to
metres (Fig. 3). The pulses are reflected at interfaces between materials with different dielectric per-
mittivity and, to a lesser extent, electrical conductivity. Water (¢ = 81) and air (¢ = 1) differ most in
permittivity among the common constituents of near-surface materials. Water content therefore
largely controls the bulk permittivity of a layer. Dry, massive materials have low permittivity and
high wave velocity, whereas saturated materials have high permittivity and low velocity [18]. The
radar measures the two-way travel time t, which is converted into the depth h of a reflector as Eq.1
and 2:

h=— (1)
vV=— (2)

where v is the propagation velocity in the medium, ¢ = 0.3 m/ns is the velocity in free space and ¢ is
the relative permittivity [18].
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Figure 3 - Basic operating principle of ground-penetrating radar: (a) geological section with the GPR antenna, two lay-
ers of different permittivity (g2 > €:1) and a buried object; (b) synthetic traces (150 MHz wavelet) showing the direct
wave, the reflection from the layer boundary and the diffraction hyperbola from the object. Schematic with illustrative
values [Author's material]

An object comparable to or smaller than the wavelength in the host medium acts as a point
scatterer. It produces a diffraction hyperbola in the radargram (Fig. 4). The apex of the hyperbola
marks the position of the object, and the curvature of its limbs gives the wave velocity in the host
material [19]. Such hyperbolae are produced by objects with contrasting dielectric properties, such as
construction debris, boulders and voids [19].

In this study, the wave velocity was determined from well-defined diffraction hyperbolae at
different time levels. Where borehole data were available, the velocity was calibrated against them.
At the powerhouse platform, boreholes had been drilled during earlier surveys. There, the velocity
was about 0.10 m/ns, corresponding to € = 9 by Eq. (2). This value was used for time-to-depth con-
version by Eq. (1). The average velocities for the other elements were about 0.10 m/ns (g = 9) for the
river-bed dam facing, about 0.085 m/ns (¢ = 12) for the tailrace lining, the ravine dam facing and the
switchyard, and about 0.15 m/ns (¢ = 4) for the dry fill of the stop-log storage area.
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Schematic with illustrative values [Author's material]

2.2 GPR Equipment

Measurements were made with the OKO-3 GPR system (Logical Systems LLC, Russia; Fig.

5). The system consists of a shielded antenna unit with transmitting and receiving antennas, a distance

sensor and a control/recording unit. Two interchangeable antenna units were used. The AB-150M has

a central frequency of 150 MHz and a nominal sounding depth of 12-16 m. The AB-400M has a

central frequency of 400 MHz and a nominal sounding depth of 5-10 m. Penetration decreases in

moist or clayey materials. In this survey, the recording time windows limited the depth of investiga-
tion to about 6-7 m. Table 2 lists the specifications of the AB-150M unit.

(@)
{AB-150M, 150 MHz or

AB-400M, 400 MHz;
interchangeable)

Signal cakles

Direction of travel along the profile
—

Shiclded hausing
‘ T | Rx
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C

Figure 5 - OKO-3 ground-penetrating radar: (a) field configuration, in which the shielded antenna unit (transmitting,
Tx, and receiving, Rx, antennas) is moved along the profile, the distance sensor triggers the recording, and the con-
trol/recording unit is carried by the operator on a sling; (b) data-acquisition scheme. [Author's material]

Table 2 - Principal technical specifications of the OKO-3 GPR system with the AB-150M antenna unit [ Author's material]
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Parameter Value
Central frequency (AB-150M) 150 MHz + 30%
Transmitter pulse amplitude (AB-150M) >500V
Receiver sensitivity (all antenna units) <300 uv
Supply voltage 12V £20%
Continuous operating time >4h
Nominal sounding depth (AB-150M) 12-16 m
Depth resolution (AB-150M) 0.35m

2.3 Survey Objects and Data Acquisition

The survey covered six structural elements: the powerhouse platform, the reinforced-concrete
lining of the right bank of the tailrace channel, the upstream slopes of the river-bed dam and the ravine
dam, the 220 kV switchyard platform and the stop-log storage area. The first five are surveyed
annually within the multifactor survey. The stop-log storage area was added because ground
subsidence had been observed there. Visual inspection related the subsidence to surface water from
rainfall and snowmelt entering a vertical cavity near a support post. The cavity had formed at the
contact between the reinforced-concrete and soil cover of the site. The survey archive contains 62
records, numbered as radargrams Nos. 1-60 because Nos. 22 and 53 were each assigned to two
records. Profile numbers are field designations and do not coincide with radargram numbers.

- Powerhouse platform (radargrams Nos. 1-18): nine longitudinal profiles (001-009, about
30-40 m) and nine transverse profiles (0010-0018, about 30-35 m). The profiles cover the
ground around the powerhouse and the service buildings on the left bank of the tailrace
channel, including part of the downstream slope of the river-bed dam.

- Tailrace-channel lining (Nos. 19-22; five records, with No. 22 assigned to Profiles 004 and
005): Profiles 001-005 (50-150 m) on the right-bank reinforced-concrete slabs. The slabs
are 0.20 m thick and lie on soil on slopes of 1:2 to 1:1.5 between el. 446.5 and 450.0 m.
They were built in 1971 and 1973.

- River-bed dam upstream slope (Nos. 23-30): Profiles 049-056 (about 50-400 m) on
monolithic M200 reinforced-concrete slabs, 0.20 and 0.30 m thick, laid on soil. The
surveyed facing covers about 32,000 m?.

- Ravine dam upstream slope (Nos. 31-45): Profiles 019-033 on the reinforced-concrete
facing (M200 slabs, 0.20 and 0.30 m thick, laid on soil) between the crest and the berm.

- 220 kV switchyard platform (Nos. 46-59; 15 records, with No. 53 assigned to Profiles 041
and 042): Profiles 034-048 (35-105 m).

- Stop-log storage area (No. 60): one 105 m record along the line of ground disturbance
(Profile 060).

On the dam facings, longitudinal profiles ran parallel to the waterline and transverse profiles
perpendicular to it. Positions along a profile are given as chainage (Pk, m). Recording was triggered
by the distance sensor, which was synchronised with a GPS receiver. Reference features, such as
poles, kerbs, pavement edges and facings, were marked in GeoScan32. Profile positions were tied to
the plans of previous surveys. At the powerhouse platform, the profile layout repeated that of the
previous survey, which allows direct comparison of results. The time window was 150 ns (95 ns at
the storage area). The antenna unit, the number of samples per trace, the stacking and the trace step
were set for each element according to the required depth and resolution.

2.4 Data Processing and Interpretation

The data were processed in GeoScan32, GEORADAR-Expert 2.0 and MatGPR. Processing
included mean-trace subtraction, gain adjustment and band-pass filtering. The direct wave occupies
the uppermost 0-5 ns and is marked as the "visible zone" in the figures. Radargrams are shown in
grey scale (Figs. 6 and 7) or in the relative colour palette "degree of compaction" (Figs. 8 and 9). The
annotations were made during the field survey.

Depths were calculated by Eq. (1) with the velocities given above. A single average velocity
was applied to each record, so the depth scales are approximate. The 150 ns window corresponds to

11
https://doi.org/10.51488/1680-080X/2026.3-04


https://doi.org/10.51488/1680-080X/ХХХХ.Х-ХХ

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne3 (101), 2026. Architecture & Construction

about 6 m at 0.085 m/ns and about 7 m at 0.10 m/ns. The 95 ns window at the storage area corresponds
to about 6 m.

Interpretation followed established radar-facies criteria [20]:

- a continuous high-amplitude reflector at the top of the section represents the asphalt or
concrete slab; its undulation, offset or break indicates a defect of the slab or of its contact
with the base;

- achaotic, disrupted, high-amplitude pattern with irregular in-phase axes indicates reduced
compaction (loosening); large chaotic scattering zones indicate distributed loosening or
voids;

- zones of elevated moisture were delineated with the weighted water-content attribute;

- hyperbolaec with curvature consistent with the ground velocity indicate buried objects:
sparse, irregular hyperbolae indicate distributed infrastructure, and a single symmetric
hyperbola indicates a discrete object;

- broad hyperbolae that imply an apparent velocity well above that of the ground, close to 0.3
m/ns, indicate reflections from above-ground structures;

- fans of dipping hyperbolae on one or both sides of a section indicate lateral reflections from
adjacent buildings;

- narrow full-depth bands of high-frequency ringing indicate buried metal ("metal ringing")
[21].

For each group of elements, the radargrams with the most distinct diagnostic features were

selected for detailed description.

2.5 Attribute Processing

In addition to the visual interpretation, the records were processed in GEORADAR-Expert 2.0
as a semi-automated cross-check. This processing is based on the dependence of wave velocity and
amplitude on soil bulk density [22]. Each profile was divided into 10-50 m segments. Filtering,
envelope extraction, smoothing or Fourier transformation and trend removal were applied, and the
backscattered electromagnetic field (BSEF) was analysed. Two attribute sections were derived. The
Q-factor section is based on histograms of the ratio of the central frequency of the amplitude spectrum
to its bandwidth. It served as a proxy for soil loosening, with lower values indicating stronger
scattering in loosened material. The weighted water-content section served as a proxy for elevated
moisture. The attribute sections were used only to support the visual interpretation of loosening and
moisture zones, and no quantitative attribute statistics are presented.

3 RESULTS AND DISCUSSION

3.1 Powerhouse Platform

Eighteen radargrams were recorded on the powerhouse platform along nine longitudinal (001—
009) and nine transverse (0010-0018) profiles. Eight radargrams with the most distinct diagnostic
features were selected for detailed analysis. They are described in two groups of four: longitudinal
(Fig. 6, Table 3) and transverse (Fig. 7, Table 4). In all records, the asphalt pavement appears as a
continuous shallow reflector at the top of the section. Below it, a chaotic, discontinuous reflection
pattern with short, irregularly oriented, high-amplitude segments extends to ~1.1-1.8 m depth. Fol-
lowing established radar-facies criteria [20], this pattern is interpreted as reduced compaction (loos-
ening) of the subgrade fill. The interpretation agrees with the field survey, which found crushed-stone
and gravel fill and man-made fill with construction debris in the upper part of the section. Most pro-
files also show sets of parallel, linear dipping events in the deeper part of the section. Their moveout
corresponds to an apparent velocity of ~0.3 m/ns, the velocity of electromagnetic waves in air. These
events are therefore lateral reflections from adjacent above-ground buildings, not subsurface features.
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Figure 6 - (a) GPR radargram - Longitudinal Profile 001. (b) GPR radargram - Longitudinal Profile 002. (c) GPR radar-
gram - Longitudinal Profile 004. (d) GPR radargram - Longitudinal Profile 006 [ Author's material]

Radargram No. 1 (Profile 001, ~40 m; Fig. 6a) is described in the most detail and serves as the
reference for the other profiles. A continuous high-amplitude reflector marks the asphalt along the
entire line. Two zones of reduced compaction occur at ~6-12.5 m and from ~31 m to the end of the
line. They extend to ~1.7 m and ~1.6 m depth, respectively. The second zone reaches the end of the
profile and may continue beyond it. Building-induced dipping events are strongest in the lower right
part of the section (beyond ~29 m, below ~3 m). A weaker set appears in the lower left corner (0-8
m, below ~5 m).

Radargram No. 2 (Profile 002, ~30 m; Fig. 6b) shows two zones of reduced compaction, at ~0-
6.5 m and ~13-18 m. They extend to ~1.3 m and ~1.1 m depth and show the same reflection pattern
as Profile 001. Building-induced dipping events are stronger than on Profile 001 and occur on both
sides of the section. They are broad on the left (0-18 m, below ~2 m) and weaker on the right (beyond
~20 m, below ~3.5 m).

Radargram No. 4 (Profile 004, ~30 m; Fig. 6¢) shows a single zone of reduced compaction at
~16.5-25.5 m, extending to ~1.2 m depth. Building-induced dipping events are confined to the left
side of the section (0—13 m, below ~3 m). At ~25.5-26.5 m, a narrow vertical band of high-amplitude,
high-frequency ringing extends through the full depth of the record. This signature is typical of re-
verberation from a buried metallic object [21]. Similar ringing appears at ~14 m on transverse Profile
0018 (Fig. 7d), near the intersection of the two lines. The ringing masks the underlying reflections,
so the boundary of the loosened zone at ~25.5 m cannot be located precisely.

Radargram No. 6 (Profile 006, ~41 m; Fig. 6d) shows three zones of reduced compaction, the
largest number among the longitudinal profiles. They occur at ~5-10 m, ~11.5-17.5 m and ~30-34 m
and extend to ~1.7, ~1.8 and ~1.5 m depth, respectively. The first two zones are only ~1.5 m apart.
They may form a single disturbance that appears segmented because of local variations in the re-
flected signal. Building-induced dipping events are strong on the left (0-10 m, below ~2 m) and weak
in the lower right corner (beyond ~35 m, below ~6 m).
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Table 3 - Comparative summary of longitudinal GPR profiles at the power-station platform (Profiles 001, 002, 004,
006) [Author's material]

Profile (Fig.) Length Compaction-loss zones Building interference Notable fea-
ture
001 (Fig. 6 (a)) 40 m Two zones, ~6-12.5 m and ~31 m to Strong on the right (>29 Reference
end of line (to ~1.7 and ~1.6 m m); weaker in the lower record; sec-
depth); ~39% of profile length left (0-8 m) ond zone
may continue
beyond the
line
002 (Fig. 6 (b)) 30 m Two zones, ~0—6.5 m and ~13-18 m Both sides: broad on the Strongest
(to ~1.3 and ~1.1 m depth); ~38% left (0-18 m); weaker on building in-
the right (>20 m) terference of
the four rec-
ords
004 (Fig. 6 (c)) 30 m Single zone, ~16.5-25.5m (to ~1.2 m  Left side (0-13 m) Narrow full-
depth); ~30% depth vertical
band (~25.5—
26.5 m), clas-
sified as
metal ringing
006 (Fig. 6 (d)) 41 m Three zones, ~5-10, ~11.5-17.5 and Both sides: strong on the First two
~30-34 m (to ~1.7,~1.8 and ~1.5 m left (0-10 m), weak in the zones, ~1.5 m
depth); ~37% lower right corner (>35m)  apart, may
form one dis-
turbance

All four longitudinal profiles show the same signature of compaction loss: a chaotic, discontin-
uous, high-amplitude pattern within the upper ~1.1-1.8 m (Table 3). This anomaly type is consistent
across the platform and is not confined to individual profiles. The number of zones varies from one
on Profile 004 to three on Profile 006. In total, zones of reduced compaction occupy ~36% of the
longitudinal profile length (~51 of ~141 m). The share ranges from ~30% on Profile 004 to ~39% on
Profile 001. Building-induced interference dominates on the right on Profile 001 and on the left on
Profiles 002, 004 and 006. This pattern reflects the position of each survey line relative to the adjacent
buildings.
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Figure 7 - (a) GPR radargram - Transverse Profile 0010. (b) GPR radargram - Transverse Profiles 0012-0013. (c) GPR
radargram - Transverse Profile 0016. (d) GPR radargram - Transverse Profile 0018 [Author's material]

Radargram No. 10 (Profile 0010, ~32 m; Fig. 7a) is the first transverse profile, oriented perpen-
dicular to the longitudinal lines. It shows two zones of reduced compaction, at 4-8.5 m and ~12.5-
17.5 m, extending to ~1.6 m and ~1.5 m depth. Their reflection pattern matches that of the longitudi-
nal profiles. Two narrow vertical ringing bands are also present. The first, at ~4 m, is strong and
extends through the full depth of the record. The second, at ~21 m, is weaker and discontinuous and
is most distinct in the upper ~3 m. Both resemble the metal-ringing band on Profile 0018 and are
attributed to buried metallic objects. The band at ~4 m coincides with the edge of the first zone, so
this boundary cannot be located precisely. Building-induced dipping events occupy the lower part of
the section, below ~4 m.

Radargram No. 13 (Profiles 0012-0013, ~34.5 m; Fig. 7b) shows three zones of reduced com-
paction, at 2-5 m, ~8-13 m and ~18-24.5 m. They extend to ~1.4, ~1.9 and ~1.6 m depth, respectively.
Building-induced dipping events occupy the right-hand part of the section, beyond ~18 m and below
~2.5 m.

Radargram No. 16 (Profile 0016, ~32 m; Fig. 7c) shows two zones of reduced compaction, at
~0.5-4.5 m and ~24.5-30.5 m, extending to ~1.2 m and ~1.5 m depth. Building-induced dipping
events are strong in the lower left part of the section (0-10 m, below ~2 m) and weaker in the lower
right corner. The interference is thus two-sided, as on longitudinal Profiles 002 and 006.

Radargram No. 18 (Profile 0018, ~32 m; Fig. 7d) shows two zones of reduced compaction, at
~6-11 m and ~20-22.5 m, extending to ~1.2 m and ~1.6 m depth. A narrow, full-depth, high-amplitude
vertical band occurs at ~14 m. It is the only band in the dataset labelled in the field records as metal
ringing, i.e. reverberation from a buried metallic object [21]. The similar bands on Profiles 004 and
0010 are therefore assigned to the same type of anomaly. Their origin has not been verified by exca-
vation. Building-induced dipping events occupy the lower left part of the section (0-10 m, below ~3
m).

Table 4 - Comparative summary of transverse GPR profiles at the power-station platform (Profiles 0010, 0012—0013,
0016, 0018) [Author's material]

Profile (Fig.) Length Compaction-loss zones Building interference Notable fea-
ture
0010 (Fig. 7 (a)) ~32m Two zones, ~4-8.5 m and ~12.5-  Lower part of the sec-  Two vertical
17.5m (to ~1.6 and ~1.5 m tion (below ~4 m) ringing bands:
depth); ~30% strong, full-
depth at ~4
m; weaker at
~21 m
0012-0013 (Fig. 7 ~34,5m Three zones, ~2-5, ~8-13 and Right side (>18 m) Largest share
(b)) ~18-24.5 m (to ~1.4, ~1.9 and of loosened
~1.6 m depth); ~42% length and
deepest zone
(~1.9 m) of
the dataset
0016 (Fig. 7 (c)) ~32m Two zones, ~0.5-4.5 m and Both sides: strong, Two-sided in-
~24.5-30.5 m (to ~1.2 and ~1.5 lower left (0-10 m); terference, as
m depth); ~31% weaker, lower right on Profiles
002 and 006
0018 (Fig. 7 (d)) ~32m Two zones, ~6-11 m and ~20- Left side (0-10 m) Only record
22.5m (to ~1.2 and ~1.6 m with an ex-
depth); ~23% plicit "metal
ringing" label
(~14 m)
15
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The transverse profiles confirm the longitudinal results (Table 4). Zones of reduced compaction
occupy ~32% of the total transverse profile length (~41.5 of ~130.5 m), compared with ~36% on the
longitudinal profiles. The share ranges from ~23% on Profile 0018 to ~42% on Profiles 0012-0013.
The zones appear on both orthogonal sets of lines and are therefore distributed across the entire plat-
form. They do not, however, form a continuous layer. On every profile, they alternate with intervals
of undisturbed reflections and extend no deeper than ~1.1-1.9 m. This agrees with the field survey,
which found weakly consolidated man-made fill at 0.5-1.5 m depth, locally to 2-2.5 m, and no loos-
ening associated with concentrated seepage. The deeper part of this range (2-2.5 m) was not observed
on the profiles analysed here.

Three types of anomaly are therefore present on the platform:

(1) zones of reduced compaction within the upper ~2 m;

(i1) building-induced dipping events in the deeper part of the section, on one or both sides de-
pending on the position of the line relative to the buildings;

(ii1) narrow, full-depth vertical ringing bands attributed to buried metallic objects.

The survey was conducted in November, after a period of heavy rainfall. A zone of elevated
moisture was recorded at 0.3-1.2 m depth over almost the entire platform. Infiltrated rainwater may
therefore have increased the reflection amplitudes within the loosened zones.

3.2 Reinforced-Concrete Linings and Facings

The GPR survey of the Kapchagay HPP comprised 62 records across the six structural elements.
All records except that of the stop-log storage area cover a time window of ~0-150 ns. With the
velocities adopted above, this corresponds to ~6-7 m depth. This section describes four representative
records of the reinforced-concrete lining and slope protection (Fig. 8, Table 5). Four records of the
switchyard and the stop-log storage area are described in the next section (Fig. 9, Table 6).
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Figure 8 - (a) Interpretation of Radargram No. 19 (Profile 001), tailrace-channel lining, right bank; (b) Interpretation of
Radargram No. 21 (Profile 003), tailrace-channel lining, right bank; (c) Interpretation of Radargram No. 23 (Profile
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049), river-bed dam, upstream slope; (d) Interpretation of Radargram No. 31 (Profile 019), the ravine dam, upstream
slope [Author's material]

Profile 001 (tailrace channel lining, 50 m; ~6 m at v = 0.085 m/ns; Fig. 8a). Below the direct-
wave zone (~0-8 ns), a laterally continuous, high-amplitude reflector package occurs at ~8-25 ns. It
represents the 0.20 m slab together with reverberation from its reinforcement mesh. The slab thick-
ness is close to the vertical resolution of the antenna. The continuity of the package therefore rules
out major discontinuities, but it cannot resolve thin delaminations. Below the package (~25-150 ns),
the bedding shows a diffuse, low-coherence texture consistent with reduced-compaction backfill.
Field observations located loosened soil beneath the right-bank lining at 0.8-2.0 m depth and elevated
moisture at 1.0-2.5 m depth. A set of dipping reflections occurs at Pk ~38-50 m (~100-150 ns; ~4-6
m) and continues to the end of the profile. It is attributed to a buried linear feature or to lateral reflec-
tion from an adjacent structure.

Profile 003 (tailrace channel lining, 110 m; ~6 m; Fig. 8b). At Pk ~0-35 m, the lining package
(~8-20 ns) is undulating and flexed downward, most clearly at Pk 20-35 m. On the rest of the profile
it is planar and laterally continuous. The flexure is interpreted as local differential settlement of the
slabs. This agrees with the settlement of the bedding at slab joints and the deformation of the lining
surface observed on the right bank of the tailrace channel. The bedding contains isolated diffraction
hyperbolae with apexes at ~40 ns (~1.3 m). They occur at Pk ~32, ~64 and ~95 m, at a regular spacing
of ~30 m. This regularity suggests periodic structural elements, such as drains or joint details, rather
than random inclusions.

Profile 049 (river-bed dam slope protection, ~400 m; ~7 m at v = 0.10 m/ns; Fig. 8c) is the
longest profile of the survey. Below the direct-wave zone, a dense, banded, high-amplitude sequence
extends to ~20-25 ns. It is marked on the original record as the concrete layer. Because the slabs are
only 0.20-0.30 m thick, this sequence includes slab reverberation and the slab-bedding contact. Its
amplitude and character are uniform along the entire profile, with no offsets or interruptions. This is
consistent with GPR continuity assessments of large concrete structures at other dams [11]. Field
observations likewise found no slab failure and no cavities beneath the slabs. They recorded only
minor loosening of the soil beneath the slabs at 0.9-1.1 m depth and local minor settlement and wet-
ting near the waterline.

Profile 019 (ravine dam slope protection, 26 m; ~6 m at v = 0.085 m/ns; Fig. 8d) is the first
record from the ravine dam. The slab appears as a tightly spaced, high-amplitude reflector package
to ~20-25 ns. It contains high-amplitude patches at Pk ~5-13 m and ~18-21 m, which indicate local
variations in the contact between the slabs and the bedding. Below ~40 ns, broad intersecting hyper-
bolic events dominate the section. Their curvature is far flatter than that of hyperbolae from buried
objects and implies an apparent velocity close to that in air. They are therefore reflections from above-
ground objects, not deformation of the bedding. Field observations found minor loosening of the soil
beneath the ravine dam slabs at 0.9-1.5 m depth and minor local settlement near the waterline.

Table 5 - Condition of the reinforced-concrete lining and slope protection (Profiles 001, 003, 049, 019) [Author's material]

Profile (Fig.) Length Facing/lining continuity  Bedding response Interpretation
001 (Fig. 8 (a)) 50m Continuous package, no  Diffuse, reduced com- Lining without ma-
major discontinuity paction; dipping hyper-  jor defects; loosen-
bolic fan at Pk 38-50 m  ing at 0.8-2.0 m
depth
003 (Fig. 8 (b)) 110 m Undulating deflection at  Isolated hyperbolae at Local differential
Pk 0-35 m; continuous ~1.3 m, spaced ~30 m settlement of slabs
beyond (Pk ~32, ~64, ~95 m) (Pk 0-35 m)
049 (Fig. 8 (¢)) =400 m Uniform amplitude and ~ Not differentiated at this  No slab failure or
character along the en- scale cavities; minor loos-
tire length ening at 0.9-1.1 m
depth
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019 (Fig. 8 (d)) 26 m Continuous; local con- Broad intersecting hy- Above-ground re-
tact variation (Pk 5-13 perbolae with near-air flections; minor
m, 18-21 m) apparent velocity loosening at 0.9-1.5
m depth

The four records cover the range of conditions observed on the concrete elements (Table 5). On
Profiles 001 and 049, the slab reflector is continuous, with no offsets or loss of amplitude. The river-
bed dam slope protection (Profile 049) is the more uniform of the two, whereas the tailrace lining
(Profile 001) overlies reduced-compaction bedding. Profile 003 is the only record on which the slab
reflector itself is deformed, over ~35 m. This indicates settlement of the slabs, not a feature confined
to the bedding. On Profile 019, the slab reflector is continuous but shows local amplitude variations,
and the deeper events are unrelated to the subgrade. Because the slabs are only 0.20-0.30 m thick,
the records confirm the continuity of the slope protection and the absence of large voids beneath it,
but cannot exclude thin delaminations.
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Figure 9 - (a) Interpretation of Radargram No. 46 (Profile 034), 220 kV switchyard platform; (b) Interpretation of Ra-

dargram No. 52 (Profile 040), 220 kV switchyard platform; (c) Interpretation of Radargram No. 54 (Profile 043), 220

kV switchyard platform; (d) Interpretation of Radargram No. 60 (Profile 060), stop-log storage area, along the line of
observed ground disturbance [Author's material]

Profile 034 (switchyard platform, 88 m; ~6 m at v = 0.085 m/ns; Fig. 9a). Drilling on the plat-
form is prohibited because of the high-voltage equipment, so GPR is the only subsurface method
available here. The near-surface reflector package (to ~15-20 ns) is thin and irregular. This is con-
sistent with a graded, compacted pavement and fill rather than a monolithic slab. The upper ~2 m
contain only minor local features. The deeper part of the section shows faint, broad hyperbolic arcs
and, below ~4 m, sets of dipping events in the lower corners. These events are of the same type as on
Profiles 040 and 043 and are attributed to above-ground structures. Field observations indicate fill to
1.5-2.0 m depth over crushed-stone soil and local objects at 0.5-2.0 m depth. No anomalous zones of
loosening or settlement were found. A zone of elevated moisture at 0.2-1.5 m depth appears on most
switchyard records. It is attributed to rainfall infiltration a few days before the survey. Boreholes Nos.
8 and 9, drilled around the platform in 2010, and borehole No. 12 at its southern boundary found no
water-saturated soils.
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Profile 040 (switchyard platform, ~104 m; ~6 m; Fig. 9b) contains five large hyperbolae with
apexes near Pk 18, 32, 46, 67 and 87 m at ~35-55 ns. Their limbs remain visible 10-15 m from the
apex. This corresponds to an apparent velocity of ~0.2 m/ns, more than twice the velocity adopted for
the switchyard subgrade (0.085 m/ns). A buried point scatterer cannot produce such a velocity, so the
signal must have travelled at least partly through air. The hyperbolae are therefore attributed to above-
ground switchyard structures, such as portals and equipment supports, beside the survey line. They
are not a buried pile array of the type documented in [23]. This interpretation should be checked
against the as-built layout of the switchyard. A small, compact reflection at Pk ~86 m and ~40 ns
(~1.4 m) is consistent with the local buried objects observed at 0.5-2.0 m depth.

Profile 043 (switchyard platform, ~36 m; ~6 m; Fig. 9¢) is dominated by two broad hyperbolae
with apexes near Pk 3 m and 32 m at ~80 ns. Their limbs intersect near Pk 17-18 m at ~130-140 ns
and form a V-shaped pattern. Weaker hyperbolae of the same type occur at ~30-60 ns. The curvature
of the limbs corresponds to an apparent velocity of ~0.3 m/ns, the velocity in air. The same pattern
appears on the adjacent Profile 042. It is therefore attributed to reflections from above-ground objects,
not to a buried object at Pk 17-18 m.

Radargram No. 60 (Profile 060, stop-log storage area, 105 m; ~0-97 ns, ~6.3 m at v= 0.14-0.15
m/ns; Fig. 9d) was recorded along the line of ground disturbance. Four anomalous zones of loosening
are outlined on the original record. Zone 1 (Pk ~10-25 m, from the surface to ~2.7 m) is a downward-
tapering, funnel-shaped disruption. It is consistent with a local near-surface subsidence feature. Zones
2 and 3 (Pk ~35-50 m and ~54.5-70.5 m, from ~3.5 m to the base of the record at ~6.3 m) are the
largest anomalies of the survey. Each shows dense, chaotic, high-amplitude scattering over ~15-16
m. This indicates intense loosening of the ground, and voids cannot be excluded. Both zones reach
the base of the record, so their lower boundaries are not resolved. At the western edge of Zone 3 (Pk
~55 m), a narrow vertical band of high-amplitude reflections extends from the surface to the base of
the record. It may correspond to the support post or to the vertical cavity observed at the site. Zone 4
(Pk ~96-104 m, ~1.2-2.6 m) is smaller. Surface water from rainfall and snowmelt enters a vertical
cavity near a support post. The cavity formed at the contact between the reinforced-concrete and soil
cover of the site. Extending the reinforced-concrete cover to the boundary of the storage area and
installing a drainage system are recommended.

Table 6 - Diagnostic signatures of the switchyard and stop-log storage records (Profiles 034, 040, 043, 060) [Author's
material]

Profile (Fig.) Signature Geometry Interpreted origin Recom-
mended ac-
tion

034 (Fig. 9 (a)) Minor local features  Deeper events of the Graded, compacted fill Correlate with
in the upper ~2 m; same type as on Profiles ~ without loosening; as-built
faint broad arcs and 040 and 043 deeper events from switchyard
dipping events be- above-ground structures ~ drawings
low ~4 m

040 (Fig. 9 (b)) Five large hyperbo-  Wide limbs; apparent Above-ground struc- Confirm
lae, apexes at ~35- velocity 0.20 m/ns tures beside the line; lo-  against the as-
55 ns; compact re- cal buried object at Pk built layout
flection at Pk ~86 m ~86 m
(~1.4 m)

043 (Fig. 9 (¢)) Two broad hyperbo-  Apparent velocity ~0.3 Reflections from above- Exclude from
lae with intersecting  m/ns; repeated on Pro- ground objects the subsurface
limbs (V pattern) file 042 interpretation

060 (Fig. 9 (d)) Four zones: funnel-  Irregular, high-ampli- Intense loosening of the ~ Highest prior-
shaped subsidence, tude; up to ~16 m wide;  ground; voids not ex- ity: test pits or
two chaotic scatter-  ~3.5 m to the base of the cluded probing;
ing zones, smaller record (~6.3 m) drainage and
shallow zone cover exten-

sion
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These four records show how the geometry of an anomaly indicates its origin (Table 6). Com-
pact reflections in the upper ~2 m (Profile 040, Pk ~86 m) indicate local buried objects. Broad hyper-
bolae with apparent velocities of ~0.2-0.3 m/ns (Profiles 034, 040 and 043) are too wide for the
ground velocity. They are reflections from above-ground structures and must be excluded from the
subsurface interpretation. Chaotic, high-amplitude scattering over 15 m or more (Radargram No. 60)
indicates intense loosening of the ground. Comparing the apparent velocity of each hyperbola with
the velocity of the medium is therefore a simple safeguard. It prevents reflections from the dense
above-ground infrastructure of a hydropower site from being misinterpreted as subsurface features..

4 CONCLUSIONS

The GPR survey of the Kapchagay HPP covered six structural elements with 62 records. The
condition of each element was assessed by four criteria: continuity of the reinforced-concrete slabs,
compaction of the underlying soil, presence of possible voids, and origin of the recorded anomalies.
On this basis, the following conclusions can be drawn.

1. The reinforced-concrete slope protection of the river-bed dam and the tailrace channel
lining show continuous slab reflectors. No major discontinuities or large voids beneath
the slabs were found. Because the slabs are only 0.20-0.30 m thick, thin delaminations
cannot be excluded at the frequencies used. The tailrace channel lining shows local
differential settlement of the slabs over about 35 m (Profile 003).

2. Loosened soil occurs beneath the tailrace channel lining at 0.8-2.0 m depth and be-
neath the ravine dam slope protection at 0.9-1.5 m depth.

3. Zones of reduced compaction extend to 1.1-1.9 m depth. They occupy about 36% of
the longitudinal and 32% of the transverse profile length. The zones are distributed
across the platform but do not form a continuous layer. No loosening associated with
concentrated seepage was found.

4. The most significant anomalies occur in the stop-log storage area (Profile 060). A near-
surface funnel-shaped subsidence feature extends to about 2.7 m depth. Two zones of
chaotic, high-amplitude scattering, 15-16 m wide, extend from about 3.5 m to the base
of the record. They indicate intense loosening of the ground, and voids cannot be ex-
cluded. The loosening is related to surface water entering a vertical cavity near a sup-
port post.

5. Comparing the apparent velocity of diffraction hyperbolae with the velocity of the
ground separates buried objects from reflections from above-ground structures. The
large hyperbolae on the switchyard profiles (040 and 043) have apparent velocities of
0.2-0.3 m/ns and are caused by above-ground structures. Compact reflections in the
upper 2 m indicate local buried objects.

6. The investigated structures show no evidence of widespread subsurface deterioration.
The stop-log storage area should be investigated first by test pits or probing. To stop
further loosening there, the reinforced-concrete cover should be extended to the
boundary of the storage area and a drainage system installed. Repeated GPR surveys
along the same profiles are needed to establish whether the settlement of the tailrace
channel lining is stable or progressive.
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