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ABSTRACT

This paper presents the results of a study aimed at improving the reliability of predicting hidden
fracturing in the near-contour rock mass adjacent to underground mine workings at a polymetallic
mine. The relevance of the study is associated with the fact that hidden discontinuities are not
always identified during conventional visual inspection of the rock mass, which increases the risk
of local collapses and complicates the selection of support parameters. The work aimed to
improve methods for predicting hidden fracturing through the integrated application of ground-
penetrating radar profiling, three-dimensional surveying, spatial fracture mapping, and
geomechanical modeling. The study included analysis of the mining and geological conditions of
the deposit, laser scanning of mine working sections, spatial fracture analysis in ShapeMetriX,
numerical modeling in RocTunnel3, and GPR profiling using the GROT 12N system. It was
established that the highest reliability of hidden fracturing prediction is achieved through the
sequential integration of 3D survey data, spatial fracture analysis, and GPR investigation. The
practical effect of the proposed approach lies in improving the validity of selecting existing support
schemes rather than introducing new support types.
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Introduction

The stability of underground mine workings is
largely determined by the structural condition of the
surrounding rock mass, primarily by the presence of
fractures that form weakened zones and potential
failure surfaces. Under conditions of underground
mining, hidden fracturing represents a particular
hazard because such discontinuities are not exposed
on the contour of workings and cannot always be
reliably identified by visual inspection alone [[1], [2],
[3]]. This reduces the reliability of assessing the state
of the sidewall rock mass and may lead to local
collapses, roof slabbing, block formation, and
disturbances to normal mining operations.

For a polymetallic mine, predicting hidden
fracturing is of practical importance because
geotechnical disturbances have been recorded in
workings where hazardous discontinuity planes could

not be reliably identified by visual observations.
Analysis of mining-geological and geotechnical
documentation showed that manifestations of
instability are most often observed near junctions,
while some hazardous disturbances remain hidden.

Modern studies indicate that the most reliable
results in detecting hidden fracturing are achieved by
combining direct and indirect methods, including
structural  mapping, seismic and electrical
tomography, ground-penetrating radar, and
numerical modeling [[1], [2], [3], [4], [5], [6]]. At the
same time, the quantitative prediction of fracture
parameters and the spatial localization of hidden
weakened zones remain the most challenging
aspects [[4], [5], [6]].

Recent studies show that the prediction of
hidden fracturing in underground excavations is
developing along four main directions: high-
resolution GPR imaging, integration of geophysical
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methods, digital fracture mapping from 3D data, and
geomechanical interpretation for support design [[3],
[71, [8], [9], [10], [11], [12], [13], [14]]. In the first
direction, ground-penetrating radar has proven to be
a promising tool for detecting concealed fractures,
disturbed zones, moisture-related heterogeneities,
and shallow structural discontinuities in rock masses
[[3], [9], [10], [11], [16]]. At the same time, its
efficiency strongly depends on signal attenuation,
lithological contrast, moisture, metallic interference,
and the correctness of radargram interpretation [[9],
[10], [15], [16]]. Recent work has therefore focused
not only on fracture detection itself, but also on
improving image quality, interpretation robustness,
and data constraints [[10], [15], [16]].

A second active direction is the integration of
GPR with other geophysical methods. In fractured
and heterogeneous rock masses, single-method
interpretation often remains ambiguous because
similar anomalies may be caused by fracturing, water
saturation, lithological contacts, or altered zones [[2],
[7], [8]]. For this reason, recent studies increasingly
combine GPR with electrical resistivity tomography,
borehole logging, seismic methods, or joint inversion
strategies [[7], [8]]. Hasan et al. showed that non-
invasive geophysical data can be linked to rock mass
quality indicators [[2], [7]], while Huayllazo et al.
demonstrated that ERT-supported interpretation can
improve the identification of fractured zones and
geomechanical inferences [8]. Yuan et al. proposed a
GPR workflow constrained by logging data for

fractured rock mass detection [10]. These
developments are  especially relevant for
underground mining, where local geological

complexity and limited access often make single-
method diagnosis insufficient [[3], [8], [10]].

The third major trend concerns the transition
from conventional visual mapping to digital
characterization of discontinuities using LiDAR,
photogrammetry, and point-cloud-based analysis [6].
This is highly relevant for mine workings where
access is restricted, exposure conditions are
incomplete, and shotcrete masks part of the
structural pattern [[6], [12]]. Recent work has shown
that semi-automatic extraction of discontinuity
parameters from 3D data can significantly improve
the consistency of fracture orientation analysis and
the geometric basis for stability assessment [[6],
[12]]. The value of such digital methods lies not only
in documenting visible fracture traces, but also in
building a coordinate-consistent structural model
that can then be transferred into geomechanical
calculations [[6], [11], [17]]. This is directly aligned

with the present study, where LiDAR and
ShapeMetriX are used as the first step before
geomechanical analysis and targeted GPR profiling
[[18], [19], [20]].

The fourth direction is the integration of
structural observations into geomechanical and
probabilistic stability analysis. Recent studies indicate
that the engineering effect of fracture
characterization is maximized when mapped
discontinuities are not treated as descriptive
information only, but are further used to assess
parameter inversion, stress sensitivity, and support
adequacy [[12], [13], [13], [14]]. This is particularly
important in underground excavations affected by
intersecting fracture sets and local weakening [11].
Recent publications address stress-field selection,
inversion of surrounding rock parameters, and
support-related geomechanical interpretation in
fractured ground [21]. These studies support the
logic of the present work, in which fracture geometry
obtained from 3D mapping is used to guide
RocTunnel3 modeling and to prioritize GPR survey
locations [[18], [22]].

This study aimed to investigate and improve
methods for predicting hidden fracturing in a rock
mass under conditions of a polymetallic mine
through the integrated use of ground-penetrating
radar profiling, three-dimensional surveying, and
spatial fracture mapping, as well as to develop
recommendations for refining the selection of
support types and parameters for underground mine
workings.

Low-angle fault Low-angle fault

Longitudinal fault

Longitudinal fault

Longitudinal fault Il

Longitudinal fault Il
) 3

Figure 1 — Layout of faults at the polymetallic deposit

Experimental part

The study included experimental investigations
using laser scanning, ground-penetrating radar
profiling, and specialized software packages
RocTunnel3 and ShapeMetriX. At the first stage, mine
workings were visually inspected in order to identify
sections suitable for instrumental investigation
within the fault-controlled zone (Figure 1). It was
found that a significant part of the workings had
been covered with shotcrete. Therefore, six
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unshotcreted sections located at the +335, +315,
+295, +275, +255, and +235 m levels were selected
for detailed study. An example of an investigated
section is shown in Figure 2.

Figure 2 — Section No. 6 at the +235 m level

To obtain spatially oriented models of the
workings, a Greenvalley ARTGEO LIGRIP 02 LITE
(Figure 3) handheld laser scanner was used. Scanning
was carried out along the contours of all selected
sections, as well as at observation stations with
naturally exposed fractures. Based on dense point
clouds, three-dimensional models of the investigated
sections (Figure 4-5) were constructed [18].

Figure 3 — Handheld LiDAR Greenvalley
ARTGEO LIGRIP O2 LITE

Figure 4 — Example of a 3D model of the processed section

Figure 5 — 3D model of the observation station

Spatial fracture analysis was performed in the
ShapeMetriX software package (Figure 6), where
fracture surfaces, strike azimuths, dip angles, and
fracture sets were identified from digital models. The
obtained data were then used as input for
geomechanical analysis in RocTunnel3, where the
formation of potentially unstable wedges and blocks
was assessed. This approach made it possible to
move from a generalized assessment of the rock
mass to the analysis of its actual spatial fracture
structure [[18], [22]].

N

Figure 6 — Identification of fracture systems in
ShapeMetriX software

Ground-penetrating radar profiling of the near-
contour rock mass was carried out using the GROT
12N radar equipped with a 2 m antenna (Figure 7).
Under polymetallic mine conditions, a hodograph-
based measurement approach was applied, which
made it possible to determine the depth of reflecting
boundaries, the geometry of structural disturbances,
and the electrophysical properties of the medium
[[3], [4]]. According to the field program, GPR
investigations were performed at four sections
located at the +315, +295, +275, and +255 m levels.
The interpretation quality was significantly affected
by metallic support elements, wet clay-rich deposits
on the surface, and the high electrical conductivity of
the medium.
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F transporting the
tery and transmitter

Figure 7 — General layout of the GROT 12N
ground-penetrating radar

In the investigated workings, the use of
alternative geophysical methods was limited by
water saturation and the presence of metallic
support elements, including mesh and rock bolts.
Under such conditions, ERT and other resistivity-
based or electromagnetic methods may be
significantly distorted by conductive water and metal
inclusions. Seismic methods are less suitable for
rapid local near-contour investigation because they
require more complex acquisition geometry under
underground operating conditions. Therefore, GPR
was considered the most suitable method for the
selected task, while LiDAR-based fracture mapping
and geomechanical modeling were used to improve
the reliability of interpretation (Figure 8).

Figure 8 — Process of ground-penetrating radar
survey along the floor

Results and Discussion

The performed investigations showed that visual
inspection of the rock mass under polymetallic mine
conditions does not provide sufficient information
about the actual condition of the near-contour rock

mass. Fine wet deposits, shotcrete coverage, and
secondary infill of fractures reduce the reliability of
determining the number, orientation, and aperture
of fractures by conventional visual mapping.

Laser scanning and subsequent processing in
ShapeMetriX made it possible to identify fracture
systems and obtain a spatially oriented model of the
rock mass structure. This provided reliable initial data
for stability assessment and for planning targeted
GPR investigations.

According to the results of geomechanical
modeling in RocTunnel3, the most hazardous zones
are associated with intersections of fracture systems
and with locally weakened sectors of the rock mass
where wedge and block failure structures may form.
Using Section No. 3 at the +275 m level as an
example, the factors of safety for the sidewall rock
mass were determined, thereby allowing the
localization of zones requiring additional verification
by GPR (Figure 9).

Legend E

Figure 9 — Factor of safety of the side rock mass of Section
No. 3 at the +275 m level in RocTunnel3 software

Ground-penetrating radar profiling confirmed
the presence of hidden weakened zones that could
not be detected on exposed surfaces of the workings.
In addition to potentially disturbed areas, radargrams
revealed zones of increased mineralization
characteristic of ore bodies (Figures 10-12).
Considering the combined effect of interference
factors under deposit conditions, the GROT 12N
radar provided an effective investigation depth of up
to 18 m [[18], [22]].

As a result of the work, an integrated
methodology for predicting hidden fracturing was
developed, including section selection, 3D surveying,
spatial fracture mapping, geomechanical modeling,
and targeted GPR profiling.
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Figure 10 — Radargram of Profile 3L
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Figure 12 — Radargram of Profile 3P
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Figure 13 — Flowchart of the methodology for

predicting

hidden fracturing

The obtained results show that under
polymetallic mine conditions, the highest reliability
of predicting hidden fracturing is achieved through
the integration of laser scanning, spatial fracture
mapping, geomechanical modeling, and ground-
penetrating radar investigation [[3], [4], [5], [6], [7],
[8]]. This approach makes it possible to first record
the actual geometry of the working and visible
fracturing, then develop a calculated scheme of
possible block-type failures, and only after that
perform targeted GPR profiling to identify hidden
discontinuities.

The practical significance of the results lies in the
possibility of a more accurate selection of support
parameters. The performed analysis showed that the
current mine support regulations already include a
sufficient set of support methods and support types,
including anchor, friction, steel-polymer, cable, and
reinforced schemes. Therefore, the main direction of
improvement should not be the introduction of new
support types but rather the enhancement of the
validity of selecting existing solutions while taking
into account the actual spatial fracture structure of
the rock mass [18].

The proposed methodology (Figure 13) s
especially advisable when opening new levels, driving
capital mine workings, working in areas with
complicated geological structure, water inflows, and
signs of instability in the surrounding rock mass.

The present study had an experimental and
methodological character and was primarily aimed at
testing the applicability of an integrated workflow for
hidden fracturing prediction under actual mine
conditions. For this reason, a full quantitative
validation of the method, including statistical
performance assessment  and large-sample
comparison with documented instability cases, was
beyond the scope of the current work. These aspects
represent an important direction for further
research.

Conclusion

1. Hidden fracturing was found to be one of the
key factors controlling local instability of the near-
contour rock mass in underground workings of a
polymetallic mine.

2. Conventional visual inspection does not
provide sufficient completeness in identifying
hazardous zones under conditions of shotcrete
coverage, secondary fracture infil, and complex
tectonic structure of the rock mass.

3. An integrated methodology for predicting
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hidden fracturing was developed based on the
sequential use of LiDAR surveying, spatial fracture
mapping, RocTunnel3 modeling, and GPR profiling
with the GROT 12N system.

4. The application of the integrated approach
improves the reliability of identifying hidden
weakened zones and enhances the engineering
justification for selecting support parameters.

5. The main practical conclusion is that
improvement of the technological regulation should
be aimed at refining the conditions for applying
existing support schemes rather than expanding the

range of support types.
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MonumeTtann KeHiwiHAe Tay XKbIHbICTAPbl MACCUBIHIH, YXacblpblH
YKapbIKLWAKTbINIbIFbIH 601)Kay a4icTepiH 3epTTey KaHe XeTingipy

Bbaxtblbaes H.b., 96in O.A., baxTbibaeBa A.C.

Mining Research Group }LLIC, KaparaHdel, KazakcmaH

TYNIHOEME

KapacTblpbl/faH.

Makana kengi: 15 cayip 2026
CapantamagaH eTrTi: 25 cayip 2026
Kabbinganapl: 28 mameip 2026

eKeHi KepceTingi.

3epTTeyaiH  makcatbl

Makanaga nosiMMeTansl KeHiliHiH, »KepacTbl Tay-KeH Kas3banapbliHblH, Xarncapaac mMaccuBiHAeri
JKaCbIPbIH }KapbIKLIAKTbIbIKTEI 6oMKay Adn4iriH apTTbipyFa bafbliTTanfaH 3epTrey HaTukenepi
YMbICTbIH,  ©3€KTiniri  KacblpblH y3inimaik  6y3binbicTapaplH, 6akplnayFa
Ko/mKeTiMai 6eTTepae apdaibim bGaikana 6GepmenTiHAiriMeH KaHe ocbiFaH 6alinaHbICTbl Tay
PKbIHBICTAPbl MACCUBIH ASCTYPAi BU3yanabl TEKCEPY Ke3iHAE aHbIKTaIMal KafybIMeH TycCiHAipineai,
6y KeprinikTi onbipblnynap KayniH apTTbipbin, 6ekiTy napameTpnepiH TaHaayabl KUblHAATagbl.
reopagapnbik npodunbgey, ywenwemai Tycipinim, KapblKWwaKTapabl
KEHICTIKTIK KapTanay XaHe reomexaHuKanblk moaenbaeyai KelweHai KongaHy HerisiHae »acblpbiH
JKAPbIKLWAaKTbINbIKTbI 6OMKaAY a4icTepiH *eTinaipy 6onapl. Mymbic 6apbiCbiHAA KEH OPHbIHbIH, Tay-
KEH-TeONOTUANDBIK KaffaainapbiHa Tangay Kacangbl, kasba ydackenepiHe nasepnik ckaHepiey
Kyprisingi, ShapeMetriX 6afgapnamacbiHAA KAPbIKWAKTbIABIKTBIH,  KYPbIIbIMAbIK  Tangaybl,
RocTunnel3 6afmapnamacbiHga caHablk mogenbaey kaHe «IPOT 12H» reopagapbl apKblibl
reopagapnbik, npodunbaey opbiHAANAbI. HacbiPbIH }KaPbIKWAKTbIbIKTbI 60MKAYAbIH, €H, KoFapbl
ceHimainiriHe 3D-Tycipinim, KypbIIbIMABIK TaN[ay KaHe reopafap/iblK 3epTrey AepeKTepiH AaNeKTi
Typae OGipiKTipy apKbiabl KON »KeTKisineTiHi aHblKTanabl. Taxipnbenik HaTuKe »KaHa b6ekity
Typ/iepiH eHrisyfie emec, KongaHbiCTafbl 6ekiTy cynbanapbiH TaH4ayAblH, HEri3giniriH apTToipyaa

Tyiiin  ce3dep:

YaCblpblH KAPbIKWAKTbIIbIK, Tay »bIHbICTApPbl MacCWBi, »epacTbl Tay-KeH
Kasbanapbl, reopagapiabik npodunbaey, Na3epNiK CKAHEPNEY, KAPbIKWAKTapAbl KEHICTIKTIK
KapTanay, reomexaHuKanblk Mogenbaey, Kasbanapabl 6ekity.
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UccnepoBaHue u coBepLUEHCTBOBaHME METOA,0B NPOrHo3a CKPbITOM
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AHHOTAUMA
B cTaTbe paccMoOTpeHbl pe3ynbTaTbl  WUCCAEAOBaHWUM, HampaBAeHHbIX Ha  MOBblleHWe

A0CTOBEPHOCTM NPOrHo3a CKprTOﬁ TpewmnHoBaToCTH I'IpVI60pTOBOFO maccusa B6ausu noasemMHbIX
FOPHbIX BblpaﬁOTOK NoONMMETaNNNYEeCKOro pyaHuKa. AKTyaI]bHOCTb paﬁOTbI oﬁycnosneHa Tem, 4To
CKpbITble pas3pbiBHble HapyweHuUA He Bcerga BbliABNAKOTCA NpU TPagnuMOHHOM BU3Ya/iIbHOM

obcnefoBaHWM MaccvBa, UTO MOBLIWAET PWUCK IOKaNbHbIX BbIBA/IOB U OCNOXKHAET Bbl6OP
MNoctynuna: 15 anpena 2026

PeueHsnposaHwue: 25 anpena 2026
MpuHATa B nevaTb: 28 mas 2026

napameTpos KpensneHus. Llenblo uccnefosBaHus ABNANOCH COBEPLUEHCTBOBAHME METOA0B
NPOrHo3a CKPbLITON TPELMHOBATOCTM Ha OCHOBE KOMMIEKCHOrO MPWMEHeHUA reopagapHoro
npodUANPOBaHNA, TPEXMEPHOM CbeMKM, MPOCTPAHCTBEHHOTO KapTUPOBaHUA TPeLWMUH U
reoMexaHM4Yeckoro MoaenupoBaHua. B paboTe BbIMNONHEHbl aHa/sU3 TOPHO-FE0NOrUYECKUX
YCNOBUIA MECTOPOXKAEHUA, Nla3epHOe CKaHMPOBAHWE YYaCTKOB BbIPAabOTOK, NPOCTPAHCTBEHHbIN
aHanu3 TpewmHosatocTh B ShapeMetriX, uucneHHoe mopgenuposaHve B RocTunnel3 w
reopagapHoe npodunmposaHve reopagapom «MPOT 12H». YcTaHoBNeHo, 4TO Hambosbluas
[OCTOBEPHOCTb NPOrHO3a AOCTUrAaeTCA NPW NOCNeA0BaTENbHOM MHTErpaLMmn AaHHbIX 3D-CbeMKky,
NPOCTPAHCTBEHHOIO aHaNM3a TPELLMHOBATOCTM U reopajapHoro obcnegosaHua. MokasaHo, YTo
NpPaKTUYeckuii apdeKT 3akNyaeTca B NOBbILEHMM 06OCHOBAHHOCTM BbIGOPA Y¥Ke AEeNCTBYIOLWNX
CXeM Kpen/eHus, a He BO BBEAEHUM HOBbIX TUMOB KpenMu.

Kntoveeble ca06a: cKpbiTas TPELLMHOBATOCTb, FOPHbIM MaccuBs, NMOA3eMHble FOpHble BbIPabOTKH,
reopagapHoe  npoduaMpoBaHMe,  Nla3epHOe  CKaHMPOBaHWE,  KapTMpOBaHWE  TPELUWH,
reomexaHnM4yeckoe MOAENIMPOBAHUNE, KpenieHue BbipaboToK.
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